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ABSTRACT

We describe a synthetic riboswitch element that im-
plements a regulatory principle which directly ad-
dresses an essential tRNA maturation step. Con-
structed using a rational in silico design approach,
this riboswitch regulates RNase P-catalyzed tRNA 5'-
processing by either sequestering or exposing the
single-stranded 5'-leader region of the tRNA precur-
sor in response to a ligand. A single base pair in
the 5'-leader defines the regulatory potential of the
riboswitch both in vitro and in vivo. Our data pro-
vide proof for prior postulates on the importance
of the structure of the leader region for tRNA mat-
uration. We demonstrate that computational predic-
tions of ligand-dependent structural rearrangements
can address individual maturation steps of stable
non-coding RNAs, thus making them amenable as
promising target for regulatory devices that can be
used as functional building blocks in synthetic biol-

ogy.

INTRODUCTION

A fast adaption to changing environmental conditions or
availability of nutrients is essential for bacteria to survive.
They utilize versatile regulatory mechanisms to adjust gene
expression for adaptation of their metabolism. For instance,
transcription factors, when bound to metabolites, can mod-
ulate the action of RNA polymerase. Furthermore, various
metabolites can directly interact with structured elements of
mRNAs and trigger a structural rearrangement that affects
transcription or translation of the target gene (1-3). Such
regulatory RNA structures are known as cis-regulatory el-
ements or riboswitches and are frequently found in the 5'-
UTR of bacterial mRNA:s.

Natural riboswitches are composed of a highly conserved
aptamer region closely linked to an expression platform.
Specific binding of the ligand to the aptamer induces a
structural reorganization of the regulatory platform that,
as a consequence, modulates gene expression in a ligand-
dependent manner (4-7). This modular composition makes
it possible to generate synthetic riboswitches that utilize ar-
tificial aptamers. Various in vitro-selected RNA aptamers
that bind to theophylline (8), tetracycline (9) or neomycin
(10) were successfully coupled either to natural (repro-
grammed) or in silico predicted regulatory sequences (11,12)
and such artificial riboswitches were engineered for diverse
in vivo applications (13,14). They include synthetic RNA el-
ements to control gene expression in response to varying
external pH levels (15) or logic gates in a more complex
context (16-19). Moreover, synthetic riboswitches are uti-
lized as reporter molecules for intracellular metabolites, like
coenzyme Bi; (20,21), as fluorescent biosensors (22,23) or
for the design of inducible CRISPR systems (24). Here, we
describe the computational design and biochemical char-
acterization of a ligand-dependent RNA device exerting a
direct control of RNase P-mediated tRNA processing.

Identified in all kingdoms of life, RNase P represents a
ubiquitous tRNA processing activity that specifically re-
moves the 5'-leader of tRNA precursors (25,26). In most
organisms, cleavage activity results from the RNA subunit
of an RNase P ribonucleoprotein, representing one of the
best studied ribozymes (27,28). Alternatively, the reaction
can be catalyzed by protein-only enzymes (29-31). While
the processing reaction catalyzed by various RNase P en-
zymes is well characterized, a direct riboswitch-based regu-
lation of the cleavage site accessibility has not been demon-
strated. Instead, tRNA 5-end processing was controlled
in an RNase P-independent way, where a theophylline-
dependent hammerhead aptazyme removed the 5'-leader
sequence from a precursor-tRNA (32). While the released
tRNA was functional in translation, it did not represent a
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bona fide mature tRNA as they are found in vivo, because
the ribozyme cleavage resulted in a 5-OH group instead
of the monophosphate that tRNAs processed by RNase P
carry at their 5'-end. A similar aptazyme was used to re-
lease a tRNA precursor carrying a single-stranded leader
sequence that subsequently was cleaved by RNase P, re-
sulting in a mature tRNA with a 5'-phosphate group (33).
While equally functional, this approach represents an indi-
rect control of RNase P-mediated tRNA processing, as it
regulates the production of a pre-tRNA that is then further
processed. In the primary transcript, however, the tRNA
structure is disrupted, since its 5'-part is included in the ex-
pression platform. Hence, the ligand-interaction does not
immediately control the tRNA 5-end maturation and does
not provide new insights in the processing mechanism of
RNase P.

For RNase P-mediated tRNA 5'-processing, it is known
that length as well as sequence composition of the tRINA
5'-leader contribute to substrate recognition and binding
affinity of the enzyme (34-37). In an in vitro experiment,
Lin et al. used a pool of randomized leader sequences to in-
vestigate the impact of the leader on RNase P binding (35).
Based on minimum free energy (MFE) calculations, the au-
thors concluded that substrate affinity decreases when the
distal sequences base-pair with the proximal 5'-leader re-
gion. Based on these findings, we use a computational ap-
proach to design a regulatory RNA device with an expres-
sion platform that only includes the 5'-leader but not the
downstream tRNA sequence. Modelling the accessibility of
this leader region allows to analyze the structural influence
of the respective sequence on the RNase P-dependent cleav-
age reaction.

The mechanism of the designed riboswitch confirms the
assumption of Lin et al. (35) and offers new insights about
the structural requirements in the leader region essential for
efficient RNase P processing. Our approach allows to reg-
ulate RNase P activity depending exclusively on the acces-
sibility of the 5'-leader without influencing the downstream
tRNA sequence and structure. Instead of an aptazyme, a
sequestor hairpin was devised that masks or presents the
single-stranded 5'-leader sequence of a tRINA precursor in
a theophylline-dependent way. While these constructs are
functional in vivo as well as in vitro, we identified a single
base pair in the sequestor hairpin that has a strong impact
on the regulatory potential of the riboswitch, allowing to
modulate the processing efficiency of the adjacent tRNA
molecule.

MATERIALS AND METHODS
In silico prediction of RNase P riboswitches

The design model in this contribution is based on the idea
that RNase P readily processes a single-stranded tRNA 5'-
leader sequence and that this cleavage process is blocked
when the leader is masked in a double-stranded region, i.e. a
sequestor hairpin. To implement this model, the following
set of components was assembled into a novel RNA de-
vice (Supplementary Figure S1): The theophylline aptamer
TCT8-4 (8) was defined as a sequence-structure constraint.
To model theophylline binding in the thermodynamic equi-
librium by the soft-constraint framework of the Vien-

Nucleic Acids Research, 2021, Vol. 49, No. 3 1785

naRNA package (38), the binding motif, ¢ji¢una, and the
experimentally determined binding energy (8) were speci-
fied (Supplementary Figure S1A). The sequence directly fol-
lowing the aptamer (Supplementary Figure S1B) was kept
from a theophylline-dependent transcription-regulating ri-
boswitch (39), while the 3’-part of the original terminator
hairpin was randomized and its length varied between 8 and
16 bases in order to create a switchable sequestor hairpin
(Supplementary Figure S1C). A structure constraint was set
to ensure that base pairing between the aptamer 3'-region
and the randomized sequence is still possible. The last seven
nucleotides at the 3’-end of the sequestor hairpin were de-
fined as tRNA 5'-leader sequence of Escherichia coli’s sup-
pressor tRNAD" supF (Supplementary Figure S1C). To fa-
cilitate tRINA functionality, we used the complete sequence
as constraint (Supplementary Figure S1D). Furthermore, a
structural constraint for the closing stem of the tRNA was
specified (Supplementary Figure S1D), as this sub-structure
is known to be recognized by RNase P and is therefore es-
sential for the cleavage process. We applied RNADblueprint
(40,41) to sample sequences compatible with the combined
set of sequence and structure constraints (Supplementary
Figure S1E).

To assess the quality of a sampled sequence, scores were
estimated following a similar procedure as described in (42)
and utilizing the hard- and soft-constraint framework (43)
of the ViennaRNA package. By default, only secondary
structures containing Watson—Crick and wobble G-U base
pairs were taken into account. Switching ability of a gen-
erated sequence x was assessed by formulating the leader
accessibility score. In brief, the free energy G(x|®jeader) of @
constrained structure ensemble and the free energy G(x) of
the complete/unconstrained structure ensemble was used to
estimate the conditional probability

_ G (x|q>leader) -G (X))
RT

P (x|q)leader) = eXp (

of observing sequence x in a conformation where all seven
nucleotides of the tRNA leader region are unpaired. R is
the gas constant of 1.98717 cal mol~! and temperature T
was set to 310.15 K.

To estimate the conditional probability
P(X|®icader, Cligand), the energy of every structure that
contains the correct binding motif incurs a bonus energy
of 9.22 kcal mol~! (8,44) to model binding to the ligand.
To assess how likely it is to observe a paired leader in
the absence and an unstructured leader in presence of
theophylline both probabilities were combined into the
leader accessibility score

Saccessibility(x) = (1 - P(x|cbleader))P (x|q)leadera Cligand) .

The value of the score lies between 0 and 1 and ap-
proaches 1 when sequence x implements the intended de-
sign model.

The range of possible leader accessibility scores for se-
quences compatible with the given structure constraints of
different riboswitch lengths varied. We therefore defined the
relative leader accessibility score

saccessibility(x) — min
max — min

S relative(x) =
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where max and min are the observed best and worse score
for a specific riboswitch length, respectively.

The leader accessibility score does not take proper and
independent tRNA folding into account. However, for effi-
cient RNase P processing, the correctly folded tRNA clos-
ing stem is essential (45-47). We therefore calculated the
probability P(x|®Dgem) of this stem in the unconstraint en-
semble and the probability P(x|®Psiem, Cligand) in the ensem-
ble of structures that bind ligand. Both probabilities were
combined into the tRNA score

SIRNA(X) = exp( - ’ P(X|®Pstem; Cligand) — P(X|Pstem) ’)

This score measures that both probabilities differ only
marginally with and without ligand and becomes 1 when
the stem is present under both conditions.

Additionally, we measured through the tRNA indepen-
dent fold score whether the riboswitch and the tRNA sub-
sequences are folding into distinct structural elements. This
score was calculated by predicting the ensemble free ener-
gies G(Xgwiteh) and G(xirna) of the riboswitch subsequence
and the tRNA subsequence, respectively. If the riboswitch
and the tRNA fold independently, the sum of the individual
ensemble free energies is equal to the ensemble free energy
G(x) of the full-length construct. Thereby the tRNA inde-
pendent fold score

Sindepfold(¥) = (G (Xswiteh) + G(¥rNA)) / G(x)

becomes one. A complete and sortable list of all calculated
in silico scores for the investigated as well as additional best
and worse scoring constructs of different lengths is avail-
able online (http://www.bioinf.uni-leipzig.de/supplements/
20-001).

Cloning of riboswitch candidates

Riboswitch candidates fused to supF tRNA were generated
by overlap extension PCR and inserted into plasmid pBAD
by site-directed mutagenesis according to Domin et al. (19).
Correct sequence of resulting individual clones was verified
by sequencing.

Quantitative analysis of c3GFP activity

For each individual riboswitch construct, three different
colonies of overnight grown E. coli TOP10 cells containing
plasmid pACYC/tetM with the c3GFP reporter ORF and
an amber stop codon at codon position 39 as well as the
riboswitch-carrying plasmid pBAD/AmpR were diluted to
an OD600 of 0.06 in 5 ml LB medium. Cells were incubated
at 37°C in the presence of 50 pg/ml ampicillin, 10 pg/ml
tetracycline, 0.01% arabinose (w/v) and 0 or 2 mM theo-
phylline for 4.5 h. After cooling on ice for 15 min, cells
were diluted to an ODggy of 0.8 and washed with 1 ml 1x
phosphate-buffered-saline (PBS) buffer. The fluorescence
intensity was measured using a fluorescence spectrometer
(JASCO Deutschland GmbH, model FP-8500, mode: emis-
sion, ex bandwidth 2.5 nm, em bandwidth: 5 nm, response:
1 s, sensitivity: medium, ex wavelength: 397 nm; emission at
510 nm) and determined relative to the supF positive con-
trol.

Northern blot analysis

Eschrichia coli TOP10 pre-cultures carrying a riboswitch-
bearing plasmid and plasmid pACYC/tetM were diluted
to an OD600 of 0.06 in 10 ml LB with 50 pg/ml ampi-
cillin, 10 pg/ml tetracycline, 0.01% (w/v) arabinose and 0 or
2 mM theophylline and grown at 37°C for 3.5 h. Total RNA
was isolated by TRIzol extraction (Thermo Fisher Scien-
tific). Ten pg of total RNA or 20 ng of in vitro transcript
(control) were mixed with 3x RNA loading dye (140 mM
Tris-borate pH 8.3, 8 mM Na,EDTA, 0.2% (w/v) bro-
mophenol blue, 0.2% (w/v) xylene cyanol, 1 g/ml urea)
to a 1x concentration and loaded on a denaturing 10%
urea-polyacrylamide (PAA) gel. Gel run was performed
at 200 V. Northern blot was performed as described (48)
with minor deviations. For hybridization, the membrane
was incubated for 16-20 h at 42°C in 6x SSC buffer con-
taining 0.1% SDS and 16 nM of radioactively 5'-labeled
DNA oligonucleotide complementary to the replaced re-
gion in supF-h tRNA hybrid (5-GGCATACGCCAACG
GTTTTAGAGACCGTCC-3). After detection of the hy-
brid tRNA by autoradiography, the membrane was stripped
with 0.5% SDS at 60°C for 2 h. To measure the amount
of 5S rRNA for normalization, re-hybridization was per-
formed using a specific probe for 5SrRNA (5-TTCTGAAT
TCGGCATGGGGTCAGGTGG-3) (49). The amount of
processed tRNA was normalized based on 5S RNA signals
using ImageQuant TL 8.1 (Cytiva) and determined relative
to the positive control supF-h. The 5'-labeling of the probes
was performed with T4 polynucleotide kinase according to
the manufacturer (New England Biolabs). Unincorporated
nucleotides were removed using NucAway™ Spin Columns
(Thermo Fisher Scientific).

Expression and purification of CS protein

Protein expression was performed as previously described
for CS5 protein (50,51). Overnight grown E. coli JM109 cells
were incubated at 37°C in 2 x 250 ml LB medium contain-
ing 50 pg/ml ampicillin until an ODgg of 0.6 was reached.
Protein expression was induced by IPTG addition to a final
concentration of 1 mM followed by 3 h incubation at 25°C.
After harvesting the cells, the pellet was stored at —80°C
for further use. For purification, the pellet was thawed on
ice, and subsequent steps were performed at 4°C. Cell lysis
was achieved by sonication (70%, 8 x 15 s, interval, pause
30 sec in between; Sonopuls HD 2070, Bandelin) in buffer
A (50 mM Tris—HCI pH 7.9, 10 mM Mg(C,H30,),04H,0,
0.25% (v/v) tween 20, 1 M NH4Cl). The suspension was
centrifuged at 30 600 g at 4°C for 30 min. After filtration of
the supernatant (pore size 0.44 pm) and pre-equilibration of
the HisTrapFF (volume 1 ml) with 5 column volumes (CV)
0f 90% buffer A and 10% buffer B (10 mM Tris—HCI pH 8.0,
500 mM imidazole) at a flow rate of 1 ml/min, the solution
was applied with 0.5 ml/min to the column via AKTA pure
system (Cytiva). The column was washed with 10 CV 90%
buffer A and 10% buffer B followed by 5 CV of buffer A.
For elution of the protein, 8 CV of buffer B were used. The
protein-containing fractions were pooled and the final pro-
tein concentration was determined according to Bradford.
Glycerol was added to a final concentration of 40 % and
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100 wl aliquots were frozen in liquid nitrogen and stored at
—80°C.

In vitro run-off transcription of riboswitch constructs and M1
RNA

DNA templates for T7-based in vitro transcription were
generated by PCR using pBAD plasmids carrying the indi-
vidual riboswitch constructs. The forward primer included
the sequence of the T7 promoter. Amplified transcription
templates were purified by phenol/chloroform extraction
and ethanol precipitation. Riboswitch constructs were tran-
scribed under standard conditions in the presence of NTPs
(4 mM each) (52). M1 RNA was transcribed in 40 mM Tris—
HCl pH 8.0, 8 mM MgCl,, 25 mM NaCl, 2 mM spermidine,
5 mM DTT. Transcripts were purified by denaturing poly-
acrylamide gel electrophoresis, gel extraction and ethanol
precipitation. For internal labelling, a-[P3?]-ATP was added
to the transcription reaction.

RNase P holoenzyme kinetic analysis

RNase P holoenzyme was assembled by pre-incubation
of C5 protein and M1 RNA in a 2:1 ratio for 5 min
at 37°C in the reaction buffer (50 mM HEPES pH 7.4,
100 mM NH4CI, 10 mM MgCl,) (53,51). Radioactively la-
beled tRNA substrates were incubated for 1 min at 90°C
with or without 30 wM theophylline in the same buffer.
After assembling for 5 min at room temperature (RT) in
the reaction buffer, RNase P holoenzyme was added to
the substrate to final concentrations of 10-150 nM sub-
strate and 2 nM enzyme (2 nM M1 RNA, 4 nM C5 pro-
tein). The incubation was performed at 37°C in the reac-
tion buffer for 8 min. Cleavage reaction was stopped by ad-
dition of 3x RNA loading dye (140 mM Tris-borate pH
8.3, 8§ mM Na,EDTA, 0.2 % (w/v) bromophenol blue,
0.2 % (w/v) xylene cyanol, 1 g/ml urea) to a 1 x concentra-
tion. Reaction products were separated by denaturing poly-
acrylamide gel electrophoresis and visualized by autora-
diography (Supplementary Figure S3). Signals of cleavage
products were quantified using ImageQuant TL 8.1 (Cy-
tiva). Michaelis-Menten parameters were determined using
GraphPad PRISM. All in vitro activity tests were performed
in at least three independent experiments. Parameters in-
cluding standard deviation and R? values are shown in Ta-
ble 2.

Structure analysis of in vitro transcribed riboswitches

S'-Labeled RNA was denatured at 90°C for 1 min and
cooled down to room temperature for at least 5 min for re-
folding. Probing was performed as described (54,55) in the
absence or presence of 30 wM theophylline for 40 h at room
temperature in a 20 pl volume. Reactions were stopped us-
ing 20 wl of 2x colorless RNA loading dye (10 M urea,
1.5mM EDTA), and 10 w1l were loaded on a 10% PAA gel.

Quantification and statistical analysis

Statistical parameters and calculations are reported in the
Figures and Figures Legends.
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RESULTS

RNase P riboswitch candidates derived from synthetic
transcription-regulating riboswitches are not functional

For efficient and correct substrate recognition by RNase P
in bacteria, the sequence of the tRNA 5'-leader is one im-
portant feature (56-59). However, the influence of its sec-
ondary structure is rarely analyzed. Screening of different
5'-leader sequences in vitro led to the hypothesis of a de-
creased binding affinity of highly structured 5'-leaders (35).
Based on this hypothesis, we developed a riboswitch to con-
trol tRNA 5'-maturation (Figure 1A).

In a first attempt, RSIOAU was constructed by keeping
the sequence of one of our best performing theophylline-
dependent transcription-regulating riboswitches (19,39) in-
cluding its terminator hairpin but removing the down-
stream U-stretch (Figure 1B). A tRNA sequence follows
immediately downstream of RSI0AU (Supplementary Ta-
ble S1). The deletion of the U-stretch inactivates the ter-
minator function and transforms the remaining terminator
hairpin into a sequestor hairpin because its 3’-terminal part
represents the 5'-leader region of the tRNA precursor. This
construct is expected to be processed by RNase P only if
the 5-tRNA leader is single-stranded (Figure 1A, B). It was
shown for Bacillus subtilis that increasing the length of a
single-stranded 5'-leader results in a high cleavage efficiency
(34). Accordingly, RNase P processing should be enhanced
if at least nucleotide positions -1 to -4, located immediately
upstream of the tRNA, are single stranded. The 5 part of
the sequestor hairpin is part of the TCT8-4 theophylline ap-
tamer sequence (8) that represents the sensor and is there-
fore immutable, as changes in this region likely affect ligand
binding. To increase flexibility for subsequent designs, we
further extended RS1I0AU by three bases complementary
to the aptamer region, resulting in RSI0OAU+3 (Figure 1B).

The theophylline-dependent release of a mature tRNA
was monitored using a reporter system based on stop codon
suppression. The tRNA under riboswitch control was sup-
pressor tRNADT supF, bearing an anticodon 5'-CUA-3’
that recognizes the amber stop codon UAG (60). Plasmid
pBAD, carrying the individual riboswitch constructs un-
der an inducible arabinose promoter (araP) and plasmid
pACYC containing an araP controlled ¢3gfp reporter with
an amber STOP codon at position 39 were introduced into
E. coli TOP10. After aminoacylation by tyrosyl-tRNA syn-
thetase, the correctly processed supF tRNA should decode
the stop codon in the c3gfp mRNA, leading to the expres-
sion of the encoded c3GFP. The activity of the protein was
quantified through determination of the fluorescence inten-
sity (excitation: 397 nm; emission: 510 nm). As positive con-
trol, a pPBAD plasmid version was used where the com-
plete riboswitch construct was replaced by an unstructured
9 nt long sequence closely related to a frequently used supF
precursor construct (61,62). After transcription, the corre-
sponding tRNA precursor is readily processed by RNase P,
resulting in efficient expression of c3GFP.

TOP10 cells carrying the plasmid constructs RSI0AU or
RS10AU+3 were incubated in the absence or presence of
theophylline (2 mM). With values of 1 to 2 % compared to
the positive control, the resulting fluorescence intensity of
both constructs was very low and indicated that these con-
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Figure 1. (A) Design principle of a riboswitch controlling tRNA 5'-end maturation. In the riboswitch, the upstream leader region consists of the theophylline
aptamer (red) followed by a designed sequence (blue) that forms a hairpin structure with the 3’-part of the aptamer. The loop-forming region (cyan) is taken
from a designed transcription-regulating and theophylline-dependent riboswitch (39). This hairpin sequesters the single-stranded leader region upstream
of the E. coli suppressor tyrosine suppressor tRNA supF (green). As a result, RNase P cannot access the cleavage site of the tRNA precursor. Upon
interaction with theophylline, the aptamer folds into its binding-competent state, leading to a disruption of the sequestor hairpin. The 5'-leader becomes
single-stranded and is now accessible for RNase P cleavage. In the 3D structure, theophylline interacts with both loop regions (106). For reasons of clarity,
the ligand is positioned in the lower loop of the secondary structure, symbolizing the bound state of the aptamer. (B) RNase P-riboswitch constructs in
unbound state based on the terminator hairpin of a transcription-regulating riboswitch RS10 (39). In the left structure RS10AU, the sequestor hairpin is
taken from the original terminator structure of RS10. In the right structure RS10AU+3, the sequestor hairpin was extended by three base pairs. Structures
were predicted using RNAfold (38). Bar diagram: Fluorescence intensities are displayed as relative values to the positive control supF. Release of mature
suppressor tRNA is monitored by read-through efficiency of a corresponding amber stop codon at position 39 in the mRNA of a plasmid-encoded c3GFP-
based reporter construct. The obtained values represent only background fluorescence, indicating that neither of these constructs showed a theophylline-
dependent switching behavior. Results show the mean +SD of three independent experiments.



structs were not functional as RNase P sensitive switches in
in vivo experiments (Figure 1B).

Riboswitches that regulate transcription are kinetically
controlled, i.e. the terminator hairpin formation rate needs
to be sufficiently fast and within a rather short time frame.
In contrast, RNase P regulation is not limited to such a tim-
ing, since RNase P is only able to recognize its product af-
ter the full transcription of the tRNA, including its 3'-CCA
end displaying an important substrate recognition feature
(63). Assuming the kinetically controlled sequestor hair-
pins of RS10AU and RS10AU+3 are too stable and there-
fore not functional under (nearly) equilibrated conditions,
these elements must be modified in order to become switch-
able. Ligand binding stabilizes the aptamer part and should
thereby disrupt the sequestor hairpin, leaving the leader re-
gion single-stranded and freely accessible for RNase P bind-
ing. Accordingly, a functional R Nase P-sensitive riboswitch
should be sufficiently modelled by thermodynamic folding
predictions incorporating ligand binding.

RNase P riboswitches based on thermodynamic folding pre-
dictions exhibit an efficient regulation of tRNA maturation in
E. coli

To implement this model, we conducted a computational
design approach, developed the leader accessibility score,
varied the length of the sequestor hairpin and randomized
its 3'-part. The developed optimization score ensures that
the probability of the leader region being single stranded is
high in presence of theophylline and low in its absence, but is
only comparable for designed sequences of the same length,
as the number of possible base pairs that the randomized
sub-sequence can form varies with every nucleotide. As lig-
and interaction contributes to the free energy of the aptamer
structure, theophylline binding was included in our model
with experimentally derived parameters for the binding en-
ergy and the binding motif (8,44). Optimizing the sequence
of the 3'-part of the sequestor hairpin according to the
leader accessibility score might allow for unintended base
pairs between the riboswitch and the downstream tRNA se-
quence. In our model, only the riboswitch should undergo
conformational changes, but the downstream tRNA ele-
ment should be unaffected. We applied two secondary de-
sign goals to compare, sort and filter candidates with opti-
mal leader accessibility scores of different lengths. The tRNA
independent fold score estimates the number of secondary
structures in the thermodynamic ensemble that form un-
desired base pairs between the riboswitch and the tRNA
sub-sequences, see Materials and Methods. If this fraction
is high, i.e., the independent fold score becomes zero, an un-
intended misfolding is assumed. The tRNA closing stem
is known to be essential for efficient RNase P processing
(45-47). Therefore, the tRNA score estimates the fraction
of structures containing the tRNA closing stem in the ther-
modynamic ensemble as well as in the ligand-bound ensem-
ble. If this fraction is high, i.e. the tRNA score is close to
one, proper tRNA folding independent of the presence of
the ligand is assumed, see Materials and Methods, Table 1.
Based on these parameters, RSI0AU and RS1I0AU+3 are
both predicted as non-functional.
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To investigate the functional capability of our compu-
tationally predicted riboswitches, we selected three candi-
date constructs for in vivo analysis (Figure 2A and Sup-
plementary Table S1). RP-RS A and RP-RS B were the
high scoring candidates with respect to the leader accessi-
bility score and can be seen as optimized versions of the
non-functional RSIOAU+3, as the sequestor hairpins are
of the same length. RP-RS C has a comparably short se-
questor hairpin but is high scoring for its length, and both
tRNA related scores indicate proper folding. The latter is
not the case for designs with shorter sequestor hairpins, see
online supplementary table (http://www.bioinf.uni-leipzig.
de/supplements/20-001).

RP-RS A, B and C showed considerable differences in
theophylline-dependent activation of the c3GFP reporter
gene relative to the positive control supF (Figure 2B). Cells
expressing supF tRNA under control of RP-RS A show
the highest levels of fluorescence, comparable to the posi-
tive control (104.8 + 16.5%). Background expression in the
absence of theophylline was very low (3.7 4 0.2%), result-
ing in a highly significant 28-fold response ratio. RP-RS C
was also responding to the presence of the ligand, leading
to a 12-fold induction (2.9 & 0.1% uninduced versus 35.4 +
17.2% induced). RP-RS B, however, showed only a low ex-
pression level with no clear increase (3.2 & 0.5 % uninduced
versus 4.6 4+ 1.5% induced), although it was predicted with
a similar leader accessibility as RP-RS A (Table 1). The fact
that RP-RS C was active despite a 10-fold lower leader ac-
cessibility score 1s not surprising, as a direct comparison of
this score is only possible for constructs of the same length.
The relative leader accessibility score is again not able to ex-
plain the observed difference of RP-RS A and RP-RS B,
but clearly indicates that RP-RS C might implement a func-
tional construct.

While these results clearly indicate an efficient and accu-
rate ligand-dependent tRNA maturation for RP-RS A and
RP-RS C, the actual data are a combination of tRNA mat-
uration, aminoacylation and subsequent translation of the
c¢3GFP reporter. Hence, a direct analysis of the maturation
of the suppressor tRNA was performed based on a northern
blot approach. For visualization of supF tRNA, an oligonu-
cleotide probe hybridizing to the tRNA was required. As the
supF sequence is identical with the endogenous tRNATY"
(except the suppressor anticodon), such a probe would
recognize both suppressor as well as endogenous tRNA
for tyrosine, leading to considerable background signals.
Therefore, riboswitches RP-RS A-h, B-h and C-h were con-
structed where the original supF tRNA was replaced by a
hybrid tRNA supF-h that is sufficiently different to be se-
lectively recognized by a hybridization probe. To this end,
anticodon stem and most of the variable loop region of
supF were replaced by corresponding parts of Thermus
thermophilus tRNATY" (Figure 3A). The resulting tRNA
chimera contained all identity elements for proper aminoa-
cylation by tyrosyl-tRNA synthetase, including three base
pairs in the variable loop (64-66). To investigate whether
RP-RS A-h, RP-RS B-h and RP-RS C-h riboswitches are
active and produce a functional hybrid tRNA in E. coli,
c3GFP fluorescence levels were determined (Figure 3B).
Similar to the original riboswitch constructs, RP-RS A-h
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Table 1. Riboswitch constructs: characteristics and performance. Summary of in vitro and in vivo experiments and in silico predictions of analyzed ri-
boswitch constructs. Results of the experiments are summarized as follows: +, theophylline-dependent cleavage, —, no theophylline-dependent cleavage
and ND, not determined. The number of + symbols indicates the intensity of the observed fold change. The leader accessibility score measures how likely
it is that a given construct implements the intended design model, i.e. an accessible leader in presence of theophylline and a masked leader in absence
of theophylline. The tRNA score and the independent fold score measure proper and independent folding of the tRNA sequence, respectively. Scores are
only comparable for constructs of the same length. Note that all loop closing base pair mutants except for GC are incompatible with the given sequence
and structure constraints used for sequence sampling (Supplementary Figure S1). However, the respective scores are calculated and used to estimate the
relative leader accessibility score for all constructs of a specific length. Both the leader accessibility scores as well as relative leader accessibility scores
clearly indicate that RSI0AU und RS10AU+3 represent inactive constructs. For constructs RP-RS A to C, the prediction is less clear, as the calculation
is based on thermodynamic hairpin stability and cannot determine the effect of single base pairs. Hence, the putative positive candidates have to be tested
experimentally

Construct In vivo In vitro In silico
Leader
Switch c3GFP Northern In-line access. tRNA Indep. Relative leader
1D Length Assay blot Kinetics probing score score fold score access. score
RS10 based switches
RS10AU 60 - ND ND ND 0.025 0.996 0.832 0.08
RS10AU+3 63 - ND ND ND 0.000 1.000 0.944 0.00
Leader accessibility score optimized switches
RP-RS A 63 +++ ND + + 0.484 0.992 0.932 0.95
RP-RS B (RP-RS A-GC) 63 — ND ND - 0.477 0.991 0.935 0.93
RP-RSC 59 ++ ND ND ++ 0.016 0.997 0.829 0.64
Loop-closing base pair mutants
RP-RS A-AU 63 + ND ND + 0.469 0.991 0.932 0.92
RP-RS A-GA 63 +++ ND ND +++ 0.512 0.996 0.931 1.00
RP-RS A-UG 63 + ND ND + 0.468 0.999 0.933 0.91
RP-RS C-GC 59 — ND ND - 0.013 0.997 0.836 0.52
RP-RS C-AU 59 + ND ND + 0.016 0.997 0.829 0.65
RP-RS C-GA 59 +++ ND ND +++ 0.023 0.997 0.825 1.00
RP-RS C-UG 59 + ND ND ++ 0.015 0.997 0.830 0.59
Hybrid tRNA variants
RP-RS A-h 63 +++ ++ ND ND 0.430 0.995 0.935 0.94
RP-RS B-h 63 + + ND ND 0.476 0.988 0.938 0.93
RP-RS C-h 59 +++ ++ ND ND 0.016 0.997 0.865 0.64

and RP-RS C-h showed a ligand-dependent response (8- ing eliminated this signal (Supplementary Figure S2), iden-
fold and 11-fold, respectively), while RP-RS B-h showed a tifying it as an RNA—protein complex. According to Kush-
low (4-fold) activation (4.3 + 0.9% to 15.6 & 12.7%). Based waha et al., this band very likely corresponds to a complex

on its high standard deviation, this riboswitch shows only a formed by interaction of the processed tRNA with the strin-
minimal switching activity. Compared to the original con- gent response factor RelA that has a very high affinity to
structs RP-RS A to C, the background signal of all con- uncharged tRNAs (67).

structs in the absence of theophylline was increased. In the The amount of mature tRNA was quantified relative to

presence of theophylline, RP-RS A-h showed a fluorescence the corresponding 5S rRNA signals (Figure 3D). For com-
intensity (125.4 & 37.0%) comparable to RP-RS A (104.8 + parison, the tRNA/5S rRNA ratio of the positive control
16.5%; Figure 2B). Yet, due to the higher background, the supF-h was set to 100%. In the ON state, the processed
determined activation rate was lower (8-fold). RP-RS C-h tRNA amount of RP-RS A-h (83.8 & 31.5% induced versus
showed a fluorescence intensity (94.9 + 16.0%) higher than 18.2 &+ 8.2% uninduced) is comparable to the positive con-
RP-RS C (35.4 £ 17.2%), comparable to the positive con- trol, whereas tRNA maturation in RP-RS C-h was less effi-
trol supF, RP-RS A and RP-RS A-h, even though the leader cient (43.6 + 5.2% induced versus 10.3 4 1.5% uninduced),
accessibility score remained unchanged (Table 1). Since the resulting in a 5- and 4-fold activation, respectively. With val-
background in the OFF state was also increased, a switch- ues of 15.9 £ 1.8% (induced) and 6.9 £ 1.1% (uninduced),
ing ratio of 11-fold remained. Taken together, the hybrid RP-RS B-h lead to a 2-fold activation with a low amount of
constructs RP-RS A-h and RP-RS C-h exhibit a switching mature tRNA in presence of theophylline (Figure 3D).

behavior that is similar to RP-RS A and C, while RP-RS B- A comparison of tRNA and protein expression levels of
h is also almost inactive. These data indicate that the intro- RP-RS A-h to RP-RS C-h shows a qualitative rather than
duction of the hybrid tRNA did not interfere the riboswitch a quantitative concordance in their activities. Signal ampli-
functionality. fication by a repeated participation of the expressed tRNA

In the northern blot analysis, a specific signal correspond- in translation is likely, as the amount of tRNA influences
ing to the mature supF-h tRNA is visible in the lanes rep- the rate of protein synthesis (68—70). However, a clear quan-
resenting RP-RS A-h and RP-RS C-h constructs incubated titative correlation of tRNA levels and amount of c3GFP
with theophylline (Figure 3C). An additional slowly migrat- protein is not expected since various factors like mRNA
ing band appears in the lanes for supF-h and the induced structure, cell stress, tertiary complex formation, aminoa-

RP-RS constructs. Proteinase K treatment prior gel load- cylation and others have an impact on the translation ef-
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Figure 2. RNase P riboswitch activity in E. coli TOP10 cells. (A) Secondary structures of riboswitches with in silico predicted expression platforms (blue).
In the unbound state (without ligand interaction), the designed candidates RP-RS A, RP-RS B and RP-RS C carry different sequestor hairpins consisting
of 15 (RP-RS A, RP-RS B) or 11 base pairs (RP-RS C). The sequestor hairpins of RP-RS A and B differ only in a single base pair (indicated by the black
arrow). (B) In vivo activity tests of RP-RS A, RP-RS B and RP-RS C in absence (black bars) and presence (grey bars) of 2 mM theophylline. Fluorescence
intensities are displayed as relative values to the positive control supF. While RP-RS B is in a permanent OFF state, RP-RS A leads to a mean activity of
104%, comparable to the positive control. RP-RS C also exhibits a ligand-specific response in tRNA maturation. However, this activation is less pronounced
compared to RP-RS A and leads to a relative mean fluorescence intensity of 35% in the read-out system. Results show the mean £SD of three independent

experiments.

ficiency in vivo (71-76). In summary, the data indicate that
RP-RS A/A-h and RP-RS C/C-h are theophylline-sensitive
riboswitch constructs and exercise a direct regulation of
RNase P-catalyzed tRNA maturation, although a linear
correlation of tRNA amount and fluorescence intensity is
not observed.

Riboswitch RP-RS A regulates tRNA cleavage efficiency in
vitro

To verify that the riboswitches indeed regulate RNase P ac-
tivity by controlling the accessibility of the 5'-leader cleav-
age site, the processing reaction catalyzed by the E. coli
RNase P holoenzyme (catalytic M1 RNA moiety combined
with the C5 protein subunit) was investigated in vitro. As
demonstrated by the Altman lab, the in vitro transcript of
M1 RNA is an efficient and accurate ribozyme that ex-

hibits high catalytic activity on tRNA precursor transcripts
(28,77). However, the protein subunit is involved in the ac-
curate substrate recognition and the catalytic efficiency, es-
pecially through its direct interactions with the 5'-leader of
the precursor (34,36,37,78).

As a positive control, a naturally occurring well charac-
terized precursor tRNA was chosen. Construct nat-supF is
composed of supF tRNA fused to the native 43 nt leader
from E. coli tRNATY" (79-81). Radioactively labelled run-
off transcripts of RP-RS A and nat-supF were used to in-
vestigate the kinetic parameters of RNase P cleavage in
vitro (Figure 4). Since cellular uptake of theophylline is lim-
ited, the endogenous ligand concentration is probably much
lower than in the medium (2 mM). Accordingly, a reduced
theophylline concentration of 30 wM was chosen for the
in vitro analysis, corresponding to a 100-fold excess of the
aptamer’s kp value of 320 nM (8). The reaction was per-
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Figure 3. Riboswitch-controlled tRNA maturation and amber codon suppression. (A) For specific detection of processed tRNA in a northern blot analysis,
supF tRNA was replaced by a hybrid construct supF-h, where anticodon stem and variable arm represent the corresponding region of Thermus thermophilus
tRNADT (B) As in the original constructs, RP-RS A-h and RP-RS C-h show a ligand-dependent response and release a functional supF-h tRNA that
leads to expression of c3GFP. RP-RS B-h shows only a minimal activation. Northern blot (C) and its quantification (D) show that RP-RS A-h and RP-RS
C-h turn on tRNA maturation in the presence of theophylline by factor 5, while RP-RS B-h only leads to a 2-fold activation. The additional band above
the precursor (only clearly visible for the positive control supF-h and RP-RS A-h in presence of theophylline) likely represents a complex of processed,
uncharged tRNA supF and protein RelA. Controls: run-off transcripts of RP-RS B-h, 5S rRNA and mature supF-h, serving as size markers. Hybridization
signals of 5S rRNA were used as loading control. The amount of cleaved tRNA was normalized based on the 5S rRNA signal and determined relative to
the positive control supF-h. Quantification results show the mean +SD of three independent experiments. The response ratios of individual constructs are

indicated in the bar graphs (B, D).

formed with substrate concentrations ranging between 10
and 150 nM of RP-RS A and nat-supF using buffer con-
ditions that are compatible with both enzyme activity and
ligand binding by the aptamer. Thus, the hairpin structure
is probably less stably folded as calculated under these con-
ditions. Reaction products were separated on denaturing
polyacrylamide gels, visualized by autoradiography (Sup-
plementary Figure S3). Signal intensities were quantified
and used to determine kinetic parameters k¢, and Ky (Fig-
ure 4, Table 2).

For nat-supF, higher Ky (38.39 + 7.64 nM) and lower k,
(1.01 £ 0.08 min~") values were observed in absence of theo-
phylline compared to prior analysis (79,80) and likely result
from slightly different buffer conditions. The addition of
theophylline did not affect the cleavage of the positive con-
trol (Ky: 38.39 & 7.64 nM and kcyi: 1.01 2 0.08 min~! ver-
sus Kyt 43.45+7.21 nM and keye: 1.05 £ 0.08 min~!). Com-
pared to nat-supF, Ky values of RP-RS A in the absence
(63.16 £ 12.55 nM) as well as in the presence of the ligand
(56.42 +9.71 nM) are elevated to some extent. However, for
RP-RS A, ke, was clearly increased from 0.90 4 0.08 min~!
to 1.68 £ 0.14 min~!, indicating an increased cleavage effi-
ciency of RNase P. Taken together, the riboswitch construct

controls in vitro an RNase P-mediated precursor cleavage in
a ligand-dependent way, corroborating the in vivo data on
theophylline-induced tRNA processing in our riboswitch
constructs.

A loop-closing base pair modulates sequestor hairpin stability
and riboswitch functionality

While RP-RS A shows a 28-fold ligand response ratio, RP-
RS B is nearly inactive (response ratio of 1.4). Yet, both
constructs are almost identical in their sequence and differ
only in a single base pair 43-50 in the sequestor stem, where
RP-RS A carries a G-U pair, while in RP-RS B, a G-C in-
teraction is present (Figures 2A and 5). As this base pair is
located close to the loop at the tip of the sequestor hairpin,
it probably contributes not only to the overall structural sta-
bility, but also has an impact on the closing of the hairpin
loop (82). Thus, the influence of this base pair on hairpin
stability and riboswitch functionality was investigated. The
original G-U pair of RP-RS A was replaced by A-U (RP-
RS A-AU), representing a Watson—Crick base pair less sta-
ble than the G-C interaction of RP-RS B. In addition, a
G-A mismatch (RP-RS A-GA) as well as a U-G (RP-RS
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Figure 4. Kinetic analysis of RNase P holoenzyme activity. In vitro cleavage of RP-RS A (right) was compared to supF with the naturally occurring 5'-
leader (nat-supF; left) (80). Substrate concentrations from 10 to 150 nM were incubated with the holoenzyme (final concentration 4 nM CS protein, 2
nM M1 RNA) in presence or absence of 30 wM theophylline in at least three independent experiments. The processing of nat-supF is not affected by the
presence of theophylline. In contrast, RP-RS A shows a ligand-dependent increase in tRNA maturation, indicating that the binding of theophylline leads
to a single-stranded leader region in the transcript that is accessible for RNase P. Michaelis-Menten parameters of this reaction are summarized in Table

2.

Table 2. Kinetic parameters RNase P-dependent cleavage of RP-RS A
in vitro. Rate constants Ky and ke, were determined by quantification
of product bands (ImageQuant TL software) using non-linear regression
(Graph Pad Prism 7). All data are means £ SD of at least three indepen-
dent experiments

Theophylline
Construct (30 pM) Ky (nM) keat (min~1) R?
nat-supF — 38.39 + 7.64 1.01 £ 0.08 0.85
+ 4345 + 7.21 1.05 + 0.08 0.87
RP-RS A — 63.16 £ 12.55 0.90 £ 0.08 0.89
+ 56.42 + 9.71 1.68 + 0.14 0.85

A-UG:; inverse to the original G—U) were introduced (Fig-
ure 5). The resulting RP-RS A variants were recombinantly
expressed in E. coli TOP10 and theophylline-induced flu-
orescence intensity was quantified (Figure 5B). RP-RS A-
GA showed a high ligand-dependent response, similar to
the original RP-RS A construct carrying the G43-US50 pair.
RP-RS A-AU and RP-RS A-UG also responded to theo-
phylline and induced tRNA processing and ¢c3GFP expres-
sion. The induction, however, was somewhat weaker in the
case of RP-RS A-UG and clearly weaker in the case of RP-
RS A-AU than that of the original RP-RS A.

To determine whether the different activities of the vari-
ants are linked to differences in theophylline-induced re-
folding, in vitro transcripts of individual riboswitch con-
structs were subjected to structural investigation by in-line
probing (55) in the presence and absence of the ligand.
The probing data show a high correlation of in vitro in-
duced refolding and in vivo functionality (Figure 5B and
C). From the resulting in-line cleavage pattern, the forma-
tion of the theophylline-dependent aptamer structure can
be inferred in all constructs and corresponds to the reported
shape (Supplementary Figure S4) (83). In the absence of

theophylline, the formation of the predicted sequestor hair-
pin immediately upstream of supF tRNA can also be de-
duced in all constructs (Figure 5C and F). In RP-RS A-
GU and RP-RS A-GA, the presence of the ligand induced
an opening of the sequestor hairpin, so that the proximal
region of the leader sequence was single-stranded and ac-
cessible for RNase P, correlating with efficient processing
(Figure 5C). In contrast, RP-RS A-AU and RP-RS A-UG
showed a less pronounced refolding into a single-stranded
proximal leader region, which is in agreement with the prior
results based on fluorescence measurements. Only 4-5 un-
paired residues were detected, while the rest of the sequestor
hairpin remained double-stranded and obviously interfered
with RNase P accessibility to a certain extent. Accordingly,
the in vivo response to theophylline was reduced. Yet, and
in contrast to RP-RS A-GC (corresponding to the original
RP-RS B), these constructs still represent functional and
theophylline-responsive riboswitches. The calculated leader
accessibility scores for the investigated RP-RS A mutants
ranged between 0.468 and 0.512, corresponding to high
scoring sequences of this length (see Table 1). The G-A mu-
tant with a value of 0.512 showed the highest accessibility
in vitro and in vivo. All RP-RS A constructs were predicted
to switch. However, the calculated scores allow only a gen-
eral prediction based on the overall stability of the designed
constructs but cannot determine the effect of a single base
pair in these structures.

Interestingly, our second active construct RP-RS C also
carries a G—U base pair at position 43-50 in the loop closing
region of the sequestor hairpin (Figure 2A). To investigate
whether the nature of this base pair is equally important for
RP-RS C functionality and represents a general feature of
our constructs, we introduced the same base pair variants
of RP-RS A in RP-RS C (Figure 5D). Similar to its RP-
RS A-GC counterpart, RP-RS C-GC is completely inactive
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Figure 5. Functional and structural characterization of RP-RS A and C variants. (A) and (D) Constructed secondary structures (fusion of the predicted
expression platform with the supF tRNA structure) of ON and OFF states of RP-RS A and RP-RS C. The theophylline binding aptamer is represented
in red, the designed 3’-part of the sequestor hairpin is in blue, the suppressor tRNA in green with the anticodon in black. Bars in orange, brown and blue
represent sequences that were mapped to be single-stranded in the corresponding structures. The base pair 43-50 in the sequestor stem is indicated as X-Y
in a box. In the ON state, additional possible interactions of the blue sequestor part with the aptamer base are indicated by dashed lines and a question
mark. (B) and (E) In vivo activity tests of RP-RS A and RP-RS C variants carrying different X43-Y50 base pairs. In the presence of 2 mM theophylline
(grey bars), the GC variants are in a permanent OFF state, showing no tRNA maturation and, consequently, no GFP expression. All other constructs
show a theophylline-induced activation of the reporter gene. Candidates with rather weak X43-Y50 interactions (G—A) exhibit a higher response ratio
than those with more stable base pairs (G-U, A-U, U-G). (C) and (F) In-line probing patterns of RP-RS A and RP-RS C variants, respectively. Only the
designed part of the sequestor stem is presented, in-line probing of the full transcripts is shown in the Supplementary Data (Supplementary Figure S4).
Black lines in the two panels on the left indicate the border of two exposure screens. All constructs except the G43-C50 variant show a ligand-dependent
opening of the sequestor. In the uninduced state (absence of theophylline indicated by ‘), all constructs show fraying of the basal three base pairs of the
hairpin. Yet, tRNA maturation is not possible, as this region is not sufficient to give RNase P access to the cleavage site. In the GC mutants, the structure
does not change upon the addition of theophylline. All other candidates show a structural rearrangement that corresponds to a certain extent to their
response ratio shown in (B) and (E). Lanes: (n) no reaction; (T1) incubation with RNase T1; (OH™) hydrolysis ladder; (—/+) incubation in in-line probing
buffer for 40 h in absence (—) or presence (+) of theophylline. Response ratios of the tested riboswitch variants are indicated in the bar graphs (B, E).



and does not respond to theophylline, showing only back-
ground fluorescence intensity (Figure SE). RP-RS C-GA
is comparable with the positive control supF, more active
than the G-U counterpart and represents full functional-
ity, as it was also shown for the respective RP-RS A vari-
ant. RP-RS C-AU and RP-RS C-UG show a reduced but
well detectable theophylline response that also corresponds
to that of RP-RS A-AU and RP-RS A-UG, although at
a lower efficiency (Figure 5B and E). Furthermore, in-line
probings of these RP-RS C versions exhibit a certain cor-
relation with their response ratios, which is also in accor-
dance with the RP-RS A results (Figure 5F). In the presence
of theophylline, RP-RS C versions with GU and GA posi-
tions at base pair 43-50 show a complete unfolding of the
sequestor hairpin, while unfolding in RP-RS C-AU is only
moderate. RP-RS C-UG, however, shows an unexpectedly
high unfolding compared to its measured in vivo response.
In RP-RS C-GC, the sequestor hairpin shows only a slight
unfolding in the loop region, while the rest of the structure
remains double-stranded, so that RNase P has no access
to the cleavage site, rendering this variant completely inac-
tive. For the RP-RS C variants, the leader accessibility score
and especially its normalized version predict a theophylline-
dependent switching that correlates with the experimental
data to a certain degree. RP-RS C-GA is the best scoring
sequence with a high switching activity, while RP-RS C-GC
is predicted to be the worst (Table 1). However, as indicated
above, prediction of the impact of an individual base pair in
the sequestor stem is not possible, as the values for RP-RS
C-GC (inactive) and RP-RS C-UG (moderately active) are
very similar.

Taken together, the results show that for both RP-RS A
and RP-RS C, ligand-dependent structural rearrangement
is in line with the in vivo regulation of RNase P-mediated
tRNA release. In this context, the interaction of base po-
sitions 43 and 50 play a crucial role for the responsiveness
towards theophylline. A noticeable difference between RP-
RS A and RP-RS C, however, is the fact that in the con-
struct with higher response ratio (RP-RS A), the base of the
sequestor hairpin consists of three rather weak base pairs
(GU and AU) and is under all conditions fraying into single-
strands of at least three nt length. In RP-RS C, this region
is more stable, as it carries two GC and one AU base pair.
Correspondingly, fraying is restricted to the terminal AU
and the neighboring GC pair.

DISCUSSION

The theophylline aptamer TCT8-4 is one of the best char-
acterized ligand-binding RNA structures (8). With its high
selectivity and in vivo compatibility, it is frequently used
to construct ligand-responding regulatory RNA devices
(39,84-89). Here, we designed theophylline-dependent ri-
boswitches regulating the processing of a specific precursor
tRNA by directly controlling the accessibility for RNase P.
The leader region is masked by the sequestor hairpin, and
ligand binding induces a structural rearrangement that dis-
rupts this hairpin, giving RNase P access to its cleavage po-
sition. Further, this design allows investigation of the im-
pact of the tRNA 5'-leader structure on RNase P mediated
processing (Supplementary Figures S4 and S5).
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Modelling the accessibility of the 5'-leader of the tRNA
sequence in absence and presence of ligand by developing
the leader accessibility score successfully guided the selec-
tion process toward functional riboswitches. The inactive
constructs RSI0AU and RS10AU+3 based on the tran-
scriptional riboswitch RS10 (39) showed very low scores
of 0.025 and 0.000, respectively, indicating that a ligand-
dependent switching activity is highly unlikely (Table 1). As
the sequestor hairpin was originally designed as a robust
and fast forming terminator hairpin, its high stability does
not allow for a ligand-induced refolding once it is formed.
Hence, the leader accessibility scores indicate that the two
alternative structures of these constructs are not formed in
a ligand-dependent thermodynamic equilibrium.

While sampling sequences compatible with the applied
constraints (Supplementary Figure S1), only Watson—Crick
and wobble G—U base pairs were included to generate per-
fectly stacking sequestor hairpins. In principle, it would be
possible to allow for other base pairs or imperfect hairpins
containing bulges and interior loops. However, the combi-
natorial complexity of the sampling process would increase
and the accuracy of the applied energy model used for sec-
ondary structure prediction is currently limited to canoni-
cal base pairs only. For a better data interpretation of the
riboswitch variants with different length, we calculated the
relative leader accessibility score with respect to all compat-
ible sequences observed during sampling and of sequences
containing G—A as well as U-G mismatches at position 43—
50 of the riboswitches (Table 1). For RP-RS C and its vari-
ants, the relative scores show an approximate correlation
with a ligand-induced switching behavior. In the group of
sequences with a length of 59 nts, particularly RP-RS C-
GA displayed the best score and also the best response ra-
tio based on ¢c3GFP expression. RP-RS C-GC, in contrast,
has the lowest relative score and shows no ligand-dependent
switching. Comparing the scores of RP-RS C-UG and RP-
RS C-GA with the in-line probing data, a clear quanti-
tative correlation between the experimental activities and
the structural rearrangement was not observed, as both ri-
boswitches show a ligand-induced opening of the sequestor
hairpin (Figure SF). Their relative scores, however, clearly
predict a better switching behavior for RP-RS C-GA (Table
1).

When focusing on RP-RS A and RP-RS B, constructs
of identical length, the calculated scores do not show a
strong correlation with functionality. The example of RP-
RS B, which differs by a single G—C base pair at position
43-50 from the functional RP-RS A sequence, clearly in-
dicates limitations of the applied in silico approach. Ac-
cording to all applied scores, both constructs should work
equally well. In-line probing experiments as well as activity
tests of RP-RS B show that the determined secondary struc-
ture does not match the predicted accessible leader sequence
in presence of theophylline. Similar observations can be
made for the shorter RP-RS C construct and its derivatives.
While these values are based on thermodynamic calcula-
tions, structural investigations revealed additional features
affecting riboswitch functionality that are not predicted by
the accessibility scores. Base pair 43-50, located close to the
top of the sequestor hairpin, has a strong impact on the
switching efficiency, which could not be predicted by our in
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silico calculations. At this position, rather weak interactions
(G-U, A-U, G-A, U-G) are functional, while stable G-
C pairings completely abolish the ligand-dependent rear-
rangement of both RP-RS A as well as RP-RS C constructs
(Figure 5). As hairpin formation proceeds in a zipper-like
process starting at the loop region as a seed (90,91), it seems
that these closing base pairs must be rather unstable to allow
a ligand-dependent rearrangement. Hence, the thermody-
namic stability of the sequestor hairpin seed region directly
affects riboswitch functionality. In addition, structure prob-
ing of functional RP-RS A variants shows that a small hair-
pin containing the 43-50 base pair remains even in the lig-
and bound ON state (Figure 5). This observation indicates
that predominantly the basis of the sequestor hairpin is re-
quired to be single-stranded in order to give access to the
RNase P cleavage site, while the remaining short upper part
of the hairpin represents no steric obstacle for tRNA pro-
cessing. These data indicate that the current in silico model
is not sensitive enough to capture all observed effects. While
the applied scores are good indicators on the overall stabil-
ity of a designed construct, they are not accurate enough
to unambiguously quantify the effect of a single base pair
exchange. This is presumably an inherent limitation of any
model based on RNA secondary structures, which by defi-
nition cannot capture details of the 3D structure. Further-
more, RNase P-mediated cleavage efficiency also depends
on the actual sequence and base composition of the leader
region (35-37,92). However, the accessibility score does not
include this parameter. Therefore, a linear correlation of the
accessibility score and riboswitch activity with the current
in silico model is not expected.

Compared to RP-RS A (28-fold), RP-RS C shows a less
efficient response ratio (12-fold). One explanation is given
by the base pair composition in the basal part of the se-
questor hairpins. RP-RS A carries two G-U and one U-
A base pair, while in RP-RS C, a C-G followed by G-C
and A-U is found, leading to a higher helical stability as in
RP-RS A. Consistent with this hypothesis is the fact that
structure probing of all RP-RS A variants shows an effi-
cient fraying of the three bottom base pairs of the hairpin
even in the absence of theophylline (Figure 5C). Yet, the
single-stranded state of these bases is not sufficient to give
access to RNase P, and no mature tRNA is released. In con-
trast, RP-RS C carries the more stable closing interactions,
and all variants show only weak fraying of the terminal two
base pairs (Figure 5F). Obviously, the increased stability of
the hairpin base has a considerable impact on the ligand-
induced rearrangement of the riboswitch, leading to less ef-
ficient response of RP-RS C constructs.

Despite this hairpin fraying in the absence of theo-
phylline, the low background of RP-RS A and RP-RS C can
be explained by the observation that Bacillus subtilis R Nase
P requires at least four single-stranded proximal leader nu-
cleotides for efficient catalysis with the tRNA precursor
(34), and it is very likely that the E. coli enzyme has sim-
ilar substrate requirements. The sequence composition of
the 5'-leader also has an impact on the cleavage efficiency
by RNase P. A crucial position for the E. coli enzyme is
N(-1), immediately upstream of the tRNA sequence, where
a uridine is the preferred base (56). Yet, RP-RS A carries a
less preferred A-1 residue and still is cleaved efficiently. Be-

sides this N(-1) position, additional substrate recognition
features for RNase P in a pre-tRNA are known, including
the 2'-hydroxyl in the acceptor stem, the D-stem loop and
the 3'-CCA motif (93,94), so that the recognition is not re-
stricted to N(-1). Furthermore, Niland ef al. showed that
N(-1) recognition is only important for cleavage by the iso-
lated catalytic M1 RNA subunit, but not for the holoen-
zyme consisting of M1 and the protein unit C5 (36). In our
constructs, these additional recognition elements for RNase
P are present, as the structural analysis clearly shows a cor-
rectly folded tRNA in presence and absence of the ligand.
Hence, the only determinant whether processing takes place
or not is the accessibility of the 5'-leader that is regulated by
the riboswitch.

While RP-RS A and RP-RS C led to a very low pro-
cessing in the absence of theophylline, the hybrid con-
structs show a moderate background. It is possible that the
tRNA hybrid sequence interferes and thus affects the func-
tionality of these constructs. Secondary structure analysis
through in-line probing showed theophylline-induced rear-
rangements comparable to the original constructs (Supple-
mentary Figure S5), which agrees with their similar accessi-
bility scores (Table 1). Additional interference can be also
caused by tertiary interactions, which are not considered
in the in silico calculations or the structural probing. Fur-
ther, it has to be noted that the amount of mature tRNA
does not necessarily correlate with the amount of produced
protein (68,69). As the riboswitch constructs are plasmid-
encoded, their transcription leads to rather high amount of
pre-tRNA that is processed upon induction. This increased
tRNA concentration likely leads to an oversaturation of the
corresponding tyrosyl-tRNA synthetase, and the processed
but uncharged supF tRNA molecules do not contribute to
an increase in the c3GFP expression. As uncharged tRNAs
are bound by RelA at high affinity (67), such a scenario
is supported by the fact that the observed slow-migrating
signal in the northern blot analysis is proteinase-sensitive
(Supplementary Figure S2). Such a synthetase oversatura-
tion can explain why a protein-based signal amplification
does not match the amount of processed supF tRNA, as
observed for RP-RS A-h and C-h.

This observation is also important to evaluate the
c3GFP-based results. Here, the incubation time is a central
parameter that immediately affects the read out. If the time
points are chosen too long, a proper quantitation is dif-
ficult due to the oversaturation of expression system with
the processed tRNA. For our constructs, 4.5 h were cho-
sen as the incubation time to allow a direct comparison
of all tested constructs. Only at this time point moderately
active switches (RP-RS C) are detected, whereas RP-RS
A seemed to be slightly oversaturated as indicated by the
formed tRNA-protein complex (presumably RelA) and the
high amount of processed tRINA in the northern blots (Fig-
ure 3). Thus, a read-out system for tRNA processing based
on protein expression clearly allows to monitor the regula-
tory potential of individual constructs. A precise quantita-
tion of the switching behavior, however, is rather difficult, as
it is well-known that the correlation of tRNA, mRNA and
protein levels is notoriously poor (95). Furthermore, as the
read-out system is based on a suppressor tRNA, this prod-
uct has to compete with release factor 1 (RF1) for codon



interaction (96). As a certain amount of suppressor-tRNA
is required to efficiently outcompete RF1 in translation of
the reporter gene (97,98), it is conceivable that the vary-
ing amounts of supF tRNA produced by the individual ri-
boswitches are differently efficient in this competition, re-
sulting in non-linear levels of protein expression. Neverthe-
less, a clear theophylline-dependent tRNA maturation was
visible at protein as well at the level of mature tRNA. The
fact that the northern analysis shows only a small amount of
unprocessed tRNA in the OFF state is not surprising, as it
was frequently reported that unprocessed precursor tRNAs
are rapidly degraded in E. coli (99-101,49,102).

The structural refolding observed by in-line probing anal-
ysis corresponds to the theophylline-induced in vivo switch-
ing behavior of our riboswitch constructs. Yet, we do not
observe a linear correlation of the probing signals and the
switching efficiency in RP-RS A and RP-RS C derivatives.
For instance, structure analysis shows a rather similar hair-
pin opening in RP-RS C-UG and RP-RS C-GA (Figure
SF). However, the in vivo activation based on ¢c3GFP ex-
pression is much lower for RP-RS C-UG. A reason for this
discrepancy is probably the long incubation time used for
in-line probings. To obtain distinct cleavage signals, RNA
transcripts are usually incubated for up to 40 h (55), and
the obtained cleavage signals represent an RNA structure at
its thermodynamic equilibrium. Thus, parameters such as
folding kinetics and time-dependent refolding events cannot
be represented with this method. For instance, a region that
shows repeated folding/unfolding over time will eventually
lead to a cleavage signal, while this behavior might not affect
riboswitch functionality in vivo. Furthermore, a slow hair-
pin opening would be visible in the structural investigation,
but if this is not sufficiently fast for ligand binding in vivo,
the uncleaved riboswitch transcript will be rapidly degraded
as an unprocessed tRNA precursor molecule (103). Hence,
the structural analysis offers valuable supportive data, but
it cannot be integrated into a predictive framework for ri-
boswitch functionality consisting of in vivo and in silico
data.

Kinetic analysis of RP-RS A-h processing by RNase P
holoenzyme indicated the postulated regulation of the sub-
strate accessibility. Even in vitro, a theophylline-dependent
activation of the cleavage efficiency was visible for RP-RS
A, while processing of nat-supF was unchanged. The in-
creased background could be caused by experimental in
vitro conditions which had to be balanced between en-
zyme activity and correct aptamer folding. Thus, the hair-
pin structure is probably folded less stably as proposed un-
der the tested conditions. While the activity of the holoen-
zyme (nat-supF Ky: 38.39 + 7.64 nM; key: 1.01 £+ 0.08
min~!) is lower compared to prior kinetic studies involv-
ing the positive control supF (Ky: 13 nM, key: 6.6 min~!,
Kyi: 17 nM, keai: 10.3 min~!) (79,80), our data clearly in-
dicate a theophylline-dependent cleavage reaction only for
the riboswitch construct, while the nat-supF precursor pro-
cessing is not affected by the presence or absence of the lig-
and (Table 2). There are various possible reasons for the
observed differences in the kinetic parameters compared
to the data presented by Kirsebom et al. Besides differ-
ences in buffer compositions also the experimental setup,
including enzyme preparation and holoenzyme reconstitu-
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tion, can have an impact on the actual values. Neverthe-
less, our reconstituted holoenzyme is highly active under
standard conditions, where the individual components M1
RNA and C5 protein show no activity (Supplementary Fig-
ure S6).

In summary, the kinetic data show that the presence of
theophylline leads to a 1.9-fold increased cleavage efficiency
in the riboswitch transcript in vitro. While this value is lower
than the in vivo data, it clearly corroborates the ligand-
dependent control of RNase P-mediated tRNA processing
of the riboswitch constructs. The in vitro conditions differ
from the in vivo situation in terms of enzyme/substrate ra-
tio and concentration and can influence the rate of E/S
complex formation and cleavage efficiency. In vivo, the ri-
boswitch transcript competes for 5'-processing with endoge-
nous pre-tRNA molecules, and it is likely that in this sit-
uation, RNase P does not interact with the ligand-free ri-
boswitch, since natural tRNA precursors represent the pre-
ferred substrates. As a consequence, the in vivo situation
likely results in a lower background signal compared to the
in vitro experiment. Furthermore, it is known that addi-
tional proteins like the RNA chaperone Hfq bind to tRNA
precursors (104) and can stimulate tRNA processing reac-
tions in vitro (105). The presence of such factors in the cell
might increase RNase P-mediated cleavage and, as a conse-
quence, the response ratio in vivo versus in vitro, where such
factors are missing. In addition, the in vitro cleavage reac-
tion on RP-RS A shows a considerable background activity
in the absence of theophylline (Figure 4). This background
might result from a ligand-independent hairpin fraying of
the riboswitch transcript that then gives access to the cleav-
age position. In vivo, Hfg-like proteins might suppress this
fraying, resulting in lower background signals.

Interestingly, RP-RS A led to a somewhat higher kcy
compared to the positive control nat-supF in presence of the
ligand, underlining the fact that the identity of N(-1) is not
the determining feature for an efficient cleavage by RNase
P holoenzyme. Niland et al. showed that base pairing of the
discriminator and the 3’-CCA with N(-1) and N(-2) can
also be an antideterminant for efficient cleavage (37). For
the positive control supF, such an interaction is possible,
since U(-1) and G(-2) may interact with the discriminator
A and the first C from the 3'-CCA-end, which is not the case
for RP-RS A (contains A(-1) and U(-2)).

Taken together, it is possible to construct highly efficient
riboswitches regulating RNase P processing by presenting
and masking the 5'-leader region in a ligand-dependent way.
These data indicate that RNase P-mediated 5'-processing of
a precursor tRNA in vivo is strongly affected by the struc-
ture of the leader region, supporting the hypothesis by Lin
et al. (35). In the design principle, the ligand-induced for-
mation of the aptamer structure must be able to compete
with the sequestor hairpin. Hence, this hairpin carries a se-
ries of G-U base pairs distributed over the whole helical
structure that allows an easy and fast rearrangement. The
seeding region involved in the closing of the hairpin loop
also has to be structurally rather unstable, as the G43-C50
pair completely abolishes switching, while weaker interac-
tions (A-U, G-U, U-G, G-A) allow for a ligand-induced
precursor cleavage. The third important parameter is the
base of the hairpin, where a slight fraying of the terminal
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three positions does not lead to background cleavage but
also contributes to the structural rearrangement upon theo-
phylline binding. The comparison of the fold-changes be-
tween experiments and predicted leader accessibility scores
reveals the complexity of the underlying regulatory system.
Besides sequence and structure of the 5'-leader, additional
parameters can influence the switching efficiencies. Rapid
degradation of the precursor-tRNA in vivo, the interaction
of RNA binding proteins with the expression platform as
well as a limited capacity of the translation machinery can
have an impact on the observed ON and OFF states of the
riboswitches and thus influence each experiment in a dif-
ferent way. Although an integration of all experimental ap-
proaches to predict riboswitch functionality is currently not
possible, the combination of reporter gene expression, de-
termination of mature tRNA amounts, in-line probing and
in vitro kinetic analyses lead to a rather detailed picture of
theophylline-dependent tRINA processing in our constructs.
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