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ABSTRACT

Regulatory RNA molecules have been widely in-
vestigated as components for synthetic gene cir-
cuits, complementing the use of protein-based tran-
scription factors. Among the potential advantages
of RNA-based gene regulators are their compara-
tively simple design, sequence-programmability, or-
thogonality, and their relatively low metabolic bur-
den. In this work, we developed a set of riboswitch-
inspired riboregulators in Escherichia coli that com-
bine the concept of toehold-mediated strand dis-
placement (TMSD) with the switching principles of
naturally occurring transcriptional and translational
riboswitches. Specifically, for translational activa-
tion and repression, we sequestered anti-anti-RBS
or anti-RBS sequences, respectively, inside the loop
of a stable hairpin domain, which is equipped with
a single-stranded toehold region at its 5 end and
is followed by regulated sequences on its 3’ side.
A trigger RNA binding to the toehold region can in-
vade the hairpin, inducing a structural rearrangement
that results in translational activation or deactivation.
We also demonstrate that TMSD can be applied in
the context of transcriptional regulation by switching
RNA secondary structure involved in Rho-dependent
termination. Our designs expand the repertoire of
available synthetic riboregulators by a set of RNA
switches with no sequence limitation, which should
prove useful for the development of robust genetic
sensors and circuits.

INTRODUCTION

RNA-based gene regulation mechanisms play an impor-
tant role in many biological contexts such as in the con-
trol of metabolic (1,2) and developmental processes (3,4), or
in immune response (5,6), and they are found both among
prokaryotes and eukaryotes, and even in viruses (7). Mecha-
nisms such as CRISPR and RNAi are based on protein com-

plexes that require the participation of non-coding RNA
molecules (cr/tracrRNA (8) or siRNA/miRNA (9), respec-
tively) to interfere with gene expression at the transcrip-
tional or translational level.

Utilized mainly in bacteria, riboswitches are cis-acting
regulatory RNA elements that involve complex folded
RNA domains in the 5-untranslated regions (UTR) of
mRNA molecules, which can change their conformation in
response to the presence of small metabolites (10). Most
riboswitches contain an aptamer region as the recognition
domain for the metabolite, which is followed by an expres-
sion platform that controls gene expression either by termi-
nating transcription prematurely or by sequestering the ri-
bosome binding site (RBS) sequence to inhibit translation
initiation. When small metabolites such as guanine (11,12),
adenine (13), or vitamin B12 (14) bind to the aptamer re-
gion, they trigger a rearrangement of the aptamer struc-
ture, which allosterically induces a conformational change
in the expression platform, thus altering the expression of
the downstream mRNA sequence (Supplementary Figure
Sla) (15).

Inspired by such small-molecule dependent RNA regula-
tors, over the past decade a range of synthetic RNA-based
regulatory systems have been developed. Such regulators
have already been applied in metabolic pathway engineer-
ing (16), in the construction of synthetic gene circuits (17),
for the development of biosensors (18,19), in vivo sensors
(20,21) and regulators for inducible gene expression (22,23).
RNA based gene regulation provides several advantages,
which make it particularly interesting for such synthetic
applications. Due to the inherent sequence programmabil-
ity of RNA secondary structural elements, RNA switches
can be rationally designed and optimized for orthogonal-
ity (19,24), which is further supported by the availability of
a wide range of computational tools for sequence design
(25,26) prediction of thermodynamic properties and even
molecular dynamics (27,28). Compared to protein-based
regulators, RNA regulators also represent a relatively low
metabolic burden for the host organism (29,30), which is
advantageous when scaling to larger systems.

Among the recently engineered synthetic riboregula-
tors, ‘toehold switch riboregulators’ (or briefly ‘toehold
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switches’) employ a tochold-mediated strand displacement
process (31), which had previously been developed in
the context of dynamic DNA nanotechnology (32,33).
Toehold-mediated strand displacement (TMSD) utilizes the
presence of a short, single-stranded DNA or RNA sequence
(the ‘toehold’) to enable efficient initiation of a strand dis-
placement process, in which an ‘invader’ strand (carrying a
sequence complementary to the toehold) displaces an ‘in-
cumbent’ strand from a duplex (34-36). In the context of
toehold switch riboregulators, a 14 nt long toehold domain
is attached at the 5’ end of an RNA hairpin that sequesters
the RBS of an mRNA molecule. A trigger RNA, which is
sequence-complementary to the toehold and stem sequence,
can invade the hairpin structure by TMSD, resulting in
the release of the RBS and thus activation of translation
(31,37).

Compared to a different approach towards RNA-
dependent riboregulators developed earlier (38), utilization
of the toechold strategy allowed to increase the dynamic
range of the switches by more than an order of magnitude
and also enabled the development of large sets of mutually
orthogonal regulators (Supplementary Figure S1b). This,
in turn, enabled the development of multi-input logic gates
based on toehold switches (39). Apart from translational ac-
tivation, TMSD recently was also successfully applied to the
development of translational repressors (40). Recently, pre-
diction of toehold-switch performance was also shown to
be amenable to a deep learning methodology (41).

In an alternative approach, Chappell et al. developed
RNA transcriptional activators (termed small transcrip-
tion activating RNAs, or STARSs), which exploit anti-sense
RNAs to regulate the formation of an intrinsic transcrip-
tional terminator located upstream of a reporter gene
through a strand invasion process (42). Both approaches
- toehold switches and STARS - can be combined to cre-
ate heterogeneous RNA regulators that exert control over
gene expression both at the transcriptional and transla-
tional level, and thus potentially increase the overall dy-
namic range of the regulation process (43).

In contrast to most naturally occurring riboswitches, toe-
hold switches and STARS take RNA molecules as their
input, and are thus ‘sequence-programmable’. This prop-
erty has been used for the development of in vitro biosen-
sors for the detection of viral nucleic acids (37,44), single-
nucleotide variations (45), and other analytes (46). Toehold
switches could even be shown to respond to the expres-
sion of the endogenous sSRNA RyhB in E.coli (31). Apart
from the detection of nucleic acids, RNA-responsive ele-
ments naturally lend themselves as components for genetic
circuits (39), as they can be ‘wired up’ rationally based on
their nucleotide sequences, and accordingly a large variety
of sequence-orthogonal elements can be designed (31,39).

Current designs for synthetic, RNA-triggered riboregu-
lators still exhibit certain shortcomings such as leaky trans-
lation in the OFF state and sequence constraints for the
trigger RNAs, respectively. These issues compromise the
dynamic range and orthogonality of these components,
which poses a challenge for the further development of ge-
netic circuitry composed of larger numbers of RNA regula-
tors, and also their potential use as sensors of endogenous
RNA molecules. In the present work, we therefore sought
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to further expand the repertoire of rationally designed toe-
hold regulators whose RNA inputs can be freely chosen.
We applied the TMSD principle to a variety of mecha-
nisms of translational and transcriptional regulation, which
were inspired by the architecture of naturally occurring ri-
boswitches, and thus combined functional elements of syn-
thetic and natural gene regulators.

The overall design of our riboregulators is characterized
by a toehold hairpin structure at the SUTR, which in-
cludes an anti-sense or anti-anti-sense sequence within the
loop that is complementary to a functional sequence do-
main further downstream, followed by an expression plat-
form. Binding of a trigger RNA at the toehold induces an
allosteric rearrangement of the switch domain via TMSD,
which either leads to premature termination of transcrip-
tion or to sequestration of the RBS and hence repres-
sion of translation initiation (Supplementary Figure Sic).
The switching process is thus similar to that found in ri-
boswitches, but it is induced by an RNA input rather than
by a small molecule. We find that our design strategy in-
deed provides a viable approach to reduce the sequence con-
straints on the trigger RNA molecules, as the sequence for
the toehold hairpin structure responsible for the initial al-
losteric rearrangement can be chosen freely.

Next to translational activators and repressors, we real-
ized transcriptional activators based on interference with
the formation of an intrinsic terminator. Of note, we were
also able to demonstrate RNA regulators that utilize a Rho-
dependent mechanism, which also allowed the realization
of a transcriptional repressor. Combination of translational
and transcriptional control on a single transcript enabled
the implementation of a genetic NOR gate with an overall
enhanced ON/OFF ratio. At present, however, operation
of our switches required the relatively high RNA levels pro-
vided by transcription with T7 RNA polymerase, limiting
their application to synthetic gene circuitry.

MATERIALS AND METHODS
RNA structure design

We designed the riboswitch-inspired toehold riboregula-
tors by combining a modified toehold switch structure (31)
with rationally designed regulatory sequences. Initially, we
adopted sequences for the toehold and stem region (30
nt in total), which had previously shown excellent in vivo
performance (with ON/OFF ratios of 665 and 557, re-
spectively, and proven input orthogonality) (31). We then
modified the original toehold hairpin structure by remov-
ing the uppermost base-pairs in the stem (which were not
opened through TMSD in the original design) to increase
the refolding efficiency. We then put a sequence domain
targeting one of the regulatory downstream sequence ele-
ments (i.e. RBS, t22 terminator, or rut) into the loop re-
gion and adjusted this sequence to prevent stacking within
the loop region. The loop sequences were typically cho-
sen to be partially complementary to the targeted sequence
and to additional 2-3 nt on their 5 sides. These sequence
domains were included to act as internal toeholds to in-
crease refolding efficiency. We calculated the free energy of
each structural domain of the riboregulator to guarantee
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the thermodynamic favorability of a secondary rearrange-
ment induced by TMSD, including the free energy of toe-
hold hairpin (AGtoehold,hairpin); anti'hairpin (AGami-hairpin)a
and anti-anti-hairpin (AGang-anti-hairpin)- S€quences for the
hairpin were designed to follow the order: AGiochold_hairpin
< AC‘anti-anti-hairpin < AC}ami-hairpin and AC'toeholdjlairpin <
AGangi-hairpin- All RNA structures were designed and simu-
lated using NUPACK (39) and RNAfold from ViennaRNA
Web Services (40). All AG terms were calculated using NU-
PACK at 37°C with the default parameter set (Serra and
Turner, 1995). We adjusted the length of the stem of toe-
hold hairpin (12 nt- 16 nt) and the free toehold region (14
nt-18 nt) to maintain the stability of the toehold hairpin.

Plasmid construction

All DNA oligonucleotides were purchased from Eurofins
Genomics Germany. Each toehold switch hairpin was PCR
amplified from the template annealed from DNA oligos
(Supplementary Data - Primer list). Toehold riboregulators
and triggers were both controlled by a T7 RNA polymerase
promoter. Sequences for the trigger RNA molecules were
coded on the same plasmids as the toehold riboregulators.
All plasmids were constructed using the 3A assembly (47)
method and blunt-end cloning (48) (Supplementary Materi-
als). Purification of all PCR products was performed using
a Monarch@® PCR & DNA Cleanup Kit (NEB). Recom-
binant plasmids were purified using a mini-prep kit (QI-
Aprep®) Spin Miniprep Kit, QITAGEN).

Bacterial cell culture

Recombinant plasmids were transformed into chemically
and electrically competent E. coli cells:

Turbo NEB (gInV44 thi-1 A(lac-proAB) galE15 galK16
R (zgb-210::Tn10)TetS endAl fhuA2 A(mcrB-hsdSM)S,
(rK-mK-) F'[traD36 proAB + laclq lacZAM15]) were used
for cloning using a standard protocol, while BL21 DE3 (F-
ompT gal dem lon hsdSB(rB-mB-) rnel31) were used for
gene expression. Experiments were performed for three bi-
ological replicates collected over separate days. All cloning
strains (Turbo NEB) were grown in LB medium (Carl
Roth), while the expression strains (BL21 DE3, NEB) were
grown in 5 mL M9 minimal medium (5 x M9 minimal salts,
1 mM thiamine hydrochloride, 0.2% Casein hydrolyzate, 2
mM MgSOy, 0.1 mM CaCl,, 20 mM glucose) in conical
tubes (50mL), with appropriate antibiotics at 37°C for dif-
ferent time durations. (See also Supplementary Data - Ex-
perimental procedures).

Total RNA extraction

Total RNA for quantitative PCR (qPCR) experiments was
extracted from E. coli by using a TRIzol reagent (Invitro-
gen™) RNA isolation protocol. For each biological repli-
cate, a single colony was picked from an LB agar plate of an
overnight transformation and precultured in 500 pl of M9
medium containing the appropriate antibiotics for several
hours until the ODyg reached a value of 0.5. Volumes of 10
wl each of the precultured cells were added to Conical Tubes
containing 4985 wl (1:500 dilution) of antibiotic containing

M9 medium and grown for 4 to 5 h under the same incuba-
tion condition until the ODgqo reached the value 0.5. Then
to each culture 5 pl of 1M IPTG was added (1:1,000 dilu-
tion) to induce the expression of T7 RNA polymerase, fol-
lowed by further incubation for 3h. After culture, cells were
collected from a 1.5 mL volume by centrifugation at 1,000
g. for 5 min. After discarding the supernatant, the remain-
ing cell pellet was suspended in 1 mL of TRIzol reagent and
homogenized by pipetting, followed by incubation at room
temperature for 5 min. Cell debris was removed by centrifu-
gation at 12,000 g for 2 min. Samples were then transferred
into new 2 mL tubes, 200 pl chloroform (Carl Roth) was
added and the samples were mixed for 20 s and incubated
at room temperature for 3 min. After incubation, the sam-
ples were centrifuged for 10 min at 12,000 g at 4°C, and
400 wl of the aqueous layer containing the RNA was trans-
ferred into a fresh 1.5 mL tube. 500 pl isopropanol (Carl
Roth) were added to the aqueous phase, the sample was in-
verted and incubated at room temperature for 10 min and
then centrifuged for 10 min at 14,000 rpm at 4°C. After cen-
trifugation, the supernatant was discarded, the remaining
pellets were properly washed in 1 mL of pre-cooled 70%
ethanol (Carl Roth) and centrifuged for 2 min at 14,000 rpm
at 4°C. The remaining supernatant was discarded and the
samples were dried at room temperature. 40 wl of RNase-
free ddH,O were added to resuspend the pellets for further
digestion.

DNase treatment of total RNA extracts

Purified total RNA samples were treated with DNase 1
(NEB) with reaction buffer for 1h to remove the remaining
plasmid and genome DNA. After digestion of the DNA,
0.5 M EDTA solution (Invitrogen™) were added to sam-
ples (1:100 dilution) to prevent Mg>* dependent RNA hy-
drolysis. DNase I was denatured by heating at 75°C for 10
minutes. The RNA samples were further purified using an
RNA-clean up kit (NEB). The concentration and quality
of the purified total RNA samples were quantified via the
260/280 and 260/230 ratios using a Nanodrop 8000 spec-
trophotometer (Thermo Fisher).

Normalization of total RNA, reverse transcription and gPCR
measurements

The concentrations of the purified samples were determined
with the Nanodrop 8000 spectrophotometer, and then di-
luted to 500 ng/pl of total RNA in 10 pl RNase-free
ddH20. 1 pl of diluted total RNA, 0.5 wl of 10 wM reverse
transcription primer (Supplementary Table S1), 2 wl of 10
mM of dNTPs (New England BioLabs) 5X Reverse Tran-
scriptase Buffer (biotech rabbit) and RNase-free ddH,O
(up to 18.5 pl) were incubated for 5 min at 65°C and cooled
on ice for 5 min. 1 pl of RevertUP II reverse transcriptase
(biotech rabbit), 0.5 wl of Murine RNAse inhibitor (NEB)
were then added, and the solution was incubated at 55°C for
1 h, 80°C for 5 min and then stored at — 20°C. qPCR was
performed using 5 pl of Lunar gPCR master mix (NEB), 1
pl of cDNA and 0.5 pl of 0.5 puM mCherry qPCR primers
(Supplementary Data - Primer list) and up to 10 pl RNase-
free ddH,O (dilute cDNA if necessary). A iQ™ 5 real-time



PCR machine (BIO-RAD) was used for data collection us-
ing the following PCR program: 95°C for 2 min, followed
by 30 cycles of 95°C for 15 s and 60°C for 35 s. All of
the measurements were followed by melting curve analysis.
Strips of 8 Thermo-Tubes in White & Clear Caps (Thermo
Fisher) were used for all measurements. Results were an-
alyzed using iQ™ 5 software (BIO-RAD). To quantify the
relative abundance of cDNA concentration, a 5-point stan-
dard curve covering a 10,000-fold range of quantified lin-
ear DNA concentrations was measured and used to deter-
mine the relative mCherry cDNA abundance in each sample
(Supplementary Data - Figure S12). Non-template controls
were run in parallel to each measurement to check contami-
nation and nonspecific amplification or primer dimers. Ad-
ditionally, gPCR was performed on total RNA samples to
confirm that no DNA plasmid was detected under the same
conditions. Melting curves were recorded to confirm that
only a single product was amplified.

In vitro characterization in a cell-free expression system

All cell-free gene expression reactions were performed us-
ing an in vitro protein synthesis kit (PURExpress®), NEB)
using the standard protocol. In experiments, 10 nM plas-
mid DNA (final concentration) was expressed in triplicate.
25 pl of each cell-free reaction mixture was transferred to
a 384-well plate (BRAND®)), covered with a plate seal
(Microseal®), BIO-RAD) and placed on a CLARIOstar(®)
plate reader. The temperature was controlled at 37°C, and
mCherry fluorescence was measured (EX: 570 nm, EM: 630
nm) every 5 min for Sh.

Absorbance and fluorescence measurements and analysis

We transformed recombinant plasmids containing toehold
riboregulators into E. coli electro competent cell (BL21
DE3, NEB) using a standard protocol. E. coli cells were cul-
tured on LB agar plates containing 100 pg/ml antibiotics at
37°C overnight. Three colonies were picked and cultured in
M9 medium (500 1) for 4h, followed by a subculture in 5
ml M9 medium in a centrifuge tube (50 ml). Cells were then
cultured in a shaking incubator at 37°C for 4-5h until the
absorbance (ODg(g) reached a value of 0.5. Subsequently,
ImM IPTG wwas added to the cell culture to induce the
expression of T7 RNA polymerase. After overnight cul-
ture, 250l of cell culture was transferred to a 96-well plate
(IBIDI 96-well square black) and their fluorescence and
ODgpp was measured using a microplate reader (CLAR-
I0star®), BMG LABTECH) with the following settings:
Excitation/Emission wavelength: 570-20/630-40 nm; Gain
value: 1000; focus height: 2.4 mm.

Data were analyzed using MARS data analysis soft-
ware (BMG LABTECH). ODgyy and fluorescence values
for each replicate were first corrected by subtracting the
values of a blank measurement with pure culture medium.
The ratio of the absorbance-normalized fluorescence in-
tensities (Fluorescence/ODygo) was then calculated for the
replicates. We calculated mean relative fluorescence inten-
sities values from the replicates, error bars given in the fig-
ures represent the standard deviation (s.d.). The ON/OFF
ratio (for activation or repression) for each toehold riboreg-
ulator was calculated by dividing the relative fluorescence
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intensities of the corresponding ON and OFF states. A
Welch’s t-test was calculated to determine statistical signif-
icance (P < 0.05 or 0.01) between different experimental
conditions. Flow cytometry measurements were performed
using a BD FACSMelody™ instrument. Cells were diluted
(1: 500) into phosphate buffered saline (PBS) and then sam-
pled from the cuvette. Error levels for the fluorescence mea-
surements for cells in the ON and OFF states were calcu-
lated from the standard deviation of three biological repli-
cates. Data were analysed using FlowJo 10.1r1 software
(FLOWIJO) (cf. Supplementary Methods - Fluorescence
and absorbance measurements with microplate reader and
Flow cytometry, and Supplementary Figure S13).

RESULTS
Riboswitch inspired control of translation initiation

Studies of the secondary structure of naturally occur-
ring translational riboswitches have consistently shown
(11,49,50) that in the absence of ligands, the RBS of the ex-
pression platform is either completely free or completely se-
questered by an anti-RBS sequence within a duplex, thus al-
lowing or precluding binding of the ribosome, respectively.
In the absence of its ligand, the aptamer module of a ri-
boswitch masks the corresponding anti-RBS or anti-anti-
RBS sequence, resulting either in an ‘OFF’ or an ‘ON’ ri-
boswitch. In an OFF switch, binding of a ligand to the
aptamer induces a refolding process that releases the anti-
RBS, enabling interactions with the complementary RBS
and thus switching the expression platform into the OFF
state. In a ON switch, ligand binding releases the anti-anti-
RBS, which in turn sequesters the anti-RBS and thus makes
the RBS available for ribosome binding. The utilization
of anti-sense RBS sequences in natural riboswitches con-
tributes to the relatively low leak expression of the con-
trolled genes, which usually play an important role in cel-
lular metabolism.

For our synthetic riboregulators, we replaced the ri-
boswitch aptamer domain by a toehold hairpin whose
switching via TMSD induces refolding of the expression
platform. The toehold hairpin contains an unpaired cis-
acting regulatory sequence (either an anti-RBS or anti-anti-
RBS), which avoids any sequence constraints for the RNA
trigger input.

Our designs for translational activators (ON switches)
and repressors (OFF switches) are shown in Figures 1 and
2, respectively (cf. Supplementary Figure S2a & b). The
translational activators consist of a 5’ toehold hairpin with
an anti-anti-RBS sequence in the loop, followed by differ-
ent anti-RBS hairpin (AARH) loops. Our AARH design
termed anti-RBS stem_1 is derived from the E. coli thiM ri-
boswitch (51), which sequesters the RBS in the OFF state of
the switch. We varied the ‘natural’ design to include differ-
ent loop sizes and stem structures (anti-RBS stem_2-4). In
each case, activating trigger RNA molecules can bind to the
14 nt long toehold and break up the first hairpin via TMSD.
The anti-anti-RBS sequence exposed by this process binds
to the anti-RBS sequence, releasing the RBS and thus fa-
cilitating translation initiation of the downstream mCherry
reporter. A short unpaired region was added between toe-
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Figure 1. Design and characterization of riboswitch-inspired toehold-riboregulator controlling translational activation. (A) Scheme of a toehold riboreg-
ulator that activates translation initiation in response to trigger RNA input. In the absence of a trigger RNA (grey), the toehold hairpin (TH) confines
an anti-anti-RBS sequence (purple) within its loop region. The RBS (blue) is sequestered within an anti-RBS hairpin (ARH) by an anti-RBS sequence
(yellow), which prevents binding of the ribosome. Trigger RNA can initiate a TMSD process at the toehold (light blue), which releases the anti-anti-RBS
sequence. The RBS sequestration hairpin is unfolded by the released anti-anti-RBS sequence and forms an anti-anti-RBS hairpin (AARH), which in turn
exposes the RBS to the ribosome and allows translation of the mCherry readout (red) to proceed. (B) Predicted secondary structure and total free energy
of each anti-RBS hairpin - the RBS sequence is highlighted in green. (C) Relative fluorescence intensities from in vivo measurements in the ON and OFF
state for each anti-RBS hairpin, respectively. (D) Relative fluorescence intensities obtained in cell-free experiments with riboregulators in the ON and OFF
state, respectively. For both the relative fluorescence/OD and fluorescence intensity data, Welch’s t-tests were performed for each construct; *P < 0.05,
indicating conditions where the fluorescence/OD and fluorescence intensity for the trigger RNA + condition is statistically significantly different from that
of the trigger RNA-condition. Error bars represent the standard deviation (s.d.) for biologically independent samples.
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of anti-RBS hairpin (ARH) and sequestration of the RBS and thus translational repression. (B) Predicted secondary structure and total free energy
of the anti-RBS hairpin. The RBS sequence is highlighted in green. (C) Relative fluorescence intensities in the ON and OFF state of the translational
toehold repressor measured in vivo. (D) in vitro relative fluorescence intensities of the translational toehold repressor in its two states measured in a cell-free
expression system. For both relative fluorescence/OD and fluorescence intensity data, Welch’s t-tests were performed on each construct; *P < 0.05 and
**P < 0.01 indicate conditions where the fluorescence/OD and fluorescence intensity for the Trigger RNA + condition is statistically significantly different
from that of the trigger RNA- condition. Error bars in c, d represent the s.d. from at least three biologically independent samples.
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hold hairpin and anti-RBS hairpin to support the refolding
of the anti-anti-RBS hairpin.

Thermodynamically, the TMSD-driven refolding process
of our toehold riboregulators is driven by the free energy
difference (AAGs) between the conformations attained in
the ON and OFF states. In order to ensure switchability of
our RNA constructs, we adjusted the folding free energies of
the RNA structural motifs present in the absence and pres-
ence of a trigger RNA molecule. For example, translational
activators in the OFF state (in the absence of a trigger RNA)
include a toehold hairpin (AGtg = —22.30 kcal/mol) and
an anti-RBS hairpin (AGaryg = —7.80 kcal/mol). The sum
of the free energies of these motifs has to be lower than
the alternatively folded anti-anti-RBS hairpin (AGaary =
—15.00 kcal/mol) (Supplementary Figure S2 a). Binding of
trigger RNA binding followed by TMSD disrupts the toe-
hold hairpin to form a stable double stranded region (AGyg;
= —47.38 kcal/mol < AGty + AGary), which prompts the
formation of the anti-anti-RBS hairpin.

For consistency, we designed the toehold hairpins of all
of our riboregulators with the same loop size (15 nt) to en-
sure similar behavior during the initial TMSD process. By
contrast, the stem lengths and loop sizes of the anti-RBS,
anti-terminator and anti-rut sequence domains depend on
the downstream target RNA sequences and were adjusted
individually to meet the design rules and ensure an overall
AAG < 0.

In order to assess the in vivo performance of the trans-
lational activator, its components were cloned into a re-
combinant plasmid and studied in experiments with E. coli
BL21 DE3 in M9 medium. Both trigger RNA and toe-
hold riboregulators were put under the control of T7 RNA
polymerase. In order to activate the riboregulators, IPTG
(ImM) was added to an E. coli cell culture, which resulted
in expression of T7 RNA polymerase (RNAP) by the E.coli
BL21 DE3 bacteria. In fact, we found that transcription by
T7 RNAP was crucial for the performance of the switches.
Experiments with a weaker E.coli promoter led to worse
performance or even loss of function (cf. Supplementary
Figure S16 and Discussion).

Upon activation, the activator derived from the thiM ri-
boswitch displayed a relatively low leak and an ON/OFF
ratio of &~ 3.2, while our best-performing design (anti-
RBS stem_2) had a higher leak, but an ON/OFF ratio
of ~ 3.8 (Figure 1¢) (Supplementary Materials - Experimen-
tal procedures). Interestingly, anti-RBS stem_3 containing
two mismatches in the stem shows a very strong leak and
reduced activity in the presence of trigger rather than acti-
vation, while the most stable AARH anti-RBS stem_4 had
a very low leak, but could not be activated. In addition, we
also tested our translational activator (anti-RBS stem_1) in
LB medium and the performance (ON/OFF ratio ~ 3.5,
Supplementary Figure S17) is similar as in minimal media.

We also tested our translational riboregulators in an E.
coli-derived cell-free expression system (PURExpress®)) to
compare their performance with the in vivo results. To this
end, linear DNA templates containing toehold riboregula-
tors and triggers were added to the cell-free system, and
fluorescence intensities were measured with a microplate
reader (Methods & Supplementary Methods - In vitro pro-
tein expression in cell-free system). The in vitro results were

in line with the in vivo experiments, but tended to show
a slightly better performance in terms of ON/OFF ratios.
The best performing AARH (anti_RBS stem_2) exhibited
an ON/OFTF ratio of ~ 4.9 (Figure 1d).

We wish to note that the measured ON/OFF ratios are
highly dependent on the experimental details. When as-
sessed using the same experimental workflow, the perfor-
mance of our translational activators is comparable to that
of other previously developed riboregulators (31) (cf. Dis-
cussion).

In the case of our translational repressors, we utilized an
anti-RBS to bind the RBS after refolding of the switch with
the aim to prevent undesired ribosome invasion in the OFF
state and thus improve translational repression. In the ‘ON
state’ of the repressor (Figure 2a), the anti-RBS sequence
is initially located in the loop of the toehold hairpin, leav-
ing the RBS freely accessible for ribosome binding and thus
allowing translation of the mCherry reporter. Upon bind-
ing of the trigger RNA and strand invasion into the toe-
hold hairpin, the anti-RBS sequence is released, followed
by sequestration of the RBS (Figure 2b) and thus repres-
sion of translation initiation of the mCherry reporter. To en-
sure proper switching, the free energy of the toehold hairpin
(AGty = —23.10 kcal/mol) was designed to be lower than
the alternatively folded anti-RBS hairpin (AGar = —15.90
kcal/mol). In the translational ON state, i.e. in the absence
of trigger, the anti-RBS sequence is thus safely sequestered
within the loop of the toehold hairpin (Supplementary Fig-
ure S2b). Corresponding in vivo experiments for the transla-
tional repressor resulted in ON/OFF ratios of ~ 2.7 (Figure
2¢, while in vitro experiments with the repressor resulted in
a slightly better ON/OFF ratio of ~ 4 (Figure 2d).

Intrinsic terminator dependent transcriptional termination.
A variety of naturally occurring riboswitches are based
on the control of transcriptional termination. We there-
fore sought to apply our approach also to the development
of toehold-mediated transcriptional terminators or anti-
terminators (Figure 3, Supplementary Figure S3a & b). The
structures of the transcriptional activators (Figure 3a & e)
each comprise a toehold hairpin and an intrinsic termina-
tor whose sequence is derived from the late terminator 22
from phage P22 (47). The #22 terminator releases an RNA
transcript at a critical guanine nucleotide located eight nu-
cleotides away from the terminator stem. Mutating the criti-
cal guanine was previously found to result in increased tran-
scriptional readthrough.

In our first design, termination can be interrupted by
an anti-terminator sequence, which initially is sequestered
within the loop of the toehold hairpin (Figure 3a). When
an activating trigger RNA invades the toehold hairpin via
TMSD, the anti-£22 sequence (the sequence on the anti-£22
stem_1) is exposed in the nascent RNA and can thus hy-
bridize to a 5’ subsequence of the 22 terminator (Figure 3b)
and form an anti-z22 hairpin (ATH). In our second design,
anti-z22 stem_2 also includes the complementary sequence
of the 722 sequence near its 3’ end, which contains the crit-
ical guanine nucleotide of the 722 terminator (Figure 3f).
Binding of trigger RNA results in a refolding of the RNA
structure, after which the critical guanine is also sequestered
within the stem of the anti-t22 hairpin (Figure 3¢). In each
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case, transcriptional elongation is expected to proceed after
refolding.

As shown in Figure 3¢ and g, in vivo experiments with E.
coli BL21 DE3 carrying plasmids with the components of
the two transcriptional activators exhibited ON/OFF ra-
tios of ~ 2.3 and ~ 3.1, respectively, indicating that the
‘critical G” design indeed performs better than the simpler
anti-t22 stem_I design. As an alternative means of estimat-
ing the switching efficiency, quantitative PCR (qPCR) was
used to characterize the steady-state level of all toehold-
mCherry mRNAs in the presence and absence of trigger
RNAs in E. coli (Figure 3d & e, Supplementary Data - Ex-
perimental procedures, Quantitative PCR). In terms of fully
transcribed mRNAs, our transcriptional activators showed
ON/OFF ratios of 2.0 and 2.2, confirming that control is
exerted at the transcription level.

Rho-dependent transcriptional termination. Next to tran-
scriptional riboregulators that target intrinsic terminators,
we also attempted to control Rho-dependent termination
processes. In E. coli, about half of the factor-dependent ter-
mination processes are Rho-dependent, and they are typ-

ically associated with genes involved in metabolism and
metabolic control (52-54). Termination factor Rho (55,56)
is a homo-hexameric RNA chaperone that binds to nascent
RNA by recognizing the Rho utilization sequence (rut site)
and aborts transcription by pulling the RNA away from the
RNAP and DNA template.

A well-studied example of a Rho-dependent termination
process is found in the E. coli tryptophanase (tna) operon
which encodes tryptophanase and permease for tryptophan
metabolism (47). At high cellular levels of tryptophan, the
ribosome stalls during translation of the tnaC peptide at the
tnaC stop codon that is adjacent to the rut site. The stalled
ribosome blocks access of the Rho factor and therefore al-
lows transcriptional elongation to proceed (Supplementary
Figure S4). At low tryptophan levels, the ribosome is not
stalled, resulting in Rho-dependent termination after com-
pletion of tnaC synthesis.

Based on this mechanism, we first attempted to use a toe-
hold riboregulator to activate access of Rho to the ruf site
directly. In the OFF state of this riboregulator, in the ab-
sence of trigger RNA an anti-rut sequence is sequestered
within the toehold hairpin, making the downstream rut
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sequence accessible for the Rho factor, which leads to tran-
scription termination (Figure 4 a, Supplementary Figure
S5). Addition of an activating trigger RNA opens the toe-
hold hairpin and releases the anti-rut sequence, which con-
sequently binds ruz within the anti-rut hairpin (ARH) and
thus prevents Rho-dependent termination.

Rather than utilizing a regulatory sequence for Rho bind-
ing, we also designed a toehold transcriptional repressor,
in which we controlled the access of the ribosome to the
tnaC sequence in a similar manner as in the translational
riboregulators described above (cf. Figure 2a and Supple-
mentary Figure S6). In the ON state, i.e. in the absence
of trigger RNA, an anti-RBS sequence is confined within
a toehold hairpin, and therefore the RBS is accessible for
ribosome binding and translation of the tnaC peptide en-
coded on the downstream sequence. In consequence, ribo-
some stalling during tnaC translation blocks the rut site for
the Rho factor and thus transcription proceeds (Figure 4e).
Binding of an activating trigger RNA followed by TMSD
opens the toehold hairpin, enabling sequestration of the
RBS sequence by the anti-RBS sequence. As a result, Rho
factor binds to the — now free — rut site and terminates tran-
scription elongation.

In order to assess the performance of the rur-dependent
riboregulators, recombinant plasmids coding for the reg-
ulators in the presence and absence of trigger RNA were
transformed and expressed in E. coli BL21 DE3 with ad-
ditional tryptophan in the medium. Comparison of the re-
sulting mCherry expression end levels resulted in ON/OFF
ratios of up to 3.50 for the transcriptional activator (Figure
4c), and up to 2.33 for the transcriptional repressor (Fig-
ure 4g). We also used qPCR to quantify the steady-state
level of all toehold-mCherry mRNAs in the presence and
absence of trigger RNAs in E. coli (Figure 4d & h), which
were found to be in close agreement with the fluorescence
data.

A logic NOR gate based on combined transcriptional and
translational toehold repression

We finally investigated whether it is possible to combine
transcriptional and translational control within a single
transcript. To this end, we fused the tna operon-based tran-
scriptional repressor with a translational repressor, which
is expected to generate a logic NOR gate that only results
in active gene expression in the absence of the two corre-
sponding trigger RNAs (Figure 5a, Supplementary, Figure
S7). Genetic constructs containing the NOR gate were co-
transformed into E. coli BL21 DE3 with plasmids coding
for the different combinations of trigger RNAs, followed
by bacterial culture and quantification of the fluorescence
output with a microplate reader (Supplementary Figure S7)
or via flow cytometry (Figure 5 b & c¢). The fluorescence
data demonstrate NOR gate performance as desired. No-
tably, the ON/OFF ratio for the ‘transcriptional part’ of
the switch is on the order of 7 according to flow cytome-
try (Figure 5b), whereas the ratio for the translational part
or for the combined inputs is > 15 (see Discussion).

In principle, tryptophan could be interpreted as a third
input, which controls the transcriptional module of the gate.
In the absence of tryptophan, transcription in the absence

of trigger A would be reduced by a factor of &~ 2 compared
to the operation with 5 mM tryptophan. Correspondingly,
Trp concentration could be used to modulate the maximum
output level of the NOR gate.

DISCUSSION

We designed and characterized a series of riboswitch-
inspired riboregulators which are switched by RNA inputs
via a toehold-mediated strand displacement (TMSD) pro-
cess. These riboregulators combine structural features of
natural riboswitches, and the switching principle of recently
developed synthetic riboregulators. Instead of using a nat-
ural, small molecule-responsive RNA aptamer to control
the interaction of a cis-regulatory sequence with an expres-
sion platform, we placed a regulatory RNA sequence (e.g.
an anti-RBS sequence) into the loop region of a toehold
hairpin which could be switched by TMSD, inducing re-
folding of the riboregulator and thus controlling transla-
tional initiation or transcriptional termination. Various fac-
tors contribute to the observed performance of the transla-
tional and transcriptional switches, which relate to the ki-
netics and thermodynamics of the switches as well as the
details of their experimental assessment.

Quantification of the performance of the riboregulators

In the present work, the performance of the riboregulators
was quantified by comparing the endpoint of the fluores-
cence of bacterial cultures normalized by the density (or
OD) in the respective ‘ON’ and ‘OFF’ states of the switches.
This enabled us to assess and rank different riboregula-
tor designs with respect to each other. We wish to note,
however, that the actual value of the ON/OFF ratio was
found highly dependent on the details of the experimental
approach. For instance, when investigating previously de-
scribed toehold riboregulators (31,39) with reported fold
changes of more than 600 using our experimental workflow,
we obtained ON/OFF ratios of only ~ 7 (Supplementary
Figure S10). We obtained different values for this measure
when using RFP or GFP as a fluorescent reporter, or when
quantification was performed with Fluorescence/OD, RT-
gPCR or via flow cytometry. In the following, we assume
that the overall trends observed when varying the design of
the riboregulators are robust with respect to the choice of
quantification method.

Influence of promoter choice

We found that our riboregulators performed best when both
trigger and riboregulator were transcribed by T7 RNAP.
For comparison, we tested two of our riboregulators us-
ing a weaker promoter (the E. coli promoter BBa_J23119)
for transcription of either trigger or riboregulator, or both
(Supplementary Figure S16). When riboregulator anti-RBS
stem_1 was transcribed from the strong T7 promoter, but
trigger RNA was generated from the weaker E.coli pro-
moter, we found a strongly reduced ON/OFF ratio for
the switch (Supplementary Figure S16a). Transcription of
translational activator anti-RBS stem_2 from the E. coli pro-
moter led to a strong leak expression even in the absence of
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trigger, which is in line with results from a previous study
on toehold switches (31). In fact, transcription of both ri-
boregulator and trigger led to no switching at all (Supple-
mentary Figure S16b). These findings suggest two distinct
effects of the choice of promoter on the performance of the
system: First, fast transcription is required to enable fast
co-transcriptional folding of the riboregulator and thus pre-
vent binding of ribosomes to the nascent switch (57), which
would result in leaky translation. Second, transcription of
trigger by T7 RNA polymerase generates higher intracellu-
lar concentrations, which are required for switching the ri-
boregulators via toehold-mediated strand displacement (cf.
also the discussion of intracellular RNA concentrations and
sensing below). With an eightfold higher maximum tran-
scription speed for T7 RNAP than for E.coli polymerase
(57), and transcription from a high copy plasmid number

(pET28b has copy number =~ 40), trigger and riboregula-
tor concentrations are expected well in the uM range. As
overexpression of genes in E. coli using T7 RNAP is known
to inhibit cellular growth (58,59), we also tested the effect of
the generation of trigger RNA by T7 RNAP in E. coli BL21
DE3 on bacterial growth. Compared to a negative control,
in which only T7 RNAP is expressed, but no T7 promoter
is present, we found an increase in doubling time from ~ 30
to ~ 60 mins (Supplementary Figure S14).

Translational activators

Translational activators are supposed to be translationally
inactive in the OFF state. The natural strategy to suppress
translation found in riboswitches is the use of an anti-
RBS/RBS hairpin stem, in which the RBS is sequestered.
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Our experiments indicate that the hairpin stem has to be
stable enough to prevent invasion by the ribosome, but not
too stable to prevent switching altogether (Figure 1b & ¢).
Further, sufficiently fast transcription of the riboregulators
appears to be required to prevent binding of ribosomes to
the nascent RNA (cf. discussion on the use of T7 RNAP
above).

We initially designed and characterized several toehold-
translational activators whose anti-RBS/RBS sequences
were rationally chosen (Anti-RBS stem_2,3,4) and formed
hairpin stems of different stability (Figure 1b). Indeed, the

most stable hairpin (Anti-RBS stem_4) resulted in the low-
est leak, but also did not lead to a strong increase in gene
expression in the presence of trigger. The slightly less stable
anti-RBS_2 structure performed best in terms of ON/OFF
ratio, but with the trade-off of a higher leak expression. We
also replaced the in silico designed anti-RBS/RBS hairpin
by the corresponding structure taken from a natural thiM
riboswitch from E. coli (Anti-RBS stem_1). This naturally
occurring anti-RBS hairpin comprises an RBS (aggagc) of
lower efficiency compared to that (aggaga) of the other anti-
RBS/RBS hairpin stems (RBS calculator (52), Supplemen-



tary Table S2), and contains a bulge formed by an unpaired
cytosine next to the RBS. Even though the resulting struc-
ture had a lower predicted thermodynamic stability than
Anti-RBS_2, it had a lower leak in vivo, and the second-
best ON/OFF ratio obtained for our design variations. The
comparatively high leak expression from anti-RBS stem_2
presumably is caused by the large size of the hairpin loop,
which potentially allows undesired ribosome binding and
translation initiation. Our results thus suggest that ribo-
some invasion (generating leak) can be prevented by appro-
priate secondary structure, and potentially is more severe
in vivo than in the cell-free context. The latter may be the
consequence of the ~ 10-fold lower ribosome concentration
in a cell-free system. In agreement with previous findings
(60,61), we also found that strategically placed bulges in the
toehold stem can improve TMSD efficiency by introducing
a forward bias into the strand invasion process (Supplemen-
tary Figure S11).

For our riboregulators, we adopted the sequence of the
toehold and its adjacent hairpin loop from a previous study
on toehold riboregulators (31), which had been tested for
input orthogonality with 12 other trigger RNAs with ran-
dom sequences. In order to confirm the specificity of the
design, we tested the performance of translational activator
anti-RBS stem_1 with three additional trigger RNAs with
scrambled sequences. None of them was found to activate
expression appreciably (Supplementary Figure S15).

Translational repressors

For translational repressors, kinetic considerations become
more important than for the activators. In the presence of
trigger RNA, translational repressors need to be switched
into a translationally inactive state quick enough to avoid
leaky translation from an accessible RBS. Transcription of
the riboregulator at a speed of ~ 10-100 nt/s defines a time
window of ~ 1 s for trigger binding to the tochold and dis-
ruption of the toehold hairpin (or prevention of its forma-
tion). For our repressors, we therefore designed a relatively
strong anti-RBS hairpin that is expected to sequester the
RBS following toehold-mediated switching of the toehold
hairpin (Figure 2b). While our design is shown to work, in
principle, we observed relatively strong leakage in the OFF
state (in the presence of trigger RNA) (Figure 2¢), indicat-
ing that TMSD and formation of the anti-RBS hairpin does
not occur fast enough to prevent binding of ribosomes to
the RBS. Compared to the in vivo case, cell-free experiments
show a slightly reduced leak in the OFF state of the repres-
sor, which again might be a consequence of the lower ribo-
some concentration in the cell-free reaction. Due to the re-
duced leak, the cell-free translational repressor also exhibits
a better ON/OFF ratio than in vivo.

Transcriptional riboregulators

The function of transcriptional riboswitches, which are
based on termination or anti-termination, critically de-
pends on the kinetics of transcription, ligand binding
and refolding of the expression platform (62). Natural ri-
boswitches respond to small metabolites, which have to be
present at relatively high concentrations (in the wM to mM
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range) for switching, and whose binding to the riboswitch’s
aptamer domain is associated with a relatively low change in
free energy. By contrast, our transcriptional riboregulators
have to respond to trigger RNAs, which bind with a much
higher AG, but which are present at typically lower concen-
trations (in the nM to wM range, see below). A sufficiently
high concentration and a correspondingly high on-rate of
the triggers is crucial for the functioning of the switches,
however.

In a previously developed type of transcriptional regula-
tors termed STARs (42), small trans-acting RNA molecules
were utilized that contained an anti-terminator sequence to
regulate the formation of the intrinsic terminator and thus
control downstream gene transcription. While this strat-
egy results in efficient transcriptional activation, the trig-
ger RNA necessarily includes a part of the complementary
sequence of the intrinsic terminator and thus cannot be
chosen without constraints. By contrast, our design strat-
egy (Figure 3) leaves the anti-terminator sequence unpaired
and confined within the loop of the toehold hairpin, which
avoids any sequence limitations for the trigger RNA. An in-
teresting outcome of our experiments is the sensitivity of the
performance of the riboregulators to sequence details in the
switching domains. For instance, we confirmed that the ter-
mination process from the 722 terminator can be suppressed
efficiently, when its ‘critical’ guanine nucleotide is included
in the anti-terminator/terminator stem, which is in line with
the conclusions of previous work (63,64).

We also demonstrated transcriptional toehold activators
and repressors that interfere with Rho-dependent termi-
nation (Figure 4), for which we modified the Rho utiliza-
tion (rut) sequence of the naturally occurring transcrip-
tional switch of the tna operon. Experiments with the wild-
type rut site alone showed substantial transcriptional read-
through and a correspondingly leaky expression of the re-
porter sequence (Supplementary Figure S8). Several factors
may contribute to the observed leak. As the Rho factor has
multiple cellular functions other than transcriptional termi-
nation, its recruitment to the rut site depends on its avail-
ability under the given cellular context. Further, secondary
structure close to the rut site might reduce its accessibility
for Rho. When we removed some of the original sequence
context upstream of the tna operon’s rut site, leaky expres-
sion was reduced (Supplementary Figure S8). We also found
that the termination efficiency of Rho factor was enhanced
by insertion of a transcriptional pausing site (U5) right af-
ter the rut site (Supplementary Figures S8 & S9). Based on
these insights, we were able to realize TMSD-based anti-rut
regulators that controlled rut accessibility and thus Rho-
dependent termination with a relatively low leak transcrip-
tion and ON/OFF ratios of up to 3.5 (Figure 4a-d).

Previous work on Rho factor binding (52) found that
most of the riboswitches and sSRNAs that modulate Rho-
dependent termination are based on ribosome stalling,
which is similar to the mechanism found in the tna operon
(Supplementary Figure S4). Our transcriptional repressors
(Figure 4e-h) were thus designed to control ribosome bind-
ing (and thus stalling) in the same way as the translational
activators discussed above. Several processes have to play
together co-transcriptionally to make the switch work: in
the transcriptional ON state (in the absence of trigger), ri-
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bosomes need to bind to the RBS quick enough to be able
to block the rut site before Rho can bind. In the presence
of trigger RNA, however, refolding of the toehold switch
needs to take place fast enough to prevent undesired bind-
ing of ribosomes and thus facilitate binding of Rho to rut
— our experiments suggest that the kinetic competition be-
tween these processes results in an appreciable leak, but still
displays a decent ON/OFF ratio of ~ 2.3.

Kinetic considerations and potential for sensing of endoge-
nous RNA molecules

An exciting potential application for RNA-triggered ri-
boregulators is the detection of endogenous RNA species
such as mRNAs or small regulatory RNAs (sRNAs). How-
ever, at this point our designs do not appear to be sensi-
tive enough for such sensing tasks. The range of concentra-
tions expected for endogenous RNAs in E.coli lies in the
range from 1 nM to =~ 10 wM. The lower bound corre-
sponds to a single copy of the molecule in the bacterial cell,
while the most highly expressed RNAs are the ribosomal
RNAs, which are present at concentrations of ~ 20 uM
(65). mRNA concentrations in E.coli have been estimated
from single molecule FISH experiments, and were found to
lie in the range from ~ 0.1 nM to 100 nM (66), and the to-
tal mRNA concentration is ~ 1.4 pM (65). Similar values
(several 10 nM) can be estimated for SRNAs (67). Whether
such small concentrations can be sensed, critically depends
on several factors: efficient hybridization of the target with
the sensor riboregulator, low leak, and sufficient ON/OFF
ratio.

In the case of translational ON-switches, we found that a
strong anti-RBS hairpin reduces leaky translation, but also
diminishes the switchability of the structure. All other de-
signs — the translational repressors and the transcriptional
regulators — depend on a kinetic competition, e.g. either
between trigger and ribosome binding, or between trigger
binding and transcriptional termination (other factors such
as the speed of transcription and folding of the secondary
structure also play a role (62)).

In the first case, the target molecules would have to be
present at similar concentrations or higher than the con-
centration of free ribosomes, i.e. those not bound to other
mRNAs and engaged in translation, which has been esti-
mated to be on the order of 500 nM (68). In the second
case, hybridization of the trigger and the nascent mRNA
has to take place in the time window between transcription
start and formation of the terminator hairpin, which we es-
timate to be on the order of 1 s (62). With an estimated
RNA association rate in E.coli of ~ 3 x 10° M~ 's~! (67), ef-
ficient switching would require trigger concentrations above
3 wM. In addition, hybridization rates are strongly depen-
dent on secondary structure and the presence of RNA-
binding molecules, which may further reduce the efficiency
of the target binding (69).

All these considerations indicate that our current designs
only allow detection of RNA species, which are present at
relatively high copy numbers, corresponding to concentra-
tions in the wM range. This is consistent with our finding
that the riboswitch-inspired riboregulators performed well

only when transcribing the triggers and switches from a T7
promoter (see above).

We therefore also sought to improve the efficiency of
a transcriptional activator by utilizing the bacterial RNA
chaperone Hfq. Binding of Hfq to RNA containing a spe-
cific Hfg-binding motif protects the RNA from degrada-
tion (increasing the cellular concentration) and promotes
RNA hybridization reactions in vivo (70). However, mod-
ification of trigger RNA with an Hfg-binding hairpin did
not result in an appreciable improvement in performance
(Supplementary Figure S18). As Hfq is thought to promote
rather weak RNA interactions, it is likely to not have an ef-
fect in the case of our ‘optimized’, secondary structure-free
triggers and toehold hairpins.

Realization of cellular logic computation

In principle, RNA-based regulatory mechanisms are ideal
for the implementation of cellular computing circuits, as the
sequence-specificity of RNA interactions allows a rational
design and ‘wiring’ of the different components of the cir-
cuits. In this respect, our riboswitch-inspired riboregulators
have the benefit that the RNA trigger sequences (the ‘input’)
can be independently chosen from the more or less fixed se-
quences required for gene regulation (i.e. RBS/anti-RBS or
terminator/anti-terminator sequences).

Input sequences can be chosen independently and or-
thogonally to trigger their respective toehold hairpins —e.g.
the sequences for triggers A and B in the NOR gate demon-
strated in Figure 5 had been previously used in the con-
text of toehold switches - they were chosen to be orthogo-
nal and have no biological meaning. As also exemplified by
the NOR gate, combining transcriptional and translational
regulation within a single switch leads to a comparatively
compact design, and also yields an improved ON/OFF ra-
tio compared to a single switch.

However, we also found that combining several switches
in the 5’ untranslated region of a single transcript appears
to be less modular than naively expected. We attempted to
realize a range of other logic gates with this strategy, but
in most cases the switches were non-functional or showed
poor performance. For instance, an IMPLY gate can be con-
structed by fusing a translational activator and a transla-
tional repressor (Supplementary Figure S19). For this gate,
one would expect a low output only in the presence of the
trigger for the translational repressor. Due to strong leak-
age, the IMPLY gate did not show a clear ‘Boolean’ behav-
ior.

Putting several switches in a row appears to be challeng-
ing, and our results indicate that the different components
do not act independently and thus cannot be combined sim-
ply in a modular fashion. Potentially, optimization of such
logic gates (or more complex functions) could be achieved
with a screening approach combined with machine-learning
methodology, as recently demonstrated for toechold switches
(41).

DATA AVAILABILITY

The experimental data sets are either included in this
submission, the supplemental information, or are avail-
able from the authors upon request. Flow cytometry data



have been uploaded to the Zenodo repository under DOI:
10.5281/zenodo.5174952

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.

ACKNOWLEDGEMENTS

We would like to thank Helene Budjarek for her support in
the preparation of competent cells and Dr. Andrea Miickl
for support in the qPCR and flow cytometry measurements.

FUNDING

This work was funded by the Deutsche Forschungsgemein-
schaft (DFG, German Research Foundation) - GRK 2062
‘Molecular principles of synthetic biology’ — project A3,
the European Research Council (project AEDNA, grant
number 694410) and the Bundesministerium fiir Bildung
und Forschung (BMBF) through the EraSynbio network
(project UNACS, grant no. 031L0011).

Conflict of interest statement. None declared.

REFERENCES

1. Kriitzfeldt,J. and Stoffel,M. (2006) MicroRNAs: a new class of
regulatory genes affecting metabolism. Cell Metab., 4, 9-12.

2. Nudler,E. and Mironov,A.S. (2004) The riboswitch control of
bacterial metabolism. Trends. Biochem. Sci., 29, 11-17.

3. Amaral,P.P. and Mattick,J.S. (2008) Noncoding RNA in
development. Mamm. Genome, 19, 454-492.

4. Visvanathan,J., Lee,S., Lee,B., Lee,J.W. and Lee,S.K. (2007) The
microRNA miR-124 antagonizes the anti-neural REST/SCP1
pathway during embryonic CNS development. Genes Dev., 21,
744-749.

5. Carpenter,S. (2013) A long noncoding RNA mediates both activation
and repression of immune response genes. Science, 341, 789-792.

6. Lindsay,M.A. (2008) microRNAs and the immune response. Trends
Immunol., 29, 343-351.

7. Zhang,B., Li,W., Zhang,J., Wang,L. and Wu,J. (2019) Roles of small
RNAs in virus-plant interactions. Viruses, 11, 827.

8. Sorek,R., Kunin,V. and Hugenholtz,P. (2008) CRISPR — a
widespread system that provides acquired resistance against phages in
bacteria and archaea. Nat. Rev. Microbiol., 6, 181-186.

9. Zamore,P.D., Tuschl,T., Sharp,P.A. and Bartel,D.P. (2000) RNA:i:
double-stranded RNA directs the ATP-dependent cleavage of mRNA
at 21 to 23 nucleotide intervals. Cell, 101, 25-33.

10. Mandal,M. and Breaker,R.R. (2004) Gene regulation by
riboswitches. Nat. Rev. Mol. Cell. Biol., 5, 451-463.

11. Mulhbacher,J. and Lafontaine,D.A. (2007) Ligand recognition
determinants of guanine riboswitches. Nucleic. Acids. Res., 35,
5568-5580.

12. Kirchner,M. and Schneider,S. (2017) Gene expression control by
Bacillus anthracis purine riboswitches. RNA, 23, 762-769.

13. Mandal,M. and Breaker,R.R. (2004) Adenine riboswitches and gene
activation by disruption of a transcription terminator. Nat. Struct.
Mol. Biol., 11, 29-35.

14. Vitreschak,A.G., Rodionov,D.A., Mironov,A.A. and Gelfand,M.S.
(2003) Regulation of the vitamin B12 metabolism and transport in
bacteria by a conserved RNA structural element. RNA, 9, 1084-1097.

15. Soukup,J.K. and Soukup,G.A. (2004) Riboswitches exert genetic
control through metabolite-induced conformational change. Curr:
Opin. Struct. Biol., 14, 344-349.

16. Stevens,J.T. and Carothers,J.M. (2015) Designing RNA-based genetic
control systems for efficient production from engineered metabolic
pathways. ACS Synth. Biol., 4, 107-115.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Nucleic Acids Research, 2022, Vol. 50, No. 8 4797

Davidson,E.A. and Ellington,A.D. (2007) Synthetic RNA circuits.
Nat. Chem. Biol., 3, 23-28.

Baeumner,A.J., Cohen,R.N., Miksic,V. and Min,J. (2003) RNA
biosensor for the rapid detection of viable Escherichia coli in drinking
water. Biosens. Bioelectron., 18, 405-413.

Mutalik,V.K., Qi,L., Guimaraes,J.C., Lucks,J.B. and Arkin,A.P.
(2012) Rationally designed families of orthogonal RNA regulators of
translation. Nat. Chem. Biol., 8, 447-454.

Groher,F., Bofill-Bosch,C., Schneider,C., Braun,J., Jager,S.,
GeiBler,K., Hamacher,K. and Suess,B. (2018) Riboswitching with
ciprofloxacin—development and characterization of a novel RNA
regulator. Nucleic Acids Res., 46, 2121-2132.

Groher,A.-C., Jager.,S., Schneider,C., Groher,F., Hamacher,K. and
Suess,B. (2019) Tuning the performance of synthetic riboswitches
using machine learning. ACS Synthetic Biology, 8, 34-44.
Felletti,M., Stifel,J., Wurmthaler,L.A., Geiger,S. and Hartig,J.S.
(2016) Twister ribozymes as highly versatile expression platforms for
artificial riboswitches. Nat. Commun., 7, 12834.

Wurmthaler,L.A., Sack,M., Gense,K., Hartig,J.S. and
Gamerdinger,M. (2019) A tetracycline-dependent ribozyme switch
allows conditional induction of gene expression in Caenorhabditis
elegans. Nat. Commun., 10, 491.

Weenink,T., Hilst,J, McKiernan,R.M. and Ellis,T. (2018) Design of
RNA hairpin modules that predictably tune translation in yeast.
Synth. Biol., 3, ysy019.

Laing,C. and Schlick,T. (2011) Computational approaches to RNA
structure prediction, analysis, and design. Curr. Opin. Struct. Biol.,
21, 306-318.

Aguirre-Hernandez,R., Hoos,H.H. and Condon,A. (2007)
Computational RNA secondary structure design: empirical
complexity and improved methods. BMC Bioinform., 8, 34.
Dirks,R.M., Lin,M., Winfree,E. and Pierce,N.A. (2004) Paradigms
for computational nucleic acid design. Nucleic. Acids. Res., 32,
1392-1403.

Shabalina,S.A., Spiridonov,A.N. and Ogurtsov,A.Y. (2006)
Computational models with thermodynamic and composition
features improve siRNA design. BM C Bioinform., 7, 65.
Brophy,J.A. and Voigt,C.A. (2014) Principles of genetic circuit design.
Nat. Methods, 11, 508-520.

Ceroni,F., Boo,A., Furini,S., Gorochowski, T.E., Borkowski,O.,
Ladak,Y.N., Awan,A.R., Gilbert,C., Stan,G.B. and Ellis, T. (2018)
Burden-driven feedback control of gene expression. Nat. Methods,
15, 387-393.

Green,A.A., Silver,P.A., Collins,J.J. and Yin,P. (2014) Toehold
switches: de-novo-designed regulators of gene expression. Cell, 159,
925-939.

Yurke,B., Turberfield,A.J., Mills,A.P., Simmel,F.C. and
Neumann,J.L. (2000) A DNA-fuelled molecular machine made of
DNA. Nature, 406, 605-608.

Zhang,D.Y.W., E. (2009) Control of DNA strand displacement
kinetics using toehold exchange. J. Am. Chem. Soc., 131,
17303-17314.

Yurke,B.M. and Mills,A.P. Jr (2003) Using DNA to power
nanostructures. Genet. Program. Evolv. M., 4, 111-122.

Zhang,D.Y. and Seelig,G. (2011) Dynamic DNA nanotechnology
using strand-displacement reactions. Nat. Chem., 3, 103-113.
Srinivas,N., Ouldridge, T.E., Sulc,P,, Schaeffer,J.M., Yurke,B.,
Louis,A.A., Doye,J.P. and Winfree,E. (2013) On the biophysics and
kinetics of toehold-mediated DNA strand displacement. Nucleic.
Acids. Res., 41, 10641-10658.

Pardee, K., Green,A.A., Takahashi,M.K., Braff,D., Lambert,G.,
Lee,J.W., Ferrante, T., Ma,D., Donghia,N., Fan,M. ez al. (2016)
Rapid, low-cost detection of zika virus using programmable
biomolecular components. Cell, 165, 1255-1266.

Isaacs,F.J., Dwyer,D.J., Ding,C., Pervouchine,D.D., Cantor,C.R. and
Collins,J.J. (2004) Engineered riboregulators enable
post-transcriptional control of gene expression. Nat. Biotechnol., 22,
841-847.

Green,A.A., Kim,J., Ma,D., Silver,P.A., Collins,J.J. and Yin,P. (2017)
Complex cellular logic computation using ribocomputing devices.
Nature, 548, 117-121.

Kim,J., Zhou,Y., Carlson,P.D., Teichmann,M., Chaudhary,S.,
Simmel,F.C., Silver,P.A., Collins,J.J., Lucks,J.B., Yin,P. e al. (2019)


https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkac275#supplementary-data

4798 Nucleic Acids Research, 2022, Vol. 50, No. 8

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

De novo-designed translation-repressing riboregulators for
multi-input cellular logic. Nat. Chem. Biol., 15, 1173-1182.
Angenent-Mari,N.M., Garruss,A.S., Soenksen,L.R., Church,G. and
Collins,J.J. (2020) A deep learning approach to programmable RNA
switches. Nat. Commun., 11, 5057.

Chappell,J., Takahashi,M.K. and Lucks,J.B. (2015) Creating small
transcription activating RNAs. Nat. Chem. Biol., 11, 214-220.
Lehr,F.-X., Hanst,M., Vogel,M., Kremer.,J., Géringer,H.U., Suess,B.
and Koeppl,H. (2019) Cell-Free prototyping of AND-Logic gates
based on heterogeneous RNA activators. ACS Synth. Biol., 8,
2163-2173.

Pardee, K., Green,A.A., Ferrante,T., Cameron,D.E., DaleyKeyser,A.,
Yin,P. and Collins,J.J. (2014) Paper-based synthetic gene networks.
Cell, 159, 940-954.

Hong,F., Ma,D., Wu,K., Mina,L.A., Luiten,R.C., Liu,Y., Yan,H. and
Green,A.A. (2020) Precise and programmable detection of mutations
using ultraspecific riboregulators. Cell, 180, 1018-1032.
Mousavi,P.S., Smith,S.J., Chen,J.B., Karlikow,M., Tinafar,A.,
Robinson,C., Liu,W., Ma,D., Green,A.A., Kelley,S.O. et al. (2019) A
multiplexed, electrochemical interface for gene-circuit-based sensors.
Nat. Chem., 12, 48-55.

Shetty,R., Lizarazo,M., Rettberg,R. and Knight, T.F. (2011)
Assembly of BioBrick Standard Biological Parts Using Three
Antibiotic Assembly. In: Voigt,C. (ed). Methods in Enzynology.
Academic Press, Vol. 498, pp. 311-326.

Scharf,S.J. (1990) In: Innis,M.A., Gelfand,D.H., Sninsky,J.J. and
White, T.J. (eds). PCR Protocols. Academic Press, NY, pp. 84-91.
Perdrizet,G.A., Artsimovitch,I., Furman,R., Sosnick,T.R. and Pan,T.
(2012) Transcriptional pausing coordinates folding of the aptamer
domain and the expression platform of a riboswitch. Proc. Natl.
Acad. Sci. U.S. A., 109, 3323-3328.

Chauvier,A., Picard-Jean,F., Berger-Dancause,J.-C., Bastet,L.,
Naghdi,M.R., Dubé,A., Turcotte,P., Perreault,]. and Lafontaine,D.A.
(2017) Transcriptional pausing at the translation start site operates as
a critical checkpoint for riboswitch regulation. Nat. Commun., 8,
13892.

. Rentmeister,A., Mayer,G., Kuhn,N. and Famulok,M. (2007)

Conformational changes in the expression domain of the Escherichia
coli thiM riboswitch. Nucleic. Acids. Res., 35, 3713-3722.
Hollands,K., Proshkin,S., Sklyarova,S., Epshtein,V., Mironov,A.,
Nudler,E. and Groisman,E.A. (2012) Riboswitch control of
Rho-dependent transcription termination. Proc. Natl. Acad. Sci.,
109, 5376-5381.

Proshkin,S., Mironov,A. and Nudler,E. (2014) Riboswitches in
regulation of Rho-dependent transcription termination. Biochim.
Biophys. Acta, 1839, 974-977.

Bastet,L., Chauvier,A., Singh,N., Lussier,A., Lamontagne,A.-M.,
Prévost,K., Massé,E., Wade,J.T. and Lafontaine,D.A. (2017)
Translational control and Rho-dependent transcription termination

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

are intimately linked in riboswitch regulation. Nucleic. Acids. Res., 45,
7474-7486.

. Brennan,C.A., Dombroski,A.J. and Platt,T. (1987) Transcription

termination factor rho is an RNA-DNA helicase. Cell, 48, 945-952.
Konan,K.V. and Yanofsky,C. (2000) Rho-dependent transcription
termination in the tna operon of Escherichia coli: roles of the boxA
sequence and the rut site. J. Bacteriol., 182, 3981-3988.

Tost,I., Guillerez,J. and Dreyfus,M. (1992) Bacteriophage T7 RNA
polymerase travels far ahead of ribosomes in vivo. J. Bacteriol., 174,
619-622.

Dong,H., Nilsson,L. and Kurland,C.G. (1995) Gratuitous
overexpression of genes in Escherichia coli leads to growth inhibition
and ribosome destruction. J. Bacteriol., 177, 1497-1504.
Segall-Shapiro,T.H., Meyer,A.J., Ellington,A.D., Sontag,E.D. and
Voigt,C.A. (2014) A ‘resource allocator’ for transcription based on a
highly fragmented T7 RNA polymerase. Mol. Syst. Biol., 10, 742.
Oesinghaus,L. and Simmel,F.C. (2019) Switching the activity of
Casl2a using guide RNA strand displacement circuits. Nat.
Commun., 10, 2092.

Irmisch,P., Ouldridge,T.E. and Seidel,R. (2020) Modeling
DNA-Strand displacement reactions in the presence of base-pair
mismatches. J Am. Chem. Soc., 142, 11451-11463.

Helmling,C., Kl6tzner,D.-P., Sochor,F., Mooney,R.A., Wacker,A.,
Landick,R., Furtig,B., Heckel,A. and Schwalbe,H. (2018) Life times
of metastable states guide regulatory signaling in transcriptional
riboswitches. Nat. Commun., 9, 944.

McDowell,J., Roberts,J., Jin,D. and Gross,C. (1994) Determination
of intrinsic transcription termination efficiency by RNA polymerase
clongation rate. Science, 266, 822-825.

Yarnell, W.S. and Roberts,J.W. (1999) Mechanism of intrinsic
transcription termination and antitermination. Science, 284, 611-615.
Neidhardt,F.C., Neidhardt,F.C.N., Ingraham,J.L. and Schaechter,M.
(1990) In: Physiology of the Bacterial Cell: A Molecular Approach.
Sinauer Associates.

So,L., Ghosh,A., Zong,C., Sepulveda,L.A., Segev,R. and Golding,I.
(2011) General properties of the transcriptional time-series in
Escherichia coli. Nat. Genet., 43, 554-560.

Levine,E., Zhang,Z., Kuhlman,T. and Hwa,T. (2007) Quantitative
characteristics of gene regulation by small RNA. PLoS Biol., 5,
1998-2010.

Arkin,A., Ross,J. and McAdams,H.H. (1998) Stochastic kinetic
analysis of developmental pathway bifurcation in phage
lambda-infected Escherichia coli cells. Genetics, 149, 1633-1648.
Mihailovie,M.K., Vazquez-Anderson,J., Li,Y., Fry,V., Vimalathas,P.,
Herrera,D., Lease,R.A., Powell, W.B. and Contreras,L.M. (2018)
High-throughput in vivo mapping of RNA accessible interfaces to
identify functional sSRNA binding sites. Nat. Commun., 9, 4084.
Vogel,J. and Luisi,B.F. (2011) Hfq and its constellation of RNA. Nat.
Rev. Microbiol., 9, 578-589.



