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ABSTRACT

Besides its primary informational role, the sequence of the mRNA (mRNA) including its 5'- and 3'- untranslated
regions (UTRs), contains important features that are relevant for post-transcriptional and translational regulation
of gene expression. In this work a number of bacterial twister motifs are characterized both in vitro and in vivo.
The analysis of their genetic contexts shows that these motifs have the potential of being transcribed as part of
polycistronic mRNAs, thus we suggest the involvement of bacterial twister motifs in the processing of mRNA.
Our data show that the ribozyme-mediated cleavage of the bacterial 3'-UTR has major effects on gene
expression. While the observed effects correlate weakly with the kinetic parameters of the ribozymes, they
show dependence on motif-specific structural features and on mRNA stabilization properties of the secondary
structures that remain on the 3’-UTR after ribozyme cleavage. Using these principles, novel artificial twister-
based riboswitches are developed that exert their activity via ligand-dependent cleavage of the 3'-UTR and the
removal of the protective intrinsic terminator. Our results provide insights into possible biological functions of
these recently discovered and widespread catalytic RNA motifs and offer new tools for applications in
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biotechnology, synthetic biology and metabolic engineering.

Introduction

The function of the mRNA (mRNA) is primarily informa-
tional, however, its protein coding sequence (open reading
frame, ORF) and its 5'- and 3’-untranslated regions (UTRs)
present many features that can modulate gene expression at
the transcriptional, post-transcriptional and translational lev-
els."” In bacteria the 3’-UTR contains the sequence for tran-
scription termination, which can be mediated by either rho-
dependent or rho-independent (intrinsic) terminators.” The
latter consists of a stable hairpin followed by U-rich regions.*
During rho-independent termination the presence of a weak
U-rich RNA:DNA duplex in combination with the formation
of a stable RNA hairpin inside the RNA polymerase (RNAP)
results in the dissociation of the enzyme from the DNA tem-
plate and in the release of the mRNA.>>® In addition to the
role in transcription termination, the presence of the intrin-
sic terminator stem-loop structure is thought to protect the
mRNA from the attack of 3’-exonucleases RNase II, RNase R
and polynucleotide phosphorylase (PNPase).” Protective
intramolecular base pairing can also originate as the result of
exonucleolytic trimming from an unpaired 3’ end.® Interest-
ingly, mRNA degradation initiation from the 3’ end was pro-
posed to become relevant when the target mRNA does not
present intrinsic RNase E cleavage sites or when mRNAs or
3'-structured degradation intermediates accumulate abnor-
mally.””'% In these situations, polyadenylation of the 3'-

UTRs, which was shown to favor the degradation of mRNAs,
seems to play an important role.'”"’

Protective RNA structures in the intergenic regions of poly-
cistronic transcripts that are processed by RNase-mediated
cleavage can play an important role in the stabilization of the
secondary transcripts originating after mRNA processing. For
example, Keasling and co-workers showed that the insertion of
DNA cassettes containing an RNase E cleavage site and differ-
ent types of secondary structures could be used to tune the
expression of the genes contained in an artificial polycistronic
mRNA by regulating the stability of the secondary transcripts
generated upon RNase E cleavage.'” "

The differential stability of secondary transcripts might be a
common mechanism used by bacteria to differentially regulate
the levels of expression of genes encoded by the same polycis-
tronic mRNA.">'® Processing of mRNAs can also result in the
generation of regulatory small RNAs (sRNA). For example, it
was shown that the 3’-UTR regions of mRNA transcripts are a
large reservoir for Hfq-dependent sSRNAs in bacteria.'” In addi-
tion to RNases, small self-cleaving ribozymes were also sug-
gested to be involved in mRNA processing in bacteria and
phages.'®" In particular, in vitro and in vivo evidences of ham-
merhead ribozyme (HHR) mediated cleavage of polycistronic
mRNAs in bacteria were reported previously.'®*’

A genetic context similar to the one observed for HHRs was
described for some of the reported bacterial twister ribozymes.*"**
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This widespread motif shows a high variability in terms of second-
ary structure. It consists of a catalytic core composed of three stems
(P1, P2, and P4) and two pseudoknots (Pkl and Pk2). While the
length of the stems P2 and P4 are rather conserved, stem P1 shows
certain variability in length of the stem and of the loop. Additional
non-conserved stem-loop structures (PO, P3, and P5) are present
in some twister motifs. Three circular permutated configurations
are reported (Type P1, P3, and P5), with bacterial representatives
in the type P1 and P5 categories. Type P3 contains only motifs
found in metagenomes.”' In a previous work we used a type P3
twister motif for engineering synthetic ligand-dependent RNA
switches that regulate the accessibility of the ribosome-binding site
(RBS) in the 5-UTR.* These twister-based switches were gener-
ated by attaching aptamer sequences to the ribozyme core and by
screening for optimized communication modules.

Since it was reported that the twister ribozyme and similar
small self-cleaving motifs are frequently found in intergenic
region of polycistronic mRNAs, we decided to investigate the
influence of ribozyme cleavage on gene expression. In the pres-
ent work we focus on the influence of ribozyme cleavage in the
3’-UTR, an issue that has received very little attention so far. We
characterize several bacterial twister motifs for their potential to
influence gene expression in the 3’-UTR. We provide evidence
of the possible involvement of these motifs in the processing of
mRNAs, proposing the bacterial 3’-UTR as a possible target for
cleavage-mediated processing and regulation events. Further-
more, we apply these findings for the development of novel arti-
ficial twister-based riboswitches that exert their switching
activity via ligand-dependent cleavage of the 3’-UTR. To our
knowledge there is only a single short report demonstrating that
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a theophylline-dependent HHR can be employed in the 3’-UTR
of an E. coli expression system in order to control gene expres-
sion.”* Our experiments provide insights into possible biological
functions of these interesting catalytically active motifs and offer
new possibilities for applications in biotechnology, synthetic
biology and metabolic engineering.

Results
The ribozyme motifs and their natural genetic contexts

In this study we employed six natural twister motifs fea-
tures that were identified recently by Breaker and coworkers
in bacterial genomes.”’ The selected motifs originate from
six different bacterial species: five from Clostridia family
and one from the Planctomycetes phylum. We chose three
representatives of the type P1 format and three of the type
P5 format, each presenting different structural features. The
sequence, the predicted secondary structures, and the
genetic contexts of the chosen motifs are shown in Fig. 1.
Cbo-2-1 is a phage-associated type P1 twister motif that
was found in the genome of Clostridium botulinum. It con-
tains a short P3 stem-loop structure and it is located in an
intergenic region between the fourth and the fifth gene of a
prophage. Interestingly, the ribozyme is found at a point of
inversion of the orientation of the phage genes: the first
four genes (an integrase, a phage regulatory protein, a tran-
scription regulator and a hypothetical protein) are encoded
on the (—) strand, whereas Cbo-2-1 and all other phage
genes are encoded on the (+) strand. The ribozyme is
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Figure 1. Secondary structures and natural genetic contexts of the twister ribozyme motifs. (A) Pseudoknots Pk1 and Pk2 are highlighted in green and blue, respectively.
The inactivating mutation is highlighted in yellow. The cleavage site is indicated with a red arrowhead. The constructs Gob-1-1_w/o_P0 and Sva-1-1_w/o_P0 were gener-
ated removing the PO stem at the position indicated by the gray arrow. The flanking sequences of the 3 type P5 motifs are shown in light gray and were employed in the
in vivo assay. (B) Natural genetic context of the 6 investigated twister motifs. Genes of phage and bacterial origin are represented in orange and blue, respectively. Trans-
posase, tRNA and hypothetical genes are represented in green, magenta and gray, respectively. Genes with the opposite orientation, whose coding sequence is present
on the (-) strand, are indicated with an arrow. The putative promoters (scores between 0.95 and 1.00) are represented with a cornered arrow and putative intrinsic termi-
nators are represented with a hairpin (for details see Table S1 and S2). The only promoter identified in proximity of the Gob motifs has a score of 0.88.
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presumably located in the 5-UTR of a polycistronic tran-
script where the first open reading frame (ORF) encodes
for the phage repressor protein cI, an important regulator
of the phage cycle. Different putative promoters were found
upstream of the twister ribozyme (Fig. 1B and Table S1 and
S2). No intrinsic terminators were identified in the proxim-
ity of the ribozyme motif.

Gob-1-1 is one of the eight type P1 twister motifs found in
the genome of the planctomycete Gemmata obscuriglobus. It
presents both a P3 and a PO stem that are 6 and 10 base pairs
(bp) long respectively. Gob-1-1 is surrounded by hypothetical
genes. The search for promoters and terminators suggested
that it is transcribed as a part of a polycistronic mRNA where
two more twister motifs are present (Gob-1-5 and Gob-1-8).
Although the sequence of these three motifs is slightly different,
they all contain stable GC-rich PO and P3 stems. Each of the
three motifs is located in one of the intergenic regions between
the first four genes of the polycistronic mRNA (Fig. 1B). A sim-
ilar organization is found in two further genetic loci of G.
obscuriglobus.”'

Sva-1-1 is one of the two type P1 twister motifs identi-
fied in the genome of the anaerobic Gram-negative bacte-
rium Subdoligranulum variabile. Similarly to Gob-1-1 it
presents both P3 and PO stem-loop structures, respectively
5 and 7 bp long respectively. Sva-1-1 is found in close prox-
imity of hypothetical and Mu phage genes. The upstream
genes include a phage integrase and a transposase. The PO
loop of Sva-1-1 contains the stop codon (UAA) of the
upstream ORF encoding for a hypothetical protein. In the
downstream region 2 ORFs were assigned to the Gam pro-
tein and to the Mor transcriptional activator. The search
for promoters and terminators in the proximity of the cata-
lytic motif shows that it has the potential of being tran-
scribed in a long polycistronic mRNA including also two
type II hammerhead ribozymes (HHR) (Fig. 1B).

Cas-1-1 is a type P5 twister motif found in Clostridium
asparagiforme. Similarly to the other P5 motifs, it does not pos-
sess an actual P5 stem, but it is directly inserted into the corre-
sponding transcript in correspondence of the site where a P5
stem occurs in type P1 and P3 twister motifs. Moreover, the
secondary structure of Cas-1-1 presents a long GC-rich P1
stem-loop. In its natural context it is also associated with phage
genes. The catalytic motif is found in the intergenic region
between a hypothetical gene and the phage DNA polymerase.
The search for promoters resulted in the identification of many
possible candidates, some of which are shown in Fig. 1B. The
motif can be transcribed potentially as part of a polycistronic
mRNA.

Cpa-1-1 is a type P5 twister found in Ruminoclostridium
papyrosolvens. The predicted secondary structure presents a P3
helix that is 4 bp long. The presence of putative promoters and
a terminator suggests that the motif could be transcribed in a
polycistronic mRNA. The motif is located in the intergenic
region between two hypothetical genes (Fig. 1B).

Cth-1-1 is a type P5 twister ribozyme identified in the
genome of Clostridium thermocellum. It seems to have a par-
tially degenerated sequence in that the pseudoknot 2 (Pk2)
involves two non-canonical GU base pairs and the conserved
stem P2 presents a bulge due to the presence of a CC mismatch.

The promoter and terminator search shows that it might be
transcribed as a part of a polycistronic mRNA, in the intergenic
region between two hypothetical genes. tRNA genes are found
in close proximity (Fig. 1B).

In vitro characterization of the twister motifs

**P-internally labeled twister motifs where generated by in vitro
transcription utilizing a blocking strand in order to prevent co-
transcriptional cleavage and after purification were character-
ized in an in cis cleavage assay. To evaluate if the PO stems
influence the cleavage of Gob-1-1 and Sva-1-1, 2 additional
constructs that lack these stems were generated (Gob-1-1_w/
o_P0 and Sva-1-1_w/o_PO, respectively — Fig. 1A). The reac-
tion was started manually with the addition of Mg>" to a final
concentration of 1 mM. Magnesium ions were shown to
strongly enhance and support the cleavage activity of the
twister ribozyme even though they are thought not to be
directly involved in the cleavage mechanism.”"*> A control
reaction was analyzed in which 1 mM EDTA was added instead
of Mg”* (Fig. S1). Although the in vitro transcription was per-
formed in the presence of a blocking strand and the purification
of the transcription products was performed in conditions that
minimize the presence of divalent cations, a fraction of the
ribozymes were already cleaved before the addition of Mg>* in
all samples of catalytically active sequences (Fig. 2). Cth-1-1
was catalytically inactive in all tested conditions (Fig. SIH).
The obtained time courses were first fitted using the following
mono-exponential function (Fig. 2):

y=A e oot + %o (1)

where kops is the rate constant of the catalyzed cleavage reac-
tion, ¥, is the final fraction of cleaved RNA and A is the ampli-
tude of the exponential function.

The kinetics of Gob-1-1, Gob-1-1_w/o_PO0, Sva-1-1 and Sva-
1-1_w/o_P0 were additionally fitted using a bi-exponential
function as well (Fig. 2):

y=Ae" Kiobst +A e Kaobst + 50 )

The kinetic parameters and the coefficients of determination
(R?) for each fit are summarized in Tables 1 and 2. The mono-
exponential fit resulted to be of good quality for all the analyzed
samples, with generally high coefficients of determination (R?
Table 1). The use of a double exponential function improved
the R* for Gob-1-1 and Sva-1-1 constructs, however, the stan-
dard errors calculated for each of the fit parameters often
increased considerably (Table 2). From a qualitative point of
view, the double exponential function seems to fit the later data
points of the cleavage reaction better (Fig. S2). The fit for the
other analyzed motifs using a double exponential function was
not possible because it did not converge. It is important to
mention that the rate constants derived for Sva-1-1 with and
without PO are interpretable only to a limited extent since most
of the cleavage already took place prior to the start of the reac-
tion. This is indicative of a substantial catalytic activity of the
ribozyme also in the absence or at low concentrations of
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Figure 2. Kinetics of the investigated twister motifs. The kinetics were determined in 50 mM Tris-HCl pH 7.5, 0.1M KCl and 1 mM MgCl,. The kinetic traces were fitted with
either mono exponential (Cbo-2-1, Cas-1-1 and Cpa-1-1) or double exponential functions (Gob-1-1, Gob-1-1 w/o PO, Sva-1-1 and Sva-1-1 w/o P0). The error bars represent
the standard deviations calculated on independent triplicates. The relative kinetic parameters are reported in Table 1 and Table 2. Representative PAGE images of the
kinetics and of the EDTA controls are reported in Fig. S1.
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Table 1. Fitting parameters of the kinetics traces using a mono-exponential func-
tion. kobs is the rate constant of the catalyzed cleavage reaction, y, is the final frac-
tion of cleaved RNA and A is the amplitude of exponential function. R? is the
coefficient of determination of the fitting. The errors relative to the fitting parame-
ters are reported as standard errors (o). Note that the Cth-1-1 motif was inactive.

kobs Okobs

(min™y  (min™") A o Yo a0 R?
Cbo-2-1 0.075 0.004 —0.422 0.005 0.773 0.006 0.999
Gob-1-1 0.525 0.118 —0.476 0.017 0.577 0.007 0.99
Gob-1-1w/o PO 1.295 0.116 —0.624 0.031 0689 0.006 0.981
Sva-1-1 0.612 0.148 —0.037 0.003 0.963 0.002 0.948
Sva-1-1 w/o PO 1.021 0.271 —0.053 0.005 0.952 0.003 0.935
Cas-1-1 0.191 0.008 —0.534 0.002 0.618 0.002 0.999
Cpa-1-1 0.105 0.006 —0.773 0.005 0.798 0.005 0.999

bivalent ions. Regarding the effects of the presence of a PO
stem-loop, we noted that the observed cleavage rate constants
were generally higher for constructs without PO, indicating that
the presence of a PO stem at the base of P1 slightly inhibits the
cleavage rate of the ribozyme. Two-state kinetics were observed
for both constructs with and without the PO stem.

Influence of twister motifs on gene expression

To investigate how the cleavage of the 3’-UTR of a reporter
gene by the different motifs can influence gene expression in
vivo, catalytically active and inactive forms of the different
twister motifs were inserted between the stop codon and the
intrinsic terminator stem of an eGFP gene contained in the
pET16b plasmid in E. coli. The catalytically inactive forms of
the twister ribozymes were generate by inverting the order of
two conserved nucleotides (nt) in the stem P4 as proposed by
Roth et al.”' The eGFP reporter gene is expressed under the
control of a T7 promoter that is leaky with regard to IPTG
induction.*

The levels of eGFP expression were compared with a
positive control composed of an unstructured 3’-UTR
between the stop codon and the terminator stem-loop struc-
ture (Fig. 3A, B). Due to the fact that the three selected
type P5 twister motifs do not possess actual P5 stems, the
ribozymes were inserted into the 3’-UTR including their
natural flanking sequences (light gray in Fig. 1A). The
length of these flanking sequences was 8 nucleotides on
both ends for Cth-1-1, 10 nt on both ends for Cpa-1-1 and
8 nt at the 5 end and 11 nt at the 3’ end of Cas-1-1. More-
over, to evaluate the effect of the presence of the PO stems
in Gob-1-1 and Sva-1-1, two additional constructs were

tested where these secondary structures are missing. The
clones were let outgrow overnight in LB medium. Bulk fluo-
rescence measurements were used to evaluate the levels of
eGFP expression in the stationary phase. The data were
normalized against ODggo, and the bulk fluorescence values
of the active and inactive constructs were compared. The
results are shown in Fig. 3C. While the level of eGFP
expression remains in a range similar to the positive control
when a catalytically inactive ribozyme is inserted into the
3’-UTR, a decreased eGFP expression is observed for all
clones carrying an active ribozyme sequence, with the nota-
ble exception of the Cth-1-1 construct that proved catalyti-
cally inactive in the in vitro cleavage assays. The reporter
gene expression decreases to different extents in the differ-
ent active constructs when compared to the positive and to
the catalytically inactive controls: the observed effect is very
pronounced for Cpa-1-1 (type P5). Cbo-2-1, Gob-1-1 lack-
ing PO stem and both Sva-1-1 constructs (type P1). The
effect is weak in the type P5 Cas-1-1 and in the Gob-1-1
motif with PO stem. These experiments demonstrate that
ribozyme cleavage in the 3'-UTR significantly affects gene
expression. In addition, our data show that the stem-loop
PO often found in the natural context has a significant influ-
ence on gene expression in the Gob-1-1 construct: when it
is present, the eGFP expression decreases less then in the
construct without P0. This effect is also visible but less pro-
nounced in the Sva-1-1 construct. Next, we performed a
correlation analysis to investigate the relation between the
kinetic parameters determined by in vitro cleavage assays
and the levels of eGFP expression observed in the different
active constructs. For the analysis we used the kinetic
parameters derived from the mono-exponential fit because
they are characterized by a lower standard error. In Fig. 3D
the eGFP expression levels of each twister construct are
plotted against the relative k., and y, values (Table 1).
Pearson correlation coefficients were calculated showing a
very weak correlation between the eGFP expression levels
due to the insertion of a twister ribozyme into the 3’-UTR
of the reporter gene, and the k. of the motif (p = 0.248
p-value = 0.5915). Interestingly, a moderate and statistically
significant negative linear correlation was observed between
Yo, the final total fraction of cleaved ribozyme, and the
eGFP expression level (p = 0.754 p-value = 0.0502). As a
tendency, this suggests that ribozymes displaying a higher
final cleaved RNA fraction in the in vitro assay show lower
levels of eGFP expression in the in vivo assay. The absence
of a strong correlation between the in vitro determined
kinetic parameters and the levels of reporter gene

Table 2. Fitting parameters of the kinetic traces using a double-exponential function for some of the twister motifs. kyops and kaops are the rate constants of the 2 kinetic
processes, y, is the final fraction of cleaved RNA and A; and A, are the amplitudes of the 2 exponential functions. R? is the coefficient of determination of the fitting. The

errors relative to the fitting parameters are reported as standard errors (o).

k1obs Oklobs kZDbS O'k2obs
(min™") (min™") (min™" (min™" A om A, On Yo oy R?
Gob-1-1 0.754 0.114 0.042 0.055 —0.438 0.036 —0.085 0.0329 0.61 0.035 0.993
Gob-1-1 w/o PO 1.461 0.23 0.103 0.59 —0.607 0.066 —0.025 0.061 0.696 0.027 0.995
Sva-1-1 0.932 0.123 0.022 0.029 —0.033 0.002 —0.023 0.016 0.98 0.018 0.995
Sva-1-1 w/o PO 1.879 0.78 0.045 0.092 —0.042 0.008 —0.022 0.012 0.962 0.016 0.964
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Figure 3. Gene expression assay and correlation analysis. (A) The general design of the reporter type P1 and type P5 constructs. The cleavage site is shown by a red
arrowhead. (B) eGFP expression levels of the catalytically active and inactive twister constructs inserted into the eGFP 3’-UTR. Error bars represent standard deviations cal-
culated on independent biological quadruplicates. (C) Scatter plots of the levels of eGFP expression of the active twister constructs against the observed cleavage rate
constant ks (left panel) and the final fraction of cleaved RNA y; (right panel) for each motif. The error bars represent standard deviations derived from the fit with equa-

tion (1). Correlation coefficients and p-values were calculated for both data sets.

expression suggests that other factors such as the ribozyme
format and the presence of specific structural features could
influence the extent of gene expression. However, more
twister motif sequences that differ in formats and structural
features need to be studied in order to better understand
the factors that determine the impact of twister ribozyme
cleavage on gene expression in the 3’-UTR. Apart from
gaining insight into structure-function relationships the
investigation of the influence of twister cleavage of the 3'-
UTR was motivated by an interest to use this motif in the
3’-UTR for constructing artificial genetic switches.

Twister-based artificial riboswitches in the 3'-UTR

In order to test the possibility of modulating the catalytic activ-
ity of a self-cleaving ribozyme inserted into the 3’-UTR of a
transcript for achieving external regulation of gene expression,
we generated ligand-dependent ribozymes (aptazymes) that
can control gene expression via direct cleavage of the 3'-UTR
of the reporter. Here, aptazymes are used as a model of direct
regulation of the cleavage activity catalytic motif, simulating in
vivo the control of a ribozyme by a protein factor, or a cellular
metabolite. To do so, we employed a type P3 twister ribozyme
(env-9) derived from an environmental sequence (Fig. 4A) that

has been already used with success for RNA engineering pur-
poses in E. coli and yeast.”> Although the kinetic features have
been extensively described by Breaker and coworkers,”' its
genetic context remains uncharacterized and it is difficult to
make hypotheses regarding its biological function. Previously
we demonstrated that this twister motif is very well suited as a
flexible and modular expression platform for the development
of artificial riboswitches that rely on the masking of the RBS in
the 5-UTR for controlling gene expression.”” For this reason
we decided to use this motif to engineer novel twister-based
switches for the 3’-UTR.

We first tested the in vivo activity of an engineered env-9
with a shortened P1 stem to avoid secondary effects due to the
presence long and stable secondary structure in the 3’-UTR
upon cleavage (Fig. 4B), comparing the eGFP expression levels
of the catalytically active and inactive 3-UTR constructs. The
cleavage of the 3’-UTR promoted by this motif significantly
decreased eGFP expression when compared with the positive
control and with the catalytically inactive control (Fig. 4D, E).
In order to develop ligand-dependent twister ribozymes active
in the 3/-UTR, we first tested aptazyme sequences that were
developed for the use in the 5'-UTR. In particular, we employed
twister-based theophylline and thiamine pyrophosphate (TPP)
aptazymes that were presented in our previous work using a
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Figure 4. Design and performances of the artificial riboswitches in the 3'-UTR. The twister-based artificial riboswitches based on the naturally occurring env-9 motif (A)
with shortened P1 and P3 stems (B). Theophylline and TPP aptazymes were generated connecting 2 aptamer domains to the stem P1 of the catalytic motif (C). Previously
isolated communication modules were employed (Theo 5, Theo 6, TPP 2 and TPP 4). In addition 2 combinatorial libraries were generated using communication modules
of 4 randomized nucleotides. The inactivating mutation is highlighted in yellow. The cleavage site is indicated by an arrowhead. (D,E) left panel: eGFP expression (bulk
fluorescence divided by the relative ODg0) of the selected active and inactive clones in the absence (—) and presence (+) of (D) 2.5 mM theophylline and (E) 1 mM thia-
min in the culture medium. Right panel, the performances (fold of activation or inactivation) of the on- and off-switches were calculated as the ratio of fluorescence of
active divided by inactive expression states using background subtraction. The levels of reporter gene expression in the different conditions are represented by gray (con-
trols), red (off-switches) and blue bars (on-switches). Error bars represent standard deviation calculated from independent biological triplicates. The identified communica-
tion modules are reported. Note that the numbering of the switches was assigned to be consistent with previously identified communication modules for twister-based
theophylline and TPP switches in the 5'-UTR.?

SD masking strategy (Theo5, Theo6, TPP2 and TPP4 - through a communication module that was isolated upon in
Fig. 4C). These aptazymes present either a theophylline or a  vivo screening. Theo5 and TPP2 are inactivated by the presence
TPP aptamer connected to the stem P1 of the catalytic domain  of the ligand. In the 5'-UTR, this results in the masking of the



SD sequence and in the down-regulation of eGFP expression
(off-switch). In the 3'-UTR the inactivation of the catalytic
activity due to the presence of the ligand in the culture medium
is expected instead of the up-regulation of gene expression (on-
switch). In an analogous way, Theo6 and TPP4 aptazymes are
activated by the presence of the ligand and in our design in the
5-UTR this results in the upregulation of the expression (on-
switch). In the 3’-UTR the presence of the ligand is expected to
induce downregulation of gene expression (off-switch). Our
data show that Theo5 does not have any switching activity
when inserted into the 3’-UTR, whereas Theo6 seems to have a
weak off-switch activity (about 2-fold) (Fig. 4D). TPP2 and
TPP4 show the expected behavior in the 3’-UTR, even though
switching performances are very weak (only 1.5-fold) (Fig. 4E).
In order to improve twister-based aptazyme switches for the 3'-
UTR we applied an in vivo screening approach. Two aptazyme
combinatorial libraries were generated connecting two different
aptamers (theophylline and TPP) to the stem P1 of the catalytic
domain using a communication module of four randomized
nucleotides (Fig. 4C). The stem P1 was chosen because it was
shown to be more suited compared to the position P5.** The
combinatorial libraries were transformed in E. coli and single
clones were screened for differential expression of eGFP in the
presence and in the absence of the respective ligand.

The screening of new communication modules in the
3’-UTR resulted to be more suited for the isolation of effective
riboswitches. In fact, seven twister-based switches resulted
from the screening. The isolated clones were sequenced and
catalytically inactive mutants were generated to verify that the
switching activity is dependent on the self-cleavage reaction. In
particular, the screening of the theophylline library resulted in
the isolation of 4 off-switches that show moderate decrease in
fluorescence of up to 4.5-fold upon the addition of theophylline
(Fig. 4D). The overall switching activity of the isolated TPP
riboswitches in the 3’-UTR was always week, with around 2.2-
fold for the on-switch and around 1.8-fold for the two OFF-
switches. Consistently with what was previously noticed, the
presence of only strong GC Watson-Crick (WC) base pairs in
the communication modules is observed mostly in aptazymes
that are inactivated by the presence of the ligand (in total four
out of five communication modules in P1, including the ones
identified in our previous work.”> On the contrary, the presence
of non-WC base pairs or less frequently the presence of AU
pairs results in aptazymes that are activated by the presence of
the ligand (all the 12 communication modules in P1, including
the ones identified in our previous work). Finally, it is interest-
ing to note that in all cases the off-state of the switch is charac-
terized by a relatively high residual eGFP expression, indicating
a significant leakiness of these artificial devices.

Discussion

Small endonucleolytic ribozymes have been shown to be pres-
ent in all domain of life.'"®***® The presence of HHRs in the
mRNAs of prophages and bacteria was suggested to be involved
in the generation of smaller transcripts starting from a long
polycistron, in the generation of spliced or circular processed
transcripts (via cleavage followed by ligation reaction) or in the
generation of sSRNAs.'®"” In particular, Perrault et al. showed
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that three tandem HHR arrangements generate fragments of
the native polycistronic RNA in an in vitro transcription assay
as well as in vivo, after cloning and transcription of the DNA
locus in E. coli.'"®'” In eukaryotes HHRs were found in intronic
sequences, indicating a potential role in pre-mRNA process-
ing,27 and in non- autonomous retroelements.***’ Previously,
small Mn”**-dependent ribozymes were identified in the
3'-UTR of Xenopus laevis Vgl and B-actin mRNAs.”® Although
the motif found in the Vgl mRNA showed Mn*"-dependent
self-cleavage in vitro, no activity was detected in vivo.”’

A distribution similar to the one of the hammerhead ribo-
zymes was observed also for some of the recently described
twister ribozymes.”’ Until now, no defined biological role had
been assigned to any of the employed twister ribozyme. This is
also due to the fact that the genomic regions and described
organisms where the motifs were identified are generally poorly
characterized. Many twister ribozyme motifs were noted to be
associated with other small self-cleaving ribozymes belonging
to the twister class or to other classes.”"** Moreover, a common
proximity of these ribozymes to a series of conserved protein
domains was observed, notably to numerous elements related
to Mu bacteriophages.”** All the investigated motifs in this
work are located in bacterial genomes. The analysis of the
genetic context confirmed the potential for these motifs to be
transcribed in intergenic regions as part of polycistronic
mRNAs, with the only exception of Cbo-1-1 that seems to be
located in the 5'-UTR of the first gene of the transcript. Fur-
thermore, Gob-1-1 and Sva-1-1 seem to be present on the tran-
script together with other twister and hammerhead self-
cleaving motifs. With the exclusion of Cth-1-1 a moderate
cleavage activity in vitro was observed for all the tested motifs.
The cleavage kinetics of Sva-1-1 and Gbo-1-1 can be described
with a biphasic behavior. The latter can be explained by the
existence of a second, slower (up to 10-fold) process, taking
place in addition to the cleavage reaction such as a conforma-
tional change of the ribozyme (observed before with some
HHR sequences)’’ or the contemporaneous cleavage reaction
of two alternative conformations of the ribozyme. The insertion
of catalytically active twister motifs into the 3’-UTR resulted in
altered gene expression. The effects on gene expression can be
explained by the destabilization of the transcript following the
RNA cleavage and the consequent removal of the protective
intrinsic terminator stem-loop structure. The gene expression
levels seem to be only partially dependent on the catalytic char-
acteristics of the motif. We observed a very weak negative cor-
relation of the reporter gene expression levels with the k,,; of
the motif and a moderate statistical negative correlation with
total fraction of cleaved ribozyme (y,) in the in vitro assay. A
possible explanation for these results requires taking in consid-
eration the half-life of the eGFP transcript. In E. coli, overall
mRNA half-lives were reporter to range between 1-15 min in
LB medium at 30 °C and 6.8 min at 37 °C.***> The mRNA
half-life of an eGFP transcript with a common transcription
terminator in E. coli was reported to be ~8 min."? The resulting
mRNA decay rate constant kg.. = 112 / t;,, ~ 0.087 min~" is
smaller than all obtained ribozyme cleavage constants in vitro
(or comparable in the case of Cbo-2-1). In case that the mRNA
has a similar half-life in our system and assuming that the fold-
ing of the ribozyme is not rate-limiting, a substantial part of the
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mRNA will be cleaved by all tested motifs before the mRNAs is
degraded. In bacteria the main 3'-exonucleases involved in bulk
mRNA degradation are suggested to be RNase II, RNase R,
PNPase and Oligoribonuclease (Orn).'”’* RNase II and
PNPase are both known to stall 6-8 nt before stable G/C-rich
secondary structures, whereas RNase R is able to degrade struc-
tured substrates, but requires at least 7 nt as single-stranded 3’
overhang.34 Hence, the removal of the terminator stem-loop
from the transcript by the ribozyme results presumably in an
overall increased rate of the eGFP mRNA degradation,”'>"
thereby reducing the level of transcripts available for transla-
tion. Interestingly, the reporter gene utilized in this study was
previously reported to be not susceptible to inactivation by
RNase E.'> Hence 3'-exonucleolytic degradation mechanisms
might be relevant for gfp mRNA stability.

Under these conditions, the effect of the cleavage on the
gene expression is expected to be dependent on both the total
fraction of the cleavage product y, and on the cleavage rate
constant. It is important to mention that the destabilization of
a transcript can be observed at the level of protein expression
only if the translation is limited by the availability of the tran-
script. If for example many copies of the transcript are present
in the cell (due to either high level of transcription or high gene
copy number), the availability of ribosomes can become the
limiting factor and hence stabilization of the transcript might
not result in high protein levels.'” However, the low correlation
factors indicate that the kinetic features of the motifs cannot
fully explain the level of reporter gene expression. The differ-
ence of gene expression levels observed for the Gob-1-1 and the
Sva-1-1 constructs with and without PO stems indicates that
the presence of secondary structures associated with the ribo-
zyme might play a relevant role. As the cleavage site of the ribo-
zyme lies within the loop L1 (Fig. 1A), upon cleavage of Gob-1-
1 and Sva-1-1 the PO stem-loop remains in the 3’-UTR of the
reporter. By contrast, no stable secondary structure is remain-
ing in the 3’-UTR in the case of motifs that lack the stem PO.
The higher levels of eGFP expression in the catalytically active
constructs containing stem PO compared to the one without
the stem-loop might indicate that these structures have a pro-
tective role on the mRNA. However, our data indicate that the
PO stem is not able to completely protect the transcript against
degradation, especially in the Sva-1-1 construct. The limited
effects observed comparing the Sva-1-1 constructs with and
without the additional stem could be explained by the fact that
the PO stem in Sva-1-1 is significantly shorter than the one of
Gob-1-1. Indeed larger hairpins in the 3’-UTR are expected to
have stronger protective effects on the transcript.'* Moreover,
the 8 nt long single stranded stretch region at the 3’ end of the
cleaved Sva-1-1 construct could make the mRNA more suscep-
tible to RNase II degradation, which was shown to require at
least 7 nt for the degradation of stable secondary structures.”
Similar protective effects on the processed mRNA can be sup-
posed for large P1 stems in type P5 twister ribozymes that
remain in the 3’-UTR upon cleavage. Such an effect could con-
tribute to the difference observed between the Cpa-1-1 con-
struct, which contains a large CG rich P1 stem, and the Cas-1-1
construct, which contains a shorter P1 stem. Interestingly, stem
P1 was reported to be not essential for the catalysis of the
twister ribozyme,” opening the possibility that this structure

can have also have regulatory roles. Moreover, it was also
shown that transcription terminator stem-loop structures are
preferred substrates for polyadenylation by PAPL'®*® even
though a short single stranded region at the 3’ end is neces-
sary.”” The addition of poly(A) tails by poly(A) polymerase
(PAPI) or polynucleotide tails by PNPase to the 3’ end of struc-
tured mRNA facilitate the degradation of structured RNAs by
3’ exonucleases, particularly by RNase R.”**** Following ribo-
zyme cleavage, the 3’ single stranded regions on the Gob-1-1,
Sva-1-1 and Cas-1-1 constructs are 6, 8 and 2 nt long, suggest-
ing a possible correlation with the susceptibility to polyadenyla-
tion and the effects observed on gene expression in vivo. The
Gob-1-1 twister motif studied here is particularly interesting
because in its natural genetic context it occurs close proximity
to two more twister motifs (Gob-1-5 and Gob-1-8). According
to our promoter and terminator search, all three motifs are
present on a single polycistronic transcript. The organization of
this genetic locus resembles the one observed for some tandem
hammerhead arrangements in bacteria.'® Moreover, a similar
tandem organization is observed in two more loci in the same
G. obscuriglobus.* Intriguingly, all 8 twister motifs identified in
G. obscuriglobus contain a large and stable PO stem.

This finding suggests a possible protective role of these
structures in the secondary transcripts originating upon cleav-
age. Interestingly, it was already shown that artificial and natu-
ral operons can take advantage of RNase-mediated processing
to uncouple the expression of the proteins encoded by a poly-
cistronic mRNA. Secondary transcripts originating after RNase
cleavage can possess different stabilities due to a variety of fac-
tors, including the different secondary structure present in the
5- and 3/-UTRs. The differential stability of these secondary
transcripts resulted to be an efficient mechanism to regulate the
relative amounts of the proteins encoded by the polycistron
using only one promoter.””'® Further discussion regarding
potential functions of additional structural features, the advan-
tage and potential problems of studying the twister motifs in E.
coli, and the use of T7 polymerase instead of the endogenous
polymerase can be found in the Supporting Information.

In addition to the demonstration of the effect of twister-
mediated cleavage of the 3’-UTR on gene expression levels,
we constructed artificial ribozyme-based ligand-dependent
switches in the 3’-UTR. In this case the switching mecha-
nism is based on the removal of the stabilizing terminator
stem-loop upon cleavage. Using a ribozyme motif that after
cleavage does not leave protective secondary structures in
the resulting transcript, a ligand-dependent activation of the
catalytic motif should result in a decrease in gene expres-
sion (off-switch) whereas ligand-dependent inactivation
should result in induced gene expression (on-switch),
resembling the behavior of ribozyme-based switches of gene
expression realized in eukaryotic organisms.”” Importantly,
only off-switches were obtained for theophylline. This is in
line with the previously reported HHR- and twister-based
switches that in the context of the 5'-UTR only yielded on-
reactivity. This can be explained with the ligand binding
resulting in a stabilization of the ribozyme fold. Although
this design strategy (activation of ribozyme upon ligand
binding) limits the applications of the switches, with the
present work such switches can still be used to switch off



gene expression in bacteria when they are applied in the
3’-UTR instead of the 5-UTR. Hence, the concept pre-
sented here significantly broadens the repertoire of RNA-
based switches for controlling gene expression.

Since switches developed initially for the application in the
5'-UTR performed worse in comparison to switches that were
screened in the 3-UTR context, it seems advantageous to opti-
mize sequences in the desired genetic context. In general,
switches engineered using the theophylline aptamer as sensor
domain showed better performances compared to the ones
obtained using the TPP aptamer. The TPP aptamer in presence
of Mg”* adopts a folded structure that presents two stable sen-
sor helix arms (P2/P3 and P4/P5).*° As in the twister-based
TPP switches presented in this work, the aptamer domain
remains on the 3’-UTR of the secondary transcript upon cleav-
age, we can speculate that this structure can have a stabilizing
effect analogous to the one of the terminator stem-loop. This
would strongly decrease the switching performances because
the removal of the terminator stem mediated by the aptazyme
(regardless whether positively or negatively regulated by the
ligand) would not result in an effective destabilization of the
mRNA. The presence of secondary structures in the 3’-UTR
upon cleavage seems an important factor to take into consider-
ation for the design of such artificial riboswitches.

In conclusion, we demonstrate that ribozyme-mediated
cleavage in the 3’-UTR influences gene expression in bacteria.
We provide evidence that the effects on gene expression do not
depend primarily on the kinetic characteristics of the ribozyme
but mainly on motif-specific structural features. The analysis of
the genetic contexts of naturally occurring twister motifs hints
at a role of these ribozyme motifs in the processing of bacterial
and phage polycistronic transcripts. The ribozyme-mediated
cleavage of the primary transcript could generate a number of
secondary transcripts that present differential stability and can
be differentially translated depending on the secondary struc-
tures that are left on the untranslated regions of the secondary
transcripts, similarly to observations made for RNase-mediated
cleavage.'>'*'® The suggested model for ribozyme-mediated
gene expression modulation in the 3’-UTR should be generally
applicable in bacteria, as 3’-exoribonucleolytic degradation is a
universal feature in bacteria.”* We have demonstrated that we
can take advantage of ribozyme-mediated cleavage of the
3’-UTR in order to develop artificial ribozyme-based switches in
bacteria. The use of ribozymes with different structures and cat-
alytic properties or ligand-dependent ribozymes could be conve-
nient for applications such as metabolic engineering where the
expression of artificial operons needs to be coordinated and con-
trolled. The use of ribozymes could represent an alternative to
the use of RNase E or CRISPR cleavage sites.''**'

Material and methods
Promoter and terminator search

The genomic sequences of the 6 bacterial strains carrying the
twister motifs were obtained from NCBI nucleotide database
(http://www.ncbi.nlm.nih.gov - accession number reported in
the Table S1). The promoter and the intrinsic terminator
searches were performed in the proximity of the ribozyme
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motif and on the same DNA strand. The neural network pro-
moter prediction tool specific to bacterial promoters developed
in the context Berkeley Drosophila Genome project (www.fruit
fly.org/seq_tools/promoter.html) and ARNold tool (http://rna.
igmors.upsud.fr/toolbox/arnold/) were employed for the search
of putative promoters and terminators respectively. ARNold
search procedure uses two programs to find rho-independent
terminators: Erpin and RN Amotif.****’

Plasmid construction

The twister motifs and the aptazyme motifs (including the
library) were inserted into the pET16b_eGFP plasmid by
whole-plasmid PCR with Phusion Hot Start 2 Polymerase
(NEB) using primer pairs that contained the sequence of
the motifs into the 5’ overhang ends. For each pair, one of
the primers was 5 phosphorylated. Catalytically inactive
mutants were generated by site-direct mutagenesis PCR
using the suitable pET16b_eGFP containing the catalytically
active form as template. After PCR, the template plasmid
was digested using the enzyme Dpnl (NEB). The PCR prod-
ucts were purified by band purification after gel electropho-
resis (0.8 % GTQ agarose - Roth). The purified products
were blunt end ligated (Quick Ligase, NEB) and trans-
formed into E. coli BL21(DE3) gold (Stratagene) by electro-
poration. The transformed bacteria were plated on Luria-
Bertani (LB) agar Petri dishes supplemented with 100 ug
per mL carbenicillin and grown aerobically at 37 °C over-
night. To confirm successful cloning, the cloned plasmids
were isolated (Miniprep Kit, Qiagen) and sequenced (GATC
Biotech).

RNA preparation

The different catalytic motifs were obtained by in vitro tran-
scription starting from a DNA template, in the presence of
DNA blocking strands (~25 nt, melting temperature
70-80 °C). The DNA templates were generated by Taq-PCR
(NEB) using the suitable pET16b_eGFP containing the catalyti-
cally active form of the twister motif as template. The forward
primers were designed with the following 5" overhang that con-
tained a T7 promoter sequence: 5AAATTAATACGACTC
ACTATAGGGAG3'. The total PCR reaction volume was
200 L. The PCR products were ethanol precipitated (1/10 vol-
ume of 3 M sodium acetate pH 5.7 and 3 volumes of 100% eth-
anol - Sigma-Aldrich). The pellets were resuspended in 40 uL
of ddH,O. The PCR products were in vitro transcribed using
T7 RNA polymerase (Thermo Scientific) in Thermo Scientific
transcription buffer, 90 nM ATP, 2 mM CTP, 2 mM GTP and
2 mM UTP, 80 U RiboLock RNase Inhibitor (Thermo Scien-
tific), 0.15 U of PPase (Thermo Scientific), 5 uCi **P-a-ATP
and in presence of 25 uM blocking strand. Transcription was
carried out for 2 hours at 37 °C. Afterwards the reaction mixes
were ethanol precipitated overnight and resuspended in 40 uL
of ddH,0. One volume of 2X loading buffer (80% [v/v] form-
amide, 50 mM EDTA pH = 8.0) was added. Subsequently the
products were purified by 8% denaturing PAGE (10% for
motifs without P0). Electrophoresis was performed at 600 V,
300 mA, 100 W for 3 h (4.25 h for constructs without P0). Full-
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length products were excised and extracted from gel using
500 pL Rotipuran water (Roth) supplemented with 1 mM
EDTA at 6 °C, 1400 rpm overnight. All the following steps
were performed using Rotipuran water to minimize the pres-
ence of divalent cations. The samples were filtered through
glass wool and the RNA was ethanol precipitated over night
and resuspended. RNA concentrations were determined
spectrophotometrically.

In vitro cleavage assay

Activities were determined in 50 mM Tris-HCl pH 7.5,
0.1 M KCL The final concentration of the RNA in the reac-
tion mix was 180 nM. The folding of the RNA motif was
performed incubating the reaction mix at 95 °C for 2 min
and then slowly cooling down to 37 °C in the absence of
Mg”*. The cleavage reaction was started by manual addition
of Mg®" to a final concentration of 1 mM. Reactions were
quenched with loading/stop buffer (80% [v/v] formamide,
50 mM EDTA pH = 8.0, 0.025 % [w/v] bromophenol blue
and 0,025% [w/v] xylene cyanole) after defined time points.
The reactions were peformed in triplicates with one EDTA
control (final concentration 1 mM, no MgCl,) for each
motif. 2 uL of reaction mix were analyzed by 8% PAGE
(80 well analytical gel, 1800 V, 300 mA, 100 W, 1.5 -
2.5 h). The results were visualized by phosphorimaging and
the bands were quantified with ImageQuant TL. The frac-
tions of cleaved RNA were calculated for each time point
from the intensities of the bands of the uncleaved and
cleaved ribozymes. To take account of the amount of
labeled adenine residues contained in the cleaved and
uncleaved RNAs, the single band intensities were divided by
the number of adenine residues present in the relative RNA
sequence. The kinetic traces were fitted using two different
exponential functions in Origin 8.6G (see Results section
for details).

In vivo assay: bulk fluorescence measurements

For the in vivo expression assays, the different clones were
first pre-cultivated overnight aerobically at 37 °C on a LB
agar Petri dishes supplemented with 100 pg per mL carbe-
nicillin. The enhanced green fluorescent protein (eGFP)
expression levels were evaluated performing bulk fluores-
cence measurements. 100 L of each culture were trans-
ferred into 96-well-microplates and the ODggy and the
fluorescence of the expressed eGFP (excitation wavelength
= 488 nm, emission wavelength = 535 nm) were mea-
sured with a TECAN infinite M200 plate reader. The back-
ground value was determined measuring the fluorescence
of an equally treated E. coli BL21(DE3) gold culture carry-
ing a pET16b vector containing a truncated form of the
eGFP gene. Fluorescence values were divided by the
respective ODgq values and further analyzed. The fluores-
cence measurements for the in vivo assay were performed
using a detector gain of 63. The error bars in the graphs
represent the standard deviation calculated on independent
biological quadruplicates. The correlation analysis was per-
formed using R (https://www.r-project.org).

In vivo screening

For the screening of new communication modules from the
combinatorial libraries, single clones of the transformed pool
were picked into 96 deep well plates and let outgrown to station-
ary phase in 400 L of LB medium supplemented with 100 ug
per mL carbenicillin at 37 °C. 10 uL of bacterial culture were
re-inoculated in fresh medium in the presence and in the
absence of the specific ligands. The bacterial cultures were grown
to stationary phase (19 hours) shaking vigorously at 37 °C. The
screening of the theophylline-dependent switch library was per-
formed in LB medium supplemented with 100 ug per mL carbe-
nicillin in absence and in the presence of 2.5 mM theophylline
(Fluka). The screenings of the TPP-dependent switch library was
performed in M9 medium supplemented with 0.4% glucose and
100 g per mL carbenicillin. The final concentration of thiamin
(Fluka) was 1 mM. Bulk fluorescence of the cultures was mea-
sured using the protocol illustrated in the previous section to
evaluate the differential expression of eGFP in the presence and
in the absence of the respective ligand. The measurements were
performed using a detector gain of 63 for the theophylline library
or 65 for the TPP library. Clones that showed differential levels
of eGFP expression in the presence and in the absence of the
ligand were isolated and sequenced. Catalytically inactive
mutants were also generated by site-direct mutagenesis. After the
screening, a final validation was performed measuring the eGFP
expression levels of the selected artificial riboswitches and the rel-
ative catalytically inactive controls. The error bars represent stan-
dard deviations calculated on biological triplicates.
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