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ABSTRACT: The interaction of small molecules or proteins with RNA or DNA often involves changes in the nucleic acid (NA)
folding and structure. A biophysical characterization of these processes helps us to understand the underlying molecular mechanisms.
Here, we propose kinFRET (kinetics Forster resonance energy transfer), a real-time ensemble FRET methodology to measure
binding and folding kinetics. With kinFRET, the kinetics of conformational changes of NAs (DNA or RNA) upon analyte binding
can be directly followed via a FRET signal using a chip-based biosensor. We demonstrate the utility of this approach with two
representative examples. First, we monitored the conformational changes of different formats of an aptamer (MN19) upon
interaction with small-molecule analytes. Second, we characterized the binding kinetics of RNA recognition by tandem K homology
(KH) domains of the human insulin-like growth factor II mRNA-binding protein 3 (IMP3), which reveals distinct kinetic
contributions of the two KH domains. Our data demonstrate that kinFRET is well suited to study the kinetics and conformational
changes of NA—analyte interactions.

KEYWORDS: biosensors, binding kinetics, Forster resonance energy transfer, nucleic acid conformational changes, aptamer,
RNA binding protein, switchSENSE technology

The time-dependency of binding events, i.e., binding kinetics, combination of time-resolved fluorometry (TRF) and FRET.’

is a tool that enables a deeper characterization of dynamic A benefit of trFRET is that autofluorescent compounds can be

systems compared to equilibrium studies. As binding at used due to their shorter fluorescence lifetimes compared to

equilibrium can be the result of very different kinetic processes, the measured signal. Another advantage of trFRET compared

binding kinetics are important for a better understanding of to regular ensemble FRET is that not only the dissociation

binding mechanisms and the development of small molecules’ equilibrium constant (Ky) but also the association (k,,) and

and biomolecule-based drugs.2 Additionally, kinetic rates are dissociation (k) rate constants can be extracted. However,

directly connected to biomolecule functions within the cell.® these are indirectly calculated using linear regression of the
Forster resonance energy transfer (FRET)™ is extensively observed rate (Ko = ko [C] + kog). Therefore, rate constants

used as a reporter technique in molecular biology due to its determined with trFRET can be inaccurate, especially ko

high sensitivity on the nanometer scale, which is relevant for

interactions between biomolecules. The range of FRET-based Received: July 25, 2023

assays can be divided into two main categories, ensemble and Revised:  October 27, 2023

single-molecule FRET (smFRET). Ensemble FRET deals with Accepted: November 28, 2023

an average of the molecules’ conformations. Titration experi- Published: December 7, 2023

ments are normally used to calculate FRET efficiency at
equilibrium,é_8 while time-resolved FRET (trFRET) is a
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(intercept), which can be greatly affected by small changes in
ko, (slope). Moreover, ensemble FRET—including trFRET—
are mostly without flow, which means that the exchange of
molecules to observe association and dissociation phases
separately is not possible. Additionally, special fluorophores
with high photostability or/and long emission lifetimes are
required.

smFRET is typically performed on fluorescence microscopes
and allows the study of individual molecules. These can be
analyzed as individual populations in a heterogeneous sample,
in contrast to ensemble FRET, which is an average of the
whole population. Even though smFRET is a powerful
technique to study the dynamics of small populations,'”"" it
requires a complex data analysis'”'’ and considerable
experimental effort to characterize either very fast or slow
interactions.' '

On the other side, a standard technology used to measure
the kinetics of solute analytes binding to surface-immobilized
ligands is SPR (surface plasmon resonance). However, while
FRET is a highly sensitive method to detect conformational
changes in biomolecules, SPR measures the mean refractive
index of the adsorbed biolayer. Structural changes may not be
detectable by SPR or result in noninterpretable signals.

Here, we present a new technique: kinFRET, or kinetics
FRET. kinFRET enables the investigation of the ensemble
conformational change kinetics of nucleic acids (NAs) during a
binding event. kinFRET is based on the switchSENSE
biosensing technology,'® which employs fluorescently labeled
surface-immobilized DNA linkers to monitor the binding
interactions of a variety of biomolecules."’~"” The system uses
a time-resolved single-photon counting detection setup and an
epi-fluorescence microscope. The fluorescence signals depend
on static quenching and/or dynamic quenching, also called
collisional quenching. These two phenomena lead to a
nonradiative energy transfer from the dye to the quencher™’~>
and a unique quenching or antiquenching profile upon analyte
binding, which is referred to as the fluorescence proximity
sensing (FPS) signal. Noteworthy features of the technique are
the ability to discern the analyte—ligand complex interactions
(binding) using FPS'®'’ and NA conformational change
kinetics, as well as the adaptability of the system and the ability
to measure the association and dissociation rate constants
directly, thanks to the applied flow.

To demonstrate the utility of kinFRET, we investigated two
systems involving molecules that modify the conformation of
NA and from which binding kinetics have not been explored
before. The first example is the cocaine-binding aptamer.””**
The binding of molecule analytes to this aptamer has been
studied before and the aptamer has been optimized and
diversified.”*° Advantages of short aptamers include high
specificity, stability, and low production costs, which make
them appealing for various applications, including their
potential as alternative antibiotics.””>* The aptamer used in
this work was originally evolved to specifically recognize
cocaine,” but Reinstein et al. (2013)*° found quinine to be an
even stronger binder. From the previously reported aptamer
variants in the literature, we selected the MN19 construct
because of its flexible conformation to showcase the effortless
detection of conformational changes with the kinFRET
technique. The MN19 is a short aptamer (30 nt), providing
a simple setup suitable to establish the technique and measure
the kinetics of conformational changes via kinFRET. This
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aptamer is well studied and characterize
as a model system for kinFRET measurements.

Second, to showcase the capabilities of kinFRET, we studied
a more complex and biologically relevant system, an oncofetal
RNA binding protein (RBP): the human insulin-like growth
factor 2 mRNA binding protein 3 (IMP3). IMP3 comprises
two RNA recognition motifs and four K homology (KH)
domains.”>** The KH domains are arranged and interact in
tandem (KH1-2 and KH3—4) and have been shown to be key
determinants binding to RNA.”® A recent study demonstrated
that IMP3 binds to clustered motifs composed of CA-rich
regions and sequences with a CGGC core, specific to the KH2
and KH1 domains, respectively. The specific spacing between
binding motifs is expected to lead to the formation of RNA
loops when the protein binds.*® It has been proposed that
RNA-looping induced by protein binding assists the assembly
of post-transcriptional regulatory elements by remodeling the
transcript,””** which can directly be related to how the protein
stabilizes RNA within messenger ribonucleoprotein (mRNP)
granules.”” Here, we looked at the ability of IMP3 to loop
RNA upon binding using RNA ligands present in the 3’
untranslated region of the key oncogenic mRNA transcript
ANKRD17, which codes for a protein involved in cell cycle
progression.”**” We focused on RNA remodeling by IMP3
KH domains 1 and 2 (KH1-2).

B EXPERIMENTAL SECTION

NA Ligands. All NAs were chemically synthesized (Ella Biotech
GmbH). Sequences can be found in Table S1. The ligands of interest
were synthesized with a generic 48 nt DNA oligonucleotide (ligand
strand, on the 3’ end of the ligand). This ligand strand is part of the
DNA linker system on the heliX adapter chip (Dynamic Biosensors
GmbH). The ligand strand was hybridized with the upper half of the
adapter strand carrying a fluorophore (donor or acceptor) on its 3’
end. The lower half of the adapter strand is complementary to either
spot 1- or 2-immobilized anchor strands on the chip surface (Figure
1). When a double-stranded ligand with an additional fluorescent dye
was used, a short fluorescently labeled oligonucleotide, complemen-
tary to an extension of the ligand, was hybridized. Details on the
hybridization are given in the Supporting Information experimental
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Figure 1. Standard workflow for kinFRET measurements. The
symbols for excitation, emission, and energy transfer, described in the
legend, are consistent with all the following figures. In phase 1, the
ligands are immobilized on the chip surface. The second phase is the
analyte binding phase, followed by buffer injection to start the
dissociation step. The third phase (optional) is surface regeneration.
The anchor strand (a) is fixed on the surface, while the prehybridized
adapter strand (b) and ligand strand (c) with the DNA/RNA ligand
overhang (d) are exchangeable.
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Figure 2. FPS and kinFRET measurements of the interaction between the MN19 aptamer with quinine. The excitation of the dyes during the
measurement is schematically represented next to the traces. (A) Kinetic traces of the unmodified MN19 aptamer using the FPS mode with only
the red fluorophore. (B) Detected red and green signals of the MN19-cov. aptamer using the FPS mode under red excitation. (C) FPS kinetics of
the MN19-cov. aptamer in the presence of only the excited green dye. (D) kinFRET red and green signals detected with the MN19-cov. aptamer

under green excitation.

section. Then, the strands were mixed in a 1:1 v/v ratio of adapters 1
and 2 and placed in the heliX" biosensor device. The functionalization
of the chip was achieved by using standard procedures on the heliX*
biosensor platform (hybridization for 200 s). The used red and green
fluorescent dyes were chosen to form a FRET pair. Here, red
fluorophores type a and b (Ra rhodamine derivative and Rb oxazine
derivative) and a green fluorophore type a (Ga rhodamine derivative)
were used from Dynamic Biosensors GmbH, but any FRET dye pair
could be potentially used for this method (see Figure S1 for details on
the optical filters).

kinFRET Experiments. kinFRET experiments were performed
using switchSENSE proximity sensing technology*"** and a heliX
adapter chip on the heliX* biosensor platform (Dynamic Biosensors
GmbH). The optoelectronic and fluidic handling schematic can be
seen in Figure S1 and additional technical details in the Supporting
Information experimental section.

Only the donor is excited during the kinFRET experiments if not
stated otherwise. The workflow of kinFRET measurements is depicted
in Figure 1. The first step is the functionalization of the surface with
the prehybridized adapter-ligand strand complex carrying the target
sequence. In the second step, the association phase starts when the
analyte is injected into the chip with constant flow, while the
dissociation phase is marked by the exchange of the analyte solution
with buffer at constant flow. In the last step, the surface is regenerated.
Details on the kinetic traces data treatment and NA secondary
structure predictions can be found in the Supporting Information
experimental section. All experiments were performed at 25 °C.

kinFRET Experiments of the Aptamer. Quinine hemisulfate salt
monohydrate (Sigma), amodiaquine dihydrochloride dihydrate
(Sigma), and chloroquine diphosphate salt (Sigma) were diluted in
TE140 running buffer (10 mM Tris—HCl, 140 mM NaCl, 0.05%
Tween20, SO uM EDTA, 50 uM EGTA, pH 7.4). The flow rate for
the association of analyte was 200 xL/min for 20 s and 500 xL/min
during 60 s long dissociation, with a sampling rate of 20 Hz. No
regeneration of the surface was required due to the complete
dissociation of the analyte.

Single Color Kinetics of the Aptamer. Kinetics experiments
with one fluorescent dye were carried out the same way as kinFRET
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experiments, with the difference that only the red or green
fluorophore was excited.

kinFRET Experiments of IMP3-RNA Binding. Details of protein
expression and purification, as well as circular dichroism of the RNA
ligand, can be found in the Supporting Information experimental
section. Prior to kinFRET experiments, proteins were dialyzed in
PE140 buffer (10 mM Na,HPO,/NaH,PO,, 140 mM NaCl, 0.05%
Tween20, S0 uM EDTA, S0 uM EGTA, pH 7.4), which was used as
the running buffer. To ensure protein stability, 1 mM TCEP was
added to the buffer used for dilutions. The duration of the association
and dissociation phases was 9 and 45 min, respectively, with a flow
rate of 50 #L/min and a sampling rate of 1 Hz. A surface regeneration
step was performed after every protein concentration was measured.

B RESULTS AND DISCUSSION

Single Dye Kinetics Show Fast Interaction of Quinine
with an Aptamer. To gain an understanding of the system,
we first focused on the kinetics of quinine toward the MN19
aptamer using the FPS mode with a single red dye and then
compared the single dye kinetics with kinetics in the kinFRET
mode. The kinetic profile in Figure 2A shows a concentration-
dependent signal change, where the association of quinine
leads to a quenching of the fluorescent signal and dissociation
restores the initial fluorescence by reaching equilibrium very
quickly. The formation of the analyte—ligand complex, and
even the sole presence of the ligand near the fluorophore,
affects the dye through static and dynamic fluorescence
quenching.®

The FPS signal of the red dye monitors a combined signal of
binding and conformational change kinetics without discrim-
ination between the two processes. Quinine is known to have a
strong affinity to the aptamer.”® To determine the association
rate constant k., the dissociation rate constant k.g and the
dissociation equilibrium constant Ky, the kinetic traces can be
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fitted with a global monoexponential model (for results, see
Table S2 and Equations S1).

Aptamer—Quinine Interaction Can Be Measured in
Kinetics FRET Mode. To investigate the binding mechanism
in more detail, we developed a kinFRET measurement setup
with an additional green dye as a donor to form the FRET pair.
For these measurements, we covalently attached a green dye to
the 5’ end of the aptamer, which is referred to as MN19-
covalent (MN19-cov.).

This setup was measured first by exciting only the red dye
(Figure 2B) to characterize the modified aptamer and ensure
that the additional green dye has no influence on the ability to
monitor binding via red fluorescence. Due to the lack of green
excitation, no change in green fluorescence is observed. In
contrast to this, the red FPS signal shows a quinine-dependent
decrease upon association. The signal change is very alike to
the nonmodified MN19 aptamer (Figure 2A) with a similar
change in amplitude, which indicates that the attached green
dye does not affect the capability of the red dye to measure this
interaction. Then we analyzed the signal reported from the
attached green dye, in the absence of the red dye (Figure 2C).
Different concentrations of quinine lead to a concentration-
dependent quenching of the dye, suggesting that the covalently
attached green dye can also sense the interaction with quinine.
Lastly, we looked at the complete FRET setup, in which both
donor green dye and acceptor red dye were present under
green excitation (Figure 2D). Upon the injection of quinine,
there is a concentration-dependent decrease in the green
fluorescent signal, while the red fluorescent signal increases.
When dissociating the analyte, the initial fluorescence is
restored quickly. The green dye decreases in fluorescence not
only because of the energy transfer to the red dye (FRET) but
also due to the binding interaction itself and the folding when
the dye comes close to the terminal bases of the adapter strand
(FPS signal), as was shown in Figure 2C.

We initially exemplified the use of a covalently attached dye
to form the FRET pair. However, for other applications with
more complex ligands (e.g, long RNA ligands, as in the
example of the IMP3 RBP, see below), an indirect (and
exchangeable) attachment of the dyes is advantageous. Such an
aptamer design is referred to as MN19-exchangeable (MN19-
exch.) and shows the indirect attachment of an additional dye
with its complementary sequence bearing a green donor dye.

The kinFRET signal, i.e., the increase in red fluorescence
due to a conformational change of the DNA was observed for
MN19-exch.,which exhibited similar signals as those of MN19-
cov. (Figure S2A,B).

Conformational Changes of an Aptamer upon
Analyte Binding Observed by kinFRET. To understand
the signal changes observed during kinFRET measurements for
both MN19-cov. and MN19-elong., we refer to the secondary
structure prediction of the free form of the aptamer, depicted
in Figure S3. The prediction shows two stem-loops and open
3’ and ' ends. The maximum calculated distance®’ of the
terminal bases is 10.3 nm for MN19-cov. and MN19-elong,,
including the two additional thymines as spacers before the
green dye. This is the upper limit at which FRET transfer can
happen. When associating quinine to the aptamer, the signal
change can be explained by a conformational rearrangement of
the partially folded aptamer, where quinine stabilizes a more
closed conformation bringing the terminal ends of the aptamer
closer and, with this, the donor dye closer to the acceptor,
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where the secondary structure can be found in the
literature.”*!

Aptamer Modifications and Different Small-Molecule
Analytes Lead to Distinct Kinetic Processes. All kinetic
traces of quinine-induced folding can be fitted with a global
monoexponential fit model to get k,, and k. (Table S2 and
Equations S1). These are shown in the rate-scale plot (Figure
3) and discussed in the following section, where only the

Ligand MN19 MN19- *MN19- MN19- *MN19- *MN19- *MN19- *MN19-
COV.  COVv. elong. exch. cov. cov. cov.

Analyte Q Q Q Q Q Q A (o]
10°

= 407

) 10

=R

5 10

X
' Q

= 76nM 153nM 180nM 389nM 447nM 180nM 620nM 9620nM

%ﬁé&. od @soo

Figure 3. Kinetic rate constant overview of the aptamer interacting
with small molecules. All measured kinetics between the different
aptamer constructs interacting with small molecules [quinine (Q),
amodiaquine (A), or chloroquine (C)] as analytes were fitted with a
global monoexponential fitting model. Shown here are the rates of the
red signal plotted in a rate-scale plot. The respective errors can be
found in Table S2. The excitation channel is indicated by colored
arrows, and the asterisk marks the ligands that are measured in
kinFRET mode.

off [3'1]

< 10"

detected red signal is represented. To understand the kinetic
traces, we compare different groups of measurements: first, the
influence of an additional fluorescent dye and bases on the
aptamer; second, the folding process in the presence of an
elongated ligand; third, the comparison of FPS and kinFRET
modes with respect to the conformational change; and fourth,
the effect of different small molecules interacting with the
aptamer.

The K is obtained by the ratio of kg (s™') over k,, (M™*
s7'). The first column in the rate-scale plot of Figure 3 shows
the kinetics of quinine interacting with MN19 detected with a
red dye on the adapter strand. Shown next to this is the MN19-
cov. with two additional thymines and a green dye on the 5’
end, excited in red (FPS mode), and adjacent, the same setup
can be seen excited in green (kinFRET mode). Note that in
the FPS mode, we observe the conformational changes and the
binding process in parallel, whereas the red signal from the
MN19-cov. measured in the kinFRET mode report only on
conformational changes. The k,, is around twofold lower for
the MN19-cov. aptamers in both FPS and kinFRET mode
compared to the nonmodified MN19 measured in FPS mode,
resulting in the same increase of a factor of 2 for the K; since
the k.g are virtually the same. The fact is that the k,, of the
same MN19 -cov. aptamer measured in FPS mode (6.47 + 0.24
x 10 M~ s7!) and in kinFRET mode (6.00 + 0.22 X 10° M~}

s7!) is nearly the same, supporting our assumption that the
decreased ko, compared to the nonmodified MN19 can be
attributed to an increased hydrodynamic drag, which slows
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Figure 4. kinFRET measurements of IMP3 KH1-2 protein binding to RNA ligands with single or multiple binding motifs. For the mutant ligand,
the signal recorded with the green dye on spot 2, reporting solely the FPS signal, is displayed in (A). The signal recorded with the donor dye and
acceptor dye on spot 1 is shown in (B). The mirroring signals for green and red dyes after subtracting the green FPS signal of spot 2 from the green
FPS + FRET of spot 1 are shown in (C). Here, the traces can be divided into three phases: 1, baseline displaying the initial RNA secondary
structure in a FRET-sensitive distance; 2, protein binding and disrupting FRET; and 3, protein dissociation and restoring of FRET. The KH1 and
its RNA motif are represented in orange, while KH2 with its RNA motif are in blue. A global biexponential fit was applied to the data (darker solid

lines). The same process is shown in (D—F) for the wild-type ligand.

down the folding, caused by the additional dye together with
two bases used as a spacer. From the literature, the K4 values of
MN19 interacting with quinine determined with ITC are 0.23
+0.09 uM,*® 0.4 + 0.1 uM,*" 0.7 + 0.2 uM,” and 0.96 + 0.04
#M,>* while using electrochemical impedance spectroscopy
(EIS), the Ky is 0.54 + 0.02 uM.** Note that the values are
diverse, even using the same methodology. Additionally, ITC
and EIS rely on equilibrium measurements in which microto-
millimolar concentrations of the interacting partners were
used. We determined the Ky using k,, and kg as well as analyte

concentrations spanning 2 orders of magnitude (15.6 nM™
uM). This resulted in a K of 0.076 + 0.003 uM.

Now we compare the MNI19-elong. and MNI19-exch.
(Figure 3, middle panel) to examine the folding process in
the presence of an elongated ligand. The interaction of quinine
with the MN19-elong. construct (Figure S4) was measured
only with the red dye in the FPS mode and compared with the
MN19-exch. (Figure S2) measured in the kinFRET mode.
This control experiment shows that the FPS mode as well as
the kinFRET mode result in a similar K of 389 nM for MN19-
elong. and 447 nM for MN19-exch. Even though the elongated
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overhang is nearly the same length as the aptamer itself (three
nucleotides shorter), the k,, is affected only slightly. We
attribute this small difference to the increased molecular
weight and hereby to the increased hydrodynamic drag
compared to the MN19-cov. which is not elongated. The
influence of the hydrodynamic drag of an additional dye is
more important for a shorter ligand than for a longer one since
the relative increase is larger. A decreased k,, is expected as the
ky, is affected by diffusion, long—range interactions, and
conformational rearrangements of the ligand while forming the
complex, which can be dependent on the length of the ligand
itself. The k. does not change and is mainly dependent on
short-range interactions like hydrogen bonds and van der
Waals interactions.** Nevertheless, the conformational changes
seem to remain the same for all of the ligand variations.

To investigate if the binding of quinine and aptamer folding
is a one- or a two-step process, we compared the measure-
ments in the FPS (in which we cannot distinguish between
binding and conformational changes) and the kinFRET mode
(in which the red signal comes exclusively from a conforma-
tional change). Both signals result in equilibrium constants in
the same range as those of MN19 and MN19-cov. differing by
a factor of 2.3 and of MN19-elong. and MN19-exch. differing
by a factor of 1.1. We already concluded that an additional dye
leads to an increase in the hydrodynamic drag and therefore
reduces the k,,. However, the affinities remain on the same
order of magnitude. Therefore, we assume that both
conformational change and binding events are equally fast
and within the same time resolution limit. Consequently, both
phenomena are observed as a one-step process. Our results are
comparable with the results of Reinstein et al. (2013)* from
NMR, ITC, and SAXS measurements, the latter showing
differences in the pairwise density distribution functions
(PDDF) plot between the free and quinine-bound MN19
aptamer forms. Other methods, such as '"H NMR spectra,*’
EPR spectra,46 and aptamer-based electrochemical biosen-
sors,” have also confirmed a conformational change upon
analyte binding to the aptamer.

Finally, we discuss different small-molecule analytes
interacting with the same MN19-cov. aptamer (Figure 3,
third column). The corresponding kinetic traces obtained in
the kinFRET mode can be found in Figure SSA,B. Even
though quinine, amodiaquine, and chloroquine share a
structural similarity (Figure S6), the rates of the conforma-
tional change signal in red are quite different. The kg values
are again very similar, but the k, values vary by a factor of ~50
resulting in very different K4 values of 180 nM for quinine, 620
nM for amodiaquine, and 9620 nM for chloroquine. Weaker
interactions led to an observable decrease in the closed
conformation. Therefore, kinFRET allows a classification of
small molecules based on conformational change signals. This
is remarkable since, to our knowledge, the binding properties
of these molecules have not been determined before with the
MNI19 aptamer.

Overall, we measured the conformational change kinetics of
the aptamer using kinFRET. Different attachments of the dyes
for kinFRET experiments result in a similar Ky but more
importantly, this shows that with flexible adjustments to
various assay conditions, kinFRET can be applied in aptamer—
small molecule conformational change screening.

Monitoring RNA Conformational Changes upon IMP3
Protein Binding. Now we focus on a different system
involving protein—RNA interactions to demonstrate the
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adaptability of the kinFRET technique. We utilized kinFRET
to characterize the RNA-remodeling properties of IMP3
KH1-2 with two ANKRDI17 mRNA-derived ligands. They
are termed wild-type (wt) and mutant (mut). The predicted
secondary structures, sequences for both ligands, and binding
motifs are shown in Figure S7,B. The wt RNA ligand
comprises multiple short-occurring RNA motifs including
one motif for KH1 (CGGC) and four for KH2 (CACA/ACA)
located on the 3’ and 5’ ends, respectively.*® It must be noted
that the presence of four KH2 motifs on the ANKRD17 mRNA
is not indicative of four KH2 domains binding to the respective
motifs. But rather, the presence of those motifs enhances the
local concentration of motifs in the vicinity of KH2 when
binding as a tandem unit together with KH1. The binding of
several KH2 domains on the many KH2 RNA motifs would be
unlikely due to steric effects. The mut ligand has an altered
nucleotide sequence from A8 to A2S, which replaces those 18
nt with a poly-U RNA sequence.

This eliminates the three middle KH2 motifs and results in a
ligand with one binding motif for KH1 and one binding motif
for KH2. With this mutation, we wanted to assess the effect of
motif multiplicity on the binding of IMP3 KH2, as well as on
IMP3-induced remodeling and looping of the target RNA.
Spot 1 was functionalized with the ligand and with both donor
(green) and acceptor (red) dyes, while the second spot carried
only the donor dye. For the donor dye, spot 1 records a mix of
FPS and FRET signals, while spot 2 only records the FPS
signal. The FPS signal depicts a more complex signal that
combines the effects of protein-induced fluorescence enhance-
ment (PIFE) or quenching (PIFQ),***” as well as conforma-
tional changes. The different green and red signals provide
multidimensional information on the binding mechanism,
which will be described in the following paragraphs.

For simplicity, we first analyzed the mut ligand (Figure S7A)
with only one binding motif per KH domain. The FPS signal
recorded with the green dye on spot 2 can be seen in Figure
4A. This signal records the protein—RNA binding, resulting in
a quenching of the green dye. The second signal that we can
rationalize in order of simplicity is the red signal on spot 1,
shown in the bottom red graph of Figure 4B. This signal
change denotes that the acceptor is excited due to proximity to
the illuminated green dye (<10 nm), which transfers its energy
via FRET. Additionally, we see that the acceptor fluorescence
decreases upon protein association and recovers during protein
dissociation. This indicates that the initial state of the system is
in a FRET-sensitive position and that the protein binding
separates the dyes and results in a decreased FRET signal. Such
a signal is referred to as the kinFRET signal. From this, we can
conclude that the protein binding leads to a remodeling of the
RNA ligand that separates the dyes that were initially in closer
spatial proximity. Next, we focus on the green signal on spot 1,
shown in the upper green graph of Figure 4B. The signal does
not show saturation, and there is no clear exponential trend.
This complex behavior is expected because the change in the
fluorescence of the green dye is the sum of FRET (RNA
conformational changes), as well as the FPS (PIFE and/or
PIFQ) signal. We can deconvolute this complex signal by
subtracting the FPS signal (data from Figure 4B) from the
green dye signal in spot 2 (data from Figure 4A). The result
represents the donor FRET signal due to the RNA conforma-
tional change, shown in the top green graph in Figure 4C,
which mirrors the red signal in the plot underneath, as
expected. This is confirmed by the similarity of the Ky obtained
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for the acceptor and donor signals for both the mut ligand (ca.
1.7-fold difference for the fast interaction and 1.1-fold
difference for the slow interaction) and the wt ligand (ca.
2.6-fold difference for the fast interaction and 2.2-fold
difference for the slow interaction).

Three phases can be observed within the traces in Figure 4C.
The first one represents the initial state of the ligand enabling
FRET. The secondary structure prediction of both RNA
ligands, displayed in Figure S7A,B, suggests the formation of a
loop by base paring of G1—C2—C3, where C3 is the first
nucleotide within the KH2 CACA binding motif on the 5’ end,
and C26—G27—-G28—C29 from the KH1 CGGC binding
motif close to the 3’ end. The predictions show only one, or
sometimes a few, of many possible conformations of the RNA,
and therefore, they must be interpreted with caution. A more
realistic picture is that a dynamic equilibrium is present in the
ensemble of molecules, in which the majority of RNA ligands
adopt a conformation in a way that positions the red and green
dyes in close proximity so that FRET can take place in the
absence of the protein.

To confirm that the initial equilibrium ensemble of
conformations of the ligand may exhibit intermolecular
interactions, we determined the melting temperature to be
42 °C (Figure S8). The effects that contribute to stabilizing
this equilibrium could include a lower entropic cost of a
nonextended linear conformation,”® intramolecular base
pairing, a high local concentration of the complementary
“sticky” ends, and the three hydrogen bonds shared between
cytosine and guanine. The second phase is protein association,
in which the dynamic equilibrium is shifted to a more open
state of the RNA upon protein binding. As the domains
interact with their corresponding motifs at the far opposing
ends on the 3’ and 5" ends for KH1 and KH2, respectively,
FRET is reduced since the protein is looping the RNA and
separating the dyes. The third phase is protein dissociation. As
the domains separate from their motifs, the original secondary
structure of the ligand is restored, along with FRET.

Multiple RNA Binding Motifs Lead to Strong
Complex Formation with IMP3. The effect of multiple
RNA motifs was addressed by kinFRET experiments of the
protein toward the wt ligand comprising one binding motif for
KH1 and four for KH2 (see Figure S7B). The analysis of the
data is the same as that for the mut ligand. On spot 2, we can
see the influence of the protein—ligand complex on the green
dye resulting in the FPS signal (Figure 4D), while in spot 1,
the green signal is a mixture between the FPS signal and the
RNA conformational changes that separate the dyes upon
binding, which decreases the FRET (Figure 4E, in green). For
the acceptor dye, spot 1 directly shows the kinetics of RNA
conformational changes (Figure 4E, in red).

When the FPS signal is referenced from spot 1 for the green
signal, we obtain mirroring traces for donor and acceptor dyes
that represent the RNA conformational change kinetics
(Figure 4F).

The kinetics of the RNA conformational changes, i.e., the
opening and closing of the secondary structure upon protein
association and dissociation, were fitted to monoexponential
and biexponential binding models for both ligands (mut and
wt). The monoexponential model did not describe our
experimental data well, as one can see in Figure S9A for mut
and Figure S9B for wt ligands. In contrast, the biexponential
model describes the experimental data better for both ligands
(see Figure S9C for mut and Figure S9D for wt). The
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biexponential model incorporates two interactions with their
corresponding k,,; and ko, ko and kg and the calculated
K4 and Ky, respectively. The kinetic rate constants and
affinities are compared in Figure 5 and Table S3. We could
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Figure S. Comparison of conformational change kinetic rates of the
wild-type (wt) and mutant (mut) ligands interacting with the IMP3
KH1-2 protein. A fast and a slow interaction were found for both
mut and wt ligands. Data correspond to the acceptor signals for each
ligand; error bars indicate the calculated error from the fit model.

identify two interactions for each ligand: one with faster
association and dissociation rates and one with slower
association and dissociation rates. For the mut ligand, the
fast interaction has an approximately 39-fold faster association
rate and a 76-fold faster dissociation rate compared to those of
the slow interaction. For the wt ligand, the fast interaction has
about a threefold faster association rate and a sixfold faster
dissociation rate than the slow interaction. The difference
between the slow and fast interactions indicates the strong
cooperativity between protein domains to perform the RNA
remodeling, in this case, the RNA looping. If we now compare
the mut ligand with the wt ligand, the K4 shows an increase of
about 170-fold and 200-fold for the fast and slow interactions,
respectively. Regarding the slow interaction of both ligands,
the nearly 90-fold increase in the k,, of the wt ligand compared
to that of the mut ligand most likely reflects avidity due to the
higher probability of the single KH2 domain encountering a
(CACA/ACA) binding motif, given that there are four motifs
present in the wt ligand compared to a single motif in the mut
ligand. Concerning the fast interaction of both ligands, the
~27-fold slower kg of the wt ligand compared to that of the
mut ligand is probably due to the stabilization effect that the
multiple motifs for KH2 have on the binding of both protein
domains. Taken together, we assume that the slow interaction
reflects how KH2 recognizes multiple RNA motifs with avidity
effects and potential effects on the RNA structure, while the
fast interaction is a consequence of the KHI interacting with
its single RNA binding motif present in both ligands. Because
not only the slow interaction (influenced by KH2 and its RNA
motif multiplicity) but also the fast interaction (originating
from KH1) is affected, we can conclude that there is a strong
domain interplay between KH1 and KH2 in the tandem
configuration. If the two KH domains would act as individual
entities binding toward the RNA, one would expect that the
fast interaction remains unchanged for both the wt and mut
ligands, as both contain only one RNA binding motif for KH1.
However, that is not the case, as we observe that the fast
interaction strengthens its binding with the wt ligand mainly
due to a slower kg This is attributed to the influence that the
KH domains have on each other (cooperativity).
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Besides the change in the kinetic rates, there is a striking
difference in the contribution of the slow and fast interactions
to the closing of the RNA secondary structure during protein
dissociation, which one can see in the dissociation traces in
Figure 4C,F. For the mut ligand, the closing of the RNA back
to its initial secondary structure is mainly due to the
dissociation of the fast interaction, whereas for the wt, the
dissociation of the slow interaction is rate-limiting. This
indicates that the presence of four RNA binding motifs for
KH2 in the wt ligand results in an increased local
concentration and binding in multiple registers, which explains
the reduced kg indicating a higher protein—RNA complex
stability for the wt compared to the mut ligand. Therefore, we
assume that the slow interaction is the result of the KH2
domain binding to the multiple RNA motifs. Moreover, this
increase in KH2-related complexes with RNA in the wt ligand
is likely attributed to protein rebinding on the closely spaced
motifs.

The kinFRET results suggest that the IMP3 protein can loop
the RNA upon binding. Throughout this process, the protein
can modify initial RNA secondary structures by shifting the
RNA dynamic equilibrium toward a more open conformation.
The kinetics data indicate that the fast interaction corresponds
to the effect of the KH1 domain binding toward its motif and
the slow interaction is the effect of the KH2 domain binding
onto its RNA motif(s). The decrease of Ky, from the two-digit
nanomolar for the mut ligand to the three-digit picomolar
range for the wt ligand, indicates an increase in stability of the
protein—RNA complex that loops the RNA as the KH2 motif
number increases from 1 to 4, from the mut to wt ligand. Put
together, along with the unlikeness that there are two or more
proteins binding on the same RNA due to steric effects, we
assume that KH2 rebinds to the closely spaced motifs on the
wt ligand.

B CONCLUSIONS

In this work, we demonstrated the potential of kinFRET
ensemble measurements using the advantages of a biosensing
platform—including the exchange of molecules with a constant
flow and the wide range of affinities defined by the kinetic
detection range of the heliX" biosensor itself (see the
Supplementary experimental section)—to improve FRET
measurements and easily extract real-time kinetics of NA
conformational changes induced by analyte binding. The
system is adaptable thanks to the straightforward surface
functionalization and can be used to study a wide range of
molecules including complex systems involving multiple
binding pockets or multiple binding sites——NAs interacting
with small molecules, complementary sequences, and proteins.
Additionally, the data treatment allows for the uncomplicated
deconvolution of analyte-induced fluorescence change (FPS
signal) and FRET signal by using two spatially separated
measurement spots (under the same flow and detected
simultaneously) with donor—acceptor dyes and only donor
dye, respectively, on each spot.

The adaptability of the system is highlighted by the examples
given in this work. In our first example, we investigated an
aptamer interacting with quinine, amodiaquine, and chlor-
oquine. By comparing the kinetics of quinine in FPS mode to
the kinFRET experiments of the aptamer—both types of
experiments within the same platform and the same chip
type—we concluded that the binding and conformational
change of the aptamer appear as a single process. We also
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tested a range of experimental setups in which the position and
the attachment of the dyes varied, so that the experiment can
be easily tailored to specific biomolecules. Additionally, slight
changes in the chemical structures of the small molecules are
resolvable with kinFRET and can be ranked. This “hit” ranking
could accelerate drug discovery and development.

In our second example, we analyzed a very different system
involving the IMP3 KH1-2 protein and the oncogenic mRNA
ANKRDI17. The protein can loop the RNA when binding to
distant RNA motifs.**~** With kinFRET experiments, we were
able to observe the looping process and RNA conformational
changes in real time. Moreover, we observed that each KH
domain contributes to this interaction with very different
kinetic profiles. In addition, we compared the binding of the
IMP3 protein toward one binding motif per domain (mut
ligand) and one and four motifs for KH1 and KH2 (wt ligand),
respectively. The results indicate that multiple motifs increase
the protein—RNA complex stability, probably caused by
rebinding. This added stability via multiple motifs could
potentially be one of the mechanisms by which the protein
stabilizes RNA within mRNP granules.
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