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ABSTRACT

An important requirement for achieving many goals
of synthetic biology is the availability of a large rep-
ertoire of reprogrammable genetic switches and
appropriate transmitter molecules. In addition to
engineering genetic switches, the interconnection
of individual switches becomes increasingly import-
ant for the construction of more complex genetic
networks. In particular, RNA-based switches of
gene expression have become a powerful tool to
post-transcriptionally program genetic circuits.
RNAs used for regulatory purposes have the advan-
tage to transmit, sense, process and execute infor-
mation. We have recently used the hammerhead
ribozyme to control translation initiation in a small
molecule-dependent fashion. In addition, ribore-
gulators have been constructed in which a small
RNA acts as transmitter molecule to control trans-
lation of a target mRNA. In this study, we combine
both concepts and redesign the hammerhead ribo-
zyme to sense small trans-acting RNAs (taRNAs) as
input molecules resulting in repression of transla-
tion initiation in Escherichia coli. Importantly, our
ribozyme-based expression platform is compatible
with previously reported artificial taRNAs, which
were reported to act as inducers of gene expres-
sion. In addition, we provide several insights into
key requirements of riboregulatory systems,
including the influences of varying transcriptional
induction of the taRNA and mRNA transcripts,
50-processing of taRNAs, as well as altering the
secondary structure of the taRNA. In conclusion,
we introduce an RNA-responsive ribozyme-based
expression system to the field of artificial riboregu-
lators that can serve as reprogrammable platform
for engineering higher-order genetic circuits.

INTRODUCTION

Cellular systems have acquired versatile RNA-dependent
regulatory platforms based on several different principles
such as the RNA interference pathway mediating gene
silencing in most eukaryotes (1), the Clustered Regularly
Interspaced Short Palindromic Repeats (CRISPR) ma-
chinery providing a form of acquired immunity in pro-
karyotes (2) and diverse classes of riboswitches that
generally feature ligand-dependent, RNA-based regula-
tion of gene expression (3). Riboswitches are mainly
found within the 50-untranslated region (UTR) of bacter-
ial mRNAs, hence constituting intramolecular (or in cis)
regulation. Ligand-binding to the aptamer domain of a
riboswitch typically controls the architecture of an expres-
sion platform affecting transcription, translation or
splicing of the message (3). An exceptional activity is
catalyzed by the glmS riboswitch, which acts an
allosterically controlled ribozyme promoting self-
cleavage of the glmS mRNA in presence of glucosamine-
6-phosphate (4).

The often modular as well as hierarchical architectures
of functional RNAs (5) have inspired synthetic biologists
to construct artificial genetic switches via the re-assembly
of certain RNA domains for a wide range of tasks. For
example, RNA-based devices for controlling transcription
(6,7), translation (8–10), splicing (11) and primary
microRNA (pri-miRNA) processing (12) have been
realized. The use of aptamers has been proven powerful
for the construction of ligand-dependent RNA switches
(13–15). Importantly, aptamers can be evolved to sense
virtually any kind of ligand including ions, small molecules
and proteins (16). An improved concept for the construc-
tion of artificial riboswitches is the use of the full-length
hammerhead ribozyme (HHR) as expression platform. In
bacteria, a ligand-dependent self-cleaving ribozyme is
found as a riboswitch in the glmS mRNA (4). On the
other hand, HHRs are found in many species (17,18).
Although their role in the life cycle of plant viroids seems
obvious, the function of cleavage-competent versions in
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higher organism is unknown (19). Apart from their occur-
rence in nature, HHRs have been used as expression plat-
forms to engineer artificial riboswitches (20). In particular,
the Schistosoma mansoni HHR, which is extensively
characterized in vitro, has been used to control gene expres-
sion in cellular systems including Escherichia coli (8),
Saccharomyces cerevisiae (21) and mammalian cells (22).
Ligand-dependent ribozymes, also called aptazymes,
display an increased modularity, as they can be transferred
between different RNA classes. In addition, their switching
property is often maintained even when transferred from
one organism to another one (10,20). Hence, aptazymes
are powerful gene control elements whose toolbox is con-
stantly increasing. The reprogramming of ligand selectivity
yielded switches that are triggered by theophylline,
thiamine pyrophosphate, p-aminophenylalanine, tetracyc-
line and guanine (8,21,23–25). Besides controlling transla-
tion initiation through the insertion of the aptazyme within
the UTR of an mRNA (8,22,26), allosteric HHRs can also
be attached to other functional RNA classes to control
tRNA (27), 16S ribosomal subunit (28) and pri-miRNA
function (12). Our group recently demonstrated that the
combination of aptazyme-based genetic switches for
mRNAs and tRNAs enables the construction of Boolean
logic operators inside cells (29).

As described, ligand-dependent ribozymes provide a
powerful tool for the construction of post-transcription-
ally controlled genetic networks in prokaryotic and eu-
karyotic organisms (24,29,30). However, for facile and
broad interconnectivity, it would be beneficial to have
RNA switches that sense universally producible signals.
RNA fulfills this requirement best among all biomol-
ecules: i is synthesized by all host cells via transcription
and its specific binding to another RNA is governed by
basic base-pairing rules. These characteristics confer RNA
the ubiquitous advantage to act as reprogrammable trans-
mitter molecule (31). Natural systems have evolved intri-
cate networks and wide-spread mechanisms such as RNAi
and CRISPR, which rest upon non-coding RNAs as trans-
regulatory agents (32,33). In addition, many bacterial
small RNAs (sRNA) operate in trans to modulate
gene expression. Often, hybridization of the sRNA to a
cis-encoded response element within a target mRNA
results in the formation of an RNA–RNA complex,
either blocking translation or influencing the stability of
the message. In many cases, the base-pairing reaction is
facilitated by structurally defined RNA motifs and
catalyzed by protein cofactors.

As synthetic biology approaches the stage of program-
ming increasingly complex biological functions (34–37),
a huge repertoire of easily reprogrammable genetic
switches and transmitter molecules will become indispens-
able. Although trans-acting RNAs (taRNAs) are the
ideal choice as trigger of artificial genetic switches at the
post-transcriptional level and as connector of individual
switches, so far only few synthetic systems using these
advantages have been reported. The sRNAs have been suc-
cessfully applied as transmitter molecules within artifi-
cial genetic circuits (36,38), allowing for the
construction of higher-order genetic networks including
a cellular counter (36) and a genetic switchboard (35).

However, structure–function relationships of sRNAs are
only poorly understood, which makes the rational design
of artificial sRNAs difficult (39). Collins and coworkers
reported artificial trans-acting sRNAs able to de-repress
translation initiation of a cis-repressed mRNA in E. coli
(40). In this design the ribosomal binding site (RBS) of a
reporter gene is sequestered by an antisense helix. Binding
of an artificial sRNA melts the inhibitory helix within the
cis-repressed mRNA and leads to initiation of translation.
Although RNA-responsive HHRs have been studied

in vitro (41), they have never been successfully applied
within living organisms. Breaker and Penchovsky (42) ra-
tionally engineered allosteric ribozymes, which are
controlled by hybridization to added oligonucleotides.
Multiple input switches performing Boolean logic compu-
tation were constructed, as well as cascaded switches in
which the cleavage product of the first ribozyme served as
molecular transmitter and triggered a cascaded ribozyme
switch. The concept beautifully depicts the power of
rationally designed RNA that serve as transmitter and
receptor molecules for performing user-defined tasks. In
the present study, we engineered HHRs to sense small
taRNAs in E. coli. Our riboregulatory system is
characterized by a HHR-based artificial expression
platform in which the catalytic activity of the ribozyme
controls translation initiation of a reporter gene.

MATERIALS AND METHODS

Plasmid construction

All plasmids are based on the pGDR11 plasmid (43).
Standard molecular cloning procedures were performed
as described in literature (44). Phusion Hot Start 2
Polymerase (NEB) was used for polymerase chain
reaction (PCR) amplification of DNA, endonucleases
were purchased from NEB, and all ligations were per-
formed with the Quick ligation kit (NEB). Pac1 and Not1
restriction sites were introduced into the pGDR11
backbone by PCR using the primers 50-CTCTTCTTAAT
TAAGGGTGCGCATGATCTAGAGC-30 and 50-CTCT
TCGCGGCCGCCCAACGCTGCCCGAAATTCC-30. A
cassette containing the gene encoding araC and the PBad

promoter was amplified from the pBAD18a vector (45)
using the primers 50-CTCTTCTTAATTAAATGAGCG
GATACATATTTGAATGTATTTAG-30 and 50-CTCTT
CGCGGCCGCCGGTGATGTCGGCGATATAGGC-30

and introduced via the Pac 1 and Not1 restriction sites into
the pGDR11 backbone. The enhanced green fluorescent
protein (eGFP) gene controlled by a taRNA-responsive
(TR)-HHR was constructed under control of the PBad

promoter using Spe1 and Sac2 restriction sites, and the
taRNA was inserted under control of the Isopropyl b-D-
1-thiogalactopyranoside (IPTG)-inducible promoter via
Bgl2 and Avr2 restriction sites. Successful molecular
cloning was verified by DNA sequencing (GATC). All se-
quences are given in the supplementary material.

E. coli strain and growth conditions

All experiments were conducted with the E. coli Top10
(Invitrogen) strain (F- mcrA �(mrr-hsdRMS-mcrBC)
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j80lacZ�M15 �lacX74 nupG recA1 araD139 �(ara-
leu)7697 galE15 galK16 rpsL(StrR) endA1 ��). All
plasmids were introduced by electroporation. Bacterial
cultures were grown aerobically in Luria-Bertani (LB)
medium supplemented with 100 mg/ml carbenicillin.

Gene expression and quantification

For eGFP expression measurement, single colonies were
first outgrown to stationary phase in LB medium. The
next day a 1% bacterial suspension was regrown for
2–3 h at 200 rpm and 37�C in an Infors HT Ecotron
shaker using Erlenmeyer flasks. Cultures were diluted to
an OD600 of 0.1 and induced with transcriptional inducers.
In all experiments (except Figure 3E–G and Supplemen-
tary Figures S1 and S2), fixed concentrations of the
inducers (1mM IPTG and 20 mM arabinose) were used.
In the other experiments, IPTG and arabinose concentra-
tions, as indicated in the figure or written in the figure
legend, were added to the culture medium. Cultures were
incubated with shaking at 200 rpm and 37�C in 50ml cen-
trifuge tubes for 18 h. In all, 100 ml of each culture were
transferred into a 96-well microtiter plate and OD600, and
the fluorescence of the expressed eGFP was measured with
a Tecan Infinite� M200 plate reader (excitation wave-
length: 488 nm, emission wavelength 535 nm). Fluore-
scence values were corrected by dividing with the OD600

values. An equally treated culture, which did not express
any eGFP, was used for subtraction of background fluor-
escence. All experiments were performed in triplicates, and
error bars represent standard deviations. In Figure 3E–G,
eGFP expression values were normalized to an equally
treated culture expressing the TR-HHR-eGFP fusion
transcript and taRNA V1-M3.

Quantification of RNA levels

Bacterial cultures were induced with 20 mM arabinose and
1mM IPTG as described earlier in the text and grown for
2 h. Bacterial cultures carried plasmids as described in
Figure 3D including a control with the empty pGDR11
vector. Total RNA was extracted using RNAzol RT�

(Sigma) and an additional purification with the Direct-
zolTM RNA MiniPrep Kit (Zymo Research). The reverse
transcription reaction was performed with 250 ng total
RNA and random hexamer priming using the Verso
cDNA kit (Thermo Scientific) in a total volume of 10 ml
for 60min at 55�C. Real-time PCR analysis was per-
formed on a Light-Cycler II 480 instrument (Roche).
Each reaction mixture was prepared using Phusion Hot
Start Polymerase II (NEB) for amplification and SYBR
green (Sigma) for detection in a total volume of 10 ml. The
following primers were used for the amplification reaction
of the taRNA (F: 50-CTGGATTCCACGGGTACC-30, R:
50-CCAGGCGTTTAAGCCTAGGAAG-30), the eGFP
mRNA (F: 50-GAAGGAGATATACCATGGGCCATC
A-30, R: 50-GCTGAACTTGTGGCCGTTTAC-30) and
ssrA (46) (reference gene; F: 50-ACGGGGATCAAGAG
AGGTCAAAC-30, R: 50-CGGACGGACACGCCACTA
AC-30). The threshold cycles were determined using the
ligthcycler 480 software SP4. RNA levels were calculated
assuming a static PCR efficiency of two for each primer

pair and determined relative to the expression of the
genomically encoded ssrA gene.

RESULTS AND DISCUSSION

Rational design of TR-HHRs

Within this study, we provide a framework in which
HHRs sense small taRNAs as inputs. Previous studies
successfully demonstrated that ribozyme activity can be
controlled with short oligonucleotides in vitro (41,42,47).
However, these studies were based on a minimal variant of
the HHR, which displays drastically reduced catalytic
activity in vivo. Our riboregulatory system is based on
the full-length HHR of S. mansoni (48,49), which
exhibits enhanced activity at physiological magnesium
concentrations (50,51). The full-length HHR of
S. mansoni can be used to control bacterial translation
initiation by the sequestration of the ribosomal binding
site within an extended stem I of the HHR (8,25). Only
cleavage of the HHR liberates the ribosomal binding site
resulting in binding of the small ribosomal subunit and
robust expression of the downstream coding reporter
gene. In contrast, the inactivation of the HHR by an A
to G mutation within the catalytic core results in non-de-
tectable reporter gene expression owing to a sequestered
ribosomal binding site. The attachment of an aptamer
sensor domain to stem 3 of the HHR enables small
molecule-dependent control of gene expression. The sche-
matic outline of the riboregulatory system reported in this
study is shown in Figure 1. An HHR serving as the ex-
pression platform controls translation initiation of an
eGFP reporter mRNA as previously described. An add-
itional domain containing a TR element is attached to
stem 3. In the absence of the taRNA input, the HHR
folds into a catalytically active conformation, which
results in liberation of the RBS and translation initiation.
However, in case of the expression of a small taRNA, an
RNA–RNA interaction between the target HHR and the
taRNA should form. In the initial recognition step,
the single-stranded seed region of the taRNA pairs with
the loop region of stem 3 of the HHR. Subsequently, stem
3 is melted, which inhibits HHR catalysis, hence repress-
ing translation initiation of the reporter gene.

In our previous studies, small molecule triggers were
used to control the aptazyme switches. Theophylline and
thiamine were delivered by addition to the growth medium
(25). In the present study, the taRNAs serving as triggers
controlling the RNA switch are transcribed by the host
genetic machinery. Studies on naturally occurring sRNA
reported that a sufficiently high excess of the sRNA
compared with target RNA concentrations is needed for
efficient interactions with a complementary sequence
(52,53). Therefore, we designed a reporter system, which
allowed for the transcriptional titration of both the
taRNA and the target mRNA levels (see Figure 2A and
B). Both transcripts are transcribed from a single plasmid,
with the reporter gene being under control of an arabin-
ose-inducible promoter and the taRNA being under
control of a synthetic IPTG-inducible promoter. As men-
tioned, our ribozyme switches were inspired by the
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riboregulatory system previously reported by Collins and
coworkers (40). We made use of sequence domains of the
RR12 variant, which most efficiently induced gene expres-
sion. We first engineered stem 3 of the HHR in a way that
it contained a TR element while sustaining HHR activity
in the absence of any input. The secondary structure of the
TR-HHR is shown in Figure 2A. Importantly, the
sequence attached to stem 3 is identical to the inhibitory
helix of crR12, which includes the stem loop structure for
the initial recognition of the taRNA seed region. The first
kissing interaction with the taRNA is believed to be
promoted by a YUNR motif, which is located within
the loop of the TR element (40). YUNR motifs adopt a
defined structure and are critical elements within natural
antisense RNA systems (54).

First, we performed control experiments in which we
demonstrate that neither translation nor HHR activity
was impaired upon the production of a non-complemen-
tary sRNA from an IPTG-inducible promoter (see Sup-
plementary Figure S1). However, we observed that
reporter gene expression was generally affected upon
addition of IPTG to the culture medium (see Supplemen-
tary Figure S2). We reasoned that this observation should
not impede our study because most experiments were per-
formed at fixed concentrations of transcriptional inducers
and normalization of the reporter gene expression to a
control proofed as a convenient method to overcome
this obstacle. In the initial study by Collins and coworkers,
it was reported that an extended 50 single-stranded region
of the taRNA can impair its function (40). As a
lac-operator site is located downstream of the

transcription start site, it is part of the nascent transcript
(see Figure 2B). To circumvent any inhibitory impact
of the operator sequence on taRNA function, we
inserted a constitutively active HHR into the taRNA,
which 50-processed the nascent transcript. To distinguish
the two HHRs in the two RNAs, we termed the HHR
within the taRNA 5P-HHR (for 50-processing-HHR),
and the HHR based in the target mRNA was termed
TR-HHR (for TR-HHR).
To determine whether gene expression can be controlled

by RNA–RNA interactions mediated by a taRNA
binding to a TR-HHR, we next expressed a taRNA tar-
geting the TR-HHR. Based on the previously reported
sRNA taR12 (40), we designed a taRNA, termed V1,
which contains a 50-processing 5P-HHR (Figure 2B).
The taRNA V1 contains a sequence complementary to
the TR element of the TR-HHR; interaction of both
RNAs should form a 17 bp helix (see Figure 2C).
Bacterial cultures expressing V1 exhibited a 10-fold drop
of reporter gene expression (Figure 2D). Expression of
an unrelated control sRNA did not perturb gene expres-
sion, demonstrating that the taRNA effect is sequence
specific. In addition to the control expression of an unre-
lated taRNA, we next examined whether the 50-processing
of the taRNA is necessary. For this purpose, we
introduced an A to G mutation (V1i; see Figure 2B and
D) within the catalytic core of the 5P-HHR. Expression
of the taRNA containing such an inactivated 5P-
HHR resulted in <2-fold reduced gene expression,
demonstrating that 50-processing resulted in an improved
repression. We assume that mainly two factors contribute

Figure 1. Mechanism of trans-acting sRNA controlling a hammerhead ribozyme. Expression of an eGFP reporter gene is post-transcriptionally
controlled by a TR-HHR. An extended stem 1 of the TR-HHR sequesters the ribosomal binding site. In addition, stem 3 harbors a TR element
(blue), which in the absence of a taRNA folds into a catalytically active ribozyme conformation. Autocatalytic cleavage (marked by an arrowhead)
frees the RBS resulting in binding of the small ribosomal subunit and initiation of translation. Upon expression of a trans-acting RNA (red), an
RNA–RNA hybrid between the complementary sequences (blue) within the taRNA and the TR-HHR is formed. A single-stranded seed region of the
taRNA hybridizes to the complementary nucleotides located in the loop region of stem 3. Full hybridization unzips stem 3 of the TR-HHR rendering
the HHR catalytically inactive and repressing translation.
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Figure 2. Engineering of TR-HHR-eGFP fusions and artificial taRNAs. (A) The reporter gene, in which cleavage of the TR-HHR controls trans-
lation initiation of eGFP, was transcriptionally controlled by an arabinose-inducible PBAD promoter. The secondary structure of the highly modular
HHR-based genetic switches is shown. The TR-HHR serves as the expression platform to which multiple functional RNA domains are attached.
Control of translation initiation is obtained through sequestration of the RBS (gray nucleotides) by an extended stem 1. A domain harboring a
taRNA responsive element (blue) can be attached to stem 3. The YUNR motif located in the loop of stem 3 is shaded in gray. (B) The generation of
the artificial taRNA V1 is transcriptionally controlled by an IPTG-inducible promoter. Previous studies reported that extended 50 single-stranded
regions impede taRNA function. Therefore, a 5P-HHR was attached to the taRNA for 50-processing. The autocatalytic cleavage reaction (marked by
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to this phenomenon. First, cleavage results in optimized
conformational and dynamical properties of the seed
region (55). A shorter 50 terminus allows the seed region
to move more freely facilitating exploration of the con-
formational space by rotating about its hinge, potentially
resulting in more efficient recognition of the TR element.
Second, HHR cleavage of transcripts was reported to
result in prolonged lifetimes of the resulting 30-cleavage
fragment in E. coli (23). We performed semi-quantitative
reverse transcription PCR for determining taRNA and
eGFP mRNA levels. The results indicate a high excess
of taRNA transcript levels over eGFP mRNA transcript
levels and an accumulation of taRNAs, which are 50-pro-
cessed by the active 5P-HHR in comparison with an
inactive mutant of the 5P-HHR (Figure 3D). Primary
transcripts possess a triphosphorylated 50-terminus from
which a pyrophosphate is removed in a rate-limiting
enzymatic reaction (56). Monophosphorylated tran-
scripts are less stable because they are endonucleolytically
degraded by ribonucleases. In contrast, ribozyme cleav-
age results in a 30-cleavage product with a 50-terminal
hydroxyl group that is not recognized by cellular
RNAses in E. coli, thus increasing the half-life of the
transcript.

Mutational and structural characterization
of the TR-HHR interaction

To validate that translational repression was mediated by
the interaction between the predicted nucleotides, we ex-
perimentally tested the influence of mutations affecting the
formation of the RNA–RNA duplex structure. We
designed three variants of taRNA V1 with a consecutively
reduced number of complementary nucleotides to the TR
element within the TR-HHR (see Figure 3A). For the
construct taRNA V1-M1, the four nucleotides targeting
the YUNR motif were altered; for taRNA V1-M2, the 11
nucleotide-long single-stranded seed region was mutated,
and in the case of taRNA V1-M3, all 17 complementary
nucleotides were mutated. The results (see Figure 3B)
demonstrate that translational repression is dependent
on the number of complementary nucleotides. For
taRNA V1-M1, a 6-fold repression of gene expression,
and for taRNA V1-M2, a 3-fold repression was
observed, whereas for the non-complementary construct
taRNA V1-M3, eGFP expression levels comparable with
expression of the control RNA were measured. This ex-
periment proves that the predicted nucleotides are directly
involved in the formation of the RNA duplex, thereby
inhibiting TR-HHR activity. The higher the degree of
complementarity, the more efficiently was the taRNA
directed to the TR element. Interestingly, only six comple-
mentary nucleotides to the taRNA responsive element, as

found in taRNA V1-M2, were sufficient for a 3-fold
decrease in reporter gene expression relative to the non-
complementary taV1-M3 construct. This observation
supports the idea of a thermodynamically driven process
for duplex formation, as suggested by an earlier study
(40). A strong hybridization free energy was found neces-
sary for efficient repression, but that additional structural
features determine RNA–RNA interaction because an
extended 50 tail of the taRNA fully impaired taRNA
function (40). A model in which additional structural
features rule the efficiency of trans-interaction between
two complementary RNA strands was also suggested
by other studies (7,31). We included the new data in
Figure 3C and Supplementary Figure S1 together with
the following explanation in the manuscript: Next, we per-
formed an important control experiment in which we
inactivated the cleavage activity of the TR-HHR by the
A to G point mutant in the catalytic core (TR-HHRi). The
eGFP expression levels were not distinguishable from
background fluorescence values (see Figure 3C),
demonstrating that the ribosomal binding site is entirely
sequestered by its antisense strand in the non-cleaved
state. In contrast, the constitutively active TR-HHR
results in reporter gene expression reaching values close
to a wt eGFP expression construct, which is not controlled
by a HHR (see Supplementary Figure S1 for comparison).
Noteworthy, none of the investigated taRNAs (see
Figure 3C) had any influence on eGFP expression when
the TR-HHR regulatory module was inactivated. Hence,
the trans-acting system displays a maximum regulatory
range reaching from zero to full gene expression.
We next investigated the dependency of the strength of

repression of gene expression from the concentrations of
the taRNAs V1, V1-M1 and V1-M2 relative to the target
mRNA concentration (see Figure 3E–G). For this
purpose, different concentrations of arabinose and
IPTG, the first inducing the target mRNA and the latter
the transcription of the taRNAs, were added. Reporter
gene expression was measured and normalized to a
culture expressing the taRNA V1-M3 construct. Greater
3-fold translational repression was only observed for the
constructs V1 and V1-M1 when arabinose concentrations
were <80 mM. Interestingly, 100 mM IPTG already
allowed for a 3-fold repression by taRNA V1, whereas
much higher IPTG concentrations were required for effi-
cient repression by V1-M1. In the case of V1-M2, even
strong transcriptional induction of the taRNA did not
allow for efficient repression. These results demonstrate
that the higher the number of base-pair interactions of
the taRNA to its target, the more reduced is the need
for a high excess of taRNA over its target mRNA.
According to theoretical and biochemical studies, key
features influencing natural sRNA-mediated repression

Figure 2. Continued
an arrow head) results in a single-stranded region made-up of 17 non-complementary nucleotides. Within the construct V1i, the 50-processing
reaction is eliminated by the A to G point-mutation within the catalytic core of the 5P-HHR. (C) The hybrid complex between the taRNA
responsive element of the TR-HHR and the processed taRNA V1 is shown. (D) The influence of the taRNAs V1 and V1i in comparison with a
control RNA (Crl) with no complementarity to the TR-HHR was examined. Bacterial cultures of the E. coli Top10 strain were induced with 20 mM
arabinose and 1mM IPTG. Transformants were cultivated in LB medium at 37�C, and reporter gene expression of outgrown bacterial cultures was
measured. Errors bars represent the standard deviation of experiments performed in triplicates.
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Figure 3. The sRNA-mediated repression of translation depends on the formation of the RNA–RNA hybrid structure. (A) Schematic illustration of
artificial taRNA variants with reduced number of complementary nucleobases to the taRNA responsive element was constructed. The constructs V1-
M1 and V1-M2 display partial hybridization capability (blue nucleobases), whereas the construct V1-M3 is non-complementary at all. The site of 50-
processing is marked by an arrow head. All taRNA constructs were engineered under control of an IPTG-inducible promoter. (B) The influence of
the taRNAs shown in (A) on the TR-HHR activity was examined. Bacterial cultures of the E. coli Top10 strain were induced with 20 mM arabinose
and 1mM IPTG. Transformants were cultivated in LB medium at 37�C, and eGFP expression of outgrown bacterial cultures was measured. Error
bars represent the standard deviation of experiments performed in triplicates. (C) The inactivation of the TR-HHR results in non-detectable eGFP
expression levels and was not influenced by the co-expressed taRNAs Crl, V1 and V1-M3. The assay was performed as described earlier in the text.
(D) Analysis of eGFP mRNA and taRNA levels by semi-quantitative RT-PCR. Bacterial cultures were induced with 20 mM arabinose and 1mM
IPTG. Results indicate a high excess of taRNA over eGFP mRNA transcripts and an accumulation of taRNA V1 through the 50-processing reaction
of the HHR. (E–G) Heat maps of observed repression of translation by the constructs (E) V1, (F) V1-M1 and (G) V1-M2 as function of tran-
scriptional induction of the reporter construct and the taRNAs. Data were normalized to the construct V1-M3. Transcription of the reporter gene
was induced by the addition of 20, 80 and 320mM arabinose, and transcription of the taRNA variants was induced by the addition of 0, 100, 333 and
1000mM IPTG. The translational repressed state is indicated in blue, whereas the unrepressed state is shown red. Bacterial cultures of the E. coli
Top10 strain were induced with arabinose and IPTG as indicated. Transformants were cultivated in LB medium at 37�C, and eGFP expression of
outgrown bacterial cultures was determined.
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are the ratio of the transcription rates of the sRNA to its
target, the stability of the two transcripts and the rate of
complex formation (52,57). Most efficient repression was
observed at strong transcriptional induction of the taRNA
V1 and weak production of the target mRNA. Thus, a
sufficiently high excess of taRNA over target mRNA is
necessary for efficient inhibition of the TR-HHR activity.
This is in accordance with the assumed mechanism, in
which the control of TR-HHR catalytic activity with a
taRNA requires a stable complex between both RNAs.

Alterations within the secondary structure of the taRNA
impede riboregulatory function

Besides the observation that the nature of the 50 tail is
important (40), there is only little knowledge available
how riboregulation is dependent on or hampered by sec-
ondary structures of the taRNA. We next examined the
structure–function relationship of taRNA V1 by altering
the accessibility of the single-stranded seed region. We
constructed two mutants based on taRNA V1 (see
Figure 4A): The construct taRNA V1 is characterized by
a single-stranded seed region of 11 nucleotides and six
30 terminal nucleotides, which are sequestered by an anti-
sense helix. In construct taRNA V1-M4, five consecutive
nucleobases of the originally single-stranded seed region
were engaged in a duplex, which was formed by an
extended antisense strand. In contrast, taRNA V1-M5 dis-
played a fully single-stranded seed region made up of 17
complementary nucleotides to the taRNA responsive
element. Both mutants V1-M4 and V1-M5 were not able
to repress eGFP expression as efficiently as taRNA V1
(see Figure 4B). V1-M4 displayed only 2-fold and V1-
M5 4-fold repression. One could speculate that the
introduced structural alterations reduce the accessibility

of the seed region and thereby disturb the hybridization
reaction of the two RNAs. Our results suggest that
taRNA V1 adopts a highly defined structure, which is
required for efficient duplex formation. Already slight
structural distortions lead to a significant loss of
function. Interestingly, the taRNAs V1-M4 and V1-M5
both displayed a weaker repression than the taRNA V1-
M1, although in the latter, the complementary nucleotides
to the YUNR motif were mutated. This result suggests
that imperfect base pairing of a taRNA to its target
mRNA is better tolerated than changes of key secondary
structures. Apparently, the perfect positioning of some
nucleobases in space is sufficient for initiating complex
formation. Indeed, many natural sRNAs do not require
full complementarity for repressing target mRNA transla-
tion. For example, the sRNA SgrS forms imperfect
duplexes with its target mRNAs ptsG and sopD (58,59).
Interestingly, the substitution of a single nucleotide within
sgrS is sufficient to abrogate regulatory function.
We performed an additional experiment in which we

investigated the necessity for the 30-terminal helix of the
taRNA. The helix is not directly involved in the duplex
formation with the TR element of the target mRNA. We
designed two taRNAs with shortened helices, termed
taRNA V1-M6 and V1-M7 (see Figure 5A). Reporter
gene expression revealed that a partial reduction of the
helix length is tolerated and does not lead to a loss of
function of the taRNA (see Figure 5B). However, when
the helix was further shortened, the taRNA lost its regu-
latory activity completely. We observed a 2-fold increase
in eGFP expression compared with V1-M3. A comparable
phenomenon was observed by Yokobayashi and co-
workers, when they constructed artificial sRNAs against
natural mRNA target sequences (60). The wild-type MicF

Figure 4. Structure–function relationship of taRNAs with modified seed regions. (A) Structural modifications were introduced into the single-
stranded seed region by either reducing (V1-M5) or extending (V1-M4) the amount of complementary bases to the hybridization domain (blue)
at the 30 terminus of the taRNA. The variants V1-M4 and V1-M5 are both fully complementary to the taRNA responsive element. The site of 50-
processing is marked by an arrow head. All taRNA constructs were engineered under control of an IPTG-inducible promoter. (B) The influence of
the taRNAs shown in A on TR-HHR activity was examined. Bacterial cultures of the E. coli Top10 strain were induced with 20 mM arabinose and
1mM IPTG. Transformants were cultivated in LB medium at 37�C, and reporter gene expression of outgrown bacterial cultures was measured. Error
bars represent the standard deviation of experiments performed in triplicates.
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sRNA and some of their artificial sRNAs, which repressed
translation of their target mRNA OmpF::GFPuv, surpris-
ingly activated the expression of an OmpC::GFPuv fusion
mRNA >2-fold. In contrast, cross-reactivity between the
micF sRNA and the OmpC mRNA was not observed in a
different study (61). Yokobayashi and coworkers assumed
that non-specific factors or indirect effects contributed to
this observation (60).

CONCLUSION

In this study, we rationally designed an sRNA-responsive
riboswitch that relies on a catalytically active HHR as
expression platform. The riboregulatory system displayed
a robust switching behavior, which was dependent on the
degree of complementarity, the stability of the taRNA, the
ratio of taRNA production rate over target mRNA pro-
duction rate and secondary structural features. To our
knowledge, this is the first time that ribozyme activity
was regulated by a taRNA to control gene expression
in vivo. A ubiquitous advantage of RNA-based genetic
switches rests upon the ease to construct orthogonally
acting switches (31,62). Independently acting switches
are of great importance for future synthetic biology appli-
cations because their combination within one host cell
allows for parallel information processing. Importantly,
orthogonal variants of riboregulator RR12, which was
the foundation for our HHR-based riboregulatory
system, were recently reported by Collins and coworkers
(35). These variants may also be transferrable to the
HHR-based riboregulatory system and might enable the
construction of orthogonal switches. In general, making
use of RNA as regulatory molecule has multiple advan-
tages over protein factors. For example, RNA production
is time- and cost-efficient, and genetic encryption requires
limited genomic space compared with protein-based regu-
latory networks (39). In addition, the modular architec-
ture of functional nucleic acid macromolecules makes

RNA a perfect substrate for the rational programming
of cellular function (63). Recent progress enabled the pre-
dictable modeling of regulatory RNAs based on
computer-aided design, which extensively increased the
synthetic biology toolbox (23,31).

The system reported in this study might be of particular
interest for future synthetic biology applications owing to
several reasons. First, the sRNAs used in this study were
originally designed to act as activators of gene expression
in E. coli (40). We rationally designed an artificial HHR-
based expression platform in a way that the same sRNAs
act as inhibitors of gene expression. Hence, artificial
riboregulatory circuits can now be engineered in which a
single sRNA can target multiple mRNAs and either
repress or induce gene expression. Second, besides con-
trolling translation initiation in principle, the taRNA-de-
pendency could be incorporated in HHR switches
developed by our group and others to control tRNA
activation (27), 16S ribosomal subunit integrity (28) and
pri-miRNA processing (12). In addition, RNA-responsive
HHRs could be used to act as sensors of endogenous
mRNA or ncRNA levels. As the mediation of RNA
cleavage is a drastic response to RNA binding, the
general mechanism of riboregulation should be transfer-
able to other organisms. For example, HHR-based RNA
switches have been successfully applied to control mRNA
stability and pri-miRNA processing in mammalian cells
(10,12,22). Here, the stability of the mRNAs under
control of a HHR switch is regulated. This feature
should prove highly advantageous if more than one
RNA-based switch will be connected to each other: In
response to a sensed input, a given RNA switch would
change its own abundance. This change in the concentra-
tion of the specific RNA could then be sensed by a second
switch. In turn, the abundance of the switch 2 RNA would
vary in response to the concentration of switch 1 RNA,
demonstrating immediate interconnection of the abun-
dance of two individual RNAs.

Figure 5. Influence of truncated taRNAs. (A) The helical region outside of the hybridization domain was shortened. The variants V1-M6 and V1-M7
are both fully complementary to the taRNA responsive element. The site of 50-processing is marked by an arrow head. (B) The influence of the
taRNAs shown in A on the TR-HHR activity was examined. Bacterial cultures of the E. coli Top10 strain were induced with 20 mM arabinose and
1mM IPTG. Transformants were cultivated in LB medium at 37�C, and eGFP expression of outgrown bacterial cultures was measured. Error bars
represent the standard deviation of experiments performed in triplicates.
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