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SUNMMARY

Developing artificial genetic switches in order to
control gene expression via an external stimulus is
an important aim in chemical and synthetic biology.
Here, we expand the application range of RNA
switches to the regulation of 16S rRNA function in
Escherichia coli. For this purpose, we incorporated
hammerhead ribozymes at several positions into
orthogonalized 16S rRNA. We observed that ribo-
somal function is remarkably tolerant toward the
incorporation of large additional RNA fragments at
certain sites of the 16S rRNA. However, ribozyme-
mediated cleavage results in severe reduction of
16S rRNA stability. We carried out an in vivo screen
for the identification of sequences acting as ligand-
responsive RNA switches, enabling thiamine-depen-
dent switching of 16S rRNA function. In addition to
expanding the regulatory toolbox, the presented
artificial riboswitches should prove valuable to study
aspects of rRNA folding and stability in bacteria.

INTRODUCTION

Starting with the discovery of RNaseP (Guerier-Takada and
Altman, 1984) and self-splicing ribozymes {(Bass and Cech,
1984), scientists have been revealing the fundamental roles of
catalytic RNAs in nature. By solving crystal structures it became
evident that even the ribosome is a ribozyme since the peptidyl-
transferase reaction is catalyzed by RNA residues (Nissen et al.,
2000). Moreover, ribozymes can also be part of regulatory
elements such as the gimS mRNA-based riboswitch relying on
a ligand-induced cleavage mechanism (Collins et al., 2007,
Winkler et al., 2004). In addition to naturally occurring ribos-
witches, several artificial switches based on the hammerhead
tibozyme (HHR)} have been developed recently. The HHR is a
small RNA motive catalyzing a phosphodiester cleavage reac-
tion (Forster and Symons, 1987). It consists of a conserved cata-
lytic core flanked by three helices, with helix | and Il tertiary inter-
actions locking the RNA in its catalytically active conformation
(Canny et al., 2004; Khvorova et al., 2003; Martick and Scott,
2006). Inserted into the mRNA of a reporter gene in eukaryotic
celis, the Schistosoma mansonii HHR allows for the control of
gene expression upon addition of ribozyme inhibitors (Yen
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et al,, 20086, 2004). Furthermore, aptamers have been attached
to helices of the HHR in order to control ribozyme activity and
thereby gene expression via addition of the respective ligand
in yeast (Win and Smolke, 2007, 2008) as well as in bacteria
{(Wieland et al., 2009a, 2008b; Wieland and Hartig, 2008).
The use of ligand-responsive ribozymes (aptazymes) should be
more generally applicable than the incorporation of the ligand-
binding aptamer sequence alone, since ligand recognition is
transformed into an irreversible cleavage of the respective
RNA. Hence, aptazymes could in principle be used for the regu-
lation of other classes of RNA beyond mRNAs. Recently, it was
demonstrated that aptazymes can also be used to control
the activity of tRNAs (Berschneider et al., 2009) as well as
miRNAs (Kumar et al., 2009). Here we extend the approach by
engineering 16S rRNAs via inserting addressable ribozymes,
enabling the regulation of translation by triggering the cleavage
of the small ribosomal subunit RNA in Escherichia coli.

The 16S rRNA together with various proteins forms the small
subunit (SSU) of the bacterial ribosome (Schluenzen et al.,
2000; Wimberly et al., 2000). Among other tasks, it recruits
mRNAs via the anti-ribosome binding sequence (A-RBS) located
at its 3’ end and facilitates matching of mRNA and tRNA in the
A site via stabilizing the codon/anticodon interaction (Shine
and Dalgarno, 1974). Since interfering with the activity of any
of the seven copies of the ribosomal RNA operons results in
impaired growth ability (Condon et al., 1995; Hui et al., 1987),
manipulations of the 165 rRNA stability are best carried out using
an orthogonal transiation machinery, which is not affecting gene
expression levels of regular housekeeping genes. This can be
achieved by introducing an orthogonal 16S rRNA/MRNA pair in
E. coli (Hui and de Boer, 1987; Hui et al., 1987, 1988; Lee
et al., 1996; Rackham and Chin, 2005). For our study, we trans-
ferred the orthogonal 168 rRNA/MRNA pair described by Rack-
ham and Chin {2005) to our system to exclusively express an
eGFP reporter gene. This setup allowed us to incorporate
ligand-responsive ribozymes into the 168 rRNA, generating
a system that enables external control of ribosomal function
(Figure 1).

RESULTS

Implementing an Orthogonal Translation

Machinery in E. coli

in order to manipulate the 168 rRNA without interfering with the
cellular ribosomal activity, we first implemented an orthogonal
16S rBRNA/MRNA pair in E. coli (Rackham and Chin, 2005). For
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Figure 1. Simplifiled Scheme of Aptazyme-Mediated Inhibition of
Gene Expression

An inactive TPP-dependent aptazyme incorporated into the 16S rRNA is not
interfering with translation and the reporter gene is expressed. TPP-dependent
activation of ribozyme activity, however, results in inhibition of the small ribo-
somal subunit and decreases reporter gene levels. ORF, open reading frame;
yellow, ribosomal subunits.

this purpose, we changed both the ribosome binding sequence
(RBS) of an eGFP reporter mRNA as well as the A-RBS of an
additional ribosomal RNA operon [rrnB of the pT7-1 plasmid
(Lewicki et al., 1993)]. The system was found to be truly orthog-
onal, since neither was any adverse effects of the orthogonal
ribosome on natural mMRNA gene expression (RBSeoA-RBS,
terminology of the constructs as follows: RBS, natural ribosome
binding sequence; oRBS, orthogonalized RBS; A-RBS, natural
anti-ribosome binding sequence located in the 3’ region of the
16S rRNA; oA-RBS, orthogonalized A-RBS) observable nor
was the orthogonal mRNA translated by the natural ribosome
(oRBSeA-RBS) (see Figure S1 available online). In the case of co-
transfection of the orthogonal pair oRBSe0A-RBS, eGFP was
expressed by the artificial system at 10% of the natural
(RBSeA-RBS) expression levels. The orthogonal system imple-
mented in E. coli now allows the characterization of alterations
of the 168 rRNA even if they impair ribosomal activity.

Insertion of a Hammerhead Ribozyme into 168 rRNA

After having established an orthogonal translation system, we
surveyed the 16S rRNA for optimum sites for inserting an HHR.
Such sites should fulfill two necessary requirements. First, inser-
tion of the additional RNA motifs (of up to 120 nt in length) should
not disturb the activity of the SSU in translation. Second, the
activity should be inhibited upon ribozyme-mediated self-
cleavage of the ribosomal RNA. To identify potential insertion
sites, we considered three independent sets of information. First,
the avallability of huge phylogenetic data allowed for identifying
sites that showed only little conservation, minimizing the danger
of disrupting important features upon insertion (Van de Peer
et al., 1996). Second, we examined crystal structures of the ribo-

some in order to prevent interference with protein, mRNA, or
LSU binding (Schuwirth et al., 2005). Third, a recent study iden-
tified sites that tolerated insertion of a 31 nt sequence via a trans-
poson-mediated strategy (Yokoyama and Suzuki, 2008). Taking
these into consideration we chose seven sites within the 16S
rRNA (Figure 2).

Next, we introduced HHR sequences as shown in Figure 2 into
the respective sites of the 16S rRNA. We inserted the ribozymes
together with connecting sequences of varying lengths in
order to keep the original stem length more or less similar.
For example, in helix 6 an already extended stem structure is
present in the native 16S rRNA, hence we attached the HHR
immediately to the end of the stem. In other places, we inserted
additional connecting sequences to stabilize the catalytic core of
the hammerhead. Importantly, in each site an inactive as well as
an active ribozyme were inserted separately (the A to G point
mutant indicated by a box in Figure 2B renders the ribozyme
inactive). To measure whether insertion of the ribozyme was
tolerated with respect to ribosomal activity we compared the
16S rRNAs containing the inactivated ribozymes to the orthog-
onal rRNA lacking the ribozyme (Figure 3A). Interestingly, high
activity in translation comparable to the unmodified rRNA was
observed if the inactivated HHR was inserted in helix 6. The other
positions showed more or less pronounced decreases in activity.
Subsequent activation via restoring the above mentioned muta-
tion at the position in the active core of the HHR resulted in
varying reduction of ribosomal activity in dependency of the
insertion site. Except in helices 34 and 39, 5-fold or more inhibi-
tion was found upon self-cleavage of the ribozyme (Figure 3A).
We also tested whether the length of the helix connecting the
16S rBNA and the ribozyme has an influence on ribosomal
activity. When we varied the length of helix 6, similar results
were obtained (Figure $2). In order to exclude that the different
effects on translation in the various positions result from differen-
tial ribozyme cleavage activities, we carried out northern blots
demonstrating that in all positions the active ribozymes cleaved
efficiently (Figure 3B). We used a hybridization probe directed
against the inserted HHR sequence to prevent the detection
of the very abundant background of natural 16S rRNA. In case
of inactivated HHRs, the orthogonal 16S rRNA is strongly
expressed with only little degradation products visible on the
blot. If activated, the full-length 168 rRNA is almost undetectable
but the appearance of the probed 5 cleavage product of the
respective length demonstrates efficient and quantitative cleav-
age at all tested insertion sites (Figure 3B). Interestingly, all
cleavage products are less abundant compared to the full-length
16S rRNA harboring the inactivated HHR. Although the ribo-
zyme-containing 16S rRNA is cleaved and degraded efficiently
at all insertion positions tested, at some positions the remaining
full-length rRNA and/or the cleavage products still allow for
significant translational activity (see, e.g., helices 34 and 39 in
Figure 3).

Engineering Thiamine-Responsive 16S rRNA

Since insertion of the HHR in helix 6 of the 16S rRNA resulted in
the highest absolute change of gene expression comparing the
active and inactive ribozyme variants, we chose this position
for the construction of a ligand-dependent ribosome. For this
purpose, we inserted a thiamine pyrophosphate (TPP) aptamer
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from the corresponding riboswitch (Serganov et al., 2006;
Winkler et al., 2002) into stem Il of the ribozyme (Figure 4A).
We have previously shown that artificial riboswitches can be
generated by incorporating TPP-dependent ribozymes (termed
TPP-HHAZ) into mRNAs (Wieland et al., 2009a). These ligand-
dependent cleavage modules can be tuned by optimization of
the connecting sequence between the aptamer and ribozyme
to yield on as well as off switches of gene expression. We then
randomized six nucleotides of the connection module and
screened a library of E. coli clones for switchable variants of
the ribosomal RNA upon addition of 500 M thiamine to the
growth medium. Thiamine is actively taken up and converted
to TPP by £. coli (Settembre et al,, 2003). By screening of about
4000 clones, we identified several clones that show a thiamine-
dependent translation of the eGFP reporter gene. Upon addition
of thiamine, gene expression levels of clone 3.1 are increased
more than 5-fold, while clone 3.2 shows a more than 3-fold
reduction (Figure 4B). Interestingly, the active and inactive vari-
ants of the HHR lacking the aptamer as shown in Figure 2B are
not responsive to thiamine.

DISCUSSION

We describe the engineering of artificial ribosomes that can be
specifically switched on or off via the external addition of a small
molecule to the growth medium. We have realized these ligand-
responsive ribosomes in the context of orthogonal 16S rRNA/
mRNA pairs. Hence, the ribosomal RNA switch should allow
for specifically switching a subset of mRNAs that carry altered
RBSs. On the other hand, although the strategy of modulating
rBNA function via triggered ribozyme cleavage should in prin-
ciple work in eukaryotes as well, the nesd to use orthogonal
mMRNA/RNA pairs limits the system in its present form to
bacteria with defined mRNA/FRNA interactions. Within £, coli,
the orthogonal ribosomes function sufficiently in order to imple-
ment the presented RNA switches, although reporter gene
expression in the orthogonal system is reduced to 10% com-
pared to the naturalrRNA/mRNA pair. We are unable to compare
the efficiency of the orthogonal system with the original report
(Rackham and Chin, 2005) since Rackham and Chin used an
antibiotic selection marker rather than reporter gene quantifica-
tion as readout.

By attaching the inactivated HHR variants to different 168
rRNA helices we tested the tolerance of the 16S rRNA toward
insertion of additional RNA sequences. Depending on the
respective site, insertion of the HHR motif affected ribosome
activity to varying degrees. For example, attachment to helix
17 resulted in substantial loss of gene expression (Figure 3A).
In contrast, we identified helix 6 as very tolerant toward the
additional ribozyme domain, showing almost no change in
transiation activity. In this respect, helix 6 seems to be generally
suited to augment ribosomes with additional functional RNA
sequences. To identify potential sites for aptazyme-mediated
rBNA regulation, the results obtained with inactivated HHRs
were then compared to cleavage-competent ribozymes. Inter-
estingly, the cleavage reaction affected the ribosomal activity
differently with respect to the insertion site. In general, more
pronounced effects were observed with ribozymes inserted
closer to the 5 end of the rRNA (see ratios given in Figure 3A
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or helices 6, 10, 17, and 26). Contrastingly, cleavage close to
the 3’ end did not result in pronounced inhibition compared to
the inactive ribozymes. It is tempting to speculate that the folding
and assembly of ribosomal RNA and proteins are already under
way and hence a later cleavage of the rRNA affects ribosomal
activity to a much lesser extent. In this respect it is noteworthy
that many bacteria are known to contain fragmented ribosomal
RNAs in their active ribosomes {Evguenieva-Hackenberg, 2005).

Subsequent northern blot analysis of the constructed HHR
variants demonstrated that the active ribozymes cleaved very
efficiently in vivo irrespective of the insertion site. This result
proves that the HHR motif folds very robustly in vivo even in
the context of long RNAs such as the 16S. The 5'-end product
of the ribozyme cleavage reaction is detected by the hybridiza-
tion probe. The inactivated variants show almost no degradation
of 168 rRNA. Since the cleavage products of the active ribo-
zymes are found to be much less abundant compared to the
intact 168 rRNA, nuclease-mediated degradation of the cleaved
16S rRNA is likely to occur. It is known that incorrectly processed
and assembled rRNAs are specifically degraded in bacteria
(Deutscher, 2006, 2009). In this respect, our approach makes
use of cellular mechanisms that sense and destroy apparently
erroneous RNA species. The discrepancy between the residual
in vivo translational activity of active ribozymes inserted at
helices 34 and 39 (Figure 3A) on the one hand and the finding
of almost complete ribozyme cleavage and partial degradation
by northern blotting (Figure 3B) on the other could be due to ribo-
zyme cleavage taking place during RNA isolation. Alternatively,
the remaining cleavage products of helices 34 and 39 could be
more active in translation compared to cleavage fragments
generated at sites located closer to the 5’ end.

After identifying helix 6 as the best suited position for ribo-
zyme-mediated control of 168 rRNA stability, we identified
ligand-responsive variants using an in vivo screening procedure
as we have already applied previously (Wieland et al., 2009a;
Wieland and Hartig, 2008). We decided to use a naturally occur-
ring TPP aptamer domain since, in contrast to theophylline, the
most commonly used ligand for artificial RNA switches, sven
high concentrations of thiamine are tolerated well (Wisland
et al., 2009a; Wieland and Hartig, 2008). Applying this in vivo
screening, we identified two switches: clone 3.1 induces gene
expression 5-fold whereas clone 3.2 exhibited a more than
3-fold inhibition of gene expression upon addition of thiamine.
It is interesting to note that both on as well as off switches
were identified in this context. Although the relative induction
and inhibition rates of the respective clones are only moderats,
the switches show satisfactory absolute changes of gene
expression. Clone 3.1 spans more than 50% and clone 3.2 an
even 70% of the absolute gene expression levels as dsfined by
the maximum range of the active and inactive ribozyme con-
structs. Interestingly, clone 3.1 that was identified as an on
switch in this work turned out to be identical to clone 2.5, identi-
fied previously in an mRNA screening context (Wieland et al.,
2009a). In vitro cleavage assays carried out with the isolated
TPP-dependent ribozyme displayed moderate inhibition of ribo-
zyme activity (Wieland et al., 2009a). This not only highlights the
efficacy and robustness of the applied in vivo screening method
but demonstrates that the developed RNA switches are indeed
transferable from one RNA class to another, In this respect, we
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Figure 2. Insertion of the HHR into the 16S rRNA
(A) Secondary structure map [modified from Konings and Gutell (1995)] of the 16S rRNA containing the orthogonalized oA-RBS (boxed nucleotides) and the inser-

tion sites (red lines).
(B) Nucleotide sequence and secondary structure of the inserted HHR. Red lines show the connectivity of the 16S rRNA at the respective sites. Inactivating A to

G point mutation in the active core is highlighted by the boxed nucleotides.

have reported a similar transfer of a theophylline-dependent optimized communication modules such as our connection
mRNA switch into the context of tRNA switching before (Wieland ~ sequences have been generated by in vitro selection before.
et al., 2009a; Wieland and Hartig, 2008). It is noteworthy that These modules allowed the exchange of different aptamer
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Figure 3. Effect of the HHR on Translation Efficacy
and 168 rRNA Stability

Ay eGFP expression of the inserted inactive (black bars)
and the active {gray bars) HHR variants. Numbers on top
of the bars indicate the ratio of gene expression of inac-
tive/active variants, Error bars represent the standard
deviation of three independent experiments.

(B) Northem blot analysis of the inactive (-) and active {+}
variants of the corresponding inserted HHRs using
a iabeled hybridization probe complementary to the &
region of the inserted HHR sequence.

eGFP expression relative to oRBS0A-RBS in %

sequences for controlling the HHR via stem Il (Soukup and
Breaker, 1999a, 1999b).

In conclusion, we demonstrated the successful construction
of an orthogonal translational system that can be switched
on as well as off via the external addition of a small molecule
trigger. Surprisingly, the 163 rRNA tolerates insertion of large
RNA sequences at some positions but its activity is dramatically
affected upon site-specific cleavage of the 163 rRNA. If com-
bined with other RNA-based switches, the presented strategy
could be used to set up more complex information-processing
devices. In addition to such synthetic biclogy applications
the presented work should prove valuable for studying pro-
cesses such as ribosome assembly and ribosomal RNA stability
(Nierhaus, 1991). Since we have now proven the use of ribo-
zymes for controlling mRNA, tRNA, and rRNA functions, ribo-
zymes seem to be ideally suited to control a variety of RNA
classes in cells.

SIGNIFICANCE

Artificial genetic switches for controlling gene expression
via an external stimulus are important tools in chemical and
synthetic biology. Here, we expand the application range of
RNA switches to the regulation of 16S rRNA function in
Escherichia coli. We incorporated HHRs at several positions
into orthogonalized 168 rRNA. Ribosomal functionisremark-
ably tolerant toward the incorporation of large additional
RNA fragments. However, ligand-dependent ribozyme-
mediated cleavage results in severe reduction of 16S rRNA
stability. In addition to expanding the regulatory toolbox,
the presented artificial riboswitches should prove valuabie
to study aspects of rRNA folding and stability in bacteria.

EXPERIMENTAL PROCEDURES

Construction of the 168 rRNA Variants

18S rRNA variants in plasmid pT7-1 and oRBS mutant in plasmid pHWB1 were
constructed by performing a PCR with Phusion DNA Polymerase (Finzyme)
using sequence-specific primers with the designed ribozyme sequences
attached to the & end of the primer (underlined) (see Supplemental information
for primer sequences). N represents an unbiased random position generated
during solid phase DNA synthesis using a 1:1:1:1 mixture of nucleoside phos-
phoramidites. After PCR, the template plasmid was digested using the restric-
tion enzyme Dpnl. The PCR products containing the ribozyme sequences were
biunt end ligated (Quick Ligase; New England Biolabs) and afterwards trans-
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formed into £. cofi BL21(DE3) gold (Stratagene) (Wieland and Hartig, 2009).
Single colonies were picked and grown in LB medium supplemented with
100 ug ml ' carbenecilline (Roth) or 25 ug ml ' chloramphenicol (Roth).
Successful cloning was verified by plasmid isolation and seguencing (Miniprep
Kit; QIAGEN).

Bacterial Cultivation and oGFP Expression

For determining eGFP expression, pHWE1 oRBS and the corresponding
pT7-1 plasmids were cotransformed into £ coff BL2HDE3) gold and grown
in LB medium supplemented with 100 ug ml " carbenecilline and 25 pg mi
chioramphenicol. An overnight culture was used to inoculate a fresh cutture
at 25°C and 250 uM IPTG (isopropyl-beta-D-thicgalactopyrancside) was
added to start transcription of the rm operon when culture ODgqe reached
0.5. Cultures were grown overnight (at least 12 hr) at 25°C and 300 rpm in
96 well plates. Subsequently, 100 ul of each culture was transferred into 96
well microplates and the fluorescence of the expressed eGFP was determined
(excitation wavelength 488 nm and emission wavelength 535 nm; TECAN
M200 plate reader). For background subtraction, an E. coli BL21(DE3) gold
culture facking eGFP was equally treated. The thiamine concentration-depen-
dent eGFP measurements of the TPP-dependent clones were achieved
equally except using M9 minimal medium instead of LB medium. Thiamine
was added to the medium at indicated concentrations.

In Vivo Boreening for TPP-Dependent Artificial Riboswitches

For the screening of TPP-dependent sequences, clones of the cotransforma-
tion of pHWRB1 oRBS and pT7-1 h6 TPP-HHAzZ pool plasmids were picked
into M9 minimal medium supplemented with 100 pg ml * carbeneciline and
25 ngml ' chioramphenicol. The library was replicated to 384 deep well plates
and grown in the absence and presence of 500 uM thiamine at 25°C and
300 rpm. When culture ODgog reached 0.5, transcription of the additional rrn
operon was induced by the addition of 250 uM PTG, After at least 12 b,
100 pl of each cullure were fransferred into 96 well plates and eGFP expression
was determined via fluorescence. Finally, expression levels from each clone in
the absence and presence of 500 ulvi thiamine were compared.

Northern Blot Analysis

Total RNA was isolated as follows: 10 ml cells were grown in LB medium sup-
plemented with 160 ug ml ' carbenecilline and 25 ug ml ' chloramphenicol,
induced with 250 uM IPTG when they reached Eggq = 8.5, and followed by
3 hr transcription of the mn operon at 25°C. After centrifugation, cells were
resuspended in 10 mi of protoplasting buffer {15 mM Tris HCI (pH 8.0),
0.45 M sucrose, and 8 mM EDTA] and 80 ui of 50 mg/ml lysozyme was added
and samples were incubated conice for 15 min. The resulting protoplasts were
resuspended after centrifugation in 500 ul of lysing buffer [10 mM Tris HCI
{pH 8.0}, 10 mM NaCl, 1 mM sodium ditrate, and 1.5% (w/v) SDS] and 15 il
DEPC. Subseguent to incubation at 37°C, 250 pl of a saturated NaCl solution
was added and the samples were kept onice for 10 min and then centrifuged
at high speed. The RNA in the supernatant was precipitated and purified by
adding 1 mi of 100% ethanol. 20 g of total RNA was loaded on a denaturing
0.8% agarose gel 2.2 M formaldehyde). Foliowing standard capillary transter
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(A) Nucleotide sequence of the TPP-dependent aptazymes (TPP-HHAZ) inserted in helix 6 of the 16S rRNA. The TPP aptamer domain (Serganov et al., 2006;
Winkler et al., 2002) inserted in stem |11 of the HHR is shown in blue; randomized nucleotides for in vivo screening are boxed. (Inset) Sequence of switches iden-

tified as on (3.1) and off switches (3.2).

(B) eGFP expression of the isolated clones 3.1 (red triangle) and 3.2 (blue triangle) is activated 5-fold and inhibited 3-fold, respectively, upon addition of thiamine.
Gene expression levels of the inserted active (black circle) or inactivated (open circle) HHR clones lacking the aptamer are not affected by the addition of thiamine.

Error bars represent the standard deviation of three independent experiments.

procedures, RNA was transferred in 20x SSC [175.3 g/l NaCl and 88.2 g/
citrate (pH 7.0)] to a positively charged nylon membrane (Nytran SPC).
Subsequently, RNA was immobilized on the membrane by irradiation on a
BioDocAnalyze (Biometra) for 2 min. After 60 min of prehybridization in
ULTRAhyb-Oligo hybridization buffer (Ambion), 200 pmol of a § **P-labeled
probe (5'-CGCACCGAAGCGCGTCTCGTCCTATTTGGGACTCATCAGCTGG-3,
complementary to the inactivated HHR, and 5'-CGCACCGAAGCGCGTTTC
GTCCTATTTGGGACTCATCAGCTGG-3', complementary to the active HHR)
was added and the blot was incubated over night at 42°C. Next, the blot
was washed twice in buffer [2x SSC and 0.5% (w/v) SDS]. Visualization was
performed using phosphorimaging.

SUPPLEMENTAL INFORMATION

Supplemental Information includes two figures and Supplemental Experi-
mental Procedures and can be found with this article online at doi:10.1016/
j.chembiol.2010.02.012.

ACKNOWLEDGMENTS

J.8.H. gratefully acknowledges the VolkswagenStiftung for funding a Lichten-
berg Professorship. M.D.E. was supported by the Austrian Science Founda-
tion (grant Y315 to N. Polacek). We thank K.H. Nierhaus for providing the
pT7-1 plasmid and helpful discussions, N. Polacek for support and helpful
discussions, and A. Joachimi for technical assistance.

Received: December 1, 2009
Revised: January 13, 2010
Accepted: February 11, 2010
Published: March 25, 2010

REFERENCES

Bass, B.L., and Cech, T.R. (1984). Specific interaction between the self-
splicing RNA of Tetrahymena and its guanosine substrate: implications for
biological catalysis by RNA. Nature 308, 820-826.

Berschneider, B., Wieland, M., Rubini, M., and Hartig, J.S. (2009). Small-mole-
cule-dependent regulation of transfer RNA in bacteria. Angew. Chem. Int. Ed.
Engl. 48, 7564-7567.

Canny, M.D., Jucker, F.M., Kellogg, E., Khvorova, A., Jayasena, S.D., and
Pardi, A. (2004). Fast cleavage kinetics of a natural hammerhead ribozyme.
J. Am. Chem. Soc. 126, 10848-10849.

Colling, J.A,, Irnov, |., Baker, S., and Winkler, W.C. (2007). Mechanism of
mRNA destabilization by the gimS ribozyme. Genes Dev. 21, 3356-3368.

Condon, C,, Liveris, D., Squires, C., Schwartz, |., and Squires, C.L. (1995).
rRNA operon multiplicity in Escherichia coli and the physiological implications
of rm inactivation. J). Bacteriol. 177, 4152-4156.

Deutscher, M.P. (2006). Degradation of RNA in bacteria: comparison of mMRNA
and stable RNA. Nucleic Acids Res. 34, 659-666.

Deutscher, M.P. (2009). Maturation and degradation of ribosomal RNA in
bacteria. Prog. Mol. Biol. Transl. Sci. 85, 369-391.

Evguenieva-Hackenberg, E. (2005). Bacterial ribosomal RNA in pieces. Mol.
Microbiol. 57, 318-325.

Forster, A.C., and Symons, R.H. (1987). Self-cleavage of plus and minus RNAs
of a virusoid and a structural model for the active sites. Cell 49, 211-220.

Guerrier-Takada, C., and Altman, 8. (1984), Catalytic activity of an RNA mole-
cule prepared by transcription in vitro. Science 223, 285-286.

Hui, A., and de Boer, HA. (1987). Specialized ribosome system: preferential
translation of a single mRNA species by a subpopulation of mutated ribo-
somes in Escherichia coli. Proc. Natl. Acad. Sci. USA 84, 4762-4766.

Hui, A., Jhurani, P., and de Boer, H.A. (1987). Directing ribosomes to a single
mRNA species: a method to study ribosomal RNA mutations and their effects
on translation of a single messenger in Escherichia coli. Methods Enzymol.
153, 432-452.

Hui, A.S., Eaton, D.H., and de Boer, H.A. (1988). Mutagenesis at the mRNA
decoding site in the 16S ribosomal RNA using the specialized ribosome
system in Escherichia coli. EMBO J. 7, 4383-4388.

Khvorova, A., Lescoute, A., Westhof, E., and Jayasena, 8.D. (2003). Sequence
elements outside the hammerhead ribozyme catalytic core enable intracellular
activity. Nat. Struct. Biol. 70, 708-712.

Kenings, D.A., and Gutell, R.R. (1995). A comparison of thermodynamic fold-
ings with comparatively derived structures of 16S and 16S-like rRNAs. RNA 7,
559-574.

Kumar, D., An, C.1., and Yokobayashi, Y. (2009). Conditional RNA interference
mediated by allosteric ribozyme. J. Am. Chem. Soc. 1317, 13906-13907.

24



Lee, K., Holland-Staley, C.A., and Cunningham, P.R. (1996). Genetic analysis
of the Shine-Dalgarno interaction: selection of alternative functional mRNA-
rRNA combinations. RNA 2, 1270-1285.

Lewicki, B.T., Margus, T., Remme, J., and Nierhaus, K.H. (1993). Coupling of
rRNA transcription and ribosomal assembly in vive. Formation of active ribo-
somal subunits in Escherichia coli requires transcription of rRNA genes by
host RNA polymerase which cannot be replaced by bacteriophage T7 RNA
polymerase. J. Mol. Biol. 231, 581-593.

wartick, M., and Scott, W.G. (2008). Tertiary contacts distant from the active
site prime a ribozyme for catalysis. Cell 126, 309-320.

Nierhaus, K. H. (1991). The assembly of prokaryotic ribosomes. Biochimie 73,
739-755.

Nissen, P., Hansen. J., Ban, N., Mocre, P.B., and Steitz, T.A. {2000). The struc-
tural basis of ribosome activity in peptide bond synthesis. Science 289,
920-930.

Rackham, O., and Chin, J.W. (2005). A network of orthogonal ribosome
x mRNA pairs. Nat. Chem. Biol. 7, 159-168.

Schluenzen, F., Tocilj, A., Zarivach, R., Harms, J., Gluehmann, M., Janell, D.,
Bashan, A, Bartels, M., Agmon, L, Franceschi, F., and Yonath, A. (2000). Struc-
ture of functionally activated small ribosomal subunit at 3.3 angstroms resolu-
tion. Cell 102, 615-623.

Schuwirth, B.S., Borovinskaya, M.A., Hau, C.W., Zhang, W., Vila-Sanjurjo, A.,
Hohton, .M., and Cate, J.H. {2005}. Structures of the bacterial ribosome at 3.5
A resolution. Science 310, 827-834.

Serganov, A., Polcnskaia, A., Phan, AT, Breaker, R.R.,, and Patel, D.J. (2008).
Structural basis for gene regulation by a thiamine pyrophosphate-sensing
riboswitch, Nature 447, 1167-1171.

Settembre, E., Begley, T.P., and Ealick, $.E. (2003). Structural biclogy of
enzymes of the thiamin biosynthesis pathway. Curr. Opin. Struct. Biol. 73,
739-747.

Shing, )., and Dalgarno, L. (1974). The 3’-terminal sequence of Escherichia coli
168 ribosomal RNA: complementarily to nonsense iriplets and ribosome
binding sites. Proc. Natl. Acad. Sci. USA 77, 1342-1346,

Soukup, G.A., and Breaker, R.R. {1999a). Engineering precision RNA molec-
ular switches. Proc. Natl, Acad. Sci. USA 96, 3584-3589.

Soukup, G.A.,, and Breaker, R.R. (1999b}. Nucleic acid molecular switches.
Trends Biotechnol. 77, 469-476.

242

Vari de Peer, Y., Chapelle, S, and De Wachter, R. (1996). A gquantitative map
of nuclectide substitution rates in bacterial fRNA. Nucleic Acids Res. 24,
3381-3391.

Wieland, M., and Hartig, J.S. {2008). Improved aptazyme design and in vivo
screening enable riboswitching in bacteria. Angew. Chem. Int. Ed. Engl. 47,
2604-2607.

Wigland, M., and Hartig, J.8. (2009). investigation of mRNA guadruplex forma-
tion in Escherichia coli. Nat. Protoc. 4, 1632-1640.

Wieland, M., Benz, A., Klauser, B., and Hartig, J.5. (2009g). Artificial ribozyme
switches containing natural riboswitch aptamer domains. Angew. Chem. int.
Ed. Engl. 48, 2715-2718.

Wieland, M., Gfeli, M., and Hartig, J.S. (2009b). Expanded hammerhead ribo-
zymes containing addressable three-way junctions. RNA 15, 968-976.
Wimberly, B.T., Brodersen, D.E., Clemons, WM., Jr., Morgan-Warren, R.J,,
Carter, AP, Vonrhein, C., Hartsch, T., and Ramakrishnan, V. {2000}, Structure
of the 308 riboscmal subunit, Nature 407, 327-339.

Win, M.N., and Smolke, C.D. (2007). A modular and extensible RNA-based
gene-regulatory platform for engineering cellutar function. Proc. Natl. Acad.
Soi. USA 104, 14283~14288.

Win, M.N., and Smolke, C.D. (2008). Higher-order cellular information process-
ing with synthelic RNA devices. Science 322, 456-460.

Winkler, W., Nahvi, A., and Breaker, R.R. (2002). Thiamine derivatives bind
messenger RNAs directly to regulate bacterial gene expression. Nature 479,
952-056.

winkler, W.C., Nahvi, A, Roth, A., Collins, J.A,, and Breaker, R.R. (2004).
Control of gene expression by a natural metabolite-responsive ribozyme.
Nature 428, 281-286.

Yen, L., Svendsen, J., Lee, J.S., Gray, J.T., Magnier, M., Baba, T., D’Amato,
R.)., and Mulligan, R.C. (2004). Exogenous control of mammalian gene
expression through modulation of RNA self-cleavage. Nature 437, 471-4786.
Yen, L., Magnier, M., Weissleder, R., Stockwell, B.R., and Mulligan, R.C.
{2006}, identification of inhibitors of ribozyme self-cleavage in mammatian cells
via high-throughput screening of chemical libraries. RNA 12, 797-806.
Yokoyama, T, and Suzuki, T. (2008). Ribosemal RNAs are tolerant toward
genetic insertions; evolutionary origin of the expansion segments. Nudleic
Acids Res, 36, 3539-3551.,



	20110215_0828511
	20110215_0829101
	20110215_0829291
	20110215_0829501
	20110215_0830091
	20110215_0830251
	20110215_0830441

	Text1: First publ. in: Chemistry & Biology 17 (2010), 3, pp. 236-242
doi:10.1016/j.chembiol.2010.02.012
	Text2: Konstanzer Online-Publikations-System (KOPS)
URN: http://nbn-resolving.de/urn:nbn:de:bsz:352-opus-130005
URL: http://kops.ub.uni-konstanz.de/volltexte/2011/13000/


