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Abstract: Fluorescent light-up RNA aptamers (FLAPs)
such as Spinach or Mango can bind small fluorogens and
activate their fluorescence. Here, we adopt a switching
mechanism otherwise found in riboswitches and use it to
engineer switchable FLAPs that can be activated or
repressed by trigger oligonucleotides or small metabo-
lites. The fluorophore binding pocket of the FLAPs
comprises guanine (G) quadruplexes, whose critical
nucleotides can be sequestered by corresponding anti-
FLAP sequences, leading to an inactive conformation
and thus preventing association with the fluorophore.
We modified the FLAPs with designed toehold hairpins
that carry either an anti-FLAP or an anti-anti-FLAP
sequence within the loop region. The addition of an
input RNA molecule triggers a toehold-mediated strand
invasion process that refolds the FLAP into an active or
inactive configuration. Several of our designs display
close-to-zero leak signals and correspondingly high ON/
OFF fluorescence ratios. We also modified purine
aptamers to sequester a partial anti-FLAP or an anti-
anti-FLAP sequence to control the formation of the
fluorogen-binding conformation, resulting in FLAPs
whose fluorescence is activated or deactivated in the
presence of guanine or adenine. We demonstrate that
switching modules can be easily combined to generate
FLAPs whose fluorescence depends on several inputs
with different types of input logic.

Introduction

Biomolecular fluorescent reporters are powerful tools with a
wide range of applications in cell biology, molecular biology,
and biomedicine. Over the past decades, in particular the
green fluorescent protein (GFP) and its derivatives have

been broadly utilized in bio-labeling and imaging,[1]

biosensing,[2] the exploration of signaling pathways[3] and the
characterization of gene circuits.[4] With the recent develop-
ment of RNA-based fluorescent light-up aptamers (FLAPs)
such as Spinach,[5] Mango,[6] Corn,[7] RhoBAST,[8] and
others,[9] the scope of fluorescent reporters has been
considerably widened. The Spinach aptamer can bind the
small fluorogen DFHBI (3,5-difluoro-4-hydroxybenzylidene
imidazolinone) and thereby increase its fluorescence quan-
tum yield by roughly thousandfold (with an emission wave-
length of λem=501 nm), while Mango binds to the thiazole-
orange derived TO1-biotin fluorogen, leading to a similar
increase in fluorescence at λem=535 nm. Compared to
fluorescent proteins, FLAPs only need to be transcribed
from a DNA template and do not require translation or
maturation, which makes their dynamics potentially much
faster. As functional RNA molecules, they are ideally suited
for applications in RNA sensing or as readouts for RNA-
based gene circuits. However, they typically suffer from a
lower stability and signal intensity in vivo.
Based on crystallographic studies,[10] FLAPs such as

Spinach, Mango or Corn all share three basic structial
motifs: i) two G-quadruplex platforms, ii) a triplex lid, and
iii) an in-plane guanine, which together assemble a binding
pocket for the fluorogen[9] (Figure 1d). In addition, a
potassium ion is required to stabilize each G-quadruplex.
The fluorogen is bound to the binding pocket through non-
covalent interactions between its functional groups and the
RNA residues. Given the importance of the G-quadruplex
motif for the FLAPs, various studies previously attempted
to develop switchable FLAPs as biosensors by controlling
the folding of the G-quadruplex and the overall fluorogen-
binding conformation. For instance, FLAPs can be designed
as fusion aptamers (Figure S1), combined with other sensor
units such as RNA aptamers,[11] riboswitches,[12] reverse
complementary sequences[13] and antigens,[14] and coupled to
in situ amplification methods such as the hairpin chain
reaction.[15] Upon binding to their cognate targets (small
metabolites, RNA, proteins), a structural rearrangement is
induced that brings the FLAPs into the stabilized fluorogen-
binding conformation. Following a different strategy, folding
of split-FLAPs into a fluorescently active conformation can
also be facilitated by ligand binding.[16]

In the present work, we sought to utilize switching
mechanisms derived from naturally occurring riboswitches
to develop FLAPs from fluorogenic aptamers such as
Spinach and Mango that can be switched using short RNA
triggers and small metabolites (adenine and guanine) as
inputs. Riboswitches are functional RNA elements present
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in the 5’ untranslated region (UTR) of mRNAs, where they
regulate downstream gene expression based on the inter-
action with small metabolites.[17] They are composed of two
functional domains—the metabolite-binding domain (an
RNA aptamer structure) and the “expression platform”,
which can switch between two alternative conformations in
the free and metabolite-bound states.[18] For instance, in a
translational “ON switch”, in the ligand-free state of the
riboswitch the ribosome binding site (RBS) is base-paired
with an anti-RBS sequence in the expression platform, thus
preventing translational initiation by the ribosome and
translation starting at the start codon AUG. Upon ligand-
binding, the aptamer domain undergoes a conformational
change, which results in the sequestration of the anti-RBS
sequence by an anti-anti-RBS, making the RBS and start
codon accessible to the ribosome, and thus activating protein
expression from the downstream open reading frame (Fig-
ure S2). We adopted this switching principle to realize
FLAPs, in which the folding of the FLAP aptamer is
controlled by the presence of an adjacent anti-FLAP
sequence. We found that anti-FLAP sequences that seques-
ter the critical guanine nucleotides of the FLAPs can
prevent the folding of the fluorogen-binding conformation
very efficiently, resulting in an extremely low leak signal and
thus a very high dynamic range. In the case of ON-
switchable FLAPs, an anti-anti-FLAP sequence is initially
sequestered in an alternative secondary structure. Refolding
of the structure can be promoted by an RNA trigger
molecule, which releases the anti-anti-FLAP through a

toehold-mediated strand displacement (TMSD) process[19]

similar as in gene regulatory toehold switches.[20] Upon re-
folding, the anti-FLAP sequence is bound by the anti-anti-
FLAP, allowing the FLAP to fold into its fluorogen-binding
conformation. Alternatively, the anti-FLAP sequence can
be hidden within the secondary structure of a purine
aptamer,[21,22] which allows to activate the FLAP by the
presence of either adenine or guanine. OFF-switchable
FLAPs are designed accordingly by initially sequestering the
anti-FLAP sequence, and releasing it upon RNA or ligand
binding. In our experimental setting, the FLAPs are tran-
scribed from their corresponding gene templates in the
absence or presence of triggers, and fluorescence is moni-
tored during in vitro transcription (IVT). We also demon-
strate switchable FLAPs with two-input logic, whose
fluorescence output depends on the presence of two differ-
ent triggers. Several of our designs of RNA switchable
FLAPs display essentially zero intrinsic leak and can be
switched by freely choosable input RNAs, and are thus well-
suited to act as reporters for in vitro RNA circuits and
nucleic acid amplification schemes.

Results and Discussion

RNA-switchable FLAPs based on TMSD

Our initial goal was to engineer switchable FLAPs with high
ON/OFF signal ratios that are activated through binding to
small trigger RNAs. To this end, we designed switchable
toehold aptamers by augmenting the original FLAP with a
toehold hairpin (TH) at its 5’ end containing a 14 nt long,
single-stranded toehold region and a 16 bp long stem (Fig-
ure 1). Inspired by the structure of riboswitches, we placed a
regulatory sequence within the loop region of the toehold
hairpin, which was designed to interact with a specific
downstream sequence. The designs of the switchable
Spinach and Mango aptamers are completely analogous, and
we here first focus on the Spinach aptamer. In the case of
the Spinach activator (Figure 1a, Figure S3), in the absence
of a trigger RNA the toehold hairpin sequesters an anti-
anti-Spinach (AAS) domain (generally, an “anti-anti-
FLAP” domain), while an anti-Spinach (AS) sequence base-
pairs with critical nucleotides of the Spinach aptamer to
form the stem of the anti-Spinach hairpin (ASH). For the
design of the FLAP sequences, we adjusted the folding free
energies of critical secondary structural elements using the
nucleic acid analysis tool NUPACK.[23] The folding free
energy of the ASH (ΔGASH) is designed to be lower than the
free energy of the lower stem P1 of the Spinach aptamer
(ΔGSpinach-P1= � 17.48 kcalmol

� 1). In the absence of trigger,
the formation of the G-quadruplexes and thus binding of
DFHBI is disabled (OFF state). In the presence of trigger
RNA, the toehold hairpin is opened via TMSD, releasing
the AAS sequence, which can base-pair with the AS
sequence and thus form a stable anti-anti-Spinach hairpin
(AASH). The free energy of the AASH (ΔGAASH) is chosen
intermediate between the free energies of ASH and TH
(ΔGTH<ΔGAASH<ΔGASH). The conformational rearrange-

Figure 1. Overview of fluorescent light-up aptamers switched by RNA
inputs via toehold-mediated strand invasion. a) Scheme of the switch-
ing process of a toehold-Spinach activator. The activator comprises a
toehold hairpin (TH) and an anti-Spinach hairpin (ASH), which
prevents folding of the Spinach aptamer into an active conformation.
In the presence of trigger RNA, an anti-anti-Spinach hairpin (AASH) is
formed, and Spinach can fold correctly. b) Conversely, a toehold-
Spinach repressor comprises a toehold hairpin and a Spinach aptamer.
In the presence of trigger RNA, an ASH is formed, preventing
formation of the Spinach aptamer. c) Secondary structure of the
Spinach aptamer. Red circles indicate critical guanines involved in G-
quadruplex formation, while blue letters indicate nucleotides involved
in triplex lid formation. The box marks the lower stem of the aptamer.
d) Schematic image of the binding pocket highlighting G-quadruplexes
and triplex lid, bases are numbered as in (c).
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ment restores the G-quadruplexes, which facilitates binding
of the DFHBI fluorogen and thus activates fluorescence
(ON state). We also designed toehold-Spinach repressors
(Figure 1b), which use a similar switching process to inhibit
the formation of the binding pocket for the fluorogen. In
this case, the TH loop is used to sequester the anti-Spinach
sequence. In the absence of trigger RNA, the Spinach
aptamer correctly folds. In the presence of trigger RNA, the
TH is unfolded, releasing the AS, which in turn leads to the
formation of the anti-Spinach hairpin and thus inhibition of
fluorogen binding (OFF state).
To fine-tune the switching behavior of the toehold-

Spinach activators, we designed and tested five different AS
sequences that sequester different sub-sets of the nine
critical guanine nucleotides of the Spinach aptamer (Fig-
ure 2a). In order to assess their performance, we transcribed
both switch RNA and trigger RNA in the presence of 20 μM
of fluorogen using the same DNA template concentration
(10 nM) using an IVT mix (cf. Experimental Section and
Supporting Information) and simultaneously measured the
fluorescence signal. Anti-Spinach sequence #1 can base-pair

with the first eleven nucleotides of the lower stem sequence
of the Spinach aptamer (in this case none of the critical
guanines is targeted), while anti-Spinach #2 and #3 target
the loop region of the Spinach aptamer (nucleotides 10 to
34), including 5 critical guanines and a uracil that participate
in the formation of the G-quadruplex bases and the triplex
lid (cf. Figure 1d). In addition, anti-Spinach #4 and #5 can
bind to the critical nucleotides in the range from 61 to 86,
which is close to the 3’ end of the aptamer. As shown in
Figure 2a, in the OFF state—in the absence of trigger—
fluorescence is tightly suppressed for all versions. Notably,
for guanine-sequestering versions #2, #3, #4 and #5 the signal
is indistinguishable from the fluorescence of a blank
measurement containing only transcription mix and DFHBI.
Among these versions, #3 provided the highest ON signal in
the presence of trigger RNA, corresponding to an ON/OFF
ratio of �22 under the conditions of this co-transcriptional
experiment. FLAP #3 sequesters all three critical guanines
on the 5’ side of the Spinach aptamer, which appears to be
favorable for refolding upon activation. FLAP #4, sequester-
ing four guanines closer to the 3’ end of Spinach appears to
be less performant in comparison. This may be attributed to
the larger distance between the anti-anti-Spinach sequence
in the TH at the 5’ end and the ASH. We also studied the
switching behavior of FLAP #3 using other experimental
settings, either by co-transcribing switch and trigger RNA or
using purified RNA components, and found ON/OFF ratios
ranging between 20 and over 200 (Figure S4, note that the
theoretical maximum would be �1000, which is given by the
increase in quantum yield when DFHBI binds to Spinach[9]),
indicating that experimental conditions can be further
optimized for sensor applications.
For the toehold-Spinach repressors, we similarly de-

signed five variants with different AS sequences (Figure 2b).
Anti-Spinach #1 and #2 were designed to sequester the
sequence of lower stem P1 close to the 5’ end of the Spinach
aptamer and thus prevent its folding. Anti-Spinach #1 also
includes a part of the linker sequence between the toehold
hairpin and the aptamer, and resulted in the highest ON/
OFF ratio among the five studied AS sequences. Anti-
Spinach #2 also targets the lower stem P1, but exhibits
higher leakage in the OFF state than anti-Spinach #1,
leading to a lower ON/OFF ratio. Other variants such as
anti-Spinach #3 (targeting two critical guanine nucleotides)
and anti-Spinach #5 (targeting the 3’ end of lower stem P1)
resulted in lower ON/OFF ratios or, as in the case of anti-
Spinach #4 (targeting five guanines), did not perform at all.
The reduced performance of the repressors compared to the
activators is expected and is similar as observed for
riboregulator switches. Whereas the activators will always
have a very low OFF state due to the co-transcriptional
sequestration of a critical subsequence of the fluorogenic
aptamer, repressors initially fold into an active fluorescent
state, unless they are de-activated by trigger RNA co-
transcriptionally. The latter process is expected to be
inefficient, however, for typical RNA trigger concentrations,
and thus a considerable leak signal is unavoidable.
We analogously applied our design approach to the

Mango aptamer[6] which also folds into a G-quadruplex

Figure 2. Relative fluorescence intensities obtained from different
toehold-Spinach activators (a) and repressors (b) that utilize different
anti-Spinach sequences in the presence or absence of trigger RNA,
respectively. Sequestered critical guanine nucleotides of the Spinach
aptamer are highlighted in red (cf. Figure 1c). The heights of the bars
are obtained as the mean of three independent replicates, the error
bars represent their standard deviation (s.d.). In a), activators #3 and
#5 displayed zero fluorescence above background in the absence of
trigger RNA, and therefore the ON/OFF ratio was not calculated. The
statistical significance of the difference between the trigger RNA+ and
the trigger RNA- condition was determined via Welch’s t-test,
** indicates a p-value<0.01.
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topology, in which it binds to its specific fluorogen TO1-
biotin (Figure S5). As for the Spinach aptamer, we designed
five toehold-Mango activators comprising different anti-
Mango (AM) sequences to target sub-sequences of the
mango aptamer (Figure S6). In contrast to the Spinach
aptamer, AM variants #1 and #5 that sequestered the stem
of the Mango aptamer close to the 5’ or 3’ end performed
better than those variants (#2–#4) targeting the loop region
containing the critical nucleotides. We also designed five
variants of a toehold-Mango aptamer repressor, of which
again only those targeting the Mango stem (#1, #5) resulted
in switching. The RNA-switchable Mango aptamers gener-
ally performed less than the Spinach versions, which we
attribute to the lower KD for the complex of Mango with
TO1-biotin (�3 nM) compared with the Spinach-DFHBI
complex (�300 nM),[9] presumably leading to a higher leak
signal in the OFF state.

Switchable FLAPs based on purine aptamers

Purine aptamers consist of a three-way junction structure in
which three stems (P1–P3, cf. Figure 3c) surround a central

core that contains several critical nucleotides for ligand
binding.[21b,24] The P2 and P3 stems can interact via long-
range loop-loop interactions even in the absence of ligand,
which along with the core forms a preorganized binding
pocket that enables rapid ligand binding (Figure 3d).[22]

In the context of a riboswitch, once the aptamer binds its
ligand, quadruplex interactions within the central core and
the P1 stem are further stabilized, preventing the disassem-
bly of the aptamer and rearranging the secondary structure
of the downstream sequence. In this work, we modified the
P1 stem of the guanine and adenine aptamers to achieve
switching of FLAPs in the presence of purines (Fig-
ure 3a & b, Figure S7). The stability of the P1 stem affects
the free energy of formation of the ligand-binding pocket.
We therefore designed a series of structures, in which the P1
stem was modified to contain different AS or AAS
sequences, each comprising six bases complementary to
specific downstream sequences. The critical nucleotides of
the guanine or adenine aptamers that participate in loop-
loop interaction and binding pocket formation were left
untouched. In the case of the guanine-Spinach activator
(Figure 3a), in the absence of guanine the AS sequence
base-pairs with the Spinach aptamer to form a stable ASH,
which prevents folding of the Spinach G-quadruplexes and
fluorogen binding (OFF state).
To ensure proper switching, the folding free-energy of

the ASH was designed to be lower than that of the
preorganized, ligand-free guanine aptamer structure
(ΔG(G-free)) and of the P1 stem of the Spinach aptamer (i.e.,
ΔGASH<ΔG(G-free) and ΔGASH<ΔG(spinach-P1)). Upon ligand
binding, the guanine aptamer is stabilized
(ΔG(G-bound)<ΔGASH), suppressing the formation of the ASH
and thus activating Spinach folding and fluorescence (ON
state). Conversely, in the case of the guanine-Spinach
repressors, we inserted an AAS into the P1 stem of the
guanine aptamer, which can form a stable AASH and thus
—in the absence of guanine—allow the formation of the
Spinach G-quadruplexes (ON state). As above, the folding
free energy of the AASH is designed to be lower than ΔG(G-

free) and ΔGASH. Ligand binding stabilizes the aptamer and
the AAS sequence is sequestered within its P1 stem, which
in turn results in the formation of an anti-Spinach hairpin
(OFF state). For all guanine-Spinach switch designs, we
utilized the anti-Spinach sequence #1 developed for the
toehold-Spinach switches, and fine-tuned the free-energy of
the guanine aptamer P1 stem to optimize the switching
performance. As shown in Figure 4a, we designed four P1
versions for the guanine-Spinach activators, of which two
(#1 and #2) were comprised of 8 bp (resulting in a folding
free energy > � 10 kcalmol� 1), while versions #3 and #4
comprised an additional base-pair in the stem (and a free
energy below � 10 kcalmol� 1). We again tested the guanine-
Spinach activators in IVT reactions using ligand concen-
trations of 20 μM (DFHBI) and 0 μM or 50 μM of guanine,
respectively. We found that with co-transcriptional ON/OFF
ratios of �12 and �23 the short stem versions #1 and #2
performed considerably better than the two other versions,
which exhibited relatively high leak signals. The leak is
likely caused by the higher stability of the P1 stem in

Figure 3. Guanine-dependent Spinach switches. a) Scheme of the
switching process for the guanine-Spinach activator. In the OFF state,
critical nucleotides of the Spinach aptamer are sequestered in the anti-
Spinach hairpin (ASH). In the presence of guanine, the binding pocket
of the guanine aptamer is stabilized and the anti-Spinach sequence is
sequestered in its P1 stem. Hence, the Spinach aptamer can fold, bind
to DFHBI and activate its fluorescence. The transcription process is
also indicated as its kinetics determines the time window during which
the ligand can bind, which is given by the time between the formation
of the guanine binding pocket (see panels (c) & (d)) and the formation
of the anti-spinach hairpin. b) In the guanine-Spinach repressor, in the
absence of guanine the anti-Spinach sequence is bound in the anti-
anti-Spinach hairpin (AASH). In the presence of guanine, the AS
sequence sequesters critical nucleotides of the Spinach aptamer and
thus de-activates it. As in panel a), binding of guanine is assumed to
occur co-transcriptionally. c) Secondary structure of the guanine
aptamer with the P1, P2 and P3 stems indicated. Nucleotides critical
for the function of the aptamer are colored in red. The “N” nucleotides
in the P1 stem (highlighted in the green box) were varied for the design
of the guanine-switchable FLAPs. d) Scheme of the tertiary structure of
the guanine ligand binding pocket involving loop-loop interaction
between the P2 and P3 stems.
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versions #3 and #4, whose formation competes with the
folding of the anti-spinach hairpin and might stabilize the
active Spinach conformation also in the absence of guanine.
In the case of the guanine-Spinach repressors, four design
versions with different P1 stem sequence were investigated
(Figure 4b). Repressor version #2 with an internal mismatch
in the P1 stem performed worst in terms of leak signal in the
OFF state, but had the highest fluorescence signal in the ON
state, resulting in an ON/OFF ratio of �15. All other
designs with more stable stems showed a lower leak, but
displayed a reduced ON-fluorescence, indicating the mis-
match is required to facilitate refolding of the secondary
structure.We applied the same design principle to develop
ligand-dependent Spinach switches based on an adenine
aptamer derived from a riboswitch found in many Gram-
positive bacteria,[25] resulting in several performant adenine-
sensing activators and repressors (Figure S7).

Logic gate construction by using switchable FLAPs

We next sought to combine several of the toehold- and
ligand-controlled FLAPs to create two-input switches with
various types of input logic. To this end, we developed a
design strategy, in which the folding of the Spinach aptamer
structure was influenced by introducing switchable domains
at both of its 5’ and 3’ ends.
To achieve AND gate behavior, we combined the

Spinach aptamer with two toehold-Spinach activator do-
mains (Figure 5a). Each activator includes an ASH which
sequesters critical nucleotides of the Spinach aptamer and
prevents folding of its G-quadruplexes. Only in the presence
of the two cognate RNA triggers as inputs, each module is
activated by TMSD, the G-quadruplexes are restored and
fluorescence is activated. Similarly, we also combined two
toehold-Spinach repressor modules with the Spinach ap-
tamer to sequester its critical nucleotides either from the 5’
end or 3’ end, resulting in NOR gate behavior (Figure 5b).
Accordingly, the combination of an activator and a

repressor module on the same FLAP platform results in a
logic NIMPLY (=A AND (NOT B)) gate (Figure 5c).
Notably, in this case we observed an appreciable leak signal
in the presence of both trigger RNAs, indicating that
inhibition by the repressor module at the 3’ end was
incomplete. As fluorescence was monitored during in vitro
transcription of the switchable FLAP, it is likely that folding
of a fraction of the Spinach aptamers was promoted by the
activating trigger before the repressing trigger could bind to
the repressor module. We also created an AND gate by
controlling the Spinach aptamer with both a guanine- and an
RNA-dependent activator (Figure 5d). Such or similar gates
may play a role in the evaluation of diagnostic rules, which
can be formulated as logical expressions, such as the
detection of cancer-related miRNA patterns.[26]

In summary, we have successfully developed and charac-
terized switchable fluorescent light-up aptamers (FLAPs),
which can be switched using trigger RNAs or purine ligands.
Our switchable FLAPs combine structural features of
natural riboswitches with the switching mechanism of
synthetic riboregulators. This approach allows the realiza-
tion of both ON and OFF switches with a performance that
compares favorably with previously developed switchable
Spinach aptamers.[27] In our designs, we inserted a regulatory
RNA sequence into the loop region of a toehold hairpin
which could be switched by toehold-mediated strand dis-
placement, inducing the formation of a secondary structure
in which the fluorogenic aptamer is either activated (for ON
switches) or de-activated (OFF switches). Importantly, the
sequence of the toehold-region and the stem—and thus the
trigger RNA—can be freely chosen and is not constrained
by the aptamer sequence itself. In order to demonstrate the
modularity and orthogonality of our design, we studied the
crosstalk between eight toehold-Spinach activators with
orthogonal trigger RNAs. As shown in Figure S8, the
switches exhibit highly orthogonal switching behavior,
indicating the potential for application in the detection of
natural RNA sequences.

Figure 4. Fluorescence intensities obtained for different versions of
guanine-Spinach activators (a) and repressors (b) that utilize different
P1 stem sequences in the presence of 0 μM or 50 μM guanine,
respectively. Shown are the mean values of for three independent
measurements, error bars represent their s.d. (statistical significance of
the differences was determined via Welch’s t-test, **p-value <0.01).
The corresponding P1 sequences are shown on the right. Conserved
nucleotides are colored in red, variable nucleotides are shown in blue.
Sequestered nucleotides of the Spinach aptamer are shown in green,
while anti-Spinach nucleotides are colored yellow. A sequence mis-
match on the P1 stem is highlighted with a black box. The blue bars
indicate the background level of a blank measurement containing TX
mix and DFHBI.
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Using a similar strategy, we have also shown that FLAPs
can be rendered into riboswitch-inspired aptamer switches,
in which the binding of a small molecule ligand influences
the formation of the fluorogenic aptamer. In contrast to
recent work, in which the adenine riboswitch was re-
purposed into an allosteric light-up aptamer using a SELEX
approach,[12b] we re-modeled the variable sequences on the
P1 stem of the guanine or adenine aptamers into specific AS
and AAS sequences, resulting in strong fluorescence
suppression in the OFF state and improved ON/OFF ratios.
Purine aptamers have a characteristic preorganized ligand-
binding structure. Previous studies revealed that several
nucleotides contributing to the formation of the ligand-
binding site have a major influence on the KD of ligand
binding.[28] Aside from these nucleotides, the free energy of
folding of the preorganized structure affects the stability of
the ligand-binding site, and thereby influences the refolding
process of the downstream structure. We found that when
the free energy of the purine aptamer domain of our switch
is below � 18.00 kcalmol� 1, it is capable of sequestering the
AS sequence even in the absence of its ligand. We hence
fine-tuned the free energy of the P1 stem to influence the
refolding of the ASH and the KD of ligand binding.

Interestingly, for both guanine and adenine Spinach
switches, the ON/OFF ratios did not have a clear correlation
with the free energy of the P1 stem, suggesting a more
complex competition between the formation of the ASH
and the ligand-binding pocket.
Our design approach also allows for control over the

folding of the FLAP using two distinct toehold hairpins
attached to the 5’ and 3’ end, resulting in two-input logic
control of fluorescence activation by two independent RNA
inputs. We also developed a two-input switch that is
activated by a small ligand and a trigger RNA, using
combination of the guanine-Spinach switch and the toehold-
Spinach switch. While the AND gate activators with two
RNA inputs displayed almost ideal behavior, logic gates
involving repressor modules or guanine as an input were
slightly leaky, as would be expected from the behavior of
the individual switches. In principle, our general approach
should be applicable also to other fluorogenic aptamers
containing “critical nucleotides”. A potential approach to
extend our two-input gates to larger numbers of inputs could
be the utilization of multi-arm junctions as input modules, as
previously demonstrated for translational toehold
riboregulators.[29]

Figure 5. Design and characterization of two-input logic gates based on toehold-Spinach and guanine-Spinach switches. a) A two-input AND gate
is realized with two toehold-Spinach activators at the 5’ and 3’ termini of the Spinach aptamer. Each activator module is composed of a toehold
hairpin and an ASH. Binding of input Triggers A and B opens their respective toehold hairpins and restores the Spinach aptamer. b) A two-input
NOR gate is composed of two toehold-Spinach repressors at its both ends. Binding of either Trigger A or B leads to the disruption of the Spinach
aptamer. c) A NIMPLY gate combines an activating and a repressing input module, leading to activation of fluorescence only in the presence of
Trigger A as indicated. d) An AND gate with hybrid input composed of a guanine-Spinach activator and a toehold-Spinach activator. The presence
of guanine stabilizes the purine aptamer at the 5’ end, while RNA Trigger A leads to a refolding of the structure at the 3’ end, resulting in AND gate
input logic as indicated. The fluorescence outputs of all gates are shown as the mean values of background subtracted fluorescence levels for three
independent measurements, error bars represent their s.d.
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With potential in vivo sensing applications in mind, we
also engineered the Broccoli aptamer into a switch, which is
known to display greater in vivo stability in bacteria. Such a
switch indeed appears to be functional in E. coli, albeit with
a moderate ON/OFF ratio of �4 (Figure S9). To further
demonstrate the potential for applications in diagnostic
RNA sensing, we also designed FLAPs that respond to
RNA sequences derived from the SARS-CoV-2 genome,
which were pre-amplified with the isothermal amplification
Scheme NASBA[30] (Details in the Supporting Information,
Figure S10).

Conclusion

In conclusion, we have demonstrated that the molecular
architecture of riboswitches and riboregulators can be
adopted to realize switchable fluorescent light-up aptamers
which are controlled by one or several RNA or small
molecule inputs. The resulting switches show very low OFF
signals, which in several cases is indistinguishable from
background. Notably, our design allows a complete decou-
pling of the inputs from the FLAP sequence, which is
essential for the realization of sensor or biocomputing
applications without any sequence constraints. Some of the
features of our switches can be easily understood—e.g.,
leaky signals in OFF states in cases where the RNA
structures are too weak, or the loss of “switchability” in
cases, where one of the alternative structures becomes too
strong. Nevertheless, rational design of switches for low
OFF signals and high dynamic range remains challenging.[31]

We anticipate that further optimization of such switchable
RNA structures may benefit from recent machine learning
approaches,[32] and incorporation of “community-based”
knowledge.[33]
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