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Abstract

Riboswitch-mediated control of gene expression without the interference of potentially immunogenic proteins is a promising approach for the
development of tailormade tools for biological research and the advancement of gene therapies. However, the current selection of applicable
ligands for synthetic riboswitches is limited and strategies have mostly relied on de novo selection of aptamers. Here, we show that the bacterial
xanthine | riboswitch aptamer recognizes oxypurinol, the active metabolite of the widely prescribed anti-gout drug allopurinol (Zyloprim®). We
have characterized the aptamer/oxypurinol interaction and present a crystal structure of the oxypurinol-bound aptamer, revealing a binding
mode similar to that of the cognate ligand xanthine. We then constructed artificial oxypurinol-responsive riboswitches that showed functionality
in human cells. By optimizing splicing-based oxypurinol riboswitches using three different strategies, transgene expression could be induced by
>100-fold. In summary, we have developed recombinant RNA switches enabling on-demand regulation of gene expression in response to an

established and safe drug.
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Introduction

Riboswitches allow ligand-dependent induction or inhibition
of gene expression by RNA-only mechanisms (1). Since these
systems do not rely on the presence of regulatory proteins,
they display several advantages such as decreased immuno-
genicity, a smaller genetic footstep and more robust control
of gene expression which are key features for next genera-

tion gene therapy applications (2,3). A large number of natu-
ral riboswitch classes binding a variety of ligands have been
found to control gene expression mostly in bacteria (1). While
the expression platforms that ultimately carry out the reg-
ulation vary in a modular fashion, the ligand-sensing ap-
tamer domains are highly conserved even between only dis-
tantly related species (4,5). Artificial riboswitches have been
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developed to control transgene expression not only in bacte-
ria but also in several eukaryotic model organisms (6-11). As
with their natural counterparts, different artificial expression
platforms can be combined with ligand-sensing aptamers, pro-
viding a certain degree of modularity. Most artificial systems
include de novo-generated ligand sensors such as the cb32-
minimer variant of the tetracycline-binding aptamer (12-14).
It has been shown that artificial riboswitches are suitable to
regulate recombinant adeno-associated virus (AAV)-mediated
transgene expression in mice, potentially improving safety
and precision of gene therapy (3,15-20). However, the reper-
toire of efficient riboswitches binding therapeutically relevant
ligands is currently limited to very few compounds such as
tetracycline (12,21,22). Although bacterial purine-binding ap-
tamer sequences have been implemented successfully in artifi-
cial riboswitch constructs and are functional in human cells,
in vitro-selected aptamers are still most commonly used for
synthetic designs (22-27).

Natural aptamers bind their respective ligands with high
affinity and specificity. However, structurally similar com-
pounds or derivatives have sometimes been shown to activate
riboswitches (28,29). In 2020, Breaker and coworkers identi-
fied the bacterial NMT1 RNA motif as a riboswitch respon-
sive to xanthine, later naming it the xanthine I riboswitch (30—
32). The NMT1 motif is present in several bacterial species in
the UTR of genes potentially involved in purine degradation,
such as the tauA gene from Serratia plymuthica (S. plymuth-
ica). The characterization by Yu et al. has been carried out
with this tauA sequence of the xanthine riboswitch (30). In
addition to its name-giving ligand, the xanthine I riboswitch
also responds to 8-azaxanthin and to a lesser extent to uric
acid. By solving the crystal structure of a modified tauA xan-
thine I aptamer in complex with xanthine, Xu et al. gained
insight into the structural basis for ligand recognition of this
riboswitch (33). It consists of a hairpin-like structure with two
stems (P1 and P2), separated by two junctions (J1 and J2). The
ligand is bound between J1, J2 and P1, coordinated by three
Mg?* ions and inserts between the A6 and G335 nucleobases
to form pi-stacking interactions.

During the mammalian purine salvage pathway, xanthine
is generated and converted by xanthine oxidase to uric acid,
which is in turn eliminated via the renal system (34). Since
higher primates lack uricase responsible for further degrad-
ing uric acid, human uric acid levels are higher than in most
mammals, which is one reason for the development of hyper-
uricaemia (35). A commonly used treatment of hyperuricemia
is the administration of allopurinol (Zyloprim®, Caplenal®,
Zyloric® and others). In humans allopurinol has a short half-
life (2 ~ 1h) and is rapidly metabolized to oxypurinol by
xanthine oxidase (Supplementary Scheme 1) (36). Oxypuri-
nol inhibits xanthine oxidase and thereby reduces uric acid
formation (37). Allopurinol was prescribed for treatment of
hyperuricemia over 15 million times in the US in 2021 (ranked
40th on the list of most prescribed drugs) and is included on
the WHO list of essential medicines (38,39).

We show herein that the xanthine I aptamer can be utilized
to engineer an artificial riboswitch that is triggered by oxy-
purinol. We show that oxypurinol binds to the xanthine I ap-
tamer with an increased Ky of 15.8 uM, compared to a Ky of
3.3 uM for the physiological ligand xanthine. A crystal struc-
ture of the oxypurinol-bound xanthine aptamer gives insights
into the molecular basis of this interaction. We then show that
the xanthine aptamer is well suited for the generation of ar-
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tificial riboswitches based on different expression platforms
in mammalian cells. Attachment of the aptamer sequence to
Hammerhead (HHR) ribozymes results in off-switches, while
the regulation of splice site accessibility of an alternative exon
generates on-switches. Finally, these on-switches were opti-
mized via new design strategies such as the addition of alter-
native stem structures, additional binding sites and splicing-
modulating quadruplex sequences, ultimately yielding syn-
thetic RNA switches with up to 130-fold induction of gene
expression by oxypurinol in human cell culture.

Materials and methods

In-line probing

The xanthine aptamer sequence was amplified with a T7 pro-
motor and a 20 nt hairpin sequence for improved visualization
of the relevant bases. After PAGE-Gel purification, ~80 pmol
of RNA was dephosphorylated with Shrimp Alkaline Phos-
phatase (NEB), labeled with [y-32P]-ATP (Hartmann Ana-
lytic) and PAGE-purified. In-line probings were performed as
previously described (40,41). [y-32P]-labeled RNA was incu-
bated with 20 mM MgCl,, 100 mM KCI and 50 mM Tris—
HCI (pH 8.3) and the ligand or 2% DMSO. Ligands (xanthine
and oxypurinol) dissolved in 100% DMSO (250 mM ligand
concentration), resulting in a maximum concentration of 2%
DMSO using 1 ul at the 10 pl in-line probing reaction with
the highest ligand concentration. The RNA fragments were
separated on a denaturing 8% PAGE-gel. The band pattern
was visualized in a phosphorimager (GE Healthcare Life Sci-
ences) and analyzed using Quantity One. The change in the
band intensity of G33 and A6 was quantified and normalized
to the band intensity corresponding to G14. Data points were
analyzed by a sigmoidal dose-response fit, setting the lowest
value as 0 and the highest value as 1.

Plasmid construction

The riboswitch sequences were inserted into psiCHECK-2
vectors, encoding Renilla luciferase (hRluc) and firefly lu-
ciferase (hluc+) via overhang extension PCR. The cassette
exon for splicing-based riboswitch design was inserted as
previously described (42). The exon-skipping switches were
modulating hluc + expression, while hRluc expression served
for transfection control. The splicing-cassette was inserted
in an mCherry/EGFP reporter via Gibson-Assembly (see
Supplementary Table S5 for primer sequences). In this de-
sign, the switches were modulating mCherry expression, while
EGFP served as transfection control. Aptazyme off-switches
were inserted into the 3'-UTR of hRluc and hluc + served
as internal control. All oligonucleotides were ordered from
Sigma-Aldrich. Plasmids were purified using a Zyppy Plasmid
Miniprep kit (Zymo Research).

Cell culture experiments

All cell lines were cultivated in Dulbecco’s modified Ea-
gle’s medium (Gibco DMEM, Fisher Scientific) supple-
mented with 10% (v/v) fetal calf serum and1% (v/v)
penicillin/streptomycin (Fisher Scientific) at 37°C in 5% CO;
humidified atmosphere. 24 h before plasmid transfection,
15 000 cells were seeded in 96-well plates. For transient trans-
fection, a Lipofectamine3000 kit (Thermo Fisher Scientific)
was used. Three wells were transfected for each condition and
construct, using 100 ng plasmid DNA per transfection. After
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incubation of 4 h at 37°C, the medium was replaced by Dul-
becco’s modified Eagle’s medium (Gibco DMEM, Fisher Scien-
tific) with oxypurinol dissolved in 1 M NaOH (200 mM stock
concentration, resulting in a 1:100 dilution for the preparation
of a2 mM oxypurinol sample, followed by neutralization with
1 M HCI). Xanthine, Azaxanthine, Hypoxanthine and Allop-
urinol were dissolved in 1M NaOH to a final stock concen-
tration of 100 mM. When applying uric acid, a new dilution
in 1M NaOH (final uric acid concentration of 50 mM) was
prepared prior to each experiment and used immediately. Af-
ter addition of the ligands to the medium, HCI was added for
neutralization. Controls were treated with Dulbecco’s modi-
fied Eagle’s medium, supplemented with 1 M NaOH and 1 M
HCL.

Dual luciferase assay

Twenty-four hours after transfection, luciferase expression
cells were measured using the Dual-Luciferase Reporter Assay
System (Promega) according to the manufacturer’s protocol.
The luminescence was quantified with a Spark multimode mi-
croplate reader (Tecan), applying a settling time of 0 ms and
an integration time of 2000 ms.

Fluorescence reporter assay

Cells were transfected with plasmids carrying the
mCherry/GFP constructs using a Lipofectamine3000 kit
(Thermo Fisher Scientific). 4 h post-transfection, the medium
was replaced as described above. Due to high background
fluorescence, untransfected cells were treated with medium
with or without oxypurinol. After twenty hours of incuba-
tion, cells were washed with PBS, covered with 100 ul PBS
and the fluorescence was detected with a Spark multimode
microplate reader (Tecan). The background values for EGFP
and mCherry were measured from non-transfected cells and
subtracted from all constructs prior to normalization.

RT-PCR and qPCR analysis

To evaluate the regulation of the riboswitches on the RNA
level, HeLa cells were transfected with the best-performing
construct (SP_double_anti_GQ) as well as the psiCheck plas-
mid without any riboswitch and a plasmid that contains the
splicing-cassette in the firefly gene and incubated the cells for
24 h in absence and presence of 2 mM oxypurinol. RNA
from the transfected cells was purified and then used for
RT-PCR with primers binding downstream and upstream of
the alternative exon as the previously described visualiza-
tion of the splicing pattern by Finke ef al. (42) RNA ex-
traction was performed using the Quick-RNA™ Miniprep
Kit (Zymo Research) according to the manufacturer’s instruc-
tions. To remove any residual DNA, an additional DNasel
treatment (Thermo Scientific™) was carried out, followed by
RNA purification using the RNA Clean & Concentrator-100
kit (Zymo Research). A total of 500 ng of purified RNA was
then reverse transcribed using random hexamers and the High
Capacity cDNA Reverse Transcription Kit (Applied Biosys-
tems) following the protocol (10 min at 25°C, 120 min at
37°C, 5 min at 85°C). For PCR, 1 ul of the resulting cDNA
was amplified (see Supplementary Table S5 for primer se-
quences) using Phusion Plus polymerase (New England Bio-
labs) with an initial denaturation at 98°C for 30 s, followed
by 30 cycles of 98°C for 10's, 60°C for 30 s and 72°C for 20 s,

with a final elongation step at 72°C for 7 min. The amplified
product was analyzed on a 2% (w/v) agarose gel.

We further performed a qPCR as described by Finke et al.
(42) using primers that bind exclusively to exon 1 to quantify
the firefly luciferase mRNA levels (see Supplementary Table S5
for primer sequences), previously designed and used by Beil-
stein et al. and Finke et al. (7,42) To confirm qPCR specificity,
we verified appearance of single peaks in the melt curve anal-
ysis and visualized the amplicons as single bands of the ex-
pected size on a 2% agarose gel. Cq values were determined
using Bio-Rad CFX Maestro 1.1 software. No-template con-
trols were included and each sample was run in technical du-
plicates. Data were analyzed using the delta-Cq method with
hRluc as the reference gene and mean mRNA levels were cal-
culated from three independent experiments.

Resazurin assay

HeLa cells were seeded in a 96-well plate (~15 000 cells/
well). After 24 h of incubation, the medium was replaced
by medium containing the ligands (oxypurinol, xanthine,
azaxanthine, hypoxanthine, at concentrations between 5
and 0.125 mM. Controls with medium (set to 100% viabil-
ity), medium supplemented with 1 M NaOH and 1 M HCl and
medium containing 5% Triton X-100 (negative control) were
added to the plate. 24 h after ligand addition, the medium
was replaced by resazurin containing medium (1:10 dilution
in medium, using a 0.55% (w/v) stock solution), followed
by an incubation time of 1 h. Fluorescence of resorufin was
measured at a Spark® multimode microplate reader (Tecan)
(Excitation: 530 nm, Emission: 590 nm). All resazurin assays
were performed in three individual experiments with technical
triplicates.

Statistical analysis

Statistical analysis was performed in Python 3.12.4 using
scipy.stats 1.13.1 package. P values were determined by a one-
way analysis of variance (ANOVA).

Isothermal titration calorimetry (ITC)

Isothermal titration calorimetry experiments were conducted
with a PEAQ ITC instrument (Malvern). 53 tauA or NMT1
RNA were buffer exchanged with protein desalting spin
columns (nThermo Scientific, cat #89849) equilibrated in 10
mM Tris pH 7.5, 10 mM KCl, 5 mM MgCl, Complete satura-
tion of 20 pM RNA was typically achieved by injecting 18 x 2
ul aliquots of 250 uM Oxypurinol or Xanthin at 25°C. The
thermodynamic binding parameters were extracted by nonlin-
ear regression analysis of the binding isotherms (PEAQ ITC
software, Malvern). A single-site binding model was applied
yielding the binding enthalpy (AH), stoichiometry (7), entropy
(AS) and association constant (K,). At least two independent
experiments were performed. A table with the results is shown
in Supplementary Table S3.

Crystallisation and crystal structure determination

Xanthine I riboswitch aptamer RNA (sequence 5'-
GGAGUAGAAG CGUUCAGCGGCCGAAAGGCCGC
CCGGAAAUUGCUCC-3') was synthesized at Axolabs
GmbH (Kulmbach, Germany) and subsequently purified by
HPCL. Crystals were obtained with xanthine aptamer RNA
in the presence of either xanthine or oxypurinol. RNA was
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Figure 1. The tauA xanthine aptamer from S. plymuthica motif RNA binds oxypurinol. (A) Sequence and secondary structure of the xanthine | aptamer
from S. plymuthica, numbering according to the ‘68 construct’ studied by Yu et al. (30). (B) PAGE gel analysis of an in-line probing reaction of
5'-32P-|abeled xanthine aptamer from S. plymuthica S13 with DMSO, 1 mM xanthine (Xa), H,O and oxypurinol 1:2 dilutions from 5 to 19.5 uM.
Untreated 5'-*?P-labeled RNA (precursor, P), T1 RNase (T1) digested or alkaline digestion (OH~) serve as controls. (C) Titration of oxypurinol (300 M) in
20 uM TauA aptamer RNA containing 53 nt of the upstream TauA sequence from S. plymuthica (30).

dissolved in water at a concentration of 1.4 mM and diluted
to 400 uM in buffer containing 50 mM HEPES, pH 7.0, 50
mM KCl, 5§ mM MgCl,. RNA was annealed by first heating
the sample for 5 min at 65°C before cooling on ice for 30
min. Ligands were dissolved in 10 mM sodium hydroxide
and added to RNA at a concentration of 6 mM. The RNA
and ligand mixture was incubated for 90 min on ice. Prior to
setting up crystallization trays the solution was centrifuged
for 10 min at 130 000 rpm at 4°C. Crystallization was
carried out in sitting drop format. Droplets were set up using
a Mosquito pipetting robot. 150 nl drops were pipetted using
RNA to reservoir volume ratios of 2:1, 1:1 and 1:2. Crystals
grew under various conditions. The xanthin co-crystals used
for structure determination grew in 12% 2-propanol, 0.2 M
calcium acetate, 0.1 M MES at pH 5.8 and 20°C. Oxypurinol
co-crystals grew in 0.1 M ammonium sulfate, 0.1 M sodium
chloride, 20% PEG 8000, 1 M sodium formate, 50 mM
Bis-Tris pH 7 and 4°C. Crystals were flash frozen in liquid
nitrogen after addition of 30% glycerol to the mother liquor.
Data were collected at the Swiss Light Source (SLS, Villigen)
on beamline PX2 and processed using XDS. The structures
were solved using molecular replacement (Phaser) with 7elr
(33) as the starting model. Model building was done in Coot
(43) and structures were refined with autoBUSTER (44).

Results

The bacterial xanthine-I riboswitch aptamer binds
oxypurinol

Due to their structural similarity, we hypothesized that oxy-

purinol could also bind to the bacterial xanthine I riboswitch.
To address this hypothesis, we analyzed the TauA motif from

S. plymuthica (30) in presence of xanthine and oxypurinol
via an in-line probing reaction and visualized the resulting
RNA fragments on a PAGE gel (Figure 1A, B). The addition
of oxypurinol exhibited a pronounced RNA/ligand interac-
tion and caused a surprisingly strong increase in the band
intensities at positions 4-10 with A6 being the most promi-
nent cleavage site. The bands at position 34 and 44-46 de-
creased in a similar fashion as with the addition of the natu-
ral ligand xanthine. Binding of oxypurinol seems to reorga-
nize the ribose and phosphodiester moieties at and around
position A6 into a conformation most favorable for in-line
attack, resulting in the drastically increased intensity of the
corresponding bands on the PAGE gel (Figure 1B). Quantifi-
cation of the relative intensities of A6 and G34 results in a Ky
of ~236 and 388 uM, respectively (Supplementary Figure S1).
Isothermal titration calorimetry (ITC) confirmed oxypurinol
binding and determined the binding thermodynamics (Figure
1C and Supplementary Table S3). Analysis of the resulting
data sets suggests 4.8-fold reduced affinity of the aptamer
for oxypurinol (Ky = 15.8 £ 0.4 uM) compared to xan-
thine (Kg = 3.29 £ 0.17 uM) (Supplementary Figure S2 and
Supplementary Table S3). The differences in the affinities ob-
tained by in-line probing analysis may be a result of the sub-
stantial RNA cleavage at position A6 causing an overall re-
duction in the longer RNA fragments.

Crystal structure of the aptamer-oxypurinol
complex

To elucidate the structural basis for oxypurinol binding by
the xanthine I aptamer, we solved co-crystal structures for
both xanthine and oxypurinol in complex with the aptamer.
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Figure 2. Co-crystal structure of the xanthine aptamer and oxypurinol.
(A) Superposition of the xanthin-bound 1 structure and the xanthin-bound
2 /oxypurinol-bound structure. A significant, crystal packing induced shift
of the tip region (G23-G27) is observed (green arrow). (B) Oxypurinol
(yellow carbon atoms, corresponding RNA structure with light grey
carbon atoms) is bound in a very similar fashion to xanthine (cyan carbon
atoms, corresponding RNA structure with dark grey carbon atoms,
superposition of 7elr with the oxypurinol co-structure reported herein).
Overall structure, fold and interactions of shown positions with the
neighboring nucleobases are conserved. The hydrogen bond to the
C2'-hydroxyl of the A6 ribose (dashed yellow line) is disrupted in the
complex with oxypurinol, resulting in a different conformation of the A6
ribose and phosphodiester moieties (green arrow).

Crystals obtained from the RNA-xanthin complex were iso-
morphous to the co-crystals described before (33). Our crys-
tals diffracted up to 2.0 A resolution, however, with a rela-
tively strong diffraction anisotropy (3.0 and 2.4 A in b and ¢
direction of the orthorhombic crystals) (Supplementary Table
S4). Structural findings were identical to the ones described
by Xu et al., including the geometry of the ligand binding
site. A second crystal form was obtained with a related but
distinct space group which contains one RNA complex in
the asymmetric unit and is more loosely packed and hence
diffracted to only lower resolution. Crystals of the oxypuri-
nol complex were obtained under identical conditions to the
second crystal form of xanthine/aptamer RNA co-crystals
(Supplementary Table $4). The crystals are of space group
1222 with cell constants a = 72.8 A, b = 85.1 A, c = 97.2
A and diffracted to 2.6 A resolution, again with a strong
anisotropic behavior (3.0 A in the other two crystal dimen-
sions). Comparison of the xanthine- and oxypurinol-bound
structures show an overall highly conserved fold (Figure 2).
The largest deviations are found in the loop region compris-
ing G23-G27, which appears to be more flexible relative to
the other parts of the aptamer structure. Due to the crys-
tal anisotropy, lower overall resolution and a high Wilson
B-factor, the ligand environment could not be resolved to a
similar level of detail compared to the xanthine co-structure
(Supplementary Figure S3). In particular, it was not possible to
model the hydration environment and magnesium ions. How-
ever, it is evident that oxypurinol binds to the xanthine bind-
ing site of the aptamer forming very similar hydrogen bond-

ing interactions with the adjacent nucleobases G10 and U40
and stacking interactions with A6 and G35. The N7 nitrogen
shifted to the 8-position in oxypurinol leads to a disruption of
the N7 hydrogen bond with the C2’-hydroxyl group of the A6
ribose that is found in the xanthine-RNA complex. Superpo-
sition of the two structures shows a slight lateral shift by 0.5
A of oxypurinol relative to xanthine and a shift of the C2’-
hydroxyl group to avoid an unfavorable proximity of the hy-
droxyl and the C7-H. Loss of this ligand-RNA hydrogen bond
is consistent with the observed five-fold reduction of binding
affinity of oxypurinol versus xanthine (45). The changed po-
sition of the C2’-hydroxyl group and the likely increased flex-
ibility resulting from the lack of the hydroxyl/ligand H-bond
explains the observation of the drastically increased cleavage
of the phosphodiester bond at and around position A6 in the
in-line probing experiment shown in Figure 1.

Design of artificial ribozyme- and exon-skipping
riboswitches with tauA aptamers

To exploit the possibility to bind to and potentially trigger ar-
tificial RNA switches with the xanthine analog oxypurinol or
its precursor drug allopurinol, we next examined whether con-
trolled gene expression in mammalian cells can be achieved by
utilizing the xanthine aptamer sequence as ligand-sensing do-
main. Artificial riboswitches have been reported to be mod-
ular with regards to an exchange of the ligand sensing ap-
tamer domains (8,24,46,47). To determine whether the xan-
thine I aptamer can be utilized as a ligand sensing domain on
riboswitch platforms for controlling transgene expression in
human cells, we connected the xanthine I aptamer via stem |
to a type I hammerhead ribozyme (HHR) (24,48), which re-
sulted in 3-fold off-switches (Supplementary Figure S4 and
Supplementary Note 1). While this result demonstrates the
utility of the bacterial riboswitch derived xanthine I aptamer
in constructing RNA-based genetic switches in a human cell
line, mM range concentrations of oxypurinol were necessary
to achieve this modest level of suppression. Based on this result
we turned our attention to the design of on-switches as these
are preferred for most applications and offered the prospect
of improved response to the effector.

In order to construct synthetic oxypurinol-responsive
riboswitches with improved properties we re-engineered
switches based on an expression platform that relies on ligand-
dependent exon skipping. In the past we have used such de-
signs for the construction of efficient tetracycline-dependent
on-switches (42). The design of the expression platform com-
prises two introns surrounding an alternative exon that con-
tains a premature stop codon that results in inhibited gene
expression in absence of the effector (49). The aptamer is
placed between the 5'-splice site and a complementary anti-
splice site, resulting in the formation of a stable stem upon
ligand binding. Masking of the 5'-splice site in presence of the
ligand provokes exon skipping and induces gene expression
(Supplementary Figure S5). We incorporated xanthine ap-
tamers from different bacterial species into the regulatory cas-
sette to evaluate sequence characteristics that are necessary for
a functional switch in this context (Supplementary Note 2). In
this context, four out of five tested xanthine aptamers led to
oxypurinol-inducible on-switches. The most effective switches
displayed dynamic ranges of ~3-fold and were obtained with
the aptamer of S. plymuthica and Inquilinus limosus (1. limo-
sus) (Supplementary Figure S5, Supplementary Table S1 and
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Supplementary Table S2). Taken together, we demonstrated
that bacterial xanthine aptamers are suited to construct syn-
thetic RNA switches in human cells responding to oxypurinol
employing both ribozymes and exon-skipping as expression
platforms.

Improving exon-skipping oxypurinol riboswitches

The riboswitches based on xanthine I aptamers from S. ply-
muthica and 1. limosus display a high level of gene expres-
sion in presence of oxypurinol, however, high background ex-
pression in absence of the ligand limits their switching per-
formance. We thus aimed for an improved design that would
prevent aptamer formation and masking of the splice site in
the ligand unbound state. A common mechanism in natural
riboswitches from bacteria is the formation of a terminator
stem that competes with the folding of the aptamer, leading
to the regulation of gene expression via antitermination in re-
sponse to ligand binding (50). We hypothesized that such an
additional stem could help to balance out the two anticipated
folds in absence and presence of the ligand.

To determine whether a rationally devised competing stem
is effective in our context to diminish unintended splice site
masking in absence of the ligand, we positioned additional
stem-loop sequences downstream of the aptamer. These anti-
stem sequences are designed to be partially complementary
to the anti-splice site to allow the mutually exclusive for-
mation of a stable stem and release of the splice site in ab-
sence of the ligand, while aptamer formation should be fa-
vored in presence of the ligand (Figure 3A). To improve the
design of the structure, base pairs were inserted at both ends
of the stem sequence, either adding to the part that reaches
into the aptamer sequence or elongating the stem (for details,
see Supplementary Note 3 and Supplementary Figure S6). In-
creased interference with the aptamer sequence leads to the
lowest level of gene expression, whereas elongation of the
stem loop results in less pronounced effects. With this, we

were able to design more efficient on-switches with lower
background expression and up to 11-fold dynamic range
(Figure 3B).

Partial folding of the aptamer and formation of the splice
site-masking stem P1 in absence of the ligand causes back-
ground gene expression, which was decreased by the intro-
duction of an additional stem, however, as it competes with
aptamer folding, the on-state is also affected. Next, we fused
stem P2 to a second xanthine I aptamer in order to decrease
the probability of aptamer folding without induction (for de-
tails, see Supplementary Note 4 and Supplementary Figure
S7). In presence of the ligand, folding of the second aptamer
should allow P2 formation, followed by ligand binding and
folding of the first aptamer, thereby creating cooperativity be-
tween both binding pockets. The best-performing riboswitch
with fused aptamers (1. limosus_double_4) has a similar low
background expression of ~10% but an unaffected on-state
of 130 %, causing an improvement of the dynamic range to
13-fold (Figure 4A, B).

Comparing the effects of aptamer fusion and anti-stem in-
sertion for optimization of the riboswitches, we found that the
incorporation of a competing strand provided the most effi-
cient background reduction. The fusion of two aptamers re-
sulted in a moderate decrease in background expression while
maintaining a high on-state, which led to an increased dispar-
ity in the level of gene expression between the induced and
non-induced states. To make use of both effects, we decided
to combine the designs by fusing the best-performing anti-
stem constructs with a second aptamer (Figure 5). The ad-
ditional reduction of the background and the increased dif-
ference between on-and off-level led to a strong improve-
ment of the dynamic range. Combination of the I. limo-
sus_anti_1 construct with the I. limosus_double_4 design
(IL_double_anti_2) results in a fold-change of 36-fold. Adding
a second aptamer from S. plymuthica to the anti-stem de-
sign (SP_double_anti) further reduces the background caus-
ing a dynamic range of > 40-fold. Mutating the binding
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sides of the SP_double_anti switch indicates that both pock-
ets are contributing to the improved switching-performance
(Supplementary Figure S8 and Supplementary Note 5).
Next, we wanted to optimize splicing of the alternative
exon in the uninduced state to minimize leakiness in absence
of the ligand. Introduction of an intronic G-quadruplex ad-
jacent to the 5’-splice site of the alternative exon has been re-
ported to enhance alternative splicing and to improve splicing-
based riboswitches (51,52). We added a G-quadruplex se-
quence 18 nucleotides downstream of the aptamer in the
best-performing construct (SP_double_anti, see Figure 6A,
B). The stable G-quadruplex sequence is originally located
in the pre-mRNA sequence of TAF135, a protein involved in
mRNA processing in neurons (53-55). The resulting switch
(SP_double_anti_GQ) still exhibits reduced exon-skipping in
presence of the ligand. However, in absence of oxypurinol,
gene expression is even further decreased resulting in an over-
all improved switching performance of 135-fold induction.
When increasing the ligand concentration, we observed an in-
crease in the obtained dynamic range up to 250 fold at a con-
centration of 5 mM oxypurinol (Figure 6C, assessment of the
cell permeability of oxypurinol see Supplementary Note 6).
To validate the mechanism on an RNA level, we performed
RT-PCR and gPCR after purifying the RNA from transfected
HeLa cells that were cultivated in absence or presence of 2
mM oxypurinol (Supplementary Figure S9, primer sequences
are shown in Supplementary Table S5). The results indicate ef-
ficient exon skipping in presence of the ligand and low back-
ground, as expected. Visualization of the RT-PCR products
on an agarose gel reveals a strong band corresponding to the
spliced product in the absence of oxypurinol. However, in

the presence of oxypurinol, a shorter fragment of approxi-
mately 150 bp appears, matching the size of the unspliced se-
quence. The relative firefly luciferase mRNA abundance was
determined via qPCR using primers that bind on the first fire-
fly exon. Similar mRNA levels were observed for the spliced
construct and SP_double_anti_GQ in the absence of oxypuri-
nol, while in the presence of oxypurinol, the mRNA levels in-
creased significantly. In order to address the selectivity of trig-
gering the riboswitch, we evaluated a series of purine analogs
with regard to concentration-dependent induction of gene ex-
pression. Xanthine, oxypurinol and 8-azaxanthine triggered
the SP_double_anti_GQ switch, with xanthine and oxypuri-
nol being the most effective inducers, resulting in fold changes
of up to 154-fold at 2 mM and 65-fold at 1 mM concentra-
tion. With 8-Azaxanthine an induction of ~80 fold is reached
at 2 mM. While addition of allopurinol did not result in
a detectable induction, a moderate induction was observed
with uric acid(30-fold at 2 mM) and slight induction with
hypoxanthine (~1.8-fold at 2 mM, see Figure 7A, B and
Supplementary Figure S11). However, the application of al-
lopurinol and uric acid may cause effects due to slight toxicity
within the applied range (Supplementary Figure S10).

We further tested the efficiency of the SP_double_anti_GQ
switch in different cell lines and an alternative reporter con-
struct, consisting of mCherry and EGFP (Figure 8). When
transfecting with the original luciferase construct, we ob-
served the highest on-switching effect in HeLa cells, which
was expected, since the system was optimized in this con-
text. Nevertheless, in HEK293T and H1299 cells, a dynamic
range of 40-fold and 56-fold, respectively, could be obtained
at 2 mM oxypurinol. When switching to the mCherry-GFP
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construct, the measurable efficiency in HEK cells was the high-
est (87-fold at 2 mM oxypurinol), while the obtained results
in HeLa cells were much lower (~28-fold at 2 mM). How-
ever, the off-state in this construct was always very close to
the background fluorescence and we thus consider the cal-
culated fold change as not very meaningful. In H1299 cells,
the dynamic range could not be calculated, since the mean
fluorescence in the off-state was lower than the measured
background fluorescence. In conclusion, we observed robust
switching performances in both other cell lines and with other
reporter genes.

Discussion

In this study, we show that the bacterial xanthine I riboswitch
binds oxypurinol and is suited for the construction of syn-
thetic RNA switches to control gene expression in human
cell lines. Oxypurinol-responsive switches based on a ham-
merhead ribozyme and alternative splicing platforms were de-
signed and characterized. Splicing-based oxypurinol switches
were optimized by introducing a competitor stem, a second
aptamer and a quadruplex sequence, ultimately yielding syn-
thetic riboswitches with up to 135-fold induction of gene ex-
pression. During the publication process Nomura et al. re-
ported the optimization of the AC17-4 riboswitch via com-
peting stems, which proves the transferability of the concept in
the context of splicing-based riboswitches (56). Riboswitches
enabling efficient protein-independent regulation of gene ex-
pression offer new opportunities as tools in basic research,
biotechnology as well as future gene therapies. In particular,
the last application requires riboswitch systems that are trig-
gered by ligands that have favorable pharmacological proper-
ties for human use.

Prior to this work, mostly tetracycline aptamers have been
employed for the design of riboswitches in eukaryotic expres-
sion systems and model organisms such as in human cells, C.
elegans and mice (9,20,42,57). Combinations of tetracycline
aptamers with exon-skipping expression platforms allow ef-
fective regulation (42). Recently, a highly optimized tetracy-
cline switch system was reported by placing a polyA-signal
into a Y-shaped scaffold made up by three aptamers that addi-
tionally control a G-quadruplex-assisted splice site (52). How-
ever, the antibiotic activity of tetracycline poses the risk of side
effects and the development of antibiotic resistance. Strate-
gies for the development of riboswitches responsive to more
favorable ligands mainly focused on the implementation of
in vitro-selected aptamers (58).

Consideration of naturally occurring aptamers, which have
been optimized by evolution to bind their cognate ligands with
high affinity and selectivity, holds promise for expanding the
available repertoire of ligand sensing aptamer domains. No-
tably, some bacterial riboswitches exhibit a responsiveness to
non-natural derivatives of their cognate ligands that some-
times results in an antibiotic effect (59-61). For example, the
thiamine pyrophosphate (TPP) riboswitch is also triggered by
derivatives such as pyrithiamine (62,60). We exploit a previ-
ously unrecognized promiscuity of the natural xanthine ap-
tamer. The switches developed here have been optimized to
a level that shows initial induction of gene expression at ap-
proximately 100-250 uM oxypurinol (Figure 6). Compara-
ble serum/plasma concentrations of oxypurinol have been
reported in patients treated for hyperuricemia (63,64). Nev-
ertheless, for potential uses in therapeutic applications the
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presented switches will need further optimization due to the
moderate fold changes within this range. The natural ri-
boswitch ligand xanthine occurs as an endogenous metabo-
lite in purine catabolism (Supplementary Scheme 1). How-
ever, xanthine levels are usually <2 uM (635). Thus, intracel-
lular levels of xanthine are not expected to reach concentra-
tions that trigger the presented riboswitches. In addition, the
affinities of uric acid and hypoxanthine for the xanthine I ri-
boswitch aptamer are comparably low (30) and did not trig-
ger pronounced induction of gene expression at physiological
concentrations(Figure 6A). By employing a well-known, non-
toxic and non-antibiotic drug, the switches developed in this
study offer robust and efficient tools for the mammalian syn-
thetic biology community, enabling precise cellular applica-
tions without adversely affecting cell viability. Although the
synthetic oxypurinol-inducible RNA switches appear to be
selective, applications in therapeutic approaches require op-
timization in order to achieve higher sensitivities, i.e. more
stringent induction of gene expression at lower oxypurinol
concentrations.
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