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ABSTRACT

RNA molecules play important and diverse regula-
tory roles in the cell. Inspired by this natural ver-
satility, RNA devices are increasingly important for
many synthetic biology applications, e.g. optimizing
engineered metabolic pathways, gene therapeutics
or building up complex logical units. A major advan-
tage of RNA is the possibility of de novo design of
RNA-based sensing domains via an in vitro selec-
tion process (SELEX). Here, we describe develop-
ment of a novel ciprofloxacin-responsive riboswitch
by in vitro selection and next-generation sequencing-
guided cellular screening. The riboswitch recognizes
the small molecule drug ciprofloxacin with a Kp in the
low nanomolar range and adopts a pseudoknot fold
stabilized by ligand binding. It efficiently interferes
with gene expression both in lower and higher eu-
karyotes. By controlling an auxotrophy marker and
a resistance gene, respectively, we demonstrate effi-
cient, scalable and programmable control of cellular
survival in yeast. The applied strategy for the de-
velopment of the ciprofloxacin riboswitch is easily
transferrable to any small molecule target of choice
and will thus broaden the spectrum of RNA regula-
tors considerably.

INTRODUCTION

RNA devices became a key focus of synthetic biology in re-
cent years. They have been used to implement genetic cir-
cuits and networks based on small regulatory RNAs, e.g.
toehold-switches (1) or STARSs (2), synthetic riboswitches
(3) and allosterically controlled ribozymes (4-7). The fast
progression of this development resulted in the transition
from simple proof of concept to sophisticated and useful
applications targeting complex problems (8). RNA devices
are unique due to their modular nature that allows the sim-

ple and straightforward linkage of different domains, e.g.
between a sensor and an actuator. Thus, a whole range of
different functions may be united in one RNA molecule. Al-
though it is very common to select natural regulatory do-
mains and adapt them for different purposes, there is also
the option of de novo generation of RNA sensor domains. In
principle, the powerful in vitro selection method (SELEX)
(9,10) allows the selection of a suitable sensor RNA for any
desired target molecule. Sensor RNAs thus designed recog-
nize their target with great affinity and specificity. However,
despite the fact that several dozen small molecule-binding
aptamers have been generated to date (11), only a handful
of those are suitable for the design of RNA devices (12).
Theophylline- and tetracycline-binding aptamers have been
the most successful here (13). They allow the construction
of synthetic riboswitches that may be used for control of
transcription termination (14), or translation initiation (15),
mRNA splicing (16) or control of mRNA stability (17). In
contrast to natural riboswitches that are mainly found in
bacteria (18), synthetic riboswitches could be developed for
all three domains of life (3).

A wealth of adroit proof-of-concept studies demonstrat-
ing the application of synthetic riboswitches are available
nowadays. However, all studies to date are exclusively lim-
ited to the theophylline or tetracycline aptamer systems,
which effectively prevents a wider application of synthetic
riboswitches. To remedy this shortage of applications and to
stimulate and invigorate the field of synthetic riboswitch de-
velopment, the repertoire of aptamers suitable and available
for riboswitch design needs to be extended. First and fore-
most, methodology for the identification of such aptamer
domains is required.

The main reason for the limited suitability of most ap-
tamers is that both excellent binding properties and confor-
mational switching are essential, yet the latter is a feature
not addressed during the process of in vitro selection (3).
To find aptamers that combine superior binding properties
and the ability to undergo conformational switching, cellu-
lar screening after in vitro selection is required. Such screen-
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ing systems have been established (19-21) and their func-
tionality has been successfully demonstrated, e.g. for the
neomycin aptamer (22). Now, we have extended the method
to include next-generation sequencing (NGS). NGS has
revolutionized not only aptamer selection, but proved the
proverbial game changer for research across most disci-
plines of the life sciences (23). The application of NGS al-
lows the collection of detailed information for the individ-
ual selection rounds. Thus, it was possible to choose selec-
tion rounds that showed a certain degree of enrichment,
yet maintained maximum diversity. We assume that this ap-
proach will allow a substantial acceleration of the transition
between in vitro and in vivo, while simultaneously reducing
screening efforts.

In the present study, we demonstrate the approach de-
scribed above for ciprofloxacin (CFX) as it is a well-known
fluoroquinolone antibiotic, FDA-approved (24) and with a
favorable toxicity profile for many organisms (25,26). Thus,
it guarantees portability and broad applicability. Further-
more, cellular uptake is granted in both lower and higher eu-
karyotes (27). We were able to generate a CFX-binding ap-
tamer with riboswitching properties. Structural probing re-
vealed a pseudoknot structure that enfolded and essentially
sealed the binding pocket. It showed functionality both in
yeast and a human cell line and is sufficiently efficient to
control cell fate by blocking pyrimidine metabolism or a re-
sistance gene.

In sum, we demonstrate here the de novo development of
a novel small molecule-dependent synthetic riboswitch. We
characterized a robust procedure for development that may
be used as a template for application with any other ligand.
Thus, our findings present an ideal basis and a springboard
to jumpstart the wide application of aptamer-based riboreg-
ulators.

MATERIALS AND METHODS
Pool preparation

For in vitro selection experiments, we used a 1:1 mixture of
a completely randomized and a partially-structured library
(28). In short, the completely randomized library consists
of 64 nucleotides (nt) whereas the partially structured li-
brary contained a 12-nt long fixed sequence (5'-CTG CTT
CGG CAG-3) flanked by 26 random nt on each side. Both
libraries are flanked by constant regions (5 constant: 5'-
GGG AGA CGC AAC TGA ATG AA-3'/3' constant: 5'-
TCC GTA ACT AGT CGC GTC AC-3') for amplifica-
tion using the oligonucleotides Pool_fwd 5-GTA TAA TAC
GAC TCA CTA TAG GGA GAC GCA ACT GAA TGA
A-3" and Pool.rev ¥-GTG ACG CGA CTA GTT ACG
GA-3'). Both pools were amplified using the following PCR
conditions: 10 mM Tris—Cl (pH 9.0), 50 mM KCl, 1.5 mM
MgCl,, 0.1% Triton X-100, 0.2 mM dNTPs (each), 30 nM
pool template, 2 pM Pool_fwd, 2 wM Pool_rev, 50 U/ml
Taq DNA Polymerase (NEB). 10'° pool template molecules
were amplified in a 60 mL PCR reaction for only 7 cycles
to reduce PCR-induced bias. PCR efficiency was calculated
according to Hall et al. (29).

After large-scale amplification, DNA pool template was
ethanol-precipitated, dissolved in MQ-H,O [de-ionized wa-
ter purified with ion exchange resin and filtered through

a Biofilter (ELGA) to remove possible RNase contamina-
tion] and subsequently phenol:chloroform extracted (30).
The purified DNA template was transcribed using T7 RNA
polymerase as described previously (31). Afterwards, the
transcribed RNA was ethanol-precipitated, dissolved in for-
mamide containing 25 mM EDTA and loaded on a 6% de-
naturing polyacrylamide gel (8 M urea). The RNA was vi-
sualized by UV shadowing, sliced out and eluted overnight
in 300 mM Na-acetate (pH 6.5). Hereafter, eluted RNA was
ethanol-precipitated, the pellet was redissolved in a suitable
amount of water and molarity was calculated.

CFX immobilization

CFX was immobilized on Profinity™ Epoxide Resin (Bio-
Rad). For this, 2 g dry resin was swollen in MQ-H,O,
twice washed with MQ-H,O and vacuum-filtered. After a
second wash with coupling buffer (50 mM KCI, 132 mM
NaOH, pH 13.0), the resin was mixed 1:2 with 5 mM
CFX solution in coupling buffer. The reaction was pro-
tected from light and incubated over night at room temper-
ature (RT) on an H5600 rotator (Labnet). Afterwards, the
resin was washed with MQ-H,O, vacuum-filtered and re-
maining active groups were blocked by incubation with 1
M ethanolamine (MEA) for 4 h. Finally, the CFX-coupled
resin was washed according to the supplier’s instructions
with alternating buffer change from pH 4.0 (100 mM ac-
etate, 500 mM NaCl) to pH 8.0 (100 mM phosphate, 500
mM NaCl). Lastly, the resin was washed with MQ-H,0 and
stored in 0.02% (w/v) NaNj at 4°C in the dark for up to 3
months.

In vitro selection

For the first round of in vitro selection, 1.2 x 10> RNA
molecules from the initial pool (1:1 mixture of completely
randomized and pre-structured pool, see above) were spiked
with ~250 kCPM of 5’ ¥P-labeled RNA pool in MQ-H-O.
RNA folding was performed by heating the mixture to 95°C
for 5 min and subsequently placed on ice water for addi-
tional 5 min. After the folding step, yeast tRNA was added
to a final concentration of 1 mg/ml and the volume was
adjusted to 1 column volume (CV, 500 pl) with 1x bind-
ing buffer (40 mM HEPES pH 7.4, 125 mM KCl, 5 mM
MgCl,, 5% DMSO), respectively. For depletion of RNAs
able to bind the affinity matrix, the RNA library was first in-
cubated for 30 min with 1 CV of a non-derivatized column
(mock). The mock column consisted of Profinity™ Epox-
ide Resin that had been treated only with MEA instead of
CFX. After negative selection, unbound RNAs were added
to 1 CV CFX-coupled resin and incubated for 30 min at RT.
Next, the column was washed with 10 CV binding buffer
and bound RNAs were eluted with either 4 CV 20 mM
EDTA (round 1-5) or 4 CV I mM CFX (round 6-10) in
1 x binding buffer.

Eluted RNA was ethanol-precipitated with Na-acetate in
the presence of 15 g GlycoBlue™ Coprecipitant (Ambion)
and washed twice with 70% (v/v) ethanol. The air-dried
pellets were dissolved in a total volume of 50 pl MQ-H,O
and reverse-transcribed and amplified (RT-PCR). For RT-
PCR, 50 pl eluted RNA was mixed with 1x PCR buffer



(10 mM Tris—Cl pH 9.0, 50 mM KClI, 0.1% Triton X-100),
1 x first strand buffer (Invitrogen), 2 mM DTT (Roche), 1
wM Pool_fwd, 1 wM Pool_rev, 1.5 mM MgCl, and 0.3 mM
dNTPs (each). The reaction was heated to 65°C for 5 min
and then quickly placed on ice. After that, 5 U Tug DNA
Polymerase (NEB) and 200 U SuperScript™ II (Thermo
Fisher Scientific) were added to the reaction and RNA was
reverse-transcribed and amplified (54°C for 10 min followed
by 6-10 cycles of 95°C for 1 min, 58°C for 1 min and
72°C for 1 min). Product formation was monitored on a 3%
agarose gel.

For the following rounds, RNA was transcribed follow-
ing (31). In short, 10 pl of RT-PCR product was mixed with
40 mM Tris—Cl (pH 8.0), 5 mM DTT, 2.5 mM NTPs (each),
15 mM MgCl,, 100 U T7 RNA Polymerase (NEB), 40 U ri-
bonuclease inhibitor (moloX) and 33 nM *?P-a-UTP (Hart-
mann analytics) in a total volume of 100 pl. Transcription
was carried out at 37°C for 1 h. Afterwards, transcription
was precipitated with NHy-acetate/ethanol, washed twice
with 70% EtOH and the pellet was dissolved in a suitable
amount of water. Five hundred kCPM RNA was folded,
diluted in 1x binding buffer and subsequently loaded onto
the column for the next round of SELEX.

Plasmid cloning and doped pool generation

All plasmids and oligonucleotides used in this study are
listed in Supplementary Table S1 and Supplementary Ta-
ble S2, respectively. For cloning, two 30 bp overlappi
oligonucleotides were designed and amplified using Q5®
High-Fidelity DNA polymerase (NEB) according to the
supplier’s instructions. The resulting PCR product was pu-
rified (QIAquick PCR Purification Kit, Qiagen), digested
with Agel-HF and Nhel-HF (NEB) and ligated into equally
digested pWHEG601* with T4 DNA Ligase (NEB).

Doped pools were generated using the oligonucleotides
Agel _doped_fwd and Nhel [3.0/4.5/9.0/30.0]_-doped_rev
(Supplementary Table S3, Microsynth AG), respectively,
with the construct AATG as template and amplified us-
ing Q5® High-Fidelity DNA polymerase (NEB) according
to the supplier’s instructions. Again, digestion and ligation
into pWHEG601* followed. Transformation of the ligation
mixture was done after butanol precipitation into NEB®
10-beta Competent Escherichia coli (High Efficiency) ac-
cording to the supplier’s protocol. This ensured that the
number of different plasmids yielded by this process were
>50,000.

Cultivation of yeast and GFP measurements

The Saccharomyces cerevisiae strain RS453a (M AT ade2-
1 trpl-1 canl-100 leu2-3 his3-1 ura3-52) (32) was trans-
formed using Frozen-EZ Yeast Transformation II Kit
(Zymo Research). Transformed cells were plated on SCD-
ura plates [0.2% YNB w/o AA (Difco), 0.55% ammo-
nium sulfate (Roth), 2% glucose (Roth), 12 wg/ml adenine
(SIGMA), 1 x MEM amino acids (SIGMA), 2% Agar (Ox-
oid)] and incubated at 30°C for 3 days in a humidified in-
cubator. Single colonies were picked and cultured in 1.5 ml
SCD-ura for 24 h (450 rpm, 30°C, 24-well plates) before they
were diluted 1:1000 in fresh media with and without | mM
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CFX. Again, after 24 h incubation cells were washed twice
with 1x PBS and diluted to an ODgyo of ~0.4 for fluores-
cence measurements.

Fluorescence measurements were performed on a Fluo-
rolog FL3-22 (Horiba Jobin Yvon) with an excitation wave-
length set to 474 nm (slit 2 nm) and an emission wavelength
of 509 nm (slit 2 nm). The integration time was set to 0.5 sec
and temperature was adjusted to 28°C. Afterward, ODgg
for each culture was determined and fluorescence intensity
was normalized to it. As negative control, pWHEG601* (21)
was analyzed in parallel as a blank and its value was sub-
tracted from all data. Yeast cells containing pWHEG601*
are referred to as GFP- cells, whereas cells expressing GFP
(transformed with pWHEG601 (33)) are referred to as GFP+
cells. Both controls are treated equally as the riboswitch-
controlled constructs. Each experiment was done in dupli-
cates and reproduced at least three times.

In vivo screening

Library preparation and in vivo screening was performed ac-
cording to the established protocol by Suess et al. (34) with
modifications described in Schneider ef al (21). In short,
libraries for in vivo screening were cloned by homologues
recombination in yeast. For that, RT-PCR product of a
defined round was amplified with CFX_HR _fwd (5-CAA
GCT ATA CCA AGC ATA CAA TCA ACT CCA AGC
TAG ATC TAC CGG TGG GAG ACG CAA CTG AAT
GAA-3) and CFX_HR_rev (5-CAA GAA TTG GGA
CAA CTC CAG TGA AAA GTT CTT CTC CTT TGC
TAG CGT GAC GCG ACT AGT TAC GGA-3') to attach
46 bp overhang for recombination into pWHEG601*. Target
vector pWHEG601* was digested using Agel-HF and Nhel-
HF (both NEB) and transformed into RS463« with a 10-
molar excess of insert using Frozen-EZ Yeast Transforma-
tion II Kit (Zymo Research). Transformed cells were spread
on several SCD-ura plates in a way that assures a moder-
ate colony density which simplifies picking clones. For the
first screening round, cells were selected under the fluores-
cence binocular and checked for GFP expression. Clones
with low and moderate fluorescence were picked and trans-
ferred to a 96-well plate with 200 WL SCD-ura. After seal-
ing the plates with BREATHseal™ (Greiner Bio-One), cells
were incubated for 24 h at 30°C on the plate shaker Titra-
max 1000 (Heidolph instruments) at 450 rpm. Next, cells
were split 1:10 in fresh SCD-ura containing no ligand (con-
trol) or 1 mM CFX [preliminary experiments showed no
influence on cell growth or GFP signal intensity with CFX
concentrations up to 10 mM (Supplementary Figure S1)].
Again, after 24 h incubation cells were diluted 1:10 with 1x
PBS and GFP fluorescence and ODgyy was measured. As
positive control pWHEG601 (GFP+) and as negative control
pWHEG601* (GFP-) were measured in parallel and used for
normalization (pWHEG601) and for subtracting autofluores-
cence of yeast and media (pWHEG601%*). Positive hits were
streaked out on SCD-ura plates and incubated. From this,
four independent colonies were picked and screened again
with the protocol above. Verified hits were taken for plasmid
preparation using QIAprep Spin Miniprep Kit (Qiagen)
and the user-developed protocol from Michael Jones (pro-
tocol PR04 ‘Isolation of plasmid DNA from yeast’). Plas-
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mids were passaged trough E. coli DH5a and sequenced
with GFP_rev (5-CCA CTG ACA GAA AAT TTG TGC-
3’). Unique candidates were then transformed back into
yeast and GFP fluorescence was measured again.

NGS library preparation and data analysis

Barcodes were attached to all selection rounds by PCR us-
ing the oligonucleotides Seq_IL_fwd and Seq_IL _rev[0-10]
(Supplementary Table S4). Forward and reverse oligonu-
cleotides hybridizes at the 5" and 3’ constant regions, re-
spectively, thus the sequence of the T7 polymerase promoter
was removed. The oligonucleotides Seq_IL_rev[0-10] intro-
duced a 4-mer barcode to assign each sequence to the spe-
cific round after sequencing. After amplification, the sam-
ples were Gel-purified (Zymoclean Gel DNA Recovery Kit,
Zymo Research) and mixed in equimolar amounts for Illu-
mina sequencing reaction (GenXPro GmbH).

To monitor the enrichment process of single sequences
and to characterize the SELEX process, we computed
for each round of selection a Levenshtein distance dis-
tribution from sequence and structural data. The Leven-
shtein distance measures the difference between two se-
quences by calculating the smallest number of insertions,
deletions, or substitutions necessary to transform one char-
acter string—such as a biomolecular sequence, or a RNA
secondary structure—into another (35). We computed the
Levenshtein distance between every sequence within each
selection round. To compare RNA structures, all sequences
were folded with RNAfold 2.3.4 (36) at 300 K with the
thermodynamic parameter set from Andronescu et al. (37).
Here, the Levenshtein distance was computed between the
respective dot-bracket annotations of the RNA molecules.
Afterward, the Levenshtein distance was normalized by
their respective reads per million (RPM) value for both se-
quences. For every round, a histogram was generated, fol-
lowed by calculating its cumulative frequency distribution
(CFD) followed by normalization by the number of data
to cumulative probabilities [P(x)]. To assess the distances
between these Levenshtein distance distribution, we com-
puted the Kolmogorov—Smirnoff statistic (38), CDF D : =
| F, — Fy| = supy |F,(x) — Fy(x)|, where F,, is a cumulative
distribution function (CDF) derived from cumulative prob-
abilities of the respective Levenshtein distance distributions
obtained from the nth SELEX round. Accordingly, Fj is the
CDF obtained from the first round and sup is defined as the
supremum of the set of distances.

RNA synthesis for in vitro analysis

For in vitro analysis (in-line probing, fluorescence titra-
tion experiments and ITC measurements), RNA was tran-
scribed from PCR-generated templates, all containing at
least one 5'-terminal guanosyl residue to facilitate tran-
scription in vitro using T7 RNA polymerase. For this, two
oligonucleotides were designed with an overlap of 30 bp
(Supplementary Table S5) and amplified using Q5® High-
Fidelity DNA polymerase (NEB) according to the sup-
plier’s instructions. After ethanol precipitation, the DNA
template was used for in vitro transcription with T7 RNA
polymerase (NEB) as reported previously (31). The RNA

was gel purified (39) and molarity was determined by spec-
trophotometric measurement using NanoDrop 1000 Spec-
trophotometer (Thermo Scientific).

In-line probing experiments

For in-line probing, RNA was dephosphorylated and 5’ 3?P-
labeled as previously described (40). After PAGE purifica-
tion, 35 kcpm of each 5’ *?P-labeled RNA were incubated
for 68 h at 22°C in in-line reaction buffer (10 mM Tris—Cl
pH 8.3 @ 20°C, 10 mM MgCl,, 100 mM KClI). To gener-
ate a size marker, the 5’ 3>P-labeled RNAs were subjected
to alkaline hydroxylation by incubation for 3 min at 96°C
in 50 mM Na,CO; (pH 9.0), or incubated for 3 min at 55°C
with 20 U RNase T1 at denaturing conditions to identify
guanines (41). After in-line reaction, alkaline hydroxylation
or RNase T1 treatment, reactions were ethanol precipitated
and the pellet was dissolved in 5 M urea. All reactions were
separated by denaturing polyacrylamide gel electrophore-
sis. Afterward, gels were dried and analyzed using phospho-
imaging (GE Healthcare).

Fluorescence titration experiments

Dissociation constants (Kp) for RNA-CFX complexes were
determined by measuring the fluorescence quenching as a
function of RNA concentration in the presence of a fixed
CFX concentration. Fluorescence intensities were mea-
sured on a Fluorolog FL3-22 (Horiba Jobin Yvon) with an
excitation wavelength set to 335 nm (slit 5 nm) and an emis-
sion wavelength of 420 nm (slit 5 nm). The integration time
was set to 0.5 s and temperature was adjusted to 25°C. In
between, the addition of RNA, the reaction was stirred for
I min and equilibrated for an extra minute. For the titra-
tion experiments, 50 nM CFX in 1x binding puffer (Fp)
was mixed with increasing amounts of gel-purified RNA
and fluorescence intensity was measured (F). Prior to the
titration experiment, RNA solutions were heated to 95°C
for 5 min and snap-cooled on ice for 5 min (RNA folding
step). After that, binding buffer was added to a final con-
centration of 40 mM HEPES, 125 mM KCI, 5 mM MgCl,,
pH 7.4.

Curve fitting was done using Prism (GraphPad Software)
and nonlinear regression analysis with following equation
by least squares fitting: ¥'= B * X" /(Kp" + X1), with Byax
= maximum binding, /# = hill slope, X = concentration of
RNA.

Isothermal titration calorimetry

RNA folding and buffer compositions were chosen accord-
ing to the fluorescence titration experiments. 100 x 107° M
CFX solution were prepared in the same buffer. ITC ex-
periments were carried out with an MicroCal PEAQ-ITC
(Malvern Instruments) with the sample cell (200 wl) con-
taining 10 x 107®* M RNA and 100 x 10~ M CFX solu-
tion in the injector syringe (40 p.l). After thermal equilibra-
tion at 25°C, an initial 150 s delay and one initial 0.4 pl
injection, 12 serial injections of 3.0 wl at intervals of 150
s and at a stirring speed of 750 rpm were performed. Raw
data were recorded as power (cal s~!) over time (min). The



heat associated with each titration peak was integrated and
plotted against the corresponding molar ratio of CFX and
RNA. The dissociation constant (Kp) was extracted from a
curve fit of the corrected data by use of the one-site binding
model provided by MicroCal PEAQ-ITC Analysis Software
1.1.0.1262. Measurements were repeated at least twice.

Serial dilution growth assay

Overnight cultures were either grown in YPD [1% yeast ex-
tract (Oxoid), 2% peptone (BD), 2% glucose (Roth), 2%
Agar] supplemented with 0.5 mg/ml G418 or in SCD-ura.
Both YPD and SCD-ura were supplemented with CFX to
a final concentration of 1 mM to condition the cells to the
OFF-state. After overnight incubation, cultures were 1- to
S-fold diluted in fresh media and grown to an ODggy of 1—
2. Cells were washed with 1x PBS and diluted to an ODyg
of 10.0 followed by 6-fold 1:10 serial dilution in 1x PBS
(denoted as 0.6 respectively). From the diluted cultures,
5 pl were spotted onto SCD-ura plates supplemented with
0.5 mg/ml G418 in the absence (control) or presence of
1 mM CFX. Growth differences were recorded following
incubation of the plates for 2-3 days at 30°C.

Dual luciferase assay

One day before transfection, HeLa cells were transferred
to a 24-well plate (40 000 cells/well in 1 ml DMEM). Ac-
cording to the manufacturer’s protocol, 1 pl Lipofectamine
2000 (Invitrogen) and 250 ng pDNA was used for trans-
fection. After 2 h, transfection medium (Opti-MEM) was
replaced by fresh medium supplemented with or without
100 M CFX (Sigma-Aldrich). Luminescence was mea-
sured 24 h post transfection using the Dual-Glo Luciferase
Assay System according to the manufacturer’s instructions
(Promega). Luminescence was detected using an Infinite
M200 Microplate Reader (Tecan). The ratio between firefly
and Renilla luciferase activity was calculated for each well to
normalize for transfection efficiency. Mean values and stan-
dard deviations were calculated from triplicates and nor-
malized to the values of the corresponding vector with-
out riboswitch. Each experiment was repeated at least three
times.

RESULTS AND DISCUSSION

Identification of CFX-binding aptamers by in vitro selection
(SELEX)

To select aptamers that recognize CFX, we immobilized
CFX directly to an epoxy-activated, solid polyacrylamide
support (Figure 1A). The reaction conditions were adjusted
to a slight molar excess of CFX compared to accessible re-
active epoxy groups on the column. In consequence, we as-
sume that under these alkaline conditions, the epoxy group
mainly reacts with the secondary amino group of the piper-
azinyl residue, exposing CFX to the solvent (42).

The RNA library with a starting diversity of 1.2 x 10
RNA molecules included a 64 nt-long random region with
half of it containing a small stem loop in the middle, a li-
brary composition already established (28). It was discussed
that preformed stem-loops provide favourable conditions
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Figure 1. Progress of in vitro selection. (A) Chemical structure of CFX. The
arrow indicates the most likely attachment site to the epoxy-activated PAA-
matrix. (B) Shown is the fraction of loaded RNA that could be eluted from
CFX-derivatized columns after each selection round. RNA was eluted by
either 20 mM EDTA (round 1-5) or I mM CFX (round 6-10). In the first
three rounds, a negative selection was performed (*). In round 5 and 10,
stringency was increased by doubling the number of column washes or a
decrease in the concentration of immobilized CFX to one-tenth, respec-
tively (f). Pre-elution steps were performed in round seven and eight (#)
(for further details see also Supplementary Table S6).

for aptamer selection by acting as nucleation sites for RNA
structure formation (43-45). We had no a priori knowledge
of the nature of the aptamer we were exploring, including
both a completely randomized region and a preformed stem
loop gave us the full scope to unrestrainedly select for the
best fit.

In the first five rounds, we eluted unspecifically with
EDTA to ensure elution of every RNA molecule, neglect-
ing their binding properties. This approach should guar-
antee that the first enrichment of the pool introduces no
bias toward low affinity aptamers because of the mild se-
lection conditions. Furthermore, in the first three rounds,
a negative selection step was carried out to remove RNA
molecules that recognize the solid support. The amount of
eluted RNA in these early rounds was as expected to be very
low (details in Supplementary Table S6) since most of the
RNA molecules of the randomized pools do not recognize
the ligand. After a first enrichment in round 4 (Figure 1B),
we increased stringency by increasing the number of wash-
ing steps (round 5) or switching to specific elution with CFX
in round 6. Despite increased stringency, more RNA was
eluted from the column. In consequence, we decided to im-
plement a pre-elution step in rounds 7 and 8 to eliminate
RNA species with fast Ko rates (11). Additionally, we re-
duced the amount of immobilized ligands to one-tenth in
the last round of selection. A detailed summary of the se-
lection process can be found in Supplementary Table S6.



2126 Nucleic Acids Research, 2018, Vol. 46, No. 4

For a first glimpse of the selection progress, we sequenced
23 candidates of round 10. We found 13 different sequences,
eight of them were unique and about half of them con-
tained the predefined stem loop, but no shared motifs could
be found (Supplementary Table S7). Binding capacities of
all individual candidates were analyzed by their interaction
with the CFX-derivatized column (Supplementary Figure
S2A). Most of the aptamers showed a strong interaction
with the column and could be specifically eluted with CFX.
Some candidates included in the analysis did not perform
as expected, e.g. R10K3 showed a weak interaction and
R10K9 an interaction similar to the entire pool binding ca-
pacity in round 10. However, R10K6, R10K7 and R10K4
showed an elution profile up to 4-fold improved. Four can-
didates were selected for quantification of CFX binding by
fluorescence titration experiments. Here, the intrinsic fluo-
rescence of CFX and the respective quenching upon RNA-
binding were used to determine the dissociation constant
(Kp) of the respective aptamers. For all tested RNAs, the
Kp was below 100 nM (Supplementary Figure S2B). Our
analysis suggested that the enrichment process yielded ap-
tamers of the desired high binding affinity. However, we si-
multaneously managed to maintain a sufficient diversity of
candidates with adequate structural flexibility, i.e. ideal con-
ditions for a detailed examination of the sequence compo-
sition and subsequent riboswitch screening.

Deep sequencing of aptamer selection populations

Selection experiments aim to enrich aptamers with high
binding affinity and specificity for their respective ligands.
However, our practical experience in recent years clearly
demonstrates that superior binding affinity of aptamers
alone is insufficient for successful development into ri-
boswitches. On the contrary, a subsequent screening step
has proved indispensable (12,22,46). Implementing NGS
into our workflow was instrumental in the identification
of selection rounds that were best-suited for the laborious
screening for switching aptamers, which considered both se-
quence and structure diversity in conjunction with library
enrichment.

By Illumina sequencing, we obtained a total number of
4.2 million reads for all investigated rounds, of which 92%
could be sorted according to their corresponding barcoding
(Supplementary Table S4). Next, identical sequences were
summed up and the total read count was normalized for
each round to reads per million (RPM).

A statistical analysis was performed for the NGS data.
We determined the enrichment of the 100 most abundant
sequences (Top100, Figure 2A) and the proportion of the
background or so-called orphans (Figure 2B). For the most
abundant sequences, we see a clear exponential enrichment
throughout the SELEX process, which is in line with our ex-
pectations. On the other hand, the number of orphans drops
constantly up to round 6 and remains at a low level to the
end of selection. In addition to the sequence-based anal-
ysis, we also performed a structural evaluation. For this,
we predicted MFE structures of all sequences. We com-
pared similarities of the dot-bracket annotation by calculat-
ing the Levenshtein distance Lvp;s (X, Y) (35) of all predic-
tions within each round with each other. In our experience,
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Figure 2. NGS analysis of CFX in vitro selection. (A) Over the course of
the SELEX experiment, the most abundant sequences (Topl00 of each
round) were enriched in an exponential fashion. (B) Increased stringency
over time reduced the amount of background (‘Orphans’) continuously till
a plateau was reached (round 6-10). (C) The cumulative distribution func-
tion (CDF) for each round based on calculated Levenshtein distances on
MFE structures is plotted for each round, resulting in an increased P(x)
over the selection experiment. Shown are the results for the Top1000. ( D)
Based on CDF, D was derived and its logarithm is plotted against the selec-
tion rounds for the Top1000. Here, D is computed between the first round
and all remaining.

sequence-based motif search will only yield useful results if
the pool is enriched to a certain degree. Since we evaluated
all rounds of selection, structural similarity rather than mo-
tifs will allow a better estimation of pools diversity (47). The
histogram of the Lvp;s (X, Y) distribution was converted to
a cumulative distribution function (CDF), so that the diver-
sity of the pool of each round can be easily assessed (Fig-
ure 2C). As a distance measure between the obtained CDFs,
we used Kolmogorv—Smirnoff’s D (ks-test) which computes
the supremum (D : = | F, — Fy| = sup, |F,(x) — Fo(x)])
between two CDFs (Figure 2D).

In contrast to the cumulative RPM of the Top100 en-
riched sequences, we observed neither a gradual nor an ex-
ponential increase in enrichment (compare Figure 2A with
D). Rather, we found a more uneven distribution of en-
richment. These findings can be correlated to the SELEX
procedure (Figure 1B). The differences between the rounds
can be assessed by looking at the distance measure D (Fig-
ure 2D). We observed the highest increase in enrichment
between rounds 5/6, 7/8 and 9/10. All of these large en-
richment steps can be correlated to the experimental con-
ditions applied in the corresponding rounds. In round 6,
we switched from EDTA to CFX elution, in round 8 we
applied the pre-elution step twice and drastically reduced
the amount of eluted RNA and in round 10 we reduced



the amount of immobilized CFX to one-tenth. Interestingly
and counterintuitively, in round 9 we found nearly the same
sequence and structure distribution compared to round §
and the change in distance between 8 and 9 is almost zero.
Although we could elute the highest amount of RNA from
the column, the removal of the stringency (no pre-elution)
led to an amplification-only round, where no further selec-
tion took place. These results suggest that selection pressure
should be kept constant or increased over the experiment,
but not omitted. Otherwise other factors can influence pool
sequence distribution, such as RT-PCR or in vitro transcrip-
tion, which may introduce bias. In sum, NGS is able to
determine structural diversity and by doing so building a
foundation for selection the best-suited rounds for in vivo
screening. With respect to diversity, we have chosen round
6 and round 10 as the libraries to start screening. In round
6, we observed a prominent structural enrichment for the
first time, whereas we consider round 10 the most enriched
library.

NGS guided ir vivo screening and riboswitch engineering

Aptamer sequences from round 6 and 10 were cloned into
the 5 UTR of a constitutively driven gfp+ gene. The pools
were integrated into S. cerevisiae by homologous recombi-
nation and analyzed for CFX-dependent changes in fluo-
rescence (21). We screened 6000 colonies in total for both
rounds and discarded candidates with a fluorescence signal
considered too low. Here, inserted aptamers were either al-
ready too structured or the insertion into the vector, which
by default lacks a start codon, failed. Based on empirical
knowledge, we also discarded candidates with very high flu-
orescence indicating the absence of a structured RNA. Af-
ter this initial elimination procedure, 17% of the total that
initially showed a GFP fluorescence in the desired range re-
mained. For 599 and 435 clones for round 6 and round 10,
respectively, fluorescence was measured in the absence and
presence of CFX and the regulatory activity was calculated
(Figure 3A). In round 6, no candidates showed any changes
in fluorescence. In round 10, two candidates were identified
with 1.7- and 1.5-fold decrease in GFP expression, respec-
tively.

We decided to continue with candidate 10A and partially
randomized each position of the 103-nt long sequence to
different degrees to identify aptamer mutants with an im-
proved phenotype. Before randomization, we deleted an up-
stream start codon within 10A (AAUG) to prevent prema-
ture translation initiation. We started with 30.0% and 9.0%
randomization and analyzed around 2000 clones. With
30.0% randomization, we completely lost any regulation,
whereas 13 clones with improved phenotype could be iden-
tified within the pool with 9.0% randomization (Figure 3A).
The detailed sequence analysis of these clones revealed a
maximum of only up to four nucleotide exchanges. Based
on this, we repeated the analysis with two new doped li-
braries with 4.5% and 3.0% randomization, respectively. We
screened about 1000 clones, out of which about 100 clones
fell into the gain-of-function (GOF) group. Sequencing 100
clones from both GOF and also from the loss-of-function
(LOF) group revealed that two regions are nearly invariant
(nts 26-40 and 63-103), whereas two regions can acquire
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mutations (nts 1-25 and 41-62). Furthermore, we identified
seven mutation hot spots (Figure 3B). The hot spots were
defined not only based on the overall mutation rate, but also
on the fact that these point mutations were directed into
one specific base. By combining all directed GOF mutations
(G1U, A11C, A25C, U47C, C51U, A56C, U61G), we con-
siderably improved regulation. GFP measurements revealed
an increased in vivo activity of 7.5-fold (Figure 3C). For the
resulting construct, we chose the term CFX riboswitch. In-
vestigating the impact of each single mutation, U61G can
be highlighted as one of the mutations with the highest con-
tribution to the enhanced switching property (Figure 3D).
However, U61G alone is not fully responsible for the en-
hanced phenotype.

Taken together, initial screening, subsequent partial ran-
domization and the combination of beneficial mutations led
to the new synthetic CFX riboswitch. With 7.5-fold regula-
tory activity, the dynamic window is comparable to other
synthetic riboswitches, e.g. the tetracycline or neomycin ri-
boswitch (22,33) and other RNA-based devices that control
gene expression in eukaryotes (48,49).

Secondary structure analysis of the CFX riboswitch by struc-
tural probing and mutational analysis revealed a pseudoknot
structure

Next, we endeavoured to gain insight into the secondary
structure of the CFX riboswitch. The RNA was in vitro
transcribed, radiolabeled and subjected to an in-line prob-
ing analysis (41). The cleavage pattern is shown in Figure
4A. Interestingly, the riboswitch consists to a large extent of
non-cleaved nucleotides, implicating a high degree of struc-
tured regions. RNA folding prediction with programs based
on the Zuker algorithm (50), however, did not result in any
structure that fit to the observed probing data. On the other
hand, the assumption of a pseudoknot fold resolved all mis-
matches to the in-line probing pattern and resulted in a
secondary structure prediction illustrated in Figure 4B. To
prove the assumed pseudoknot, we mutated it and analyzed
respective rescue mutations (M2/M2R) (Figure 4B). In ad-
dition, we introduced a mutation and its respective rescue
into the closing stem P1 (M1/M1R) (Figure 4B). For both
regions, disrupted base paring completely diminished regu-
lation. Functionality could be restored by introduction of
compensatory mutations. Only two regions showed signifi-
cant flexibility, the first 25 nucleotides (nt 1-25) and the L2
region (nucleotides 4459, blue in Figure 4B). Interestingly,
gain-of-function mutants that improved regulation were ex-
clusively found in these two regions (position 1, 11 and 25,
U61G removes a mismatch within P2, and U47C, C51U
and A56C located within the L2 region). There is no in-
dication that nts 1-25 were involved in the aptamer struc-
ture, the-gain of-function may be attributed to context de-
pendencies. The L2 region, however, seems to be important
for regulation since three gain-of-function mutants were lo-
cated in this region. In contrast, no gain-of-function mu-
tant was identified in the central part formed by the pseu-
doknot, P3 and P1. This region harboured the only two
positions with significant CFX-dependent changes in the
in-line probing pattern indicating a role of U37 and G72,
respectively, for ligand binding. We determined a dissoci-



2128 Nucleic Acids Research, 2018, Vol. 46, No. 4

A C D
22 28 75
(599) (435) (423) (948) (571) (461) 03) (01  (0.3)

20
T 4.0 1 . § G1U 41(0.1)
o . o O
2 IE g 151 Al1C 3.0(02)
= R | b g A25C 29(01)
o - oge 0o, (o] . .
S s ‘|— 3 S 101 u47¢c 3.1(0.4)
> s &=
g 2.0 o AAUG g c51U 3.6(0.4)
® 10A—e od G} g ]
ES o PR X A56C 2.7(0.4)
[J)
< 1.0 1 E

. U61G 6.1(0.8)

R6 R10 300 90 45 30 10A  DAUG CFX-RS 0 10 20 30
% GFP fluorescence
B 51U AS6C
|—G1U |—A11C A25C u47¢c [ U61G

Gain-of-function [ ]| Mutation rate

i MO R
. E— ]
Loss-of-function | INIL "I /HN CHY WACH NARRAAN RNANSR 0 NOND D RROAEE CHONRCONNARINRORONNN DRI 00 1.0

Figure 3. In vivo screening for CFX riboswitches and refinement of the aptamer domain. (A) The boxplot summarizes the in vivo screening in S. cerevisiae
for round 6 (R6) and round 10 (R10) and the screened doped pools with different degrees of randomization, starting with 30.0% (30.0) down to 3.0% (3.0).
For each investigated clone, the regulatory activity was calculated as ratio of GFP fluorescence with and without | mM CFX (x-fold). The two regulatory
active sequences 2B and 10A are highlighted. Based on 10A, a mutant was derived with a mutated AUG that was upstream of the original start codon
(AAUG) and used for synthesizing four doped libraries (30.0-3.0%). Clones that showed better switching properties than AAUG (dotted line) were sorted
into the gain-of-function group. The numbers written above the boxplot indicate the number of clones used for the particular box. (B) Heatmap based on
sequencing the gain- and loss-of-function group. For each group, mutation rate was normalized to 1.0 and plotted as a heatmap as per-nucleotide function.
Highlighted point mutations in the gain-of-function group are considered as directed mutations. All single data can be found in Supplementary Table
S8. (C) Fluorescence measurements of the originally found candidate 10A, the mutated one AAUG and the CFX riboswitch (CFX-RS). Shown are the
fluorescence values without (black bars) and with | mM CFX (white bars). Above each construct, the regulatory activity is written with standard deviation
(SD) in brackets. (D) Investigation of the impact of each single mutation. As in C, the fluorescence values without and with 1 mM CFX are plotted and
the regulatory activity and SD in brackets is shown on the right, respectively.

ation constant for the CFX riboswitch of 60 nM by fluo-
rescence titration spectroscopy and isothermal calorimetry
(ITC) (Figure 4C and D). The analysis of the binding affin-
ity of the mutants U37A and G72C, respectively, resulted
in a dramatically reduced binding affinity. Simultaneously,
both mutations lead to a complete loss of regulation in vivo
(Figure 4E). We speculate that this region (the pseudoknot,
P3 and the upper base pair of P1) may constitute the CFX
binding pocket. Interestingly, the binding constant of the
CFX riboswitch is similar to the initial candidates 10A and
10AAAUG, although considerably enhanced in in vivo ac-
tivity. It indicates that the improvement of regulation tar-
geted the switching potential of the riboswitch rather than
its ligand binding.

In sum, the CFX riboswitch presented here once more ex-
emplifies the essential requirement for tight ligand binding,
which is in line with previous work (3,22,33). Nucleotides
involved in ligand binding were clustered around the pseu-
doknot fold, which supports the idea of the formation of a
binding pocket that allows an initial binding of CFX to the
aptamer. During a second binding step, the binding pocket
is then closed through the P2/L.2 region. We have demon-
strated a similar two-step binding model for the tetracycline
aptamer (51).

Ligand binding and recognition

We determined the binding affinities of seven different fluo-
roquinolones to further characterize the structure-function
relationship of the CFX riboswitch. We analyzed ligand

binding by fluorescence titration spectroscopy and deter-
mined their switching potential (Figure 5). The titration
experiments revealed two side groups to be important for
CFX binding: the carboxyl group on C3 and the fluorine
group on C6. Here, decarboxy CFX (dCFX), pipedimic
acid (PA) and 6-hydroxy-6-defluoro CFX (hCFX) showed a
reduction in binding affinity of about 6- to 14-fold, respec-
tively. Less relevant for binding is the cyclopropyl residue on
N1, showing a 3-fold higher dissociation constant for nor-
floxacin (NFX) compared to CFX. Danofloxacin (DFX)
and enrofloxacin (EFX), which have modifications on the
piperazinyl residue, showed no significant change in affin-
ity to the CFX riboswitch. This supports the assumption
that immobilization of CFX for in vitro selection was most
probably achieved by coupling the secondary amine to the
activated epoxy group of the solid support (indicated by an
arrow in Figure 1A on CFX).

The in vivo activity is roughly related to the binding affin-
ity of each ligand to the riboswitch, with the exception of
EFX caused by its toxicity (reduction up to one tenth in
yeast growth [data not shown]) and hCFX. hCFX may be
directly converted into an intermediate of the CFX degra-
dation pathway which gives an explanation for the missing
in vivo activity (52,53).

Scalable and programmable control of cellular survival

The CFX riboswitch is capable to regulate GFP expression
up to 7.5-fold in a nearly binary fashion due to the low OFF
state. Taking this into account, we aimed to prove the po-
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nucleotides U37 to A and G72 to C.

tential of the CFX riboswitch to control survival by regu-
lating genes necessary for cellular growth. For this purpose,
we exchanged gfp+ with either the kanR or the URA3 gene.
KanR codes for the aminoglycoside 3’-phosphotransferase
that allows growth in the presence of the toxic compound
geneticin (G418) (54). The URA3 gene encodes the oroti-
dine 5'-phosphate decarboxylase that allows growth on syn-
thetic drop-out media without uracil (55).

Both genes were cloned under the control the CFX ri-
boswitch and the precursor I0AAAUG. In addition, the
respective positive control without the insertion of the ri-
boswitch was analyzed (kanR+ or URA3+). As negative
control, the start codon of the respective genes (kanR- or
URA3-) was removed preventing gene expression and con-
sequently cell growth.

Yeast strains with the respective plasmids were grown in
the absence and in the presence of 1 mM CFX on appro-
priate plates and cell growth was analyzed by serial dilu-
tion growth assays. In the absence of CFX, no negative ef-
fect on cell growth could be detected upon riboswitch in-
sertion controlling kanR (Figure 6A). This is interesting,
since decreased expression level was observed in the GFP
reporter gene assay compared to the control without ri-
boswitch (Figure 3C). For controlling the URA3 gene, we
detected a slight reduction of cellular growth upon intro-

duction of the CFX riboswitch (Figure 6B). In the pres-
ence of 1 mM CFX, expression of both genes could be
significantly reduced. For kanR, growth was reduced over
three orders of magnitude and for URA3, hardly any growth
could be detected after two days on plate.

In sum, the growth of yeast carrying essential genes un-
der the control of the CFX riboswitch can be effectively and
quantitatively controlled through addition of CFX. Fur-
thermore, the effect of aptamer insertion on gene expres-
sion in a physiological context was absent or negligible, al-
though expression levels in reporter gene assays responded
to aptamer insertion.

The CFX riboswitch controls gene expression in HeLa cells

To prove CFX riboswitch functionality not only in yeast,
but also in higher eukaryotes we exploited a dual luciferase
system that expresses firefly and Renilla luciferase in HeLa
cells. We cloned the CFX riboswitch in front of the start
codon of the firefly luciferase in the pDLP vector system
(56), analogous to the GFP variants in yeast. Previous work
on tetracycline and neomycin riboswitches carried out in
our lab indicated that the transfer of a yeast-optimized vari-
ant to higher eukaryotes can be challenging (3). One con-
ceivable explanation could be the increased helicase activ-
ity of the ribosome in higher eukaryotes compared to yeast
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Figure 5. Specificity of molecular recognition of the CFX riboswitch and
their impact on riboswitching. Left: Chemical structure of ciprofloxacin
and seven selected fluoroquinolones that show binding to the CFX ri-
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dle: Plot of logjp Kp values of the different fluoroquinolones and their
activity in vivo (right), respectively (SD in brackets). Data shown in this
graphical overview are summarized in Supplementary Table S9.

(57,58). Consequently, the underlying strategy was to sta-
bilize the CFX riboswitch. Therefore, we exchanged loop
L2 into a stable GAAA tetraloop (59). This stabilization
of the riboswitch led to a nearly 2-fold regulation in HeLa
cells (Figure 7). By application of the same partial random-
ization strategy outlined above, further improvement may
be possible. Thus, we demonstrate for the first time to our
knowledge that a riboswitch controlling translation initi-
ation is portable between different species without major
changes in sequence composition.

CONCLUSION

Riboswitches are associated with a range of advantages.
These switches are often very simple as they consist of
only one genetic element, RNA. As such, they are inde-
pendent of transcription factors or other regulatory pro-
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Figure 6. CFX riboswitch controls yeast growth. (A) Serial dilution growth
assay were performed for both, I0AAAUG (AAUG) and the engineered
CFX riboswitch (CFX-RS). Additionally, two controls expressing the
aminoglycoside 3’-phosphotransferase (kanR+) and a mutant without
start codon ATG (kanR-) were spotted on SCD-ura plates (supplemented
with G148) in the absence or presence of | mM CFX. Ten-fold serial dilu-
tions were spotted from left to right (numbering above). Cells were grown
for two days at 30°C. (B) Similar to the experiments with kanR, an analo-
gous approach was performed by exchanging the kanR gene with URA3.
Selection marker for plasmid maintenance were swapped.

11 11 18
01 (00) (0.2)

100 A I
75 1
50 1

25 1

% Rel. luciferase activity

pDLP  CFX-RS  GAAA

Figure 7. Application of the CFX riboswitch in a mammalian cell line.
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teins. Leakiness, a phenomenon often described for tran-
scriptional regulation due to position effects, does not affect
riboswitches. Moreover, RNA-based sensor domains may
in theory be selected for any desired ligand. The riboswitch
field is presently on the cusp of the transition from proof-of-
concept studies to the development of robust and applicable
tools and switches (13).

The main obstacle limiting functional synthetic ri-
boswitch development may currently be found in the fact
that only a fraction of the selected aptamers are suitable
for riboswitch design. Fit-for-purpose aptamers require not
only excellent binding properties, but also the conforma-
tional flexibility essential for a switch. Only the first can
be addressed by SELEX; for the latter, however, laborious
screening is necessary.

Through the process of in vitro selection, subsequent
NGS-guided in vivo screening and further optimization, we
could identify and engineer a novel, CFX-responsive ri-
boswitch with a dynamic range sufficient to allow for com-
plete control of cellular behavior. Moreover, we created a
riboswitch that is active both in lower and higher eukary-
otes. Due to the digital behavior of the ON and OFF state,
we predict a high performance in biological circuits.

In essence, our findings present the first evidence for the
de novo design of a riboswitch in the last 10 years. We are
convinced that our optimized protocol will allow the dis-
covery of a multitude of new riboswitches. Further advance-
ment of our methodology, e.g. optimized selection proce-
dures that combine selection for binding performance and
conformational switching ability or the application of mi-
crofluidic high-throughput screening, is under way. These
developments open up novel and unforeseen perspectives,
e.g. for control of gene expression. However, riboswitches
could also find application as biosensors, ¢.g. for moni-
toring of cell metabolite concentrations and optimization
of metabolic pathways or measurements of metabolic flux
rates. Moreover, riboswitches would be effective as highly
sensitive sensors for detection of pollutants. Thus, this novel
RNA device has the potential to energize and inspire efforts
for synthetic riboswitch development.

In essence, synthetic riboswitches have received relatively
little attention so far, and they may have been slightly over-
looked due to the fact that they have yet to reach a criti-
cal mass. They are not entirely uncontroversial, mainly due
to the low number of functional switches available to date.
However, we take the opposite view and propose that the
novel CFX riboswitch and the associated tools developed in
our study will be a turning point for the synthetic riboswitch
field. In all likelihood, ongoing work in our group and other
laboratories will lead to a breakthrough and widespread use
of riboswitches in the near future.
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