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ABSTRACT

Regulation of complex biological networks has
proven to be a key bottleneck in synthetic biology. In-
teractions between the structurally flexible RNA and
various other molecules in the form of riboswitches
have shown a high-regulation specificity and effi-
ciency and synthetic riboswitches have filled the
toolbox of devices in many synthetic biology appli-
cations. Here we report the development of a novel,
small molecule binding RNA aptamer, whose binding
is dependent on light-induced change of conforma-
tion of its small molecule ligand. As ligand we chose
an azobenzene because of its reliable photoswitcha-
bility and modified it with chloramphenicol for a bet-
ter interaction with RNA. The synthesis of the lig-
and ‘azoCm’ was followed by extensive biophysical
analysis regarding its stability and photoswitchabil-
ity. RNA aptamers were identified after several cycles
of in vitro selection and then studied regarding their
binding specificity and affinity toward the ligand. We
show the successful development of an RNA aptamer
that selectively binds to only the trans photoisomer
of azoCm with a Kp of 545 nM. As the aptamer can-
not bind to the irradiated ligand (A = 365 nm), a light-
selective RNA binding system is provided. Further
studies may now result in the engineering of a reli-
able, light-responsible riboswitch.

INTRODUCTION

In recent years, light-controlled nucleotide tools have come
into the focus of the biological and biochemical research (1
3). The development of new light sources has strengthened
this progress. Light is an ideal tool that can be controlled
spatially, temporally and in terms of its intensity without
major technical effort. In biological systems, light can be
used as an external, orthogonal trigger because (i) most
of the cells do not respond to light (excepting photorecep-
tors), (ii) it does not provoke cell damage using an adequate
wavelength and (iii) many cells and some organisms are at
least partially translucent (1-3). The irradiation of biolog-
ical samples can mostly be performed with a simple exper-
imental setup and spatial and temporal control allows an
exact location and timing of the desired effect. Biological
regulation by light has often been carried out in transparent
organisms such as Caenorhabditis elegans or zebra fish (4,5).
For non-transparent organisms light can be used to address
surface areas, like the skin. Furthermore, glass fibers can be
used to facilitate deeper penetration and enable a possibil-
ity to treat internal organs. Lately, we could demonstrate
that even ultraviolet (UV-) light can sufficiently penetrate
the skin of mice (6).

Three technologies exist to couple a light signal to a bi-
ological effect: (i) Optogenetics makes use of endogenously
expressible light-responsive proteins. (ii) Optochemical bi-
ology uses either photolabile groups installed in strate-
gic places of molecules to temporarily block their activity
(‘caging’). Alternatively, (iii) photoswitchable compounds
can be used that exist in at least two photoisomeric forms,
which can be interconverted for example with light of two
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different wavelengths. During the past decade, different
photoswitchable molecules have been developed and inves-
tigated. Azobenzenes, spiropyrans and diarylethenes are
some of the most prominent photoswitchable compounds
that have been used for biological applications. Particu-
larly, azobenzenes are reliable and well-investigated photo-
switches to control biomolecules and have been used in var-
ious biological applications also referred to as ‘azalogiza-
tion’ (7-11). However, while numerous light-directed ma-
nipulations of proteins (e.g. enzymes, ion channels etc.) have
already been investigated, reports about light-responsive
oligonucleotides are rare though they are interesting targets
for several reasons. They are small, can be easily produced
within cells or synthesized by solid-phase synthesis.

RNA is a versatile biomolecule capable of performing
many different roles in the cell. The discovery of RNA el-
ements mediating gene control, chemical reaction catalysis
and signal transduction go far beyond their well-established
role as the carrier of the genetic information and impres-
sively demonstrate their functional versatility. Its ability to
form complex three-dimensional structures that precisely
present chemical moieties is imperative in enabling RNA
to function as a biological catalyst, regulator or structural
scaffold. Riboswitches are an excellent example of such
RNA-based regulation. They are highly structured RNA
elements mostly located in the 5 UTR of many bacterial
mRNAs as well as in the 3’ UTR in some plant mRNAs
(12,13). The RNA forms a binding pocket that can rec-
ognize metabolites with high affinity and specificity. The
ligand binding to this binding pocket, also called aptamer
domain, is then read out by a second domain, the expres-
sion platform that can affect gene expression (12). In re-
cent years, a number of synthetic riboswitches have been
developed that are modeled on natural riboswitches (14,15).
As binding domains, they often use aptamers that are not
necessarily derived from natural riboswitches, but can also
be produced de novo through a process of in vitro selec-
tion, also called SELEX (Systematic Evolution of Ligands
by Exponential Enrichment) (16,17). With the help of this
method, aptamers can be selected against almost any ligand
of choice.

The overall intention of this work was to create a light-
dependent synthetic riboswitch with structural changes
only occurring upon binding to one photoisomer of a lig-
and. Whereas the riboswitch is expressed in the cell, the
light-responsive ligand is introduced into the cell system
and undergoes a structural change only upon irradiation.
As a first step to engineer such a system, an aptamer has
to be selected that responds in a light-dependent manner
to a photoswitchable small molecule. Therefore the ligand
needs to fulfill various requirements, such as high solubility
under physiological conditions, favorable interactions with
RNA (hydrogen bonds, stacking interactions, Coulomb at-
tractions), sufficient cellular uptake and no toxicity to men-
tion only a few. Furthermore, the photophysical require-
ments such as the ability to undergo structural change under
physiological conditions, high switching amplitude for an
optimal ‘ON’-‘OFF’ behavior, thermal stability (of the pho-
toisomeric states) and no photobleaching should be guar-
anteed. Additionally, the photoswitches should not possess
long tethers to allow an optimal hinge mechanism of the

photoswitch. To achieve the ambitious goal of reversible
light-controlled riboswitch regulation systems, as many as
possible of the above prerequisites need to be fulfilled.

To our knowledge, up to now only three studies on SE-
LEX methods against photochromic molecules have been
published (18-20). In all cases, the aim was to direct the
aptamer-binding to only one of the possible two photoi-
someric states of the small molecule. Hayashi et al. per-
formed a SELEX against the trans isomer of the photo-
switchable peptide KRAzR (20,21). In surface plasmon res-
onance (SPR) studies, they demonstrated that individual
aptamers bound KRAzRtrans with a dissociation constant
in the high nanomolar to low micromolar range. This bind-
ing was tenfold worse for the UV-exposed KRAzR cis form,
but could be completely restored by irradiation with visible
light of 430 nm (conversion back to KRAzR frans). Young
and Deiters were also able to generate photoisomer-specific
RNA aptamers, selecting for a spiropyran derivative (19).
This allowed them to identify an aptamer, which exhibited
a 14-fold discrimination between the closed spiropyran and
open merocyanine form upon irradiation with UV light.
However, the affinity was only at a K value of ~10 wM. Lee
et al. obtained specific aptamers against the closed form of
the dihydropyrene BDHP-COOH in their studies (18). The
best candidate showed a 35-fold difference in its binding be-
havior between the respective photoisomers and a Kp value
of ~2 uM.

Here, we present our approach toward generating RNA
aptamers, which selectively bind to one isomer of a
newly developed photoswitchable molecule in the nanomo-
lar range, with 10* times better discrimination than the
other photoisomer. These aptamers will extend the tool-
box of synthetic biology compounds and provide now excel-
lently suitable sensory domain for the engineering of light-
responsive synthetic riboswitches.

MATERIALS AND METHODS

Biophysical characterization of the spectroscopic behavior of
azoCm

The photophysical properties of the compound azoCm were
determined in 1 x PBS buffer (phosphate-buffered saline),
except for the stability measurements that were carried out
in HeLa cell extracts and experiments in presence of RNA
which were performed in the corresponding SELEX buffer.
For the UV /vis-absorption measurements, the concentra-
tions were kept below 100 wM and the samples were pre-
pared in UV-permeable quartz glass cuvettes with 1 cm path
length. Absorption spectra were recorded using a Specord
S600 or S100 spectrometer (Analytik Jena). For irradiation
experiments, ThorLabs light emitting diodes (LEDs) con-
trolled by a ThorLabs DC4100-Driver were applied. UV-
light for trans-cis isomerization was provided by a A = 365
nm LED while cis-trans isomerization was induced using a
A =420 nm LED (type M365L2 and M420L2, 300 mW).
The CD measurements were executed with a Jasco J-710
spectrometer under constant nitrogen flow of 1.5 1/min.
Here, cuvettes with 1 mm path length were used and irra-
diation was also carried out with the same set of ThorLabs
LED:s. In these experiments, the RNA concentration was 10



M and the ligand azoCm was provided in 10-fold excess
with a concentration of 100 wM.

SELEX—Pool design

We used three different pool designs. For the first SELEX,
a previously described pool design was used (22). For the
second SELEX a completely randomized RNA library was
used. This library consisted of 74 nucleotides (nt) flanked
by constant regions (5’ constant: 5-GGA GCU CAG CCU
UCA CUG C-3'/3' constant: 5-GGC ACC ACG GUC
GGA UCC AC-3) for amplification using the oligonu-
cleotides Pool fwd (5-TCT AAT ACG ACT CAC TAT

AGG AGC TCA GCC TTC ACT GC-3', T7 promoter is
underlined) and Pool_rev (5-GTG GAT CCG ACC GTG
GTG CC-3). The third SELEX was carried out with a par-
tially structured library containing a 15-nt long motif se-
quence (5-GGC CUA CGG GAA AGG-3') flanked by 30
random nt on the motifs 5 end, and 5 random nt on its 3’
end (N30-motif-N5). The motif was partially randomized
as well, with a 50% chance of a nucleotide exchange for the
first two nt (GQG), and a 2% chance for the remaining 13 nt.
This partially structured library was flanked by constant re-
gions (5 constant: 5-CCA AGC UAG AUC UAC CGG
U-3’/3 constant: 5-AAA AUG GCU AGC AAA GGA
GAA GAA CUU UUC ACU-3) for amplification using
the oligonucleotides Pool_fwd (5-CCA AGT AAT ACG
ACT CAC TAT AGG GCC AAG CTA GAT CTA CCG
GT-3') and Pool_rev (5-AGT GAA AAG TTC TTC TCC
TTT GCT AGC CAT TTT-3).

Pool preparation

All pools were amplified using the following polymerase
chain reaction (PCR) conditions: 10 mM Tris—CI 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 wM Pool_fwd, 2 uM
Pool_rev, 50 U/ml Taq DNA Polymerase (NEB). 10'° pool
template molecules were amplified in a 60 ml PCR reaction
for only seven cycles to reduce PCR-induced bias. PCR ef-
ficiency was calculated according to Hall ez al. (23).

After large-scale amplification, the DNA pool template
was ethanol-precipitated and dissolved in MQ-H,O [de-
ionized water purified with ion exchange resin and filtered
through a Biofilter (ELGA) to remove possible RNAse con-
tamination]. The purified DNA template was transcribed
using T7 RNA polymerase as described previously (24).
Afterward, the transcribed RNA was ethanol-precipitated,
dissolved in formamide containing 25 mM ethylenedi-
aminetetraacetic acid (EDTA) and loaded on a 6% dena-
turing polyacrylamide gel (8 M urea). The RNA was visu-
alized 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 re-dissolved in a suit-
able amount of water and molarity was calculated.

Immobilization of the ligand azoCm

azoCm-amino was immobilized on Affi-Gel 10 (Bio-Rad).
For this, the resin was pre-treated according to the man-
ufacturer’s instructions of anhydrous coupling. Afterward,

Nucleic Acids Research, 2019, Vol. 47, No. 4 2031

the resin was mixed 3:1 with a 3 mM solution of azoCm in
dimethyl sulfoxid (DMSO). The reaction was incubated for
4 h at room temperature (RT) on an H5600 rotator (Lab-
net). After two washes of the derivatized resin with DMSO,
the remaining active groups were blocked by incubation
with 0.1 M ethanolamine (MEA) for 1 h. After washing the
resin twice with DMSO, it was resuspended 1:1 in 0.002%
(w/v) NaN3 and 1 ml of the mix was distributed per SE-
LEX column (bedvolume 1.2 ml). The columns were stored
at 4°C in the dark.

Regular SELEX

1.2 x 10" RNA molecules from the initial pool (1:1 mix-
ture of completely randomized and pre-structured pool, see
above (22)) were spiked with ~250 kCPM of the 5 32P-
labeled RNA pool in MQ-H,O to use in the first round.
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 this folding step, yeast tRNA was added
to a final concentration of 1 mg/ml and the volume was ad-
justed to 1 column volume of resin (CV, 500 wl) with 1x
binding buffer (40 mM Hepes pH 7.4, 125 mM KCl, 5 mM
MgCl,, 5% DMSO). For depletion of RNAs able to bind
the affinity matrix, the RNA library was first incubated for
30 min with 1 CV of a non-derivatized column (mock) dur-
ing the first three rounds of SELEX. The mock column con-
sisted of Affi-Gel 10 resin that had been treated with MEA
only instead of azoCm. After negative selection, unbound
RNAs were added to 1 CV azoCm-coupled resin and incu-
bated for 30 min at RT. Next, the column was washed with
10 CV binding buffer and bound RNAs were eluted with ei-
ther 4 CV 20 mM EDTA (round 1-5) or4 CV 5 mM azoCm
(round 6-9) in 1 x binding buffer. To increase stringency, the
number of washes was increased to 25 CV and an increased
timeframe for the elution of the RNA from the column was
used (round 8). Pre-elution steps were performed in round
8 and 9, adding an additional pre-elution step in round 9
(2 or 3 CV each). Details are described in Supplementary
Table S1.

Light SELEX

During the second SELEX, 4.8 x 10'* RNA molecules from
the initial pool (74 nt randomized region, see above) were
spiked with ~250 kCPM of 5" 32P-labeled RNA pool in
MQ-H;O to use in the first round. The folding, addition
of yeast tRNA and adjustment of volume were carried out
like in the first SELEX. Mock columns were used (round 1—
4), RNA was eluted by either 20 mM EDTA (round 1) or 5
mM azoCm (round 2-9). Stringency was increased raising
the number of washes from 10 CV to 20 CV or a decreas-
ing binding time of the RNA pool to the column to 15 min,
respectively (round 7 and 9). Two pre-elution steps (1 CV
each) were performed starting from round 7. Starting with
round 7, light-elution was carried out in parallel to the affin-
ity SELEX. RNA was eluted by irradiating the column with
light (A = 365 nm, UVLED-365-1000-SMD, 2W (0.15 A,
13.5V), 16 x 1) under exclusion of other light sources (dis-
tance from column to light source = 10 cm), while washing
the column with 6 CV of 1x SELEX buffer (10 mM Tris—
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HCI pH 7.6, 250 mM NaCl, 5 mM MgCl,). Details are de-
scribed in Supplementary Table S1.

Doped SELEX

For the third SELEX, 1.2 x 10'> RNA molecules from the
initial pool (motif doped pool, see pool design) were spiked
with ~250 kCPM of 5’ 32P-labeled RNA pool in MQ-H,O
to use in the first round. The folding, addition of yeast
tRNA and adjustment of volume were carried out like in
the first SELEX. The columns with immobilized RNA were
washed with 10 CV of 1 x SELEX buffer, before RNA was
eluted with 1 mM azoCm in 1 x SELEX buffer (round 1-5).
Details are described in Supplementary Table S1.

SELEX cycle

In all SELEX experiments and after each round, eluted
RNA was ethanol-precipitated with Na-acetate pH 6.5 in
the presence of 15 wg GlycoBlue™ Coprecipitant (Ambion)
and washed twice with 70% (v/v) ethanol. The air-dried
pellets were dissolved in a total volume of 50 wl 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 KCl, 0.1% Triton X-100),
Ix first strand buffer (Invitrogen), 2 mM dithiothreitol
(DTT, Roche), 1 uM Pool_fwd, 1 puM 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 Taq DNA Polymerase (NEB) and 200 U SuperScript™
I1 (Thermo Fisher Scientific) were added to the reaction and
RNA was reverse-transcribed and amplified (54°C for 10
min followed by 6 to 10 cycles of 95°C for 1 min, 58°C for
1 min and 72°C for 1 min). Product formation was mon-
itored on a 3% agarose gel. For the following rounds (all
except round 1), RNA was transcribed as follows: 10 pl
of RT-PCR product was mixed with 40 mM Tris-Cl (pH
8.0), S mM DTT, 2.5 mM NTPs (each), 15 mM MgCl,,
100 U T7 RNA Polymerase (NEB), 40 U ribonuclease in-
hibitor (moloX) and 33 nM 32P-a-UTP (Hartmann ana-
lytics) in a total volume of 100 wl. Transcription was car-
ried out at 37°C for 1 h. Afterward, RNA was precipitated
with NHy-acetate/ethanol, washed twice with 70% EtOH
and the pellet was dissolved in a suitable amount of water.
A total of 500 kCPM RNA was folded, diluted in 1 x bind-
ing buffer and subsequently loaded onto the column for the
next round of SELEX.

NGS library preparation and data analysis

4-mer barcodes to assign each sequence to the specific
round after sequencing were introduced by PCR (sequences
available upon request). Forward and reverse oligonu-
cleotides hybridized at the 5’ and 3’ constant regions, re-
spectively, thus the sequence of the T7 polymerase pro-
moter was removed. After amplification, the samples were
Gel-purified (Zymoclean Gel DNA Recovery Kit, Zymo
Research) and mixed in equimolar amounts for Illumina
sequencing reaction (GenXPro GmbH, Frankfurt, Ger-
many).

In vitro transcription of RNA

For in vitro analysis (binding studies and ITC measure-
ments), RNA was transcribed from hybridized oligonu-
cleotide containing a T7 promoter sequence in front of
the aptamer (sequences are available upon request). After
ethanol precipitation, the DNA template was used for in
vitro transcription with T7 RNA polymerase (NEB) as done
during the SELEX cycle. The RNA was gel purified and
molarity was determined by spectrophotometric measure-
ment using NanoDrop 1000 Spectrophotometer (Thermo
Scientific).

Binding studies

The elution capacity of RNA aptamers by different solu-
tions was tested using column binding assays. The aptamers
were radioactively body labeled and after folding (in a total
volume of 500 w1, in 1x SELEX buffer with a final concen-
tration of I mg/ml yeast tRNA) applied on the azobenzene-
derivatized columns. After incubation for 30 min at RT, the
columns were washed 4x with 1 ml 1 x SELEX buffer each,
followed by two washing steps of 500 wl each. The bind-
ing RNA molecules were tried to be eluted with different
solutions (cis- or trans-azoCm, UV-light and buffer or just
buffer). Each aptamer measurement set was normalized to
the RNA eluted by azoCm trans (100%).

ITC measurements

The 10 M RNA were folded using the SELEX folding pro-
gram (heating to 95°C for 5 min and subsequent cooling on
ice water for 5 min) and diluted in 350 pl 1 x SELEX bulffer.
Ligand was adjusted to a 100 or 200 M solution in 1x SE-
LEX buffer. ITC experiments were carried out with either
an MicroCaliTC200 or a MicroCal PEAQ iTC200, with the
ligand solution being titrated to the RNA. After thermal
equilibration at 25°C, an initial 150 s delay and one initial
0.4 plinjection, 18 serial injections of 2.0 wl at intervals of
150 s and at a stirring speed of 750 rpm were performed.
Raw data were recorded as power (p.cal/s) over time (min).
The temperature associated with each titration peak was in-
tegrated and plotted against the corresponding molar ratio
of ligand and RNA. The dissociation constant (Kp) was ex-
tracted from a curve fit of the corrected data calculated us-
ing the Origin 7.0 ITC Software or the MicroCal PEAQ-
ITC Analysis Software 1.1.0.1262. Measurements were re-
peated twice.

Toxicity tests

To test toxicity against Escherichia coli DH5a, Bacillus
subtilis (strain 168) and Saccharomyces cerevisiae (strain
RS453a), cells were plated densely on LB- or SD-URA-
Agar plates. Sterile filter discs (diameter of 6 mm) were
placed on the agar, allowing space between each other. Lig-
and solutions with different concentrations (0, 0.1, 0.5, 1,
2 and 5 mM, 25 pl each) were pipetted on the disks to al-
low radial diffusion into the agar. The cultures were grown
over night at 37°C or 30°C until they formed a cell layer.
Analysis of potential inhibition zone sizes around the filter



discs allowed judgement whether the ligand was toxic and
at which concentration toxic effects occurred.

To test toxic effects on human cells, 2 x 103 HeLa cells
per well were seeded in a 96-well plate in 100 wl media (D-
MEM). After incubation (37°C) for 24 h, 2 pl of 500 uM,
5 mM or 50 mM ligand solution in DMSO were added to
the cells to reach concentrations of 10 wM, 100 wM or 1
mM ligand in the media, respectively. Controls consisted of
adding DMSO to a final concentration of 2% (negative con-
trol) and 10 wM Taxol (positive control) to wells with cells.
After another 24 h of incubation, cells were washed twice
with warm 1x PBS. After adding 110 pl of a 1:10 WST-
I:media mix (white D-MEM) per well, the cells were incu-
bated again and samples were taken at intervals for analysis.
Using a TECAN 200 pro reader, viable cells were quanti-
fied. Samples were measured in triplicates, shown are the
averages and standard deviations of two independent mea-
surements.

NMR measurements of compounds

Nuclear magnetic resonance (NMR) spectra for the char-
acterization of the compounds were recorded on a Bruker
AVIII-HD 500 MHz instrument equipped with a N, cooled
cryogenic probe head using dg-DMSO as solvent. High res-
olution mass spectrometry (HRMS) spectra were recorded
using a Thermo Scientific MALDI LTQ Orbitrap. For flash
chromatography silica gel 60 by Macherey-Nagel was used.
Thin layer chromatography (TLC) analyses were performed
on aluminum plates coated with silica gel 60 F 254 (Merck).

RESULTS AND DISCUSSION
Synthesis of a light-switchable azobenzene compound

We chose azobenzene as the core of our light-switchable
ligand because it is a very reliable photoswitch. However,
azobenzene itself offers only poor interactions with RNA.
Therefore, it has to be modified. The modification should
have functional groups that can be easily recognized by
RNA and do not have too many internal degrees of free-
dom in order to maximize the effect of photoswitching
whereby this modification and hence also the RNA an-
chor points are moved through space. Due to previous
good experience with the generation of aptamers against
chloramphenicol (22) and its low toxicity, we chose the
latter as binding motif. The synthesis of such a designed
photoswitchable compound named azoCm (compound (3))
started from chloramphenicol (1) and followed Trauner’s
‘azalogization’ strategy conceptually by converting the ni-
trophenyl group into an azobenzene derivative (9-11). To
this end, chloramphenicol (1) was reduced with ammonium
chloride and zinc to form the hydroxylamine which was oxi-
dized with iron (I1T)-hexahydrate to form the nitroso deriva-
tive that was further reacted with 4-amino benzoic acid to
form azoCm (3) (Figure 1). To arrive at the aminopropyl-
modified azoCm-amino (7) we first protected the hydrox-
yls of chloramphenicol (1) with TBDMS groups (—2) and
performed the same azo coupling (—4). After ester forma-
tion with N-Boc-protected aminopropanol using EDC as
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coupling agent (—5) and deprotection, aminopropylated
azoCm-amino (7) was obtained. Details about the synthesis
of asoCm and its intermediates can be found in Supplemen-
tary Figures S1-6.

Characterization of spectroscopic behavior of azoCm

Prior to the application of azoCm as a photochromic lig-
and for selected RNA aptamers, the structurally modi-
fied azobenzene compound was characterized regarding its
photophysical properties in aqueous media. The UV /vis
spectrum of the thermally stable and favored trans-isomer
of azoCm (Figure 2A) exhibits a pronounced wm*-band
around 330 nm and a minor nw*-band around 420 nm,
as typical for this class of photoswitches. Upon irradiation
with 365 nm a photostationary state (PSS3gsnm) containing
about 80% of the cis-isomer can be accumulated. The re-
verse isomerization can be induced through 420 nm irradi-
ation, resulting in a nearly quantitative conversion to the
trans-isomer (containing less than 5% cis).

Thermal relaxation studies of pre-illuminated samples
at different temperatures allowed for determination of the
thermal recovery rate kys-c = 3.8 x 1077 s~! for the cis to
trans isomerization. This reveals an enormously high sta-
bility of the cis-isomer e.g. compared to the unsubstituted
azobenzene (25) and corresponds to a lifetime of ~27 days
for the respective conformation. Relying on the Arrhenius-
equation, the energy barrier for this isomerization is calcu-
lated to be E4 = (109 £ 0.7) kJ /mol (Figure 2B). Addition-
ally, the compound showed virtually no decomposition due
to photo- or hydrolysis throughout a photofatigue experi-
ment over multiple alternating switching cycles (Figure 2C)
and no additional absorption bands could be detected af-
terward. Moreover, the highly beneficial switching ampli-
tude of roughly 75% is maintained throughout these mul-
tiple cycles. In view of a biological application of the com-
pound, the outstanding stability of azoCm was also con-
firmed in HeLa-cell extracts, where the sample showed vir-
tually no significant changes in its absorption spectrum af-
ter 120 h (Figure 2D). Thus, the compound can be used for
days without considerable decomposition. Beside its out-
standing photochemical and biological stability, we inves-
tigated the toxicity of the compound. We performed toxic-
ity tests for bacteria (E. coli, B. subtilis), yeast (S. cerevisiae)
and human cell lines (HeLa cells) and showed that azoCm
has no significant influence on cell growth (Supplementary
Figure S7).

Selection of azoCm-binding aptamers

The characterization showed that azoCm exhibits stable
switching behavior even under cellular conditions and is
therefore a very good candidate to start an aptamer selec-
tion. For the selection process, the aminopropyl derivative
of azoCm containing an additional amino group (7) was im-
mobilized on activated resin. For better access of the RNA
library to the azoCm moiety a C10 linker was used. Two
selections were started in parallel with two established li-
brary compositions, one with a randomized region of N74
and a smaller library (N64) being a 1:1 mixture of both a
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Figure 1. Synthesis of the light-switchable azobenzene compound azoCm. (A) Synthesis of azoCm (3) and the aminopropyl-derivative (7). (B) 3D model

of the cis-trans conversion of azoCm. Details about the synthesis of asoCm and

completely randomized region and two shorter randomized
regions (N26) separated by a preformed stem loop (Supple-
mentary Figure S8). It was discussed that preformed stem-
loops provide favorable conditions for aptamer selection by
acting as nucleation sites for RNA structure formation (26—
29). We had no a priori knowledge of the nature of the ap-
tamer we were exploring, including both completely ran-
domized regions of different size and a preformed stem loop
gave us the full scope to unrestrainedly select for the best
fit. Importantly, both library designs were already success-
fully applied for the selection of small molecule-binding ap-
tamers (22,30).

A first selection was carried out using the N64 1:1
RNA library with a starting diversity of 1.2 x 10’ RNA
molecules. In the first five rounds of selection, we eluted
unspecifically with EDTA to ensure elution of every RNA
molecule neglecting their binding properties. This approach
was chosen to guarantee that the first enrichment of the
pool introduces no bias toward low affinity aptamers be-
cause of the mild selection conditions. Negative selection
steps during the first three rounds were carried out to re-
move RNA molecules that specifically recognize the resin
or the linker region on which azoCm was immobilized. Af-
ter an initial enrichment observed in round 5 (Figure 3A), a
specific elution with 5 mM azoCm was performed in round
6. Stringency was increased in round § by raising the num-
ber of washing steps and longer elution times. Despite in-
creased stringency, larger amounts of RNA were eluted

its intermediates can be found in Supplementary Figures S1-6.

from the column. In consequence, we decided to implement
a pre-elution step each in rounds 8 and 9 to eliminate RNA
species with fast K,y rates (31). All selection rounds are
summarized in Figure 3A and Supplementary Table S1.

In parallel, we performed a second selection approach
with the N74 RNA library with a starting diversity of 4.8
x 10" RNA molecules. Unspecific elution was reduced to
only the first round, while negative selection was performed
during the first four rounds. Starting from round two, spe-
cific elution was performed using a 5 mM azoCm solution.
After a first enrichment in round 6, stringency was increased
in rounds 7 and 9 by doubling the number of column washes
or a decreased binding time of the RNA pool to the col-
umn, respectively. Additionally, two pre-elution steps were
performed starting from round 7. All selection rounds are
summarized in Figure 3B and Supplementary Table S1.

We also implemented a light elution step. From this we
hoped for specific enrichment of light-dependent aptamers.
Since the second selection (from the N74 library) led to a
faster enrichment, we decided in favor of this. We split the
RNA pool transcribed from round 6 to carry out a light elu-
tion parallel to the regular round 7. While the column was
treated and washed using the same conditions as in the reg-
ular SELEX, the RNA-loaded column was then placed in
a closed box, shutting out all external light sources (Figure
3C). Inside this box, the column was irradiated with UV-
light of 365 nm inducing azoCm to change from its trans- to
cis-conformation. After irradiation, the column was washed
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with buffer to specifically elute those RNA aptamers that
were detached from the ligand due to its conformational
change. Amplification of these RNAs should result in an en-
richment of light-responsive aptamers and were used for the
next round of light SELEX. The data are included in Figure
3B as violet bars. A significant enrichment of aptamers that
have been specifically eluted after irradiation with UV-light
was clearly visible in round 10 of the light SELEX.

For a first glimpse into the selection progress, we se-
quenced 87 candidates (27 of round 9 of N64 1:1, 20 of
round 9 of the regular SELEX (N74-R) and 40 of round
10 of the light SELEX (N74-L)). We obtained 27 unique
sequences (11, 4 and 12, respectively, for the three differ-
ent selections, shown in Supplementary Table S2) and an-
alyzed their binding capacities by their interaction with
azoCm derivatized columns. Only 6 out of 27 tested can-
didates could be specifically eluted from the column by 5
mM azoCm (Supplementary Figure S9). The remaining 21
candidates showed less than 15% RNA eluted and were not
considered as binders. Interestingly, when comparing the se-
quences of the six candidates using the program MEME
(http://meme-suite.org/tools/meme V5.0.2 (32)) we identi-
fied a 13-nt long motif in three of them (one from the N64

1:1 SELEX and two in the light branch of the N74 SELEX,
displayed in Figure 4C).

Deep sequencing uncovers the enrichment of a ‘light motif’

We performed deep sequencing to analyse whether and to
what extent our identified sequence motif was enriched in
the course of the different selections rounds. Therefore, we
compared the regular with the light branch of the N74 SE-
LEX (for financial reasons we limited ourselves to the N74
SELEX). By Illumina sequencing, we obtained a total num-
ber of 820 000 reads for all investigated rounds, of which
90.1% could be sorted according to their corresponding
barcoding. Identical sequences were summed up and the
total read count was normalized for each round to reads
per million (RPM). To show the enrichment process we
computed the sum of RPM of the 100 most enriched se-
quences (Figure 4A). For the most abundant sequences we
see a clear exponential enrichment in the first six rounds and
then a transition into saturation when the overall sum of
the Top 100 did not change any more, in neither of both
branches. We also tracked the enrichment of the 13 nt mo-
tif we identified. It was enriched until round six. Then, in
the light branch of the SELEX, the motif was further en-
riched, whereas in the regular branch, the motif gradually
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SELEX. Shown is the fraction of loaded RNA that could be eluted from azoCm-derivatized columns after each selection round. RNA was eluted with 1
mM azoCm (round 1-5).

decreased over the rounds (Figure 4B). Due to its clear en-
richment in the light branch, we have now called it ‘light
motif’. It seems as if the increase of stringency we took in
the regular SELEX to select for aptamers with a slow Ky .
rate lead to the disfavoring of aptamers containing the mo- Motif doped SELEX
tif. The deep sequencing analysis revealed the importance of
We then clustered the sequences for each round into fam- the light motif. In order to generate highly specific ap-
ilies by comparing their sequence identities by Levenshtein tamers of a smaller size able to selectively and reversibly
distance (Lv dist) (33). We have previously evaluated that an bind to only the frans-isomer of azoCm we generated a new
Lv dist of five is ideal to split the sequence distribution into pool with the light motif included but flanked by random

‘light motif” (marked with an arrow), but these are highly
enriched and make up 14.4% of all sequences.

useful families (22). The distribution of families enriched in
the regular and the light-branch, respectively, are displayed
in the scatter plot in Figure 4C. It shows a clear separation
of the two populations of families (comparing the blue with
the violet dots). The detailed analysis of the families en-
riched by light SELEX revealed 131 unique sequence fami-
lies, the most prominent ones marked with numbers in Fig-
ure 4C. Interestingly, only two of them carry the identified

sequences. This should enable us to identify flanking se-
quences that present the light motif in the best possible way.
As the motif occurred always in the 3’ end of the random-
ized sequence, we designed a pool consisting of 30 random-
ized nts followed by two G’s (often found by deep sequenc-
ing) and the 13 nt motif. Afterward, five more randomized
nucleotides completed a total of 50 nt that represent the
new, doped aptamer pool. In order to find potentially bet-
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ter variants of the motif, a 6% mutation rate was allowed
for the 13 nt of the motif. As it was unclear whether the
two G’s in front of the motif were a necessary or a helpful
addition to the motif, they were added but were allowed to
mutate with 50% probability (Supplementary Figure S8D).
A fast enrichment took place when using this doped pool,
reaching 38% RNA elution within five rounds of selection
even with reduced ligand concentration (1 mM instead of
SmM).

We sequenced 96 individual aptamers of rounds 2-5. In-
terestingly, within these sequences, we found barely any se-
quences more than twice. There were no dominant aptamer
sequences, not even in round 5 with its exceptionally strong
enrichment. This suggests that the motif indeed is the core
binding region on which the ligand binding solely depends.
While over the course of the doped SELEX no single ap-
tamer could be found to dominate the pool, a re-enrichment
of the original motif occurred. For 7 out of 13 positions, no
single mutation was allowed, for the remaining positions,
a mutation rate of only 1-2% occurred (with 6% mutation
rate allowed for the complete motif, Supplementary Figure
S8D). The analysis of the motif revealed as well that the first
G’s upstream of the motif are not essential for the binding.
With the allowed nucleotide exchange rate of 50%, no pref-
erence for the first nucleotide have been identified. The po-
sition of the second G however showed a migration from a
dominance of a G on this position in round 2 (80% prob-
ability) toward a preference of purine bases in general (A,
40% and G, 56%). But it seems like the sequences of the
motif-adjacent nucleotides are not important for binding.

The analysis shows that the 13 nt long motif is es-
sential for the binding of our light-dependent ligand.
However it was unexpected that no specific sequence en-

2o S A
L1111 A
U
CC GA
P2 = N5-13
12=N320 C G

S N5-12—S K—N3.23—3'

Figure 5. Structure motif. LocARNA analysis was performed to identify
a common structural motif using 96 sequences from round 5 of the motif
doped SELEX (34,35). Conserved nucleotides are shown in capital letters,
variable sizes of the stem P2 and the corresponding loop L are displayed.

richment of the surrounding sequences could be found
with the doped SELEX. We therefore considered whether
the light motif is embedded in a structural motif. To
test this, we used LocARNA (www.rna.informatik.uni-
freiburg.de/LocARNA/V 1.9.1 (34,35)) to search for a sec-
ondary structural motif within the 96 aptamers sequences.
The analysis resulted in a small structural motif consisting
of a three-way-junction with a 4-nt long closing stem P1 (see
Figure 5). The two Gs of the upper two base pairs of P1
are formed by the last two nts of the light sequence motif.
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Sequence and length of P2 are fully variable whereas P3 is
defined by the motif. It consists of only two GC base pairs
closed by an apical UNCG tetraloop that are connected to
P1 by three As facing a CU. To prove the predicted sec-
ondary structure we performed in-line probing of the ap-
tamer 42 (Supplementary Figure S10). The probing pattern
supports the existence of P1 and P2 whereas it proposes that
the short 2 nt long P2 is not formed for this candidate. How-
ever it clearly shows an involvement of the light motif in
ligand binding. We observe a strong reduction of the cleav-
age for the nucleotide GGGAAAG (nt 6-12 of the motif),
whereas the first 5 nucleotides are clearly accessible (show-
ing that the small P2 helix is unlikely to be formed as such)
and cleavage tends to increase. In sum, it can be stated that
the light motif represents the binding pocket for the ligand
that is held in place by the two helices P1 and P2.

Biochemical characterization of light-responsive aptamers

Four individual aptamers that all fold in the secondary
structural motif predicted with LocARNA (Figure 5) were
tested in column binding assays for their specific binding to
the photoisomers of azoCm (candidate 42 from first affin-
ity SELEX, candidates 1 and 12 from the light SELEX and
candidate B2-1 from the motif doped SELEX). Aptamer
RNA was radioactively labeled, folded and immobilized on
azoCm-derivatized columns using the same conditions as
during the SELEX. Immobilized RNA was eluted from the
columns using azoCm in trans, cis and cis-trans switched
conformation, or using 1 x SELEX buffer. The fraction of
RNA eluted was normalized (elution with trans azoCm was
set to 100%). As shown in Figure 6, aptamer 42 shows the
most prominent reduction when comparing elution of the
trans-ligand to the cis-ligand (-60%), reaching buffer elu-
tion level (-59%). B2—1 shows a 43% reduction, aptamer 1
shows 35% reduction and aptamer 12 shows 42% reduc-
tion. To determine the binding affinities of the two best
aptamers 42 and B2-1 to both the trans- and cis-azoCm
photoisomer, ITC measurements were performed with pre-
illuminated azoCm to accumulate the corresponding pho-
toisomer. As depicted in Figure 7A and B, the Kp values
of 42 and B2-1 binding to trans-azoCm were determined to
be 1.9 uM and 545 nM, respectively (Supplementary Table
S3). On the contrary, the ITC experiments with cis-azoCm
showed no binding curve at all. Thus, an exact Kp could
not be determined, but considering the total amount of lig-
and that was titrated to the aptamers, it is reasonable to give
an estimate for the lower boundary of the binding strength
to the cis-isomer of at least mM. This discrimination is ex-
tremely high and with three and four orders of magnitude,
respectively, much better than previously selected aptamers
against light-switchable compounds.

In order to provide evidence, that the aptamers not only
binds to trans-azoCm specifically but also releases the lig-
and upon irradiation, we conducted CD experiments to
monitor conformational changes of the RNA upon pho-
toisomerization of azoCm (Figure 7C and D). Generally,
the spectral shape of both aptamers can be ascribed to
hairpin structures (36-38), exhibiting a pronounced posi-
tive CD signal around 270 nm and a minor negative sig-
nal at 240 nm. Concerning the ligand azoCm, only the cis-
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isomer shows a significant CD signal (Supplementary Fig-
ure S11). Throughout the depicted experiments, solutions
of each RNA construct in presence of 10-fold excess of lig-
and, were alternatingly illuminated with 420 and 365 nm. As
in the case of aptamer 42 no serious spectral variation was
detected, we assume that a reversible release of cis-azoCm
is not feasible once the trans-isomer is bound (Figure 7C).
Yet, in the case of B2-1 a small decrease of the signal at 270
nm of ~3% was observed upon switching azoCm from trans
to cis reversibly, which indicates a dissociation of the ligand
accompanied by slight changes in the tertiary structure of
the aptamer.

CONCLUSION

In summary, we have developed an RNA aptamer against
an azobenzene-derived ligand, which can only bind to
the trans-isomer of azoCm but not to its cis-photoisomer.
The ligand itself is non-toxic, stable in biological medium
and can be photoswitched multiple times without signif-
icant degradation and with high photoswitching ampli-
tude. High-quantum yields, low-thermal rates of conver-
sion and spectrally addressable photoisomers make the lig-
and ideal for an application in a biological context. In ad-
dition azoCm retains its switching properties in presence
of RNA. A light SELEX protocol based on liberation of
RNA after trans- to cis-conversion of azoCm was able to
enrich a sequence motif which we had also found in a reg-
ular SELEX approach before. However, the RNA found
with the latter approach did not perform any liberation
of the ligand upon photoisomerization. By next-generation
sequencing, we were able to show the enrichment of the
photoisomerization-responsive RNA motif only in the light
SELEX but not in the regular one performed in parallel.
The 13-nt sequence motif identified in the light SELEX
is embedded in a conserved a three-way-junction. With a
Kp of 545 nM, the affinity of aptamer B2-1 to the trans-
photoisomer of azoCm is relatively high while the Kp to-
ward the cis-photoisomer is at least 1 mM. By CD spec-
troscopy, we could show that in multiple switching cycles
the bound trans-azoCm was liberated and sequestered, re-
peatedly. All of these properties make this system of RNA
aptamer and photoswitchable ligand ideal for many inter-
esting applications, including the further development of a
light-sensitive riboswitch.
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