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ABSTRACT

Among the many in vitro-selected aptamers derived
from SELEX protocols, only a small fraction has the
potential to be applied for synthetic riboswitch engi-
neering. Here, we present a comparative study of the
binding properties of three different aptamers that
bind to ciprofloxacin with similar Kp values, yet only
two of them can be applied as riboswitches. We used
the inherent ligand fluorescence that is quenched
upon binding as the reporter signal in fluorescence
titration and in time-resolved stopped-flow experi-
ments. Thus, we were able to demonstrate differ-
ences in the binding kinetics of regulating and non-
regulating aptamers. All aptamers studied underwent
a two-step binding mechanism that suggests an ini-
tial association step followed by a reorganization of
the aptamer to accommodate the ligand. We show
that increasing regulatory potential is correlated with
a decreasing back-reaction rate of the second bind-
ing step, thus resulting in a virtually irreversible last
binding step of regulating aptamers. We suggest that
a highly favoured structural adaption of the RNA to
the ligand during the final binding step is essential
for turning an aptamer into a riboswitch. In addition,
our results provide an explanation for the fact that
so few aptamers with regulating capacity have been
found to date. Based on our data, we propose an
adjustment of the selection protocol for efficient ri-
boswitch detection.

INTRODUCTION

Synthetic biology provides innovative solutions for chal-
lenges in a wide range of fields including synthetic ge-
netic circuit design, bio-based materials, bioremediation
or diagnostics as well as various therapeutic applications
in medicine. Engineered riboswitches are promising tools
to explore many of the key questions in these disciplines.
They are small and defined cis-regulatory elements, can
operate protein-independently and allow for fast regula-
tory responses at different levels of gene regulation (e.g.
transcription, translation, splicing (1)). Riboswitches usu-
ally consist of an aptamer domain and an expression plat-
form. The aptamer domain couples the specific sensing of
a small molecule to the expression of a downstream gene,
thus enabling spatial, temporal and dosage-dependent con-
trol thereof. The expression platform implements the regu-
latory mechanism, in most cases transcription termination
or sequestration of the ribosomal binding site. However, ap-
tamers can also act without an expression platform as ri-
boswitch by a road blocking mechanism. Such aptamers
can be identified de novo by an in vitro evolution process
called SELEX (Systematic Evolution of Ligands by EXpo-
nential enrichment), essentially binding any target of choice
with high affinity and specificity (2,3). Depending on the na-
ture of the target molecule and the selection protocol, it is
possible to obtain aptamers with very different structures,
yet similar Kp values. However, only a few of these have
the potential to be further engineered into riboswitches.
Interestingly, those sequences are mostly underrepresented
in an enriched SELEX pool. Evidently, an in vivo screen-
ing subsequent to the SELEX process is required for ef-
fective identification of candidates with regulating capac-
ity. The short list of examples for successfully engineered
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riboswitches includes aptamers that bind theophylline (4),
neomycin (5) and tetracycline (6) as well as the recent ad-
ditions of ciprofloxacin- (7) and paromomycin-binding ap-
tamers (8). Several types of engineered riboswitches have al-
ready been designed with the theophylline aptamer, such as
self-cleaving ribozymes or riboswitches that regulate trans-
lation initiation by sequestration of the ribosomal binding
site (9). Moreover, it has been applied as transcriptional ri-
boswitch whose function relies on the ligand-induced for-
mation of a terminator stem (10). The neomycin as well
as the tetracycline aptamers were also implemented in ri-
bozymes (11,12). Both aptamers have been also applied to
exert translational control through ligand-dependent road-
block formation for the scanning ribosome (5,13). In this
mechanism, the regulation relies on the aptamer roadblock
stability, rather than the allosteric impact of ligand binding
on the aptamer domain-expression platform interface. The
ciprofloxacin and paromomycin aptamers have been found
to be applicable for translation initiation control via road-
block formation, too (7,8). However, although some new
ones have been added recently the specific selection and
design of such efficient engineered riboswitches remains a
challenge (14).

While the activity of natural riboswitches has specifically
evolved in and is therefore adapted to specific cellular con-
ditions and ligand concentrations, the features of in vitro-
selected aptamers can only be shaped via restrictions in the
selection protocol. In general, an exceptionally high affinity
seems a pre-requisite for the development of a functional ri-
boswitch. However, high affinity alone is insufficient to pre-
dict the activity of those aptamers (15,16). Affinity and sev-
eral other factors such as the timescale of ligand binding are
certainly key elements of riboswitch engineering. However,
it is now common consensus that a conformational change
due to ligand binding is equally essential to create a func-
tional riboswitch in a cellular environment (8,12—14).

Furthermore, an increased complexity of both sequence
and structure (17) is also beneficial and may even enhance
the binding affinity (18,19). For neomycin, several aptamers
with similar affinities and comparable sizes and structures
that mediate different levels of regulation were systemati-
cally compared. The results revealed that preformed hair-
pin structures failed to perform in vivo, while other more
complex structures with substantial conformational rear-
rangements were active (5,19). In general, conventional se-
lection protocols often favour the simplest structural solu-
tion, i.e. aptamers that do not fold into very complex struc-
tures (17). Consequently, there might be a correlation be-
tween the increased enrichment of candidates with excellent
binding properties, yet poor functionality for the control of
gene expression.

In essence, a key question of synthetic riboswitch design
has yet to be answered in full: what makes an aptamer a
good riboswitch? Which factors and characteristics render
an aptamer suitable as a high-performance riboswitch for
reliable gene expression control? In this study, we explored
a parameter potentially affecting the functionality of ap-
tamers as riboswitches that has received little attention to
date, the kinetics of the ligand binding process. For this pur-
pose, we compared the ligand binding kinetics of three dif-
ferent aptamers known to bind ciprofloxacin (CFX) (7,20).

The three CFX-binding aptamers (Figure 1A) originated
from the same SELEX experiment (7). Despite the obvious
dissimilarities in their respective sequences and their rather
diverse secondary structures, they share a common feature,
i.e. their very similar Kp, values. However, this similarity in
affinity does not translate into equal performance, as only
two of the candidates were found to be suitable riboswitches.
The three aptamers represent the output of three stages in
the design process: one was found after ten rounds of se-
lection (candidate A), whereas the second was identified
via in vivo screening of the enriched SELEX pool (candi-
date preRS). Interestingly, deep sequencing analysis (Fig-
ure 1C, (7)) revealed that candidate A was about 80-fold
more abundant in the enriched SELEX pool than preRS.
The deep sequencing data furthermore showed that the en-
richment trajectory for R10K6 (precursor of A) was signif-
icantly steeper than for preRS, thus demonstrating that the
selection protocol clearly favours R10K6. Finally, the third
construct RS was obtained by distinct mutations of single
nucleobases close to the binding pocket region of preRS to
optimize activity (Figure 1B). In each of the investigated
aptamers, the inherent fluorescence of the ligand is equally
quenched upon binding which provides a convenient spec-
troscopic read-out for ligand binding studies. Our results
for the binding kinetics and the Mg”>* dependence of the
aptamers described above revealed key differences that we
assume to be critical for riboswitch engineering of in vitro
selected aptamers.

MATERIALS AND METHODS
Preparation of RNA aptamers

For in vitro analysis, RNA was transcribed from PCR-
generated templates, all containing at least one 5'-terminal
guanosyl residue to facilitate in vitro transcription using
T7 RNA polymerase. For this, two oligonucleotides were
designed with an overlap of 30 bp (CCAAGTAATACGAC
TCACTATAGGGAGACGCAACAGACTAGGTTGT
GACTGCTTAGGCAGTTGTGGACGG and GTGACG
CGACTAGTTACGGACCTCTGGTGGGCTTAGCC
GTCCACAACTGCCTAAGCAGTCACAACCTAGTC
for A, CCAAGTAATACGACTCACTATAGGGAGA
CGCAACTGAATGAACATAAGTGAACGCGACTC
TATCTCCCTAAACTAGG and GTGACGCGACTA
GTTACGGATCGTGTAACTCCGTGCCGCTATAT
GACTCCTAGTTTAGGGAGATAGAGTCGCGTTC
for preRS and CCAAGTAATACGACTCACTATAGG
GAGACGCACCTGAATCAACATACGTGAACG
CGACTCTATCTCCCCAAATTAGGCGTCAG and
GTGACGCGACTAGTTACGGATCGTGTAACTCC
GTGCCGCTATCTGACGCCTAATTTGGGGAGA
TAGAGTCGCGTTCACG for RS) and amplified using
Q5®) High-Fidelity DNA polymerase (NEB) according to
the supplier’s instructions. After ethanol precipitation, the
DNA template was used for in vitro transcription by T7
RNA polymerase (NEB) as reported previously (7). The
RNA was gel purified (21) and molarity was determined by
spectrophotometric measurement using NanoDrop 1000
Spectrophotometer (Thermo Scientific).

The RNA samples were stored in highly purified water at
—20°C. Prior to each experimental use, the RNA was pre-
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Figure 1. (A) Secondary structures of the aptamer A and the two riboswitches preRS and RS, confirmed by in/ine probing (7, 20). Nucleotides that differ
between preRS and RS are highlighted with black circles. Regions involved in ligand binding are shaded in grey. (B) Regulation of GFP expression. The
aptamer sequences A, preRS and RS are located in the 5" untranslated region of a GFP reporter gene in Saccharomyces cerevisiae. GFP expression is
displayed in the absence (black bar) and presence of 1 mM CFX (white bar). The dynamic range of regulation is reported above the bars together with the
corresponding errors in parenthesis. (C) Deep sequencing data from the SELEX experiment with CFX as target. Reads per million (RPM) are displayed
for candidate A (red) and preRS (blue) that was further developed into RS (7).

pared using the following folding procedure: the aqueous
RNA solutions were heated to 95°C for 5 min and snap-
cooled on ice for 5 min. Next, buffer was added to a fi-
nal concentration of 40 mM HEPES, 125 mM KCI, 5 mM
MgCl,, pH 7.4 and equilibrated for 20 min. The composi-
tion of this buffer is equivalent to the SELEX buffer.

Fluorescence titration experiments

Dissociation constants (Kp) for CFEX@RNA complexes
were determined by measuring the fluorescence quenching
as a function of RNA concentration in the presence of a
fixed CFX concentration of 50 nM. Fluorescence intensi-
ties were measured on a Fluorolog FL3-22 (Horiba Jobin
Yvon) with an excitation wavelength set to 335 nm (slit 5
nm) and an emission wavelength of 420 nm (slit 5 nm). The
integration time was set to 0.5 sec and temperature was ad-
justed to 25°C. In between the addition of RNA, the so-
lution was stirred for 1 min and equilibrated for an extra

minute. For the titration experiments, 50 nM CFX in 40
mM Hepes, 125 mM KCI, 5 mM MgCl,, pH 7.4 (F,) was
mixed with increasing amounts of gel-purified and folded
RNA (see above: Preparation of RNA aptamers) and fluo-
rescence intensity was measured (F). Curve fitting was done
using Prism (GraphPad Software) and non-linear regres-
sion analysis with the modified Hill equation (1) by least
squares fitting:

F

7= ()

Xh
max m

with By,x = maximum binding, /4 = hill slope, X' = concen-
tration of RNA.

Time-correlated single photon counting

Spectroscopic measurements of fluorescence decay of the
ligand CFX and the ligand-aptamer complexes were carried
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out in the same buffer as used in the SELEX procedure and
the fluorescence titrations. The experiments were performed
with a self-assembled time-correlated single photon count-
ing (TCSPC) setup incorporating a single-photon detection
photomultiplier tube (PMT, PMA-C 182 M, PicoQuant,
Berlin, Germany) and a TimeHarp 260 PICO Single PCle
card (PicoQuant) for data processing (22). Pulsed orthog-
onal excitation of the samples was achieved with a pulsed
LED PLS310 (PicoQuant). Multi-exponential fitting was
performed with FluoFit Pro 4.6 [PicoQuant, (23)]. The sam-
ples were measured in 4 x 10 mm quartz glass cuvettes at
concentrations of 1 pM and 2 wM for CFX and RNA ap-
tamers, respectively.

Stopped-flow spectroscopy

Stopped-flow measurements were carried out with a
SFM-20 device (Bio-Logic Science Instruments, Seyssinet-
Pariset, France) with Berger Ball mixer and a cuvette
(FCO08) with a volume of 20 pl and a light path of 0.8 mm at-
tached. The stopped-flow device was coupled to a FP-8500
spectrofluorometer (Jasco, GroB-Umstadt, Germany) with
a glass-fibre module (OBF-832, Jasco). The detected PMT
signal was transferred to a transient recorder board (PCI-
6052E, National Instruments, Austin, USA) using an A/D-
adapter (BNC-2110, National Instruments). Data acquisi-
tion was controlled with the Bio-Kine 32 software (Version
4.42, Bio-Logic Science Instruments). For every single mix-
ing experiment, 33 ml of the two sample solutions were in-
jected into the mixing compartment via syringes (Hamil-
ton 1010C, Hamilton Company, Reno, USA) with a flow
rate of 6.95 ml/s. The injection was stopped by a hard-
stop valve which determined the start of the observed bind-
ing dynamics. The excitation wavelength for the measure-
ments was 330 nm and fluorescence emission was detected
at 420 nm and a 90° angle. The applied RNA concentra-
tion was 2 wM and the CFX concentrations were 4, 8, 12,
16 and 20 wM, both in 40 mM HEPES, 125 mM KCl, 5
mM MgCl,, pH 7.4. The RNA was folded before use as
described above (see Preparation of RNA aptamers). 20—
30 traces were averaged for each concentration. All of the
traces were baseline-corrected and normalized prior to the
kinetic model analysis, which was carried out with the Dy-
naFit4 software (24) (Biokin Ltd, Watertown, USA). A de-
tailed description of the raw data processing routine (Sup-
plementary Figure S2) and subsequent analysis (Supple-
mentary Tables S2-S7 and Supplementary Figures S3-S5)
may be found in the Supporting Information (SI).

RESULTS
Mg?* dependence of ligand binding

Despite the relatively low chemical diversity compared to
proteins, the conformational space of RNA is enormous.
The distribution of defined structures can be greatly altered
by interactions with substrate molecules or ions. There may
even be novel structures that would not be stable without
those interactions (25). Cations, especially divalent Mg>*
ions, are essential in stabilizing tertiary RNA structures and
are thus required for most aptamers to fold into their na-
tive and binding-competent state. However, it is suggested
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Figure 2. (A) RNA-titration series, showing the detected CFX emission
at constant Mg?" concentrations for candidate A (upper panel), preRS
(middle panel) and RS (lower panel). (B) Calculated Kp values plotted
as a function of the applied Mg?" concentrations. Candidate A is shown
in green, preRS in light blue and RS in dark blue.

that excess availability of divalent cations favours the ac-
cumulation of aptamers with poor structural complexity.
Generally, more complex aptamer structures are assumed
to undergo more profound conformational changes upon
ligand binding (17). Although SELEX is often carried out
at high ionic concentration conditions (5-10 mM Mg”*) to
obtain well-binding aptamers, synthetic riboswitches have
to be able to cope with lower Mg>* concentrations (around
1.5 mM) to remain functional in physiological conditions.
Therefore, our first approach was to investigate whether the
Mg?* concentration had an influence on the ligand bind-
ing of our aptamer candidates in the relevant concentration
range of Mg”*.

We conducted fluorescence titration experiments at de-
fined Mg>* concentrations (Figure 2A). Comparison of the
corresponding apparent Kp values (Figure 2B) revealed dif-
ferences in RNA behaviour. Aptamer A showed a clear
cation dependence at low Mg”* concentrations. In the ab-
sence of divalent cations, no ligand binding to aptamer A
was observed at all. At 0.5 mM Mg>*, a drop in fluores-
cence of almost 50% was detected. Evidently, small amounts
of Mg?* are sufficient to enrich preformed structures and
induce ligand binding to a considerable extent. From a
concentration of 1.5 mM Mg?*, the detected emission al-
ready decreased to a residual level. The conformational
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distribution was therefore mostly shifted towards binding-
competent structures. The corresponding apparent Kp val-
ues were all in the low nanomolar range with no significant
improvements upon further increase of the Mg?* concentra-
tionz. They reach a minimal Kp value of ~13 nM at 10 mM
Mg**.

For the candidates preRS and RS, no evident Mg?* de-
pendence could be observed. At 0.5 mM Mg?", the con-
formation shift of candidate preRS towards a binding-
competent state seemed to be already mostly complete,
as implied by a total fluorescence drop of >50%. Finally,
very similar binding curves from a Mg?* concentration of
1.5 mM upwards were detected for both active candidates.
These experiments show that there are differences in ligand
binding depending on the concentration of Mg?*, but only
at very low concentrations. No changes were observed at
physiological concentration (1.5 mM) or higher (concen-
tration used for the SELEX). Consequently, we decided to
retain a concentration of 5 mM for all subsequent experi-
ments to mimic SELEX conditions.

Fluorescence quenching

In a next step, we measured the fluorescence quench-
ing effects upon binding. Fluorescence decays of CFX
and the CFX@RNA complexes were recorded with time-
correlated single photon counting (TCSPC) experiments
(Figure 3). The datasets were subsequently analyzed by
multi-exponential data fitting to determine the correspond-
ing fluorescence lifetime contributions. The ligand CFX was
measured in different buffer compositions because fluoro-
quinolones are known to form various types of metal com-
plexes, which might influence the photophysical properties
(26). The respective data and a description of the fitting
routine may be found in the SI (see Supplementary Figure
S1 and Supplementary Table S1). Most prominently, CFX
bears a 1,3-dicarbonyl functional group that enables the for-
mation of dimers like [Mg(CFX),]. The carbon acid or the
piperazine moiety might also be able to form metal chelates.
Without cations present, a mono-exponential decay with a
lifetime of 1.3 ns was observed. Upon addition of potas-

Nucleic Acids Research, 2021, Vol. 49, No. 7 3665

sium or Mg?*, biexponential decays were recorded with mi-
nor lifetime components around 6 ns. The faster compo-
nents slightly differ from the 1.3 ns lifetime, supposedly due
to the multiple coordination sites for metal ions and for
water molecules. Moreover, CFX exhibits several protona-
tion sites with pK, values in the neutral regime, which can
also have a significant impact on the fluorescence features
(27,28).

Under buffer conditions applied during the SELEX, i.c.
containing potassium as well as Mg>*, the fluorescence de-
cay of CFX was modelled biexponentially with a main time
constant 7; = 1.3 ns, accounting for the pure ligand
(Table 1). A minor and slower component 7, = 2.9 ns
was assigned to the decay of chelate complexes mainly
formed with Mg?*. The average lifetime of CFX under
these buffer conditions was determined to be 1.9 ns. For the
CFX@RNA measurements, an additional sub-ns compo-
nent was required for adequate fitting of the decay curves.
This time constant has the largest amplitude of the cor-
responding decay curves and thus reflects the accelerated
fluorescence emission due to quenching (t4) within the
CFX@RNA complexes for all three candidates. For ap-
tamer A, the contribution of T = 0.64 ns was the largest
with 77%. The quenching lifetimes of the candidates preRS
and RS were 0.43 ns and 0.49 ns, respectively, and showed
significantly lower amplitudes.

These lower amplitudes are in line with the higher bind-
ing affinity of A in the given experimental conditions. The
time constants 7, are in the range of 1.9-2.5 ns for the
CEX@RNA measurements. They correspond to the resid-
ual unbound ligand that still fluoresces strongly and its re-
sulting metal and hydrate complexes formed in aqueous so-
lution. The lifetimes 71 found in the preRS and RS mea-
surements are well in agreement with the average lifetime
of the ligand CFX in buffered solution and their ampli-
tudes are higher by a factor of 2.6 than that of the cor-
responding lifetime of CFX@A. The minor lifetime com-
ponents 7, are clearly slowed down in each case and show
amplitudes smaller than 10%. As lifetimes of roughly 6 ns
were also found for the ligand in different buffer conditions,
those lifetimes could again be assigned to particular chelate
complexes or protonated states of CFX. Furthermore, the
respective lifetimes might also account for discriminative
aptamer-ligand complexes where the ligand encounters a
different aptamer conformation, which may in turn affect
emission properties. Although it is not clear whether the
binding of CFXis stabilized via e.g. H-bonds or stacking in-
teractions, the similar fluorescence quenching lifetimes sug-
gest similar microenvironments for the ligand embedded in
the binding pocket of preRS and RS compared to A. Possi-
ble quenching mechanisms are typically divided into static
and dynamic quenching. Static quenching refers to the for-
mation of an aptamer-ligand complex with altered ground
state properties, so that the population of the original flu-
orescent state of the pure ligand is inhibited (29). Since the
absorption spectrum of the ligand does not change upon ad-
dition of RNA and residual fluorescence at the same wave-
length is detected for the free ligand as well as for the bound
states, static quenching is unlikely to be the main mecha-
nism. However, dynamic quenching refers to any interac-
tion of the aptamer with the excited state of the fluorophore.
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Table 1. Fluorescence lifetimes T and their standard error values determined by multi-exponential curve-fitting with corresponding amplitudes A in

percent provided in parentheses together with their relative errors.

T4 / ns (4q / %) 11/ ns (41 / %) 01/ ns (45 / %) X2
CFX - 1.280.02 (65+2) 2.92+0.04 (35+2) 1.003
CFX@A 0.64-£0.03 (77+3) 2.4840.05 (14+5) 6.5+0.3 (9+5) 0.991
CFX@preRS 0.43+0.03 (53+5) 2.22+0.04 (37+2) 6.340.2 (1043) 1.034
CFX@RS 0.49+0.03 (58+5) 1.90-£0.06 (36£3) 8.340.5 (6+5) 1.051

[‘*]Tq represents the fluorescence quenching lifetimes of the CFX@RNA complexes, Pl7; represent the remaining consecutively numbered lifetime compo-

nents.

As an accelerated fluorescence lifetime of the CFX@RNA
complexes was detected, we assume that the emission of
CFX is quenched dynamically in the excited state of the
complexes.

Fluorescence-monitored binding kinetics

In the stopped-flow experiments, the decrease of CFX emis-
sion caused by aptamer binding was monitored in a time-
resolved manner on the milliseconds timescale. The ligand
CFX was supplied in excess relative to the specific RNAs
(2, 4, 6, 8 and 10 equivalents = eq), which resulted in
pseudo-first order complex formation. Due to the satura-
tion of the particular RNAs with supplied ligand, a sim-
ilar signal amplitude was obtained for each measurement
series. The data were recorded under similar conditions as
in the SELEX procedure. Hence, both the ligand CFX and
the candidate RNAs were supplied in the same buffer con-
ditions in the separate syringes of the stopped-flow appa-
ratus, so that the buffer conditions were maintained upon
mixing of components. RNA was properly folded prior
to usage as described. At the applied Mg”>* concentration
(5 mM), the ensemble of present RNA structures was ex-
pected be mostly shifted towards the preformed state for
each of the candidates, as shown by the Mg?"-dependent
titrations. The observed kinetics should therefore merely re-
flect the ligand binding event of binding-competent RNA
conformations and no superimposed conformational dy-
namics should impede data analysis. The processed and av-
eraged time-dependent traces of the CFX emission during
ligand binding are illustrated in Figure 4.

In each case, binding is clearly accelerated with increas-
ing amounts of ligand added. In essence, the observed dy-
namics were significantly faster for the aptamer A than for
both potential riboswitches. For the 2 eq curves, the equi-
librium level of the aptamer A was already reached after
roughly 150 ms, whereas it took ~300 ms for RS and 400 ms
for preRS. Moreover, the acceleration of the dynamics of
A is almost at its limit with 6 eq of CFX, whereas the
dynamics become continuously faster for higher amounts
of supplied ligand for the potential riboswitches. Under
pseudo-first order conditions, fitting the obtained stopped-
flow transients monoexponentially allows for an estimation
of the observed association rate for each ligand concentra-
tion. Plotted against the corresponding CFX concentration,
this reveals the apparent ko, through linear regression (Fig-
ure 5).

Although a simple irreversible one-step binding model
is clearly just an approximation of the actual kinetics, a
monotonous increase of the association rate is evident. This
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Figure 4. Fluorescence-detected stopped-flow measurements of the CFX-
binding dynamics of the aptamer A (upper panel) and the riboswitches
preRS (middle panel) and RS (lower panel) upon mixing the RNAs with
different concentrations of ligand (relative equivalents indicated).
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Figure 5. Observed first order association rates obtained from mono-
exponential fitting of the stopped-flow traces plotted against the ligand
concentration. The slope of the linear fits corresponds to the overall rate
Kon-



Table 2. Reaction schemes of tested binding models.

Model Reaction scheme
k
1 RNA + CFX fl CFX@RNA
—1
kj ka
2 RNAinactive[a] k‘i RNAactive[b] + CFX f CFX@RNAactive
-1 -2
k k.
3 RNA + CFX — CFX@RNA* 93 CFX@RNA
k k.
4 RNA + CFX kil CFX@RNA* ké CFX@RNA
—1 -2
k k:
5 RNA + CFX k:' CFX@RNA* > CFX@RNA
—1

(2] RNA|pactive — non-binding state of the aptamer, [®) RNA (e — binding-
competent state of the aptamer, [ CFX@RNA" — intermediate bound
state.

indicates an induced fit mechanism of already pre-existing
binding-competent aptamer structures (30) and confirms
the preformation of the RNA candidates in the given condi-
tions. However, there are no firm criteria to exclude the con-
tribution of conformational selection (31). The existence of
multiple active or inactive conformations cannot be ruled
out, especially if the equilibration between those structures
is even faster than the ligand binding event and thus not
rate-limiting. For our data, the association rate k,, reached
a plateau at ligand CFX concentrations higher than 10
equivalents relative to the applied RNA, which could indi-
cate such a limitation by conformational selection in this lig-
and concentration range. A comparable behaviour was al-
ready observed for other in vitro selected aptamers like the
theophylline-binding aptamer (32), whose apparent ko, is
one order of magnitude smaller than the rates determined
here. For natural riboswitches, e.g. the purine riboswitch
(33), a rate-limiting conformational selection was also re-
ported.

For more detailed analyses, the obtained and processed
datasets were fitted globally (i.e. each time trace of the par-
ticular concentration series simultaneously) to multiple sim-
ple and meaningful kinetic models including different com-
binations of reversible and irreversible binding steps. The
tested models are listed in Table 2 and the datasets were
fitted with the corresponding sets of differential equations
resulting from the reaction mechanisms. A detailed expla-
nation of the fitting routine of the processed data and the
particular differential equations may be found in the SI,
complete with the obtained fit results (Supplementary Ta-
bles S2-S7) and the fitted curves (Supplementary Figures
S3-S5).

Comparison of the respective fit qualities by means of the
Akaike information criterion (AIC) and the Bayesian in-
formation criterion (BIC) allowed an evaluation of the ap-
plied models (24). Both criteria estimate relative fit qualities
considering both the number of free parameters included in
a particular statistical model and its accuracy (root mean
square deviation, RMSD) to avoid over-parametrization.
Compared to the AIC, the BIC penalizes the number of pa-
rameters more severely. For model assessment, the differ-
ences AAIC and ABIC of the compared models were cal-
culated.
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Table 3. Rate constants determined from kinetic analysis for the reversible
one-step model 1. The AAIC and ABIC criteria show the fit accuracies
compared to the other models.

ki /pM~lsTl 0 kg /s RMSDE  AAICIT  ABICE
A 7.7840.09  0.33+0.03  0.044783 801 788
preRS  3.6140.03  0.0940.01  0.030391 742 733
RS 5.2140.04 <10-¢ 0.03298 701 694

[a] Obtained root mean square deviation values, (! Akaike information cri-
teria differences to the most accurate model, [’ Bayesian information cri-
terion differences to the most accurate model.

In the simplest model 1, a reversible one-step binding was
assumed. In contrast to the mono-exponential fitting shown
before, this model takes the back reaction into account and
therefore allows for an estimation of the apparent disso-
ciation rate k.;. The determined k; values, based on a re-
versible one-step binding, are in agreement to the k,, val-
ues obtained from mono-exponential fitting (Table 3). The
obtained fit qualities were the poorest of all, which is re-
flected by the highest values for AAIC and ABIC. However,
the estimated back rates k.| considerably decrease from A
to preRS to RS. For the active candidate RS, a meaningful
value for k. could not be determined because the respective
rate constant approached zero. The dissociation rate of RS
is therefore almost negligible and the reduced k.; values of
preRS and RS seem to correlate with their increased in vivo
activities.

Conformational selection (model 2) should play only a
minor role under the given experimental conditions. The re-
action scheme assumes a preformation of the aptamer from
an inactive to an active binding-competent conformation,
which then undergoes ligand binding in one reversible step.
Indeed, application of model 2 did not result in a sufficient
goodness of fit for any of the RNA candidates. The obtained
rates of the ligand binding step were slightly higher than the
association rates from model 1 and the preformation occurs
on a similar timescale for A and preRS. Interestingly, the
prefolding rate of the candidate RS is determined to be 8
times higher than those of the other two candidates. The
two irreversible steps assumed in model 3 would be relevant
if two highly favoured structural rearrangements occur se-
quentially. Such a behaviour was e.g. shown for the aptamer
domain of the guanine-sensing riboswitch (34). However,
model 3 also failed as the model of choice for aptamers ex-
plored here, according to the obtained fit criteria.

The most suitable two-step models for the three candi-
dates and the determined rates and fit quality criteria are
summarized in Table 4. For the binding kinetics of the ap-
tamer A, the reversible two-step model 4 is the most ade-
quate description, as it scores the lowest RMSD and both
likelihood criteria AAIC and ABIC are zero. The analy-
sis revealed the highest bimolecular association rate (k; =
10 puM~!'s71) and the lowest back-rate (k.; = 1.6 s~!) of
the first binding step of all candidates. This step is consid-
ered as an initial association of the ligand to the binding site
of the RNAs, presumably driven by unspecific electrostatic
interactions or even hydrogen bonding. Starting from the
intermediate complex CFX@RNA*, the formation of the
final ligand-bound of A state is favoured because the rate
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(ky = 4 s71) is 2.5 times higher than the dissociation rate
k.. The second step accounts for a tightening of the binding
pocket, accompanied by the establishment of specific inter-
actions with CFX. The reverse rate of the second step (k.»
= 2.3 s7!)is significantly lower than the forward rate but in
the same order of magnitude. Similar to aptamer A, applica-
tion of model 4 also yielded the lowest RMSD and AAIC
for preRS, although the determined rates are quite differ-
ent. The initial association step is clearly less favoured (k| =
4.33 uM~!s7!) and the dissociation rate is increased (k.; =
5.7 s71). Furthermore, the back-rate of the second step (k.
= 0.06 s7!) is almost negligible as it is substantially smaller
than the forward rate (k, = 13.2 s7!). The k,/k_, ratio for
aptamer A is only 1.8, but for preRS it is as high as 220. Al-
though model 4 scores a slightly lower RMSD than model 5
for preRS, the latter is preferred because of the greater sim-
plicity of the model, which is indicated by its lower ABIC
value. The determined rates are all slightly lower than those
obtained from model 4. Consequently, the second binding
step of preRS is not only much faster than in the case of
aptamer A, but it is virtually irreversible. For the final con-
struct RS, model 4 achieves very good fit values, but model
5 is clearly the best approximation according to its lowest
RMSD value and likelihood criteria. The determined asso-
ciation rate of RS (k; = 7.6 puM~!s7!) is almost two times
higher than that of preRS. Additionally, the dissociation
rateis lower (k.; = 3.1s7!), so the initial binding of RS pro-
ceeds much faster. The second binding step of RS exhibits
the highest rate (k» = 23 s~!) among all investigated RNAs.
Compared to preRS, it is accelerated by almost a factor of
two and compared to A, it is even faster. Hence, there is
a clear trend towards an accelerated conformational adap-
tion that seems to correlate with the increasing regulatory
potential of the three RNA candidates.

Interestingly, the obtained reaction rates of the initial
step substantially differ between the potentials riboswitches
and the inactive aptamer. The association of CFX with
Aptamer A is significantly favoured over CFX association
with the riboswitches, which indicates profound differences
in the degree of preformation and the interactions estab-
lished upon first encounter. In all likelihood, aptamer A ex-
ists in a rather compact conformation, due to the increased
number of incorporated Mg?* ions and is thus highly pre-
formed. The initial binding to the potential riboswitches is
supposedly less specific and the binding pocket less struc-
tured. However, the essential difference of the binding ki-
netics is the intense acceleration of the second step. The
negligible rate k., renders the respective step virtually irre-
versible for preRS and RS during the recorded association
phase.

We assume that for the riboswitch candidates, the sec-
ond binding step corresponds to a highly favoured struc-
tural adaptation of the RNA that results in a tightening of
the binding pocket. Put another way, a ‘nearly’ irreversible
final binding step could indicate a structural rearrangement
so substantial that it can mediate riboswitch activity. In ad-
dition, a distinct correlation between the reduction of the
respective back-reaction rate and an increasing riboswitch
activity in the order from candidate A to preRS to RS is
observed.

DISCUSSION

Previous studies suggest that the overall association rate
and the aptamer-ligand complex lifetime are essential char-
acteristics to describe riboswitches, rather than the Kp value
(16). Moreover, significant differences between kinetically
derived Kp values and equilibrium values of in vitro selected
aptamers are observed quite often (35). Such differences
are of particular importance since in vivo riboswitch activ-
ity can generally rely on kinetic or thermodynamic con-
trol, which is apparently unknown for de novo engineered ri-
boswitches. For kinetically driven riboswitches, the amount
of ligand necessary for significant regulation is typically
higher than the Kp derived estimate (36). The regulation
mechanism for such riboswitches relies on the competition
of ligand binding and riboswitch folding. However, the se-
lection protocol prefers enrichment of thermodynamically
controlled aptamers where the ligand-bound state is ener-
getically favoured.

Binding kinetics similar to those observed here, i.e. an al-
most irreversible final binding step that accounts for a struc-
tural adaptation of the RNA as for candidate RS, were re-
ported for the tetracycline-binding aptamer. The forward
rate of the first step is only slightly faster as determined for
candidate RS, but the back rate of the tetracycline-binding
aptamer is drastically higher by a factor of almost 12. More-
over, the rate of the second irreversible step is as high as
155 s=! (37). This step is supposed to rely on a ligand-
induced structural adjustment of the aptamer (38,39). A re-
versible two-step binding mechanism has also been found
to govern the neomycin-binding aptamer (N1), where the
back rate of the second step is significantly reduced, relative
to the forward rate (40). Additionally, a significant confor-
mational adaption was demonstrated for the ligand bind-
ing of the N1 aptamer that seems to be vital for its in vivo
activity. Among the multiple neomycin-binding aptamers
that were obtained via in vitro selection, other candidates
with similar nanomolar Kp values but different riboswitch-
ing capabilities were identified by parallel in vivo screening
(41). By comparing the NMR structures of the free and the
ligand-bound states of three of those aptamers, a clear cor-
relation between their structural complexity and the degree
of preformation and conformational switching upon bind-
ing was shown (5). Consistently, the greatest regulatory po-
tential is reported for the N1 aptamer as it exhibits the most
profound structural change. For the theophylline aptamer, a
similar linear increase of the apparent k., was observed at
low ligand concentrations in the micromolar range. How-
ever, a conformational preformation was identified as the
rate-limiting step at millimolar theophylline concentrations
and a structural adaption was shown to occur upon lig-
and binding, which renders the aptamer functional in vivo
(32). By comparing two selected streptomycin-binding ap-
tamers with varying ligand specificities, the conformational
change upon ligand binding was even assigned as the driv-
ing force for ligand discrimination (42). Furthermore, a sig-
nificant stabilization of the streptomycin aptamer structure
due to ligand binding is reported, indicating an energetically
favoured complex formation (43).

Analogous binding kinetics have been reported for the
aptamer domain of the purine riboswitch, thus indicating
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Table 4. Rate constants determined from kinetic analysis for the most suitable two-step binding models 4 and 5 and RMSD values of the corresponding
fits. The AAIC and ABIC criteria show the fit accuracies compared to the other models.

Model ki / (uMs)~! kg /s ky /57! ko /s RMSD!! AAICIP] ABICL!
A 4 10£0.2 1.64+0.2 44022 23402 0.041255 0 0

5 1040.2 0.8+0.2 6+0.3 — 0.041582 75 69
preRS 4 4.33+0.06 5740.5 13.2+0.8 0.06 4 0.03 0.028187 0 5

5 4.31+0.06 54404 12.1+0.7 — 0.028198 2 0
RS 4 7.6+0.1 3.1£0.6 23+1 0.274+0.05 0.030741 4 10

5 7.6240.11 2.940.7 23+1 — 0.030736 0 0

[2] Obtained root mean square deviation values, P! Akaike information criteria differences to the most accurate model, [l Bayesian information criterion

differences to the most accurate model.

that this binding behaviour is not limited to synthetic ri-
boswitches, but can also be observed in their natural coun-
terparts (33). A slow interconversion of an ensemble of dis-
ordered RNA structures towards one ligand binding state
is preceding a highly favoured conformational change of
the binding pocket to enclose the ligand. The same is true
for the guanine-binding riboswitch, where the accommo-
dation of the ligand can even be described by two con-
secutive irreversible steps to form the final complex (34).
For the thiamine pyrophosphate (TPP) riboswitch, a pro-
nounced ligand-induced structural adaption was confirmed
by means of fluorescence stopped-flow experiments with
2-aminopurine labelled RNA variants (44). Moreover, ki-
netic analyses of ITC data revealed the dynamics of the
two-step binding sequence, with a rapid initial association
of TPP to the aptamer domain followed by the adjustment
of the aptamer conformation. The back rate of the sec-
ond step was determined to be several orders of magnitude
smaller than the forward rate, indicating a virtually irre-
versible ligand induced folding (45). Other examples with
similar trends are the adenine-sensing riboswitch (16) or the
flavin mononucleotide (FMN) riboswitch (46). Therefore, it
is plausible that the underlying ligand binding kinetics be-
yond the binding constant also dictate the regulatory po-
tential of RNA aptamers. An irreversible second binding
step apparently accounts for a highly favoured structural
adjustment and extends the lifetime of the ligand-aptamer-
complex, which seems to be a prerequisite for its functional-
ity as a riboswitch. Furthermore, examples of similar bind-
ing kinetics are found for many possible regulatory mech-
anisms in both natural and engineered riboswitches. For
some mechanisms of riboswitches, it is essential that ligand
binding induces a structural change of the binding pocket
that also affects the conformation of the expression plat-
form. The formation of a terminator stem adjacent to the
aptamer domain is required for transcriptional control, and
the relative stabilities of the antiterminator and terminator
conformations are thought to be an important parameter
(47). Translation initiation is mechanistically based on the
sequestration of the ribosomal binding site located at the
junction of aptamer domain and expression platform. The
roadblock mechanism that many engineered riboswitches
can exert may be an outstanding example in this regard,
as the aptamer alone performs the function as such. How-
ever, the reported successful applications of the tetracycline
or the neomycin aptamer clearly reveal that also sophisti-
cated regulatory mechanisms can be realized by engineered
riboswitches in addition to roadblock formation. Further-

more, conformational studies on several riboswitches show
that ligand induced adaption of the binding pocket region
also results in subtle conformational changes in remote ap-
tamer regions and that the adjustment even propagates to
the expression platform (48). These subtle changes are often
sufficient to mediate riboswitch activity and include both
tertiary structure adjustments and changes of base pairings
in secondary structure.

Beyond binding kinetics, the observed levels of Mg?* de-
pendence provide further insights. Especially at the lowest
analyzed Mg?* concentration, the binding affinity of A is
substantially affected by the presence of cations. Starting
from 0.5 mM Mg>* to 1.5 mM, the Kp value is reduced by
a factor of >50. Consequently, a steep transition from non-
binding to binding conformations takes place, just below
the physiological range. Fitting the aptamer data to the Hill
equation yields a Hill coefficient of 4.6, suggesting that sev-
eral distinct metal binding sites may be involved in folding
into a compact binding-competent structure. The observed
effect of Mg?* on the conformation of aptamer A is in line
with the model that has been proposed for the tetracycline-
binding aptamer, which is also incapable of ligand bind-
ing in the absence of Mg>* (38). However, the tetracycline-
binding aptamer can be applied as a functional riboswitch
in vivo, in contrast to aptamer A. A pronounced Mg>*-
dependent binding affinity has also been reported for the
active theophylline-binding aptamer (49), so this behaviour
does not conclusively explain the inactivity of aptamer A.
In contrast, the Kp values of the in vivo active candidates
preRS and RS are almost independent of Mg?* at concen-
trations higher than 0.5 mM. This binding behaviour is sim-
ilar to the neomycin riboswitch, whose binding is also inde-
pendent of divalent cations. Aptamers in general clearly de-
pend on the availability of divalent ions for binding and the
extent of this dependence may vary between the individual
aptamers. However, this cannot fully explain the observed
differences in the in vivo activity of the aptamers explored
here.

In sum, the data for the different angles explored here
provide a consistent explanation why only a few in vitro se-
lected aptamers are suitable for the design of synthetic ri-
boswitches. Only if the two-step binding mechanism with
nearly irreversible binding leads to the formation of a
ligand-aptamer-complex that has an extended lifetime, is
the aptamer thought to function as a gene regulatory ele-
ment. This finding also explains why only very few such ap-
tamers have been found to date. In the classic SELEX proce-
dure, the ligand is coupled to a solid support. Aptamer can-
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didates that bind to the ligand are usually specifically eluted
by adding the free ligand. Candidates that have a longer life-
time of the ligand-bound state thus fail to elute. This is con-
vincingly demonstrated by the deep sequencing data in Fig-
ure 1C. Despite a Kp in the similar range, candidate A is 400
times more enriched than the riboswitch precursor preRS.

Based on these results, it is now possible to adjust the
selection strategy for better enrichment of aptamers with
the desired properties. Extended elution times or unspe-
cific elution, or a short pre-elution step with the specific lig-
and to remove species that show good binding properties
but also a fast back-reaction rate, are possibilities to select
specifically for the desired properties. However, we see the
most promising route in an alternative SELEX strategy, the
Capture-SELEX (8). Here the RNA pool is immobilized in-
stead of the ligand. Elution is performed with the free lig-
and and only aptamers that detach from the immobilization
via a capture oligonucleotide and bind the free ligand are
recovered. We have recently shown that the chance of find-
ing regulatory aptamers with Capture-SELEX is increased
compared to a classical SELEX protocol (8). This may be
due to the fact that Capture-SELEX also selects for con-
formational switching, but the kinetic properties described
here certainly contribute to this effect. A slow back reaction
of the aptamers bound to the immobilized ligand will pre-
vent efficient elution and consequently enrichment during a
classical SELEX procedure; however, it is not an issue for
Capture-SELEX.

To conclude, this work enabled us to shed light on
an enduring conundrum of synthetic riboswitch design,
i.e. why only a very small proportion of the many small
molecule-binding aptamers can be used to create synthetic
riboswitches. The use of such RNA-based regulators is be-
coming more and more important, not only as versatile con-
trol elements of gene regulation, but also as biosensors to
optimize the metabolite formation of synthetic pathways or
as low-cost diagnostics for the detection of contaminations.
The findings reported here should therefore fundamentally
advance the field of RNA-based switches.
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