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1. Introduction

1. Introduction
The emerging field of Synthetic Biology has the aim to modify or create organisms to
be custom-tailored for solving specific problems. Ideas so far reach from mimicking
computational circuits in Petri dishes for the construction of a bacterial computer, to
reprogramming bacteria in order to produce petrol or fight cancer inside the human
body. However, realization of these impressive ideas is still out of range and
scientists are trying hard to establish simple genetic circuits [1]. The basic element
of such artificial networks is usually a single genetic switch, which changes specific
gene expression levels upon an external trigger. With increasing complexity of the
artificial circuits, more of these switches are needed. Therefore, having a huge
variety of genetic switches is crucial for the field. For the construction of novel
switches, however, it is indispensable to be aware of the mechanisms of gene
expression as well as their regulation.

1.1. Gene expression in prokaryotes
The term “gene expression” stands for the biosynthesis of a protein on the basis of
its coding gene. This procedure can be divided into two steps, transcription and
translation. In short, during transcription the genetic information encoded on the
DNA is transcribed to a short-living messenger RNA (mRNA) strand. During
translation, the ribosome translates the information encoded on the mRNA into a
polypeptide chain, the protein. Although these two steps are similar in prokaryotes
and eukaryotes there are also essential differences. Since the experiments
presented in this work are performed in Escherichia coli, the following introduction
will focus primarily on the prokaryotic mechanisms.

1.1.1. Transcription in prokaryotes
During transcription, a RNA polymerase produces an RNA copy of a template DNA
sequence. In prokaryotes, this process is usually subdivided into three phases:
Transcription begins with the initiation phase, when the RNA polymerase is binding
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to the promoter region on the DNA [2]. In the next step, termed elongation, the RNA
polymerase produces the RNA strand on basis of the template DNA strand using
base complementarities. This results in an exact copy of the DNA strand, with the
exception that thymidines are replaced by uridines [3]. Transcription is eventually
terminated by two different mechanisms. Either the protein factor Rho destabilizes
the interaction between the mRNA and the template or, in the “Rho-independent”
mechanism, an RNA hairpin loop followed by a uridine stretch is transcribed also
leading to mRNA release [4].
In prokaryotes, the mRNA transcript can contain the information of only one gene
and therefore only one “open reading frame” (ORF) (monocistronic) as well as
several ORFs (polycistronic).

1.1.2. Translation in prokaryotes
In analogy to transcription, translation can also be subdivided into initiation,
elongation and termination phase. During these steps, the ribosome produces a
polypeptide chain on basis of an mRNA sequence while the tRNAs act as adaptors
between the mRNA sequence and the amino acids.

1.1.2.1. transfer RNA
The transfer RNAs (tRNA) are non-coding RNAs that are usually smaller than 100
nucleotides (nt). Their secondary structure is typically visualized by a cloverleaf
structure while their tertiary structure is L-shaped [5, 6]. The cloverleaf tRNA
structure has four structurally conserved helical regions (the acceptor stem, the D-,
the T- and the anticodon arm) and a variable loop, see figure 1.1. tRNAs are often
embedded into longer transcripts (e.g. the rrnB operon encoding mainly for
ribosomal RNAs) and processed by RNase P at the 5’-end [7, 8] and by RNase E at
the 3’-end [9]. Noteworthy, RNase P recognizes the tRNA mainly by interactions
with the T-arm and the acceptor stem rather than by sequence elements [7].
During translation, tRNAs act as adaptors by binding specifically to three nucleotides
on the mRNA (codon) with the anti-codon on the one site while the corresponding
amino acid is bound at the 3’-end to the acceptor stem. There is one specific tRNA
for every codon sequence except for the three stop codons (termed amber, ochre
and opal) that naturally have no corresponding tRNAs. The tRNA-specific amino
2
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acid is attached to the 3’-end of the acceptor stem by a tRNA specific aminoacyltRNA-synthetase recognizing either the anti-codon sequence or the acceptor stem
sequence [10].

This natural setup provides the possibility to change the anti-codon sequence from a
specific tRNA to be complementary to the amber stop codon without interfering with
the amino acid loading of this tRNA (“amber suppression”). If this mutated tRNA is
introduced into Escherichia coli, the amber stop codon is then translated using this
tRNA and should not result in translation termination anymore. Such a tRNA /
aminoacyl-tRNA-transferase pair can subsequently be transferred to a different
organism in which it is orthogonal to the natural system. By protein evolution, the
orthogonal transferase enzyme activity can be changed to load artificial instead of
natural amino acids to the tRNA thus expanding the genetic code by one amino acid
[11-13].

Figure 1.1. tRNA structure. A) A representative cloverleaf secondary structure of a
tRNA with the characteristic acceptor stem (Ac), the D-, T- and the anticodon-arm (the
anticodon region is depicted in red). B) Crystal structure of the glutamine tRNA
(modified from the PDB file 1GTS).

1.1.2.2. The ribosome
The prokaryotic ribosome is a complex of ribosomal RNAs (rRNA) and proteins. It
consists of two subunit, a small subunit (SSU) with a size of 30 S and a large, 50 S
subunit (LSU). The SSU is composed of the 16 S rRNA together with 21 proteins
[14], the LSU of the 5 S and 21 S rRNA and 34 proteins [15]. In E. coli, the 5 S, 16 S
and 21 S rRNA are redundantly encoded as one transcript in seven rrnA – rrnG
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operons. After transcription, they are processed by RNases to the appropriate length
[16]. Inactivation of several of the operons leads to impaired growth abilities [17].
As part of the 16 S rRNA, the 3’-located Anti-Shine Dalgarno (ASD) sequence is
complementary to the ribosome binding site (RBS) on the mRNA enabling
translation initiation by binding of the SSU to the mRNA [18, 19]. For efficient
translation initiation, it is therefore essential, that the RBS is single stranded and
easily accessible. Furthermore, changing of either the RBS or ASD sequence also
results in impaired translation initiation. This specific mRNA / 16 S rRNA interaction,
however, allows for the construction of an orthogonal translation machinery if the
sequences of the RBS and ASD are changed to bind exclusively the mutated
variants [20-23].

After binding of the SSU to the RBS with the help of the Initiation Factors IF1, IF2
and IF3, the LSU is eventually recruited and the 70 S ribosome complex is formed
[24]. The ribosome has three tRNA binding sites: Incoming tRNAs enter the
ribosome with the help of the elongation factor EF-Tu at the A (aminoacyl) - site of
the ribosome and bind to the complementary sequence on the mRNA by specific
codon / anti-codon interactions [25]. Noteworthy, the start codon is recognized by
the formyl-methionine tRNA (tRNAfMet) which is not recruited by EF-Tu but is already
bound to the A-site when the ribosome complex forms during translation initiation
[26].
When a tRNA is bound to the A-site, a GTP-hydrolysis-dependent conformational
change of the elongation factor EF-G causes the ribosome to “ratch” [27] and
change its location on the mRNA by moving three nucleotides to the 3’-end [28]. The
tRNA is then in the P (peptidyl) - site of the ribosome and a new tRNA can bind to
the A-site. The amino acid chain bound to the tRNA in the P-site is now transferred
to the tRNA in the A-site by a peptidyl-transfer reaction and a new peptide bond is
formed [29]. The tRNA that was formerly in the P-site is moved to the E (exit) - site
and is eventually released from the ribosome.
These steps are repeated during translation elongation until any of the three stop
codons (UAG, UAA or UGA) is in the A-site. Since there is no corresponding natural
tRNA recognizing this sequence, a release factor mimicking tRNA structure binds
instead. This results in translation termination by releasing the amino acid chain
from the tRNA in the P-site. The 70 S ribosome complex dissociates into its subunits
and is available for further translations.
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Elucidation of ribosomal structure by X-ray crystallography [14, 30] helped to explain
the translation mechanism as described above [31] and were awarded 2009 with the
Nobel Prize in Chemistry [32]. Moreover, these structures also show that the main
catalytic function of the ribosome, the peptidyl-transferase activity, is catalyzed by
RNA nucleotides and not amino acids [29, 30, 33]. Therefore, the ribosome itself is a
ribozyme [34], see figure 1.2.

Figure 1.2. The ribosome is a ribozyme [30]. Crystal structure of the large ribosomal
subunit with the structure of the peptidyl transfer center enlarged in the orange box.
This reaction is solely catalyzed by RNA residues [29]. Figure is taken from reference
[34].
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1.2. Gene regulation in prokaryotes
In order to react on changes, for example in the environment, it is fundamental for
an organism to not only produce new proteins but also to be able to alter gene
expression levels. Gene expression in prokaryotic cells is regulated by a diversity of
protein-dependent and protein-independent mechanisms. Generally, expression
levels depend on the regulation of transcription or translation efficacy, or on the
stability of the mRNA or protein.
Protein-dependent mechanisms of gene regulation have been extensively
characterized and are well described in textbooks. RNA-dependent mechanisms,
however, have been underestimated for decades until the discovery of the
riboswitches in the year 2002 [35, 36]. Since the aim of this work is the construction
of artificial RNA-based switches, this part of the introduction will not go into details
on the protein-based but concentrate on the RNA-based mechanisms.

1.2.1. Protein-based mechanisms
Most protein-based gene regulators influence gene expression on the level of
transcription either by inducing or repressing transcription initiation. Additionally,
genes that are needed in combination can often be found on one transcript and
therefore are regulated contiguously. This prokaryotic feature is called operon.
Often, a repressor binds to the promoter region thus inhibiting transcription initiation.
Repressor binding to the DNA is either enabled by previous binding to a repressor
molecule (e.g. trp operon, repressible system [37]) or repressor detaches from the
DNA upon binding to an inducer molecule (e.g. lac operon, inducible system [38]).
Furthermore, there is the possibility of activator proteins binding to the promoter
regions thereby facilitating RNA polymerase binding and eventually increasing
transcription efficacy (e.g. CAP protein [39]). Although the field of prokaryotic
protein-based gene regulation is far more complex than described here, many of the
advanced regulatory networks are still based on these mechanisms described here.
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1.2.2. RNA-based mechanisms
RNA-based regulation usually intervenes in gene expression on the level of
transcription, translation and mRNA stability. Although the attenuator-controlled
transcription is long-known [40] and the first chromosomally encoded small RNA
(sRNA) in bacteria was found 1984 [41], most of the mechanisms described here
were discovered during the last years. Not until the discovery of riboswitches in the
year 2002 [35, 36], scientists became aware of the importance RNA can have in
gene regulation.

1.2.2.1. Attenuation
An attenuator is located in the 5’-untranslated region (5’-UTR) of prokaryotic genes
that are usually involved in amino acid synthesis [40, 42]. A well-characterized
example is the trp-attenuator regulating the trp gene which is an essential part of the
tryptophane synthesis. In case of high intracellular tryptophane concentrations
transcription is prematurely terminated at the attenuator region, while low
concentrations result in trp transcription. The underlying mechanism is based on two
adjacent tryptophane codons located in this region of the mRNA and the mRNA
secondary structure. Since transcription and translation are not separated in
bacteria, translation already starts while the RNA polymerase is still transcribing. At
low tryptophane concentrations the ribosome stalls at the site with the two
tryptophane codons and thereby shielding this mRNA region from base pairing. At
high tryptophane concentrations, however, the ribosome does not halt and this site
forms together with downstream elements on the mRNA a terminator stem loop
resulting in transcription termination [40, 42].

1.2.2.2. small RNAs
small RNAs (sRNAs) regulate gene expression in trans by intermolecular interaction
with other RNA species, mainly mRNAs. In contrast to the eukaryotic “noncoding
RNAs (ncRNA)”, which have similar functions, prokaryotic sRNAs can still encode
proteins [43]. There are two main mechanisms how sRNAs control gene expression,
namely by competing for regulatory protein binding and by antisense.
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Examples for the first mechanisms are the CsrB and CsrC sRNAs competing with
the mRNA for CsrA protein binding. Upon binding to the mRNA, the CsrA protein
affects the stability and / or translation efficacy of this mRNA. However, in the
presence of the CsrB and CsrC sRNAs, which have several repeats of the CsrA
binding site, the regulatory protein is trapped and does not bind to the mRNA
anymore [44-46], see figure 1.3 A. The 6 S RNA catches the 70 bound RNA
polymerase by mimicking the structure of an open promoter, thereby inhibiting
transcription of certain genes [47-49] , see figure 1.3 B.
Antisense sRNAs, on the other hand, bind directly to their target site on the mRNA
and interfere with gene expression by either cloaking or liberating the RBS and
eventually targeting translation; moreover, sRNAs can lead to premature
transcription termination or can recruit RNases, which results in mRNA degradation,
see figure 1.3 C. Interestingly, antisense sRNAs can be encoded in cis to the target
mRNA if located on the complementary DNA strand. Being freely diffusible,
however, they finally act in trans, too [50, 51]. In contrast to the cis-encoded
antisense sRNAs, the trans sRNAs are genetically located at a different place and
are usually not as highly complementary [52, 53].

Figure 1.3. Mechanisms of sRNA-based gene regulation (adapted from [43]): A) The
CsrB sRNA competes with a mRNA for binding to the regulatory protein CsrA, which
influences stability and / or translation efficacy if bound to the mRNA [44-46]. B) By
70
mimicking an open promoter region, the 6 S RNA binds to the  bound RNA
polymerase thereby inhibiting transcription of certain genes [47-49]. C) Antisense
sRNAs can block or liberate the RBS, or induce mRNA degradation or premature
transcription termination [43, 50, 51].
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1.2.2.3. Riboswitches
During the last years many riboswitches have been identified and it became evident,
that they represent a widespread gene regulation mechanism in bacteria [54].
Riboswitches are RNA elements regulating gene expression by inducing a
conformational change of the target mRNA upon binding of a ligand. A riboswitch
consists of an aptamer domain (see 1.3.1.1) responsible for ligand binding and an
expression platform affecting gene expression. The ligand is specifically bound by
the aptamer domain and very often a metabolite of the enzyme encoded by the
regulated gene. Ligand binding induces a conformational change in the aptamer
domain (adaptive binding) [55-59] which leads to a changed secondary structure of
the expression platform. This conformational change of the expression platform
either induces or inhibits the formation of a transcriptional terminator loop thus
affecting transcription efficacy or regulating translation initiation by liberating or
blocking the RBS, respectively [60], see figure 1.4 A and B.
Due to intensive research in this field, many types of riboswitches specific for
binding of adenine [61], guanine [62], thiamine pyrophosphate (TPP) [36], Sadenosylmethionine (SAM) [63-66], lysine [67] and several more ligands have been
identified. Interestingly, a glycine dependent riboswitch needs cooperative binding of
two glycine molecules to two adjacent aptamer domains for changing gene
expression levels [68, 69]. All the riboswitches described here so far are located and
acting in the 5’-UTR of the corresponding gene. Very recently, however, a SAMdependent riboswitch acting in trans was identified in Listeria and characterized to
regulate the virulence factor PrfA [70]. Further investigation of the Listeria
transcriptional landscape also revealed a riboswitch acting on an upstream gene
[71]. Additionally, the TPP riboswitch was also found in eukaryotes regulating
alternative splicing activity implicating riboswitches to be important not only in
prokaryotes [72-74].
An exception from the other riboswitches known so far is the glucoseamine-6phosphate (GlcN6P)-dependent glmS riboswitch. Contrary to other riboswitches, it
shows no adaptive binding upon addition of the ligand but uses GlcN6P as a
cofactor instead. As a result of ligand binding, the glmS riboswitch undergoes
autocatalytic self-cleavage (see figure 1.4 C) and produces two RNA fragments with
a 2’-3’ cyclic phosphate and a 5’-hydroxyl terminus [75]. The 5’-hydroxyl terminus is
subsequently recognized and degraded by the specific RNase J1 [76].
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Figure 1.4. Mechanisms of natural riboswitches. A) Ligand binding to the aptamer
induces a conformational change resulting in the formation of a transcription
terminator loop [60]. B) Blocking of RBS accessibility by a ligand-induced
conformational change [60]. There are also examples of reversed reactivity of A) and
B) thus activating transcription or translation in the presence of the ligand [60]. C) The
glmS riboswitch (in blue) represents an exception, since the ligand does not induce a
conformational change but serves as a cofactor for RNA cleavage (black arrowhead
depicts cleavage site). The 3’-fragment containing the ORF is subsequently degraded
by RNase J1 [75, 76].

A special subclass of the riboswitches is the so-called RNA thermometer. Since it is
not dependent on a ligand but on a change of the environmental temperature, its
affiliation to the group of riboswitches is controversial. Nevertheless, this regulatory
RNA will be discussed here briefly. RNA thermometers are RNA elements
surrounding the RBS. At low temperature it forms a double helical region blocking
the RBS and therefore inhibiting translation initiation. At increased temperature, the
stability of the RNA hairpin is decreased severely and the RBS becomes accessible
by the ribosome. This mechanism is often used by prokaryotes to induce heat shock
proteins if needed [77, 78].
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1.3. Artificial RNA-based gene regulation
RNA elements have been used to control gene expression artificially for more than
ten years [79] although riboswitches were not known at this time. Aptamers have
been synthetically developed since 1990 [80, 81] and were afterwards also used to
regulate gene expression, hence mimicking riboswitches without even knowing
about their natural existence. This paragraph will try to give a comprehensive
summary of artificial riboswitches developed so far. It will cover prokaryotic as well
as eukaryotic systems in order to highlight the versatility of RNA elements for
artificial gene regulation.

1.3.1. Aptamer-mediated gene regulation
1.3.1.1. Aptamers
Aptamers are DNA or RNA sequences specifically binding a huge variety of ligands
ranging from cofactors to amino acids, antibiotics, proteins and metal ions [82].
Although with the discovery of the riboswitches, natural aptamers have been
discovered, aptamers are primarily artificially obtained by a procedure called
Systematic Evolution of Ligands by Exponential Enrichment (SELEX) presented for
the first time in 1990 [80, 81]. Although the method has been modified and optimized
in the years after [83], the fundamental principles are still the same: In short (for
RNA aptamers), a pool of randomized DNA nucleotides with a defined length and
constant flanking regions is transcribed to RNA and subsequently incubated with the
desired ligand. The non-binding fraction of RNA is washed away, while the bound
fraction is subsequently eluted from the ligand, reverse transcribed into DNA and
finally amplified by Polymerase Chain Reaction (PCR). This procedure is repeated
several times and eventually the evolved ligand-binding RNA sequences are
determined [80, 81].
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RNA aptamers bind to their targets mainly by electrostatic interactions between
charged groups or hydrogen bonding and stacking interactions. Therefore, aptamers
against non-aromatic, highly hydrophobic ligands are very difficult to obtain [82, 84,
85]. Upon binding of the ligand, the aptamer undergoes an adaptive conformational
change encapsulating the ligand in a well-defined three-dimensional structure [84,
86].

1.3.1.2. Aptamers in eukaryotes
About ten years ago, Werstuck and Green inserted aptamers specific for the dye
H33258 into the 5’-UTR of a reporter gene in eukaryotes [79]. Upon addition of the
dye which binds to the aptamer, gene expression of the reporter gene was
significantly reduced in Chinese hamster ovary (CHO) cells, while a second
unmodified reporter gene stayed unaffected. Since then, comparable effects have
been observed upon insertion of theophylline and biotin [87] as well as tetracycline
[88] aptamers into the 5’-UTR in eukaryotic cells, resulting in reduced gene
expression levels in presence of the corresponding small molecule.
Ribosomal binding studies on mRNA revealed that the aptamer in presence of the
ligand interferes with ribosomal scanning of the 5’-UTR for the start codon and
therefore with the formation of the translation initiation complex [87], see figure 1.5.

Figure 1.5. Aptamers inserted in the 5’-UTR of eukaryotic genes. A) In the absence of
ligand, ribosomal scanning is not inhibited by the aptamer domain. B) Ligand binding
stabilizes the aptamer domain hence interfering with ribosomal scanning and
eventually inhibiting translation [87].
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This result is in accordance with the observation that multiple aptamers cloned into
the 5’-UTR show a more pronounced effect than only a single aptamer [79, 87].
Also, gene expression seemed to be unaffected if the aptamer was located within
the coding sequence (ORF) or the 3’-UTR of the reporter gene [87].

In order to target splicing activity, Gaur and co-workers inserted a theophylline
aptamer into the 3’-splice site (ss) of a pre-mRNA in vitro. The last nucleotide of the
3’-ss is crucial for the nucleophilic attack on the 5’-exon to form the spliced mRNA.
The addition of theophylline to the reaction stabilizes the aptamer and therefore
sequesters this last nucleotide of the 3’-ss, see figure 1.6 D. Thus, addition of the
aptamer-specific ligand results in inhibition of splicing and hence gene expression
[89]. A similar approach was chosen by Suess and co-workers by introducing a
theophylline aptamer into the 5’-ss of an intron of a reporter gene, see figure 1.6 B.
Splicing and eventually gene expression is reduced in the presence, but unaffected
in the absence of theophylline. Noteworthy, effectiveness of gene expression control
can be further increased if theophylline aptamers are inserted in several 5’-ss of one
gene [90]. Recently, a theophylline aptamer was placed around the branching point
sequence (BPS) of an intron. This design is similar to the previous design of splicing
regulation since the aptamer sequesters an essential sequence if theophylline is
added thereby inhibiting splicing activity, see figure 1.6 C. Furthermore, this design
even allows to a certain extent the modulation of alternative splicing which opens
fascinating possibilities for synthetic biology applications [91, 92].
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Figure 1.6. Regulation of eukaryotic splicing by aptamers. A) Simplified mechanism of
splicing. The involved proteins are not shown. A nucleophilic attack of the branching
point sequence (BPS) on the 5’-splice site (ss) leads to lariat formation. Subsequently,
the 3’-OH group of the released exon 1 performs also a nucleophilic attack on the 3’ss and thereby reconnects both of the exons. The BPS, the 5’- and 3’-ss are depicted
as red squares. Ligand-induced conformational change can be used to conceal B) the
5’-ss [90], C) the BPS [92, 93] or D) the 3’-ss [89] in order to inhibit splicing and
eventually gene expression.

1.3.1.3. Aptamers in prokaryotes
Although these ways of regulating gene expression by aptamers in eukaryotes are
very impressive, transfer to bacterial systems is not feasible considering the differing
genetic mechanisms in eukaryotes and bacteria. Therefore, in bacteria other
essential features of gene expression have to be targeted. Inspired by naturally
occurring riboswitches, sequestering and liberating of the ribosomal binding site
(RBS), which needs to be single stranded for a successful translation initiation,
seemed to be an appealing task. For that reason, a theophylline aptamer attached
to a so called connection sequence was inserted directly upstream of the RBS [94].
The connection sequence, originating from an in vitro selected ligand-dependent
ribozyme [95], facilitates a subtle structural rearrangement of the RNA secondary
structure upon theophylline binding, eventually leading to a blocked RBS and hence
reduced gene expression, see figure 1.7 A.
Using a similar approach, Gallivan and co-workers placed a theophylline aptamer
several nucleotides upstream of the RBS. In contrary to the above-described design
by Suess and co-workers, gene expression is induced in the presence of
theophylline by liberating the RBS upon ligand binding [96]. Subsequently, the
connection sequence in between the aptamer and the RBS were randomized to
screen in vivo for better activation ratios. Using this approach several clones were
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identified that show enhanced reporter gene expression levels [97]. Mechanistic
studies revealed that global changes in the secondary structure are initiated upon
theophylline binding, indeed resulting in liberation of the RBS [97], see figure 1.7 B.
Moreover, the aptamer can also be placed downstream of the start codon and thus
into the ORF of the regulated gene. The basic mechanism seems to be the same as
if located upstream of the start codon, but sequestering RBS accessibility upon
addition of the ligand theophylline instead [98]. Gallivan and co-workers nicely
demonstrated the potential of such RNA switches by implementing it in recombinant
strains of E. coli that contain an impaired regulation of the chemotactic system [99,
100]. Only if the bacteria encounter theophylline, they start to move into random
directions, otherwise they tumble in place. By placing the expression of cellular
factors that regulate bacterial movement under control of the theophyllinedependent RNA switch, E. coli was enabled to trace tracks of the before
unrecognized chemo-attractant theophylline. The artificial theophylline-dependent
movement of a bacterium was termed pseudotaxis [99].

Figure 1.7. Artificial gene regulation in bacteria by aptamers. A) Insertion of an
aptamer close to the RBS can result in a ligand-induced conformational change
inhibiting translation initiation [94]. B) Aptamers can also be used to construct ligandinduced gene expression systems [97].

Besides the choice of the underlying mechanism, the main aspects for the
construction of artificial riboswitches in bacteria is the identification of a suitable
connection sequence since this region facilitates the propagation of the structural
change in the aptamer domain to the RBS. However, this step is still a bottleneck of
this setup. Suess et al. used a connection sequence originating from an in
vitro based system [94] while Gallivan and co-workers used an in vivo microplatebased procedure in which they screened for changed gene expression levels in the
presence and absence of the theophylline ligand [96]. Using this method, every
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variant has to be grown in a single well of a microplate thus limiting the number of
the screened variants. Recently, the same group developed an advanced method
using the fluorescent reporter protein dsRed and screening for changed expression
levels by FACS (fluorescence-activated cell sorting). This allowed for searching
through a higher number of connection sequence variants and eventually lead to
better switches [101]. In a more sophisticated approach, a dual selection method
was established in which the number of variants is only limited by the transformation
efficacy of the bacteria. In the first step of this selection, the cells can only grow if
the reporter gene is active while in the second step bacteria do not survive if the
same reporter gene is still expressed [102]. By using a similar mechanistic setup as
seen in figure 1.7 B with a randomized connection sequence, they added the
aptamer-specific ligand in either one of the two selection rounds hence identifying
ligand-activated [103] as well as inhibited [104] artificial riboswitches. Moreover, they
did not use synthetic aptamers obtained by SELEX but used the aptamer domain
from the natural TPP riboswitch instead [103, 104].

Aptamer-mediated

control

of

gene

expression

was

also

realized

at

the

transcriptional level. The synthesis of subgenomic mRNAs of the Tomato bushy
stunt virus (TBSV) seems to involve premature termination of transcription of the
viral RNA genome [105]. An essential stem loop of the attenuation signal in the
genome was replaced by the theophylline aptamer [105]. The folding stability of the
aptamer-containing stem loop in absence of theophylline is reduced compared to
the stability of the original, replaced stem loop. In consequence, the attenuation
signal cannot form and run-off transcripts are synthesized. In the presence of
theophylline the attenuation signal is stabilized, resulting in transcription termination.
The small, terminated RNAs are crucial for the further production of the subgenomic
mRNAs [105]. Similarly, the incorporation of the theophylline aptamer into the stem
loop of a regulatory element of the TBSV enabled Wang and White to switch
replication of the virus by reconstituting the functional regulatory element upon
ligand binding [106].

As already shown in eukaryotes, splicing can be a valuable target for aptamerbased gene regulation, see 1.3.1.2. Unlike eukaryotes, prokaryotes do not have the
proteins required for the splicing mechanisms described above encoded in their
genome. However, the group I intron does not require any further protein but its
splicing reaction is solely RNA catalyzed and thus can be found and additionally
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implemented into bacterial systems [107]. Ellington and co-workers inserted the
Tetrahymena thermophila group I intron into a reporter gene in E. coli. By attaching
the theophylline aptamer to stem P6, connected by rationally designed sequences,
they were able to construct a variant, in which the splicing activity and eventually
gene expression can be induced by the addition of theophylline. In this case, the
mechanism is likely based on the ligand induced conformational change stabilizing
the intron structure [108].

1.3.2. Aptazymes
1.3.2.1. Ribozymes
With the groundbreaking discovery of RNA domains capable of catalyzing chemical
reactions by Altman and Cech in the early 1980s [107, 109-111] and their awarding
with the Nobel Prize in 1989, the so-called ribozymes came into focus of science.
Today several types of ribozyme-catalyzed reactions are known. The magnesiumdependent phosphodiesterase reaction resulting in RNA cleavage is most common
as known so far: The first discovered RNase P [109, 110] as well as the
Hammerhead (HHR) - [112-114], the hairpin - [115], the hepatitis  virus (HDV) [116, 117], the Varkud satellite (VS) [118] and the glmS ribozyme [75] are examples
for this type. Although all this ribozymes share the same chemical mechanism – the
2’-hydroxyl group performs a nucleophilic attack on the phosphor forming a 2’-3’
pentacyclic phosphate while the 5’-oxygen is the leaving group, see figure 1.8 A – it
has to be noted that all ribozymes use a different structural arrangement of the RNA
residues in the catalytic core [119].
In addition to RNA cleavage, the group I and II introns catalyze a subsequent RNA
ligation in order to connect the two exons [120, 121]. As already mentioned before,
the peptidyl-transferase activity of the ribosome is solely catalyzed by RNA residues
thus representing a ribozyme, too [29, 122]. But not only nature, also science was
able to create ribozymes catalyzing novel functions: An impressive example for that
is the Diels-Alder ribozyme developed by Jäscke and co-workers [123, 124].
Furthermore, the “flexizyme” catalyzing the aminoacyl-tRNA-synthetase reaction has
become a valuable tool in biotechnology for loading tRNAs with artificial amino acids
[125, 126].
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Among the long list of ribozymes found so far, the HHR is probably best
characterized and most used in biotechnology: originally found in plant viroids [113,
114], first structural findings suggested a hammerhead-like structure comprised of
three helical stems flanking a catalytic core [127]. While the core sequence is
conserved, the flanking helices, termed stem I, II, and III, can be varied. The HHR
motif is capable of catalyzing RNA cleavage in trans if divided into a catalytic and a
substrate strand [128]. Recent data by Scott and co-workers delivered new insights
into structural requirements of extended HHR motifs: tertiary contacts between stem
I and II distant from the catalytic core stabilize the active conformation of the HHR
[129], see figure 1.8 B and C. This leads to an increased cleavage activity compared
to minimal HHR motifs lacking the tertiary interactions and enables ribozyme
cleavage to occur at low magnesium concentrations as found inside cells [130, 131].
Furthermore, the newer structural data of the full-length HHR finally resolved some
biochemical questions raised by the data obtained from the minimal motif ribozyme
and allowed a clear structure-function relationship [132, 133]. The tertiary
interactions between stem I and II lock the ribozyme in a catalytic active
conformation where the nucleophilic and leaving group oxygens are in a near in-line
geometry and the catalytic core is stabilized by stacking interactions and base
pairing [129, 134-137], see figure 1.8 D.
Even before the importance of the tertiary interactions between stem I and II for
catalytic activity was recognized, the minimal HHR motif was used in biotechnology.
On the one hand, the minimal motif was used as a trans acting silencer of gene
expression [138-142], although at least in some cases reduction of expression levels
might probably be based more on antisense effects rather than ribozyme cleavage.
On the other hand, catalytic activity was put under control of an external ligand by
fusing aptamers to the HHR scaffold in vitro [95, 143, 144]. In order to obtain such
allosteric ribozymes, so called aptazymes, the connection sequence between the
aptamer and the ribozyme domain has to be either selected (by SELEX) [145-149]
or rationally designed [144, 150-152]. Breaker and Soukup could further show that
for some of these connection sequences identified by SELEX the aptamer domain
can be exchanged while the switchability is retained [95]. Three years later, Soukup
and co-workers were able to control different ribozymes with a constant aptamerconnection sequence domain [153]. In a more advanced setup, it was possible to
attach two aptamers to the minimal motif in order to induce cleavage only in the
presence of both inducer ligands theophylline and flavin mononucleotide (FMN)
[154].
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Figure 1.8. The Hammerhead ribozyme. A) Common mechanism of ribozymes with
phosphodiesterase activity. The 2’-OH group performs a nucleophilic attack on the
phosphor forming a 2’-3’ pentacyclic phosphate and the 5’-oxygen is the leaving group
[119]. B) Secondary structure of the trans variant of the Schistosoma mansonii
Hammerhead ribozyme; the cleavage site is depicted with a black arrowhead, the
nucleotides highlighted in grey are conserved, grey lines show tertiary interactions as
shown in ref. [155]. C) Crystal structure of the Schistosoma mansonii HHR sequence
shown in B, adapted from PDB file 2GOZ [155]. D) Hypothetical cleavage mechanism
of the HHR in accordance with structural [136, 155], biochemical [134, 137] and
molecular dynamics [135] insights. Figure 1.8 A and D are taken from reference [119].

Due to the high magnesium requirements of the minimal motif aptazymes, however,
none of these found any application in vivo. Nevertheless, the finding of the tertiary
interactions, which decrease magnesium requirements, opened new possibilities for
the use of hammerhead aptazymes in vivo.

1.3.2.2. Ligand-dependent hammerhead ribozymes in eukaryotes
Mulligan and co-worker were the first who successfully implemented the full-length
Schistosoma mansonii HHR in a eukaryotic reporter system. They inserted a
sequence-optimized version of the full-length HHR at different positions into
eukaryotic mRNA, namely into the 5’-UTR, the 3’-UTR and an intronic region. Upon
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autocatalytic cleavage of the inserted HHR, the mRNA is sliced. The cleavage
results in mRNA destabilization by degradation, resulting in decreased gene
expression, see figure 1.9 A. Interestingly, down-regulation is much more effective if
the ribozyme is located in the 5’-UTR compared to the 3’-UTR or intron location.
Also, gene expression can be inhibited even stronger by introducing two successive
ribozymes instead of a single one [156]. To turn these HHRs into artificial
riboswitches, nucleoside analogs were added to the growth medium resulting in
dose-dependent increase of gene expression levels. The underlying mechanism is
based on the incorporation of the analogs into the mRNA and consequently in the
HHR sequence whereby the cleavage activity is reduced [157], see figure 1.9 B.
However, the action of the nucleoside analogs is not ribozyme-specific and is likely
to show cytotoxic side effects.

In order to realize a specific ligand-RNA interaction within the ribozyme context, the
concept of long-known in vitro-inducible aptazymes was transferred to the in vivo
system by Smolke and co-workers. For this purpose, they inserted an HHR into the
3’-UTR of a reporter gene in yeast to warrant that regulation is based solely on
mRNA cleavage in contrast to the possible structural inhibition of translation
initiation if inserted into the 5’-UTR. Subsequently, aptamers were attached to an
extended stem II which likely results in control of the formation of tertiary interactions
by ligand binding. Two opposite formats were realized: in the first one gene
expression is turned on upon ligand-dependent inhibition of the ribozyme, in the
second one gene expression shuts down by activating ribozyme-mediated mRNA
cleavage, see figure 1.9 C and D. The modularity of the approach was
demonstrated by realizing the concept with two different aptamers, namely for
theophylline as well as for tetracycline [158].

By constructing logic gates that are based on this system, the same group showed
one year later the high potential of using aptazymes in vivo. Logic gates perform
Boolean operations using two inputs in order to calculate one output. The high
modularity of their system allowed them to simply introduce a second aptazyme or
attach a second aptamer to the already inserted aptazyme in order to build these
operators in which the two aptamer ligands are the input and gene expression is the
output [159].
The connection sequence between the aptamer and ribozyme domains in both of
their work were either taken from previously in vitro selected aptazymes [95, 148,
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153] or rationally designed. It has to be noted that another group did not succeed in
transferring specifically in vitro selected full-length and theophylline-dependent
Hammerhead Aptazymes (HHAz) in mammalian cell lines [160]. They argue in vitro
selected aptazymes show high ratios of active versus inactive catalytic rates rather
than fast binding kinetics of ligands to the aptazymes which might be more important
in cells.

Figure 1.9. Hammerhead ribozymes as regulatory tools in eukaryotes. A) Active HHRs
inserted into eukaryotic mRNA result in removal of mRNA-stabilizing elements (5’-cap
or 3’-poly(A) tail) and eventually in degradation. Gene expression is inhibited [156]. B)
Gene expression can be recovered if nucleotide analogs are incorporated into the
mRNA. This leads to non-specific inhibition of the HHR activity [156, 157]. C) and D)
Specific HHR activity control can be obtained by attaching aptamers to stem II.
Thereby, ligand binding affects essential tertiary interactions and finally ribozyme
activity [158].
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2. Aim of this work
The aim of this work was the design and construction of novel artificial riboswitches
for Escherichia coli. These switches should be based on the Schistosoma mansonii
Hammerhead

ribozyme

(HHR)

interfering

with

bacterial

gene

expression.

Furthermore, the catalytic activity of the HHR should be externally controllable in
order to regulate gene expression levels by the addition of a specific ligand to the
bacterial culture.
As a first step, it was necessary to conceive novel mechanisms for ribozymes to
regulate gene expression upon self-cleavage. In contrast to eukaryotic systems, it is
not sufficient to simply insert the ribozyme at any position of the mRNA [156], but in
respect to bacterial gene expression mechanisms more sophisticated setups are
needed.
After the identification of such mechanisms for the HHR, ligand-dependent catalytic
activity should be achieved by attaching an aptamer domain to the ribozyme scaffold
in order to obtain allosteric ribozymes (aptazyme, HHAz). For this purpose, an in
vivo screening protocol for identifying suitable connection sequences between the
two domains from a randomized sequence pool should be established and applied.
In order to obtain several new artificial riboswitches, another aim of this work was
the construction of new aptazymes besides the frequently used theophyllinedependent aptazyme [153, 158] by attaching further aptamer domains to the
ribozyme scaffold.
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For the construction of ribozyme-based artificial riboswitches in Escherichia coli it is
crucial to conceive new mechanisms for the ribozyme self-cleaving reaction to
interact or interfere with the regular bacterial gene expression.
Since eukaryotic and prokaryotic gene expression mechanisms differ, it is not
possible to simply transfer the eukaryotic setup of inserting Hammerhead ribozymes
(HHR) into the mRNA to the bacterial system. In eukaryotes, self-cleavage of the
HHR leads to a removal of the essential 5’-cap or poly-A tail which decreases
mRNA stability and eventually promotes degradation [156, 157, 160]. Bacterial
mRNA, however, does not have such stabilizing elements. Nature circumvents this
problem in gram-positive bacteria with the specific RNase J1 recognizing the 5’hydroxyl termini of the cleavage products from the natural occurring glmS ribozyme
[75, 76]. Since HHR cleavage also produces 5’-hydroxyl termini, it would be possible
to transfer the eukaryotic HHR systems with the HHR in the 5’-UTR as long as the
RNase J1 would be introduced and expressed in E. coli as well [76]. The role of
RNase J1 as an essential “cofactor” for the glmS riboswitch, however, had not been
identified yet when this work was started and other solutions had to be found.

3.1. Aptazyme-dependent

regulation

of

translation

initiation in Escherichia coli

3.1.1. Design and proposed mechanism
As described in 1.1.2, efficient translation initiation in E. coli requires the ribosome
binding site (RBS) to be single stranded and thus accessible for the small ribosomal
subunit (SSU) to bind to the Shine-Dalgarno (SD) sequence. Natural riboswitches
affecting translation initiation act on this level by liberating or cloaking the SD
sequence via ligand induced conformational changes [161-163]. Additionally, many
artificial aptamer-based riboswitches also take advantage of this fact and are
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mimicking the mechanisms of natural riboswitches’ mechanism [94, 96-98, 102,
104].
Inspired by these riboswitches, we conceived a novel setup placing the HHR in
close vicinity to the start codon AUG thereby incorporating the RBS into stem I of
the HHR. In this state, translation initiation would be inhibited since the RBS would
not be accessible for the SSU. Only upon self-cleavage would the RBS be liberated
and gene expression levels increased, see figure 3.1 A and B. Furthermore, this
setup would not interfere with the tertiary interactions between stem I and II thus
enabling fast cleavage kinetics in vivo [130, 131]. Introducing this setup into the
reporter plasmid pET16b_eGFP, which encodes for the eGFP reporter gene,
proofed this proposed mechanism to be efficient in E. coli: Formation of secondary
structure cloaking the SD sequence resulted in efficient inhibition of gene
expression, as was shown by introducing a single point mutation to the ribozyme
core that rendered the HHR inactive (see inactive HHR, figure 3.1 C). An active
HHR detached the strand that pairs with the SD, resulting in reporter gene
expression (see figure 3.1 C, HHR).
The active HHR variant, however, did not reach wt level which was probably due to
inefficient fragment dissociation. Nevertheless, this setup offered for the first time
HHR-mediated control of bacterial gene expression [164].

Figure 3.1. Ribozyme-mediated control of translation initiation. A) Proposed
mechanism: The SD sequence is incorporated into stem I of the HHR without
disturbing its tertiary interaction with stem II. Only upon self-cleavage is the SD
liberated and translation initiation can start. B) Sequence and secondary structure of
the HHR with incorporated SD sequence. A to G point mutation inactivating ribozyme
activity [156] is shown as boxed nucleotides. C) eGFP expression levels: an active
HHR with stem I / II contacts cloned into the 5´-UTR of an eGFP reporter gene as
depicted in figure 3.1. A (HHR), and an inactive variant HHR in the 5´-UTR containing
a ribozyme-inactivating point mutation (inactive HHR).
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At the same time as we published our work, however, Maeda and co-worker
presented a similar setup of an in vitro transcription system incorporating the SD
sequence in stem III of the HHR scaffold. Compared to our construct, they used the
minimal motif of the HHR instead, lacking the tertiary interactions between stem I
and II [165, 166]. Therefore, a later transfer into E. coli was only feasible by applying
special growth conditions with high magnesium concentrations in the medium [167].
After having established a first HHR-based platform for controlling eGFP expression
levels in E. coli, the next step was the construction of a functional aptazyme.
Attaching aptamer domains to the HHR has been a widely used procedure to
produce ligand-dependent ribozymes, see 1.3.2.1. The most difficult part thereby is
the optimization of the connection sequence between the aptamer domain and the
HHR scaffold. For the in vitro development of aptazymes for minimal motif HHR, this
connection sequence has often been identified by SELEX [145-149]. Using this
method, stem II was found best suited for the introduction of an aptamer domain
since it is most distant from the cleavage site [145-149]. When Smolke and coworkers introduced the fast-cleaving aptazymes in yeast, they reused some of these
in vitro selected theophylline aptazymes thus also attaching the aptamer domains to
stem II and regulating formation of tertiary interactions [158]. In contrast to their
design, our setup offered the unique possibility to attach the aptamer domain to
stem III instead. In doing so, it should be possible to regulate formation of the
catalytic core upon ligand binding to the aptamer domain.
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3.1.2. Theophylline-dependent Aptazyme
3.1.2.1. Introduction
Several examples of theophylline-dependent aptazymes are characterized so far
[95, 148, 153, 158]. Additionally, the theophylline aptamer is known to work in vivo in
E .coli [98, 99]. Given these facts, the construction of a theophylline aptazyme was a
logic starting point for proving our HHR-based system to be ligand-controllable.
The theophylline aptamer itself was identified by SELEX in 1994. It binds
theophylline with a dissociation constant of 100 nM and discriminates caffeine with a
10 000 fold lower affinity [168]. Since this work tried for the first time to attach the
theophylline aptamer to stem III of the HHR, no connection sequence for this
construct had been described so far. Therefore, we had to find a novel connection
sequence specific for this theophylline aptazyme. While Smolke and co-workers
were able to transfer in vitro selected aptazymes to in vivo systems [158], Mulligan
and co-workers did not succeed in doing so [160]. That led us to the insight that it is
more promising to directly identify functional aptazymes in vivo in order to prevent a
possible loss of function during the transfer. We further decided to perform an in vivo
screening rather than a selection simply because of its easy practicability. The main
advantage of a selection over a screening is the higher pool size that can be
examined. We tried to circumvent this problem by not completely randomizing the
connection sequence: Hence, we rationally premised one strand of the connection
sequence in order to bind into the active core thereby destroying catalytic activity.
Addition of theophylline should then stabilize stem III and rescue the catalytic active
conformation. The three nucleotides on the opposite strand were randomized
limiting the sequence possibilities to 43 = 64, see figure 3.2. Although it could be
unfavourable to force the screening system in a certain direction we hoped to
balance the disadvantage of the limited pool size this way. Noteworthy, any clone
identified by applying this screen does not necessarily follow this pre-designed
mechanism but can also be based on another mode of action.
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Figure 3.2. Design of the theophylline-dependent aptazyme with the partly randomized
connection sequence (green): The connection sequence was designed to be able to
bind into the catalytic core thus inhibiting catalytic activity in the absence of
theophylline. Addition of theophylline should stabilize the active conformation and
result in self-cleavage (cleavage site is depicted with a black arrowhead, theophylline
aptamer is shown in blue, Shine-Dalgarno sequence in red).

3.1.2.2. In vivo screening and characterization
For the screening, we inserted the theophylline-dependent aptazyme with the partly
randomized connection sequence as shown in figure 3.2 into the reporter vector
pET16b_eGFP and isolated 96 single clones in a deep-well plate. By screening for
changes in eGFP expression levels in response to 2 mM theophylline we identified
one clone that displayed strong induction of eGFP expression by theophylline (figure
3.3 A): In the presence of theophylline, eGFP levels of the respective clone
(theoHHAz) were induced tenfold whereas a clone harbouring the parental HHR
sequence (shown in figure 3.1 B) displayed decreased expression in the presence
of theophylline, see figure 3.3 B. Importantly, gene expression was not induced
upon addition of the analog caffeine that differs by only one additional methyl group
in the 7-position of the purine, see figure 3.3 C. Hence, the high specificity of the
aptamer could be retained in the ribozyme context.
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Figure 3.3. A theophylline-dependent ribozyme acts as artificial riboswitch: A)
Sequence and secondary structure of the theoHHAz obtained by in vivo screening a
library of clones. B) In vivo eGFP expression of the clones HHR (squares) and
theoHHAz (triangles) in the presence of increasing theophylline (filled square/triangle)
or caffeine (open square/triangle). C) Structure of theophylline and caffeine.

In order to shed some light on the importance of the connection sequence, we
carried out point mutation analysis. Stabilization of stem III by a U to C point
mutation (figure 3.4 A, activating point mutation) led to elevated, theophyllinedependent gene expression similar to the unmodified parental HHR displaying
approximately twofold decrease in eGFP expression see figure 3.4 B. Introduction of
a stem III destabilizing U to G point mutation (figure 3.4 A, inactivating point
mutation), however, weakened the catalytic active HHR conformation resulting in
inefficient induction of reporter gene expression, see figure 3.4 B. These findings
were in accordance with the proposed mechanism which provided the basis for the
connection sequence design (figure 3.2) hence indicating the prospects of such a
“rational” screening setup.
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Figure 3.4. Influence of point mutations in the communication module connecting
aptamer and ribozyme in stem III: A) The first mutation (U to C, boxed green
nucleotide, activating point mutation) results in a more stabilized stem III structure,
while a second point mutation was designed to destabilize stem III (U to G, boxed
green nucleotide, inactivating point mutation). B) The clone with the activating point
mutation (red triangle) exhibited theophylline-dependent gene expression similar to
the unmodified parental HHR displaying approximately twofold decrease in eGFP
expression. The inactivating variant (cyan triangle), however, weakened the ribozyme
fold and did not show efficient induction of gene expression. Theophylline-dependent
gene expression of theoHHAz is shown with blue triangles.
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3.1.2.3. In vitro characterization of theoHHAz
In order to evaluate if the changes of gene expression observed in vivo were
resulting from theophylline-dependent changes of ribozyme activity, in-cis-cleaving
ribozymes were synthesized by in vitro transcription. In vitro cleavage assays were
carried out at low Mg2+-concentrations (200 M) in order to account for the low
concentrations of free intracellular magnesium ions [169, 170]. The observed
cleavage rate (kobs) of HHR and theoHHAz in the absence of theophylline was
higher than 8 min-1 and 1.3 min-1 respectively. In the presence of 1 mM theophylline
the activity of the unmodified HHR remained unchanged but theoHHAz was induced
almost threefold to 3.6 min-1, see figure 3.5 A and B. In accordance with the in vivo
data, caffeine did not enhance theoHHAz ribozyme activity in vitro, see figure 3.5 C.
The observed cleavage rates correspond to ribozymes with fast kinetics that are
able to cleave efficiently at low magnesium concentrations [130, 131]. Almost
complete cleavage (90%) was observed in our setup for both the unmodified as well
as the theoHHAz ribozyme in contrast to previous reports of fast cleaving HHRs
[130, 131]. The observed activation of theoHHAz by theophylline in vitro was much
lower compared to the activation ratios of stem II-based theophylline aptazymes
selected before [95]. Nevertheless, the aptazyme theoHHAz represents the first
hammerhead ribozyme that can be regulated by ligand-binding in bacteria [164].
Even the moderate induction rate observed in vitro seems to be sufficient to activate
gene expression in vivo. A possible explanation could be the identification of a
critical window of ribozyme activity (kobs between 1 and 3 min-1) that, in our setup,
enables regulation of expression. The discovery of such a window is expected since
a reversed strategy of aptazyme discovery was applied; by in vivo screening rather
than in vitro selection, one directly identifies clones with desired phenotypes.
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Figure 3.5. In vitro kinetics of synthetic HHR and theoHHAz variants: A) Time-course
2+
of ribozyme cleavage at 200 M Mg in the absence and presence of 4 mM
theophylline. Insert: PAGE gel of cleavage reactions of theoHHAz, in cis-cleaving
ribozymes were obtained by in vitro transcription using a blocking strand that
hybridizes to the catalytic core of the ribozymes, hence preventing self-cleavage
during transcription. B) Concentration-dependence of cleavage rate activation
normalized to absence of theophylline. C) Time-course of ribozyme cleavage at 200
2+
M Mg in the absence and presence of 4 mM caffeine. Squares: HHR; triangles:
theoHHAz. Open symbols: measured at 4 mM theophylline; filled symbols: measured
in the absence of theophylline.
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3.1.3. Thiamine pyrophosphate-dependent aptazymes
3.1.3.1. Introduction
It is striking that E. coli exposed to theophylline concentrations greater than 1 mM
show non-specific inhibition of gene expression (see HHR wt, figure 3.3 B).
However, it is necessary to administer the purine analog in high concentrations in
order to see an effect of binding to the aptamer [99] or aptazyme [164] in vivo.
Taking into account this small therapeutic window, alternatives to the small molecule
trigger theophylline are highly needed. In addition, for the construction of advanced
RNA-based regulatory networks, more than one chemical stimulus needs to be
available for triggering specific responses in gene expression [159]. Although there
have been a few studies using antibiotics as regulatory agents [88, 90, 158, 159,
171] this approach is not feasible in bacteria due to the a priori toxicity of these
compounds. On the other hand, nature has invented riboswitches that bind to a
variety of different ligands such as amino acids, cofactors, nucleobases, etc., see 0.
There have been only very few attempts to reprogram these natural riboswitches for
the task of artificial control of gene expression [102-104]. These manipulations are
all based on the architectures of the natural riboswitches. A possible cause for the
so-far sporadic attempts to reprogram natural RNA switches could be the fact that
the mechanisms of riboswitches are complex and well adapted to the genetic
apparatus of the host. On the other hand, mechanistic insights into some well
characterized riboswitches suggest an induced fit mechanism of the corresponding
aptamer domains upon ligand binding [55-59], making them interesting tools for the
generation of artificial gene regulation systems.
The thiamine pyrophosphate (TPP) riboswitch has already been shown to be
suitable for the construction of artificial switches in E. coli [102-104]. Upon external
addition of thiamine, TPP seems to be synthesized (via import followed by the action
of thiamine kinase and thiamine phosphate kinase) [172] in E. coli, eventually
triggering the switch [102-104]. Knowing that the TPP riboswitch can be easily
externally triggered together with the adaptive binding properties of the aptamer
domain, we made the decision to use it in order to regulate catalytic activity of the
HHR and eventually reporter gene expression levels.
Structure and function of the TPP riboswitch are well-characterized: Among the first
discovered riboswitches were the TPP-responsive elements found in the thiM and
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thiC genes [36, 173]. Since these initial discoveries, the TPP switch has been found
in various organisms from all kingdoms, being the most wide-spread riboswitch
known to date. In addition to the frequent occurrence in 5´-untranslated regions of
bacterial operons coding for thiamine biosynthesis genes [36, 174], it has been
identified in various plants [73, 175] as well as in fungi [74] regulating splicing and
alternative 3'-end processing of eukaryotic mRNAs. Currently, there are two crystal
structures available for the aptamer domain and its ligand interaction from E. coli
[176] and Arabidopsis thaliana [72]. In bacteria, the aptamer domain can be coupled
to an expression platform controlling either transcription [177] or translation [36].

Figure 3.6. Design and sequence of the constructed TPP-dependent aptazyme with
completely randomized connection sequence. The natural TPP aptamer domain [36,
176] was fused to stem III of the HHR. The cleavage site is marked by a black
arrowhead. Red: Shine-Dalgarno-Sequence, orange: TPP aptamer, green: nucleotide
positions randomized for screening of TPP-responsive sequences, boxed nucleotides:
position of ribozyme-inactivating mutation (A to G) [156].

3.1.3.2. In vivo screening and characterization
In order to investigate whether naturally occurring riboswitch motifs can be utilized in
a ribozyme-dependent mechanism we introduced the thiM [36, 176] aptamer domain
from E. coli into stem III of a fast-cleaving HHR, see figure 3.6. Contrary to the in
vivo screening of the theoHHAz, this time we did not want to premise any
mechanism for the ligand-induced conformational change but we randomized all six
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nucleotides of the connection sequence, see figure 3.6. Among 4000 clones
screened for differential expression of the reporter gene eGFP upon addition of
thiamine to the growth medium, we found a surprisingly large fraction of clones that
showed clearly detectable changes in expression upon addition of thiamine. The
HHR wt control clone lacking the TPP aptamer did not display changes in response
to thiamine. Importantly, both switches, inhibiting as well as activating gene
expression upon addition of thiamine to the medium, were found frequently, see
figure 3.7 for examples.

Figure 3.7. Proposed mechanisms and screening results of TPP-dependent
aptazymes. A) and B) TPP-activated riboswitches were found that increase ribozyme
cleavage and hence gene expression upon external addition of thiamine. C) and D)
The same screen revealed sequences that shut off self-cleavage, resulting in
repressed gene expression upon presence of TPP. Gray bars in B) and D) represent
the activation or inhibition ratio, generated by dividing the fluorescence in the activated
state by the signal in the inactivated state. Circles represent the absolute fluorescence
(arbitrary units FU) measured in both states (open circles: in presence of 1 mM
thiamine, closed circles: in absence of thiamine).

The discovered switches covered a broad distribution of switching ratios and
operational ranges. The highest activation and inhibition ratios were observed by
switches that operate at lower absolute expression levels. Accordingly, the highest
absolute changes of reporter gene expression resulted in only moderate on / offrates of 10-fold and below, see figure 3.7 B and D.
In order to further characterize the switches, we selected and sequenced two
representative clones of each class, see figure 3.8 A. While the activating switches
showed no significant canonical structure within the screened connection element,
both inhibiting clones exhibited the same stabilizing nucleobase-pairs (two GC and
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one AU pair). The finding could hint at possible mechanisms of the switches with the
activating ones being mis-folded in absence of TPP and the inhibiting ones being
properly folded in absence of the ligand. Addition of TPP could result in induction of
the catalytically active fold as shown in figure 3.8 A in case of the activating clones,
and in disruption in the inhibiting clones. Next, we investigated the sensitivity of the
switches by measuring gene expression in response to varying concentrations of
thiamine in the growth medium, see figure 3.8 B and C. Surprisingly, all investigated
switches showed very high sensitivity with half-maximum expression at thiamine
levels below 1 M. This finding represents a significant improvement since most
artificial switches need very high effector levels. For example, the most widely used
theophylline-based systems require almost 1 mM concentrations [97, 164]. We next
carried out important controls in order to validate that the switches indeed operate
via ribozyme-dependent initiation of translation. In order to do so, a point mutation
was introduced in the catalytic core (A to G, see figure 3.8 A) known to render the
ribozyme inactive [156]. If the proposed mechanism of self-cleavage necessary for
liberating the Shine-Dalgarno sequence is present, an inactivated variant of the
ribozymes should not display gene expression at all due to the permanently blocked
ribosome binding site. Indeed, all switches inactivated by the mutation lacked
expression irrespective of the thiamine concentration, see figure 3.8 B and C.

The surprising finding of the highly sensitive onset of changes in gene expression
warrants a more thorough discussion of the intracellular concentration and
metabolism of thiamine derivatives. First of all, the presented data demonstrate that
naturally occurring RNA ligands can be utilized as external triggers of synthetic
switches despite the fact that there are intrinsic mechanisms in place that
metabolize the respective compound [178]. The E. coli strain B used in this study
was grown on minimal medium and is proficient in TPP biosynthesis. Nevertheless,
the intrinsic levels of TPP seem to be low enough to prevent a permanent
stimulation of the switches. In contrast, upon external addition of thiamine, TPP
seems to be synthesized (via import followed by the action of thiamine kinase and
thiamine phosphate kinase) in amounts that allow triggering the synthetic switches.
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Figure 3.8. Characterization of individual clones: A) Sequences of two activating and
two inhibiting switches, clones 1.2, 1.20, 2.5, 2.12. B) and C) Thiamine concentration
dependence of gene expression. Thiamine was added to the growth medium and
eGFP fluorescence was detected in outgrown cultures. Closed symbols: clones as
depicted in A, open symbols: clones as in A harbouring a ribozyme-inactivating
mutation in the catalytic core (A to G).

Intracellular thiamine levels have been reported to be in the range of 0.25 to 4.5 M
in Bacillus subtilis [179], whereas older references mention the sum of thiamine and
its pyrophosphate to be as high as 40 M in E. coli [178]. However, the
concentration of freely available TPP is likely much lower, as the apparent
dissociation constant of the aptamer / TPP complex of 0.1 M suggests [36]. This
value fits into the picture that synthetic switches harbouring this aptamer domain are
able to sense low ligand concentrations of around 1 M. The intrinsic biosynthesis is
unlikely to interfere with the switch once external thiamine is added to the medium
since it has been shown that biosynthesis drastically shuts down upon external
addition of thiamine (100 nM thiamine in the growth medium resulted in reduction of
de novo synthesis to 2 % of the initial amount) [178]. The latter finding also implies
that, once added to the growth medium, the intracellular concentrations of thiamine
and its phosphorylated derivatives are much higher compared to the extracellular
concentration due to active import of thiamine.
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3.1.3.3. In vitro characterization
In analogy to the characterization of theoHHAz, TPP-dependent changes in gene
expression were proven to result from switching the ribozyme by carrying in vitro
cleavage kinetics using the isolated hammerhead ribozymes. In case of the
activating switches, the sequences isolated from the activating clones indeed
showed significant rate enhancement upon addition of TPP, see table 3.1. In case of
the inactivating sequences, a slight decrease was observed although the wt-HHR
sequence lacking the TPP aptamer domain was increased.

Table 3.1. In vitro cleavage rates of TPP-dependent hammerhead ribozymes. All
-1
[a]
2 mM
values represent cleavage rates kobs of in-cis-cleaving ribozymes in min at
2+ [b]
2+
[c]
2+
0.2 mM Mg
Mg , 10 mM Mg and

TPP

Clone
1.2[a]

Clone
1.20[b]

Clone
2.5[c]

Clone
2.12[a]

wt-HHR[a]

w/o

0.024

0.055

3.9

0.7

7.8

100 M

0.150

0.210

3.3

0.7

8.3

In conclusion, we have shown the validity of utilizing intrinsic metabolites for
triggering synthetic switches containing natural aptamer parts: Compared to
completely artificial systems such as theophylline aptamer-based switches [97, 101],
we were able to identify several inactivating as well as activating switches that cover
a broad spectrum of switching parameters and are characterized by very sensitive
onset concentrations. Together with the theophylline-dependent variants [164], the
utilization of the hammerhead ribozyme as an artificial expression platform seems to
be very efficient.
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3.1.4. Enhanced Aptazyme scaffold
3.1.4.1. Design and in vitro characterization of an extended HHR scaffold
After having shown Hammerhead aptazymes to be a suitable and versatile tool for
the construction of artificial riboswitches in E. coli mRNA, we wondered if the natural
HHR scaffold can be expanded in order to introduce further positions for tuning
ribozyme activity by an aptamer. Although it was shown that all three stems can in
principle be used for this task [158, 159, 164, 180] we searched for other positions
to introduce an aptamer. The possibility to control a ribozyme simultaneously at
multiple sites enables the development of logic gates which are accepting more than
one ligand as input [159]. In vitro experiments performed with in-trans cleaving
ribozymes suggested stem I to be a suitable choice. An HHR containing a nicked
strand in between the catalytic core and the stem I / stem II tertiary interaction site of
stem I still shows fast cleavage rates at 0.5 mM Mg2+ [181], see figure 3.9 A.
Interestingly, Weinberg and Rossi reported that attaching an additional stem (termed
stem IV) to this discontinuity (see figure 3.9 B) severely reduces cleavage activity
and the modified HHR seems to be incapable of cleavage at sub-millimolar Mg2+concentrations [182]. Since immediate attachment of an additional stem to the HHR
scaffold probably interferes with the formation of the tertiary interactions, we
attempted to design the three-way junction in a way that allows co-axial stacking of
both sides of helix I. For this purpose, we surveyed known structures of naturally
occurring three-way junctions: In most classes, the three helices forming a threeway junction are connected by nucleotides not involved in canonical pairs, forming
bulge loops with varying lengths [183]. Depending on the bulge loop lengths and the
arrangement of the stems, three-way junctions have been classified into three
families [183]. In order to construct the artificial three-way junction needed for the
expanded scaffold, we decided to insert a bulge loop at the junction site, see figure
3.9 C.
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Figure 3.9. Construction of an expanded HHR scaffold. Naturally occurring HHR
motifs comprise three helices. Tertiary interactions (depicted as grey lines) between
2+
stem I and II enable very fast cleavage kinetics even at low intracellular Mg
concentrations [129]. A) A nicked strand in stem I does not interfere with fast cleavage
properties of the HHR [181]. B) Attaching a fourth stem at this position results in
severely reduced cleavage activity [182]. C) Our design of expanded hammerhead
ribozymes (3-way-HHR) is based on a short bulged sequence (shown in red) enabling
2+
rapid cleavage at low Mg concentrations.

This design represents a family C member in the categories introduced by Westhof
and co-workers. Comparing various three-way junctions, length and sequence of the
bulge loops differ strongly [183]. Thus, we examined the influence of the bulge loop
length on the activity of our 3-way-HHRs. Initially, we synthesized ribozymes
containing bulge loop sequences composed of 5’-A(U)n-3’ (with n = 0-3; see
figure 3.10) for which Mfold secondary structure prediction [184] resulted in the
designated ribozyme fold.
For the initial in vitro experiments, single turnover kinetics of in-trans cleaving 3-wayHHRs were assayed, see figure 3.10 A for sequence and setup. Upon immediate
attachment of stem IV to the ribozyme lacking any non-canonical nucleotides in the
three-way junction, only very little ribozyme activity could be observed at 0.2 mM
Mg2+, see figure 3.10 B. The introduction of a single adenosine in the junction results
in a cleavage rate kobs of 0.19 min-1 at 0.2 mM Mg2+. Upon addition of a second
nucleotide, the cleavage rate increased remarkably to 4.9 min-1 (see figure 3.10,
sequence AU). Inserting more nucleotides did not show improvement but reduced
the cleavage rates compared to two nucleotides, see figure 3.10 C. Interestingly, at
0.2 mM Mg2+ the addition of two nucleotides at the junction site results in
dramatically activated ribozymes. Catalytic activity of the inactive variant lacking
non-canonical nucleotides can be restored by increasing the magnesium
concentration. For detailed kinetics determined for the ribozymes at 0.2, 0.5, 1, and
10 mM Mg2+ concentrations, see table 3.2.
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In order to further characterize the junction site requirements, we examined several
sequences of the best-performing bulge loop size with two nucleotides in length.
The cleavage rate was highest in case of the already tested 5’-AU-3’ bulge loop, but
was lowered in all other tested examples, see figure 3.10 D. In conclusion, the bulge
loop sequence 5’-AU-3’ represented the fastest 3-way-HHR tested in vitro and was
still highly active at magnesium concentrations as low as 0.2 mM.

Figure 3.10. In-trans, single turnover cleavage kinetics of purified 3-way-HHRs in
dependence of the bulge loop length: A) Design of fast-cleaving 3-way-HHRs. Arrow
indicates cleavage site; black characters: ribozyme strand; blue characters: 5’-labelled
substrate strand; grey lines: tertiary interactions between stem I and II according to
reference [155]; Bulge loop position is depicted in red. B) Cleavage kinetic and
example of corresponding PAGE gel of 3-way-HHR without bulge loop (black squares)
and with the two nucleotide sequence AU (open circles). C) and D) In-trans, single
turnover cleavage rates (kobs) of 3-way-HHRs with C) increasing bulge loop lengths
2+
and D) different bulge loop sequences in the presence of 0.2 mM Mg at 37 °C.
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Table 3.2. In-trans, single turnover-cleavage rates (kobs) of 3-way-HHRs with
2+
increasing bulge loop lengths assayed at various Mg concentrations. F: calculated
maximal cleaved fraction (single turnover reactions with 10x substrate excess); F0:
2+
cleaved fraction prior to Mg addition.

bulge
loop size

0 nt

[Mg2+]
in mM

3 nt

0.92 ± 0.00

0.02 ± 0.02

1

1.1 ± 0.1

0.90 ± 0.01

0.03 ± 0.02

0.5

0.3 ± 0.0

0.84 ± 0.01

0.02 ± 0.01

5 nt

< 0.04

1

5.8 ± 1.0

0.90 ± 0.02

0.02 ± 0.04

0.5

2.6 ± 0.3

0.85 ± 0.02

0.03 ± 0.04

0.2

0.1 ± 0.1

0.86 ± 0.07

0.01 ± 0.02

< 0.04

1

8.0 ± 1.0

0.98 ± 0.01

0.03 ± 0.02

0.5

7.2 ± 1.0

0.96 ± 0.01

0.04 ± 0.02

0.2

3.7 ± 0.3

0.89 ± 0.01

0.02 ± 0.02

0.1

0.1 ± 0.0

0.63 ± 0.03

0.05 ± 0.01

1

8.6 ± 1.5

0.95 ± 0.01

0.01 ± 0.02

0.5

7.2 ± 1.0

0.94 ± 0.01

0.01 ± 0.02

0.2

2.4 ± 0.2

0.88 ± 0.01

0.01 ± 0.02

0.1

4 nt

F0

8.4 ± 1.1

0.1

2 nt

F

10

0.2

1 nt

kobs (min-1)

< 0.04

1

7.6 ± 1.6

0.93 ± 0.01

0.03 ± 0.04

0.5

7.2 ± 1.4

0.91 ± 0.01

0.01 ± 0.04

0.2

1.9 ± 0.2

0.83 ± 0.02

0.04 ± 0.04

0.1

0.1 ± 0.0

0.71 ± 0.06

0.07 ± 0.02

1

7.4 ± 1.4

0.93 ± 0.01

0 ± 0.03

0.5

7.1 ± 1.3

0.89 ± 0.01

0.01 ± 0.03

0.2

1.0 ± 0.1

0.78 ± 0.02

0.03 ± 0.03

0.1

< 0.04
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3.1.4.2. Characterization of extended HHR scaffold in E. coli
In order to construct an artificial RNA switch based on the extended HHR, we
introduced this novel designed scaffold into the bacterial mRNA as described in the
last two chapters, see figure 3.11 A and B. Recapitulating this setup shortly, the
RBS of the reporter gene eGFP is incorporated into an extended stem I of the HHR.
If the HHR is inactive, the RBS is blocked and hence translation is inhibited. An
active HHR, however, liberates the RBS by self-cleavage and translation is initiated.
This setup was used in order to test whether the designed 3-way-HHRs act as
modulators of gene expression in vivo. As a control, the 3-way-HHR was inactivated
by the previously used A to G point mutation in the active core. While eGFP was still
expressed in a clone harbouring an active 3-way-HHR in the reporter mRNA,
expression could be inhibited almost completely by inactivating the 3-way-HHR by
the point mutation. However, the absolute expression level of the 3-way-HHR clone
was reduced compared to the unmodified HHR clone, see figure 3.11 C. In analogy
to the previous in vitro experiments, the dependence of gene expression on the size
of the bulge loop at the three-way junction site was examined in the in vivo setup. In
accordance to the data obtained in vitro, omitting the bulge loop reduced eGFP
expression to the same level as the variant inactivated by the point mutation in the
catalytic core (see figure 3.11 D) thereby demonstrating that additional nucleotides
at the junction site are necessary for ribozyme activity in vivo. Best results were
obtained with a bulge loop length of three nucleotides whereas constructs
harbouring two as well as four nucleotides still enabled efficient eGFP expression.
When the bulge loop consisted of only one nucleotide, gene expression was
significantly weakened. In conclusion, the in vivo activities of the different 3-wayHHRs as judged by their modulation of gene expression were in good accordance
with the observed cleavage rates of the isolated ribozymes as determined before.
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Figure 3.11. 3-way-HHRs introduced into the 5’-UTR of bacterial reporter gene
modulates gene expression: A) Mechanism of HHR-mediated eGFP expression.
Inactivated 3-way-HHR resulted in a blocked SD sequence. If an active 3-way-HHR
cleaved the mRNA, eGFP expression was restored. B) Design and sequence of an
artificial riboswitch based on the 3-way-HHR. Nucleotides mutated to inactivate
ribozymes are boxed (A to G). Tertiary interactions are depicted as grey lines
according to reference [155] C) Gene expression levels of variants relative to the wild
type plasmid lacking a ribozyme. Inactivated ribozymes inhibited gene expression by
blocking the SD sequence. D) eGFP expression of clones with inserted 3-way-HHRs
in dependence of different bulge loop lengths.
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3.1.4.3. In vivo construction of theophylline-dependent 3-way-HHR
Since eGFP expression of the 3-way-HHR-containing clones is directly dependent
on the size of the bulge loop at the junction site, we reasoned that it should be
possible to utilize a structural rearrangement at this site for controlling the activity of
the ribozyme. Ligand-induced rearrangements such as strand slippage have been
reported in the literature before [95]. The identification of sequences allowing the
ligand-dependent switching of the bulge loop size would represent a skilful way of
controlling the HHR activity and hence gene expression. As prove of principle, we
attached a theophylline aptamer to stem IV of the 3-way-HHR (based on the variant
with a bulge loop size of three nucleotides) in order to design a theophyllinedependent 3-way-aptazyme (3-way-theoHHAz). A suitable connecting sequence
was obtained by in vivo screening. For this purpose, five nucleotides of the
connection site between the HHR and aptamer at the 3-way junction site were
randomized (see boxed nucleotides in figure 3.12 A). After library construction in
E. coli, eGFP expression levels were screened in the presence and absence of
2 mM theophylline. After screening of 2000 individual clones, we identified a
sequence (5’-UUCCG-3’) which exhibited a highly theophylline-dependent eGFP
expression, see figure 3.12 A. Reporter gene expression of the clone named 3-waytheoHHAz in the absence of theophylline was barely detectable but could be
significantly induced upon the addition of 2 mM theophylline, see figure 3.12 B and
C. Inactivating point mutants of the 3-way-theoHHAz demonstrated that the
switching mechanism is dependent on the ribozyme activity since gene expression
is absent in all inactivated point mutants irrespective of the absence or presence of
theophylline, see figure 3.12 B. Addition of the theophylline analog caffeine, which
differs from theophylline by a single methyl-group, showed no effect on eGFP
expression of 3-way-theoHHAz, confirming that the effects are indeed mediated by
aptamer-based recognition of the respective ligand, see figure 3.12 D. Neither
theophylline nor caffeine was able to induce the parental, non-regulated 3-way-HHR
variant but even slightly inhibited gene expression at higher concentrations.
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Figure 3.12 Construction of a 3-way-HHR-based RNA switch of gene expression by in
vivo screening. A) A theophylline aptamer was attached to stem IV. In order to identify
a suited communication module, boxed nucleotides were randomized, connection
sequence in green. After in vivo screening, the shown sequence was identified as best
theophylline-inducible clone. B) Loss-of–function mutations of ribozymes: Point
mutations in the catalytic core render the ribozymes inactive. In vivo gene expression
is absent in case of the inactivating mutants irrespective of the absence (grey
columns) or presence (white columns) of 2 mM theophylline. C) and D) Dependence
of gene expression on C) theophylline and D) caffeine. Reporter gene expression of
identified clone (blue circles) could be induced by theophylline in a dose-dependent
manner whereas the theophylline analog caffeine had no effect. The parental, nonregulated 3-way-HHR lacking the aptamer (black squares) did not show theophyllinedependent induction but got slightly inhibited at higher concentrations by both
theophylline and caffeine.

Subsequently, the underlying mechanism of gene regulation by the identified clone
was examined. In vitro ribozyme assays with isolated in-cis 3-way-theoHHAz were
performed to investigate the theophylline dependence of the cleavage rate. For this
purpose, in vitro transcribed 3-way-HHR and 3-way-theoHHAz were assayed in the
absence and presence of 2 mM theophylline and caffeine at 0.2 mM Mg2+. Whereas
the ribozyme activity of the 3-way-HHR was unaffected by either theophylline or
caffeine, the cleavage rate of the 3-way-theoHHAz was induced twofold in the
presence of 2 mM theophylline but remained unaffected by caffeine (see figure 3.13)
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Figure 3.13. In vitro cleavage assay of identified 3-way-theoHHAz ribozyme. A)
Design of the in-cis-3-way-theoHHAz. B) Relative cleavage rates of the 3-way-HHR
(grey) lacking ligand-dependency and the 3-way-theoHHAz (white) in the presence
and absence of either 2 mM theophylline or caffeine. Only 3-way-theoHHAz was
induced more than twofold upon addition of theophylline.

The results are in accordance with the data obtained in vivo and evidence that the
identified 3-way-HHR is a theophylline-dependent aptazyme.
It is, however, unlikely that a 100-fold induction of gene expression is exclusively
based on a twofold induction of the cleavage rate. In contrast to the aptazyme
design employed in our previous study [164, 180] (see 3.1.2 and 3.1.3), in the
present three-way junction setup the aptamer remains at the 5´-end of the mRNA
after ribozyme cleavage has occurred. Hence, it is conceivable that a ribozymeindependent mechanism is also involved in the regulatory process. In order to
further characterize the mechanism, theophylline-mediated control of gene
expression in vivo that takes place after ribozyme cleavage was surveyed by
introducing only the 3’-cleavage product of the 3-way-theoHHAz (“cleaved
fragment”) aptazyme into the 5’-UTR of the eGFP mRNA instead of the complete
ribozyme, see figure 3.14. We found that the reporter gene expression of this clone
harbouring only the aptamer was theophylline-dependent as well indicating that the
RBS is liberated by a ligand-induced conformational change of the aptamer, see
figure 3.14. This mechanism would then resemble the aptamer-dependent artificial
riboswitches developed by the Gallivan [96, 97, 101] and Suess [94] group, see 0.
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Figure 3.14. If introduced into the 5’-UTR, the cleavage product of the identified 3way-theoHHAz alone could act as an artificial riboswitch. A) Possible mechanism of
gene regulation by the inserted cleavage product: SD sequence was blocked and
translation initiation inhibited. Upon addition of theophylline secondary structure
changes and SD became accessible. B) eGFP expression of the cleavage product
(blue triangles) and the wild-type lacking a ribozyme (black squares).

Nevertheless, in the ribozyme-containing constructs, the switching properties relied
on the catalytic activity of the ribozyme since inactivation of the ribozymes resulted
in complete inhibition of eGFP expression. The finding could be explained by a
potential cascading mechanism consisting of a first, theophylline-dependent
aptazyme cleavage reaction and a second, as well theophylline-dependent
structural rearrangement of the 5’-UTR, see figure 3.15. The latter mechanism
resembles aptamer-based RNA switches described before [97, 103, 104] although
the architecture differs by the distance between the SD and the theophylline
aptamer.

3.1.4.4. Conclusion
In conclusion, we have successfully expanded the hammerhead scaffold by
attaching an additional stem IV to stem I using optimized three-way junctions thus
offering a further attachment site for functional extensions of the autocatalytic motif.
We have shown that a very compact, small RNA motif such as the hammerhead
ribozyme can be engineered to carry additional structural features. In order to
engineer the hammerhead ribozyme containing a fourth helix, a three-way junction
was inserted into the ribozyme scaffold. Since several structures of naturally
occurring three-way junctions are solved, we considered common features that need
to be present for the successful construction of an artificial three way junction.
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Notably, in all natural three-way junctions the stems are not simply attached to each
other but harbour non-canonical nucleotides at the junction site [183]. Inspired by
the natural design, we constructed an artificial three-way junction in stem I of the
full-length HHR (3-way-HHR) and introduced additional nucleotides at the junction.
Interestingly, in vitro cleavage assays of our designed 3-way-HHRs demonstrated a
strong dependence of the cleavage rate on the number of nucleotides introduced at
the junction site. In addition, the sequence of the inserted nucleotides affects 3-wayHHR activity. Replacing 5’-AU-3’ by other dinucleotides leads to clearly reduced
cleavage rates in our examples. Mfold structure predictions of these variants
suggest that these nucleotides enable the formation of competing, inactive
structures.

Figure 3.15. Possible mechanism of gene regulation of the identified aptazyme 3-waytheoHHAz. A) In the absence of theophylline, autocatalytic cleavage is very slow. In
addition, folding of the 3’-cleavage product still blocks accessibility of the SD
sequence resulting in efficient inhibition of translation. B) In the presence of
theophylline, ribozyme cleavage is enhanced. In the cleavage product, theophylline
prevents blocking of the SD sequence and therefore induces gene expression. The
combination of both theophylline-mediated effects results in exceptionally high
activation rates.
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Furthermore, these additional components could be employed for switching the
given activity by incorporating aptamer sequences. Investigation of an inactivating
point mutant enabled the conclusion that the 3-way-HHR is cleaving in vivo,
resulting in activation of gene expression. The influence of the bulge loop size on
the expression levels in vivo were in good accordance with the data obtained for the
isolated ribozymes. The design of the three-way junction ribozymes and the
confirmation that the junction architecture was determining the in vivo ribozyme
activity set the basis to develop a novel ligand-dependent regulator of gene
expression. By attaching an aptamer to the newly introduced helix IV followed by in
vivo screening for the optimum connection sequence, we were able to identify a very
powerful switch of gene expression. While cleavage rates of the in vitro synthesized
3-way-HHR was independent of theophylline, the aptamer-containing clone
optimized by an in vivo screening experiment (3-way-theoHHAz) showed an
induction of ribozyme activity at 0.2 mM Mg2+. The identified 3-way-theoHHAz
displayed cleavage rates of 1.5 min-1 and 3.4 min-1 at 0.2 mM Mg2+ for the two
respective states of the ribozyme in vitro. These rates were in the same range as
our previously reported stem III-based theophylline-dependent aptazymes [164,
180]. This observation points at the possibility that the identified rates reside in an
optimal window of cleavage activities of hammerhead ribozymes for the modulation
of gene expression in mRNAs of E. coli.
With the rapidly increasing number of attachment sites for regulatory motifs in the
hammerhead scaffold (all three naturally occurring stems have been used for
aptamer attachment, here we introduced a fourth possibility), engineering even more
sophisticated logic gates that accept multiple inputs based on the hammerhead
ribozyme should be possible soon. In addition, the present design highlights the
importance of consulting details of naturally occurring RNA motifs when engineering
artificial RNA functions for synthetic biology applications.
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3.2. Aptazyme-dependent regulation of tRNA activation
in E. coli

3.2.1. Design and proposed mechanism
After having constructed several aptazyme-based artificial riboswitches in the mRNA
context [164, 180, 185], we wondered if other RNA species than mRNA can be also
regulated by ribozyme cleavage activity. In this chapter we want to demonstrate that
the concept indeed can be extended to switching the utilization of transfer-RNAs
(tRNAs). In the present example, we want to use a theophylline-dependent ribozyme
in order to activate a tRNA for its use in translation.
To our knowledge, this would be the first example of an engineered device for the
small-molecule-based control of a tRNA in a living cell. Nevertheless, Westhof and
co-workers have demonstrated that yeast tRNAAsp is specifically recognized by the
antibiotic tobramycin, resulting in the inhibition of the aspartylation reaction [186].
Furthermore, an in vitro translation system for the label-free detection of theophylline
based on minimal motif hammerhead ribozyme-tRNA conjugates has been
introduced recently [187].

Figure 3.16. Orthogonal tRNA reporter system for monitoring tRNA activity in E. coli.
An amber stop codon (UAG) replaces a codon encoding for serine. The anti-codon
Ser
is mutated to be complementary to this amber stop codon
sequence of a tRNA
Ser
Ser
(tRNA CUA). Only in the presence of this tRNA CUA full-length reporter protein is
expressed (“amber suppression”); otherwise non-functional, prematurely terminated
protein fragments are translated.
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As a reporter system for in vivo activity in translation of a specific tRNA we used a
tRNASer with the anticodon loop mutated to recognize the amber stop codon
(tRNASerCUA) [187, 188]. In combination with an eGFP reporter mRNA carrying a
mutation from serine to an amber stop codon (Ser50UAG), in case of a nonfunctional amber suppressor tRNASerCUA premature termination of translation took
place; activation of the tRNASerCUA, however, resulted in suppression of termination
by incorporation of serine (“amber suppression”), see figure 3.16 (the non-amber
suppressor strain BL21 (DE3) was used in this study).

In order to achieve ribozyme-mediated in vivo control of a tRNA, we aimed at a gain
of function when the ribozyme cleavage reaction is activated. For this purpose, we
connected the ribozyme in a way that the typical tRNA cloverleaf secondary
structure should not be able to fold in case of an inactive ribozyme as shown in
figure 3.17 and figure 3.18 A. We achieved this design utilizing the Mfold secondary
structure prediction algorithm [184] by extending stem I of the HHR to pair with the
5´-end of the tRNA thereby disrupting the formation of the acceptor and D stemloops. The resulting mis-folding should inhibit processing of the tRNA and probably
trigger premature degradation [189-191], hence preventing the tRNA from
functioning properly. We anticipated that upon cleavage of the ribozyme, the two
RNA fragments should dissociate and enable folding of the functional tRNA, see
figure 3.17. This mechanistic setup strongly resembles the previously constructed
mRNA switches, again using a “gain of function” principle upon cleavage and
subsequent fragment dissociation [164, 180, 185], see 3.1.
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Figure 3.17. Proposed “gain of function” mechanism of HHR-mediated tRNA
activation. Only upon self-cleavage could the tRNA sequence fold properly and was
recognized by essential downstream enzymes.

Indeed, when we connected an active HHR to the tRNASerCUA, strong eGFP
expression occurred compared to the level of wt-eGFP mRNA expression in
combination with an unaltered tRNA, see figure 3.18 B, HHR-tRNA fusion. The fact
that the combination of a suppressor tRNA with the corresponding amber mRNA
resulted in expression levels of the reporter comparable to the natural system is
intriguing since usually amber suppression is known to occur with maximum
efficiencies of around 20 - 30 % [192]. Importantly, in this setup the tRNA function
turned out to be under complete control of the ribozyme activity as proven by an
inactivating ribozyme point mutation, see figure 3.18 A. The A to G mutation in the
catalytic core resulted in an inactivated ribozyme. Interestingly, gene expression in
this construct dropped to background levels comparable to the absence of the eGFP
gene, see figure 3.18 B. Thus, the specific connection of a hammerhead ribozyme
and a tRNA as shown in figure 3.18 A established a very powerful system for the
self-cleavage-mediated control of tRNA function.
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Figure 3.18. Ribozyme-mediated in vivo control of tRNA function. A) Nucleotide
sequence of the used construct termed “HHR-tRNA fusion”. The boxed nucleotides
highlight the position of an A to G point mutation resulting in ribozyme inactivation
[156]. The CUA anticodon matching the mRNA amber stop codon is highlighted in red.
B) In vivo eGFP expression utilizing: wt eGFP mRNA and tRNA (eGFP wt); wt lacking
eGFP (control w/o eGFP); an eGFP mRNA containing an amber stop codon (eGFP
Ser
Ser
Ser50Stop); amber eGFP mRNA and tRNA CUA (+tRNA CUA)); amber eGFP mRNA
and the HHR-tRNA fusion (+ HHR-tRNA fusion); and the same constructs containing
the ribozyme-inactivating A to G mutation (+ inact. HHR-tRNA fusion).

3.2.2. Theophylline-dependent tRNA activity
Next, we aimed at rendering the system to be dependent on a small molecule
stimulus. In order to do so, the theophylline aptamer was incorporated into the
ribozyme to yield ligand-dependent aptazymes, see figure 3.19 A. We tested now
whether the same sequence used to cleave an mRNA in the previous chapter, see
3.1.2 (theoHHAz, see figure 3.19 B) was also suitable to mediate small moleculedependent control of tRNA utilization in the present setup. As expected, the
theophylline-controllable hammerhead theoHHAz for switching mRNA translation
showed the same switching performance in the tRNA context (termed “theoHHAztRNA fusion”), see figure 3.19 C. Upon addition of theophylline to the growth
medium, tRNA utilization and hence expression of eGFP was switched on.
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Figure 3.19. Small molecule-dependent regulation of tRNA activity in vivo. A)
Theophylline-dependent aptazyme (termed theoHHAz) containing an aptamer in stem
III (shown in blue) connected to the tRNA yields the “theoHHAz-tRNA fusion”
construct. B) Nucleotide sequence of theoHHAz-tRNA fusion; the tRNA part of the
construct which is identical to figure 3.18 A is not shown. C) Theophylline-triggered
tRNA utilization: In vivo eGFP expression with the parental HHR-tRNA-fusion (black
squares) and the theophylline-dependent sequence theoHHAz-tRNA fusion (blue
triangle). Open squares and triangles represent the respective constructs inactivated
by the A to G point mutant.

In order to verify the results generated by measuring eGFP fluorescence from intact
E. coli cells, we quantified the eGFP levels via detection of the His-tag from cell
lysates by western blots using a Ni-NTA-alkaline phosphatase conjugate. As shown
in figure 3.20 A and B, the results obtained by the western blots were in good
accordance with the fluorescence measurements: The active HHR-tRNA fusion
construct showed expression of eGFP whereas the ribozyme-inactivating point
mutation resulted in suppressed expression. In the theophylline-responsive
sequences, only the cleavage-competent sequence showed activation upon addition
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of theophylline, see figure 3.20 A and B. Figure 3.20 C and D show a concentrationdependent increase of eGFP expression via western blot in accordance with the
results observed when measuring eGFP fluorescence as shown in figure 3.19 C.

By using in vitro ribozyme assays with isolated RNAs we have already shown that
the catalytic activity of the ligand-dependent ribozyme theoHHAz is indeed
enhanced upon addition of theophylline [164], see 3.1.3.3.

Figure 3.20. Western blot analysis of eGFP expression in E. coli: A) SDS-PAGE
(upper gel) and western blot (below) using a Ni-NTA-alkaline phosphatase conjugate
detecting the His-tagged eGFP. Theophylline concentration was 2 mM in the (+)
lanes. B) Quantification of the western blot shown in A. C) SDS PAGE and Western
blot of theophylline-dependent eGFP expression utilizing theoHHAz-tRNA fusion. D)
Quantification of the Western blot shown in C.
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3.2.3. Conclusion
In conclusion we have developed a system for the external, small moleculemediated control of tRNA function in E. coli. It is interesting to note that high levels
of the eGFP reporter were translated in our setup although the activated amber
suppressor tRNASerCUA competes with the action of release factor 1 [193, 194]. The
latter mechanism is the main reason why usually only a maximum of 20-30%
efficacy of amber tRNA suppression is observed [192]. The presented technology of
utilizing ligand-triggered ribozymes for activating tRNAs could prove useful in
strategies for the site-specific incorporation of unnatural amino acids. The strategies
developed so far allow for incorporation of a variety of unnatural building blocks
utilizing native as well as orthogonal translational components [11, 195, 196].
Nevertheless, the complexity of the tRNA world still sets limitations to these
approaches [197]. In this context, the possibility to specifically turn on or off a tRNA
of interest in vivo could prove useful for such endeavours, allowing for enhanced
control of incorporating unnatural amino acids.
In principle, the introduced systems should allow to read a given message differently
depending on the ribozyme-determined decoding of specific codons. Since the
general pathway of tRNA maturation based on structural features is conserved
throughout all kingdoms of life [189] the presented approach should be transferable
to other organisms as well. In combination with other known ligand-dependent
systems for regulating the genetic machinery, the presented approach should allow
for the construction of combined pre-, co-, and post-transcriptional, hierarchical
multi-level information processors with gene expression as output. In addition, the
general approach of utilizing ribozymes for controlling key features of the genetic
apparatus has the potential to be extended even beyond the regulation of mRNA
and tRNA functions.
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3.3. Aptazyme-dependent

regulation

of

16 S

rRNA

stability in E. coli

3.3.1. Design and proposed mechanism
Encouraged by the findings that HHAz can be used to regulate gene expression by
controlling translation, if incorporated in the mRNA [164, 180, 185], as well as tRNA
activity [198], we now aimed to control ribosomal RNA (rRNA) with an intramolecular
HHAz. In contrast to the previous setups of HHRs introduced into the mRNA and
tRNA showing a gain of function upon self-cleavage, we now conceived a
mechanism in which the HHR-mediated self-cleavage destroys the rRNA, see
figure 3.21. Therefore, this newly-designed mechanism would resemble the
eukaryotic HHR-based systems that show mRNA degradation upon self-cleavage
[156-159].

Figure 3.21. Proposed mechanism of aptazyme mediated inhibition of gene
expression. Inactive TPP-dependent aptazyme (TPP HHAz) incorporated into the 16S
rRNA does not interfere with translation and reporter gene is expressed. TPPdependent activation of ribozyme activity, however, results in inactivation of small
ribosomal subunit and eventually decreased reporter gene levels.

In order to manipulate the 16 S rRNA without interfering with the cellular ribosomal
activity, we first implemented an orthogonal 16 S rRNA / mRNA pair in E. coli [23],
see figure 3.22 A. For this purpose, we changed both the Shine-Dalgarno sequence
(oRBS) of an eGFP reporter mRNA as well as the anti-Shine-Dalgarno sequence
(oASD) of an additional ribosomal RNA operon (rrnB on the pT7-1 plasmid [199]).
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The system was found to be truly orthogonal, since neither was any adverse effects
of the orthogonal ribosome on natural mRNA gene expression (RBS•oASD)
observable, nor was the orthogonal mRNA translated by the natural ribosome
(oRBS•ASD), see figure 3.22 B for details. In case of co-transformation of the
orthogonal pair oRBS•oASD, eGFP was expressed by the artificial system at 10 %
of the natural (RBS•ASD) expression levels. The orthogonal system implemented in
E. coli now allowed the characterization of alterations of the 16 S rRNA even if they
impair ribosomal activity.

Figure 3.22. Construction of orthogonal 16 S rRNA. A) Sequence of RBS, ASD, oRBS
and oASD (orthogonal system derived from reference [23]) and basic mechanism of
the orthogonal translation system. The reporter gene mRNA with the oSD (blue
shaded) was exclusively translated by the orthogonal 16S rRNA. However, the
orthogonal 16 S rRNA was not able to translate any other genes. B) eGFP expression
levels of the orthogonalized parts of the translation system. Mutating the RBS to oRBS
resulted in complete inhibition of eGFP expression (oRBS•ASD). Introduction of the
orthogonal 16 S rRNA did not affect bacterial gene expression (RBS•oASD).
Implementing the whole orthogonal system resulted in reporter gene expression but
did not exceed 10 % expression levels of the wt system (oRBS•oASD).

3.3.2. Inserting the HHR into the 16 S rRNA
After having established an orthogonal translation system, we surveyed the 16 S
rRNA for optimum sites for inserting a hammerhead ribozyme. Such sites should
fulfil two necessary requirements: First, insertion 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.
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Figure 3.23. Insertion of the HHR into the 16 S rRNA. A) Secondary structure map
(modified from reference [200]) of the 16 S rRNA containing the orthogonalized oASD
(boxed nucleotides) and the insertion sites depicted by red lines. B) Nucleotide
sequence and secondary structure of the inserted HHR. Red lines show the
connectivity of the 16 S rRNA at the respective sites. Inactivating A to G point
mutation in the active core is highlighted by the boxed nucleotides.
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In order to identify potential insertion sites, we considered three independent sets of
information: First, the availability of huge phylogenetic data allowed for identifying
sites that showed only little conservation, minimizing the danger of disrupting
important features upon insertion [201]. Second, we examined crystal structures of
the ribosome in order to prevent interference with protein-, mRNA-, or LSU-binding
[15]. Third, a recent study identified sites that tolerated insertion of a 31 nt sequence
via a transposon-mediated strategy [202]. Taking these into consideration we chose
seven sites within the 16 S rRNA, see figure 3.23.

Next, we introduced a hammerhead ribozyme sequence as shown in figure 3.23 B
into the respective sites of the 16 S rRNA. 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 3.23 B renders the ribozyme inactive). In order to
measure whether insertion of the ribozyme was tolerated with respect to ribosomal
activity we compared the 16 S rRNAs containing the inactivated ribozymes to the
orthogonal rRNA lacking the ribozyme, see figure 3.24 A. Interestingly, high activity
in translation comparable to the unmodified rRNA was observed when the
inactivated HHR was inserted in helix 6. The other positions showed more or less
pronounced decreases in activity. Subsequent activation by the above-mentioned
point mutation in the active core of the HHR resulted in efficient self-cleavage of the
ribosomal RNA, see figure 3.24 A.
In order to exclude that the different effects on translation in the various positions
result from differential ribozyme cleavage activities, we carried out Northern blots
analysis demonstrating that in all positions the active ribozymes cleaved efficiently,
see figure 3.24 B. We used a hybridization probe directed against the inserted HHR
sequence in order to prevent the detection of the very abundant background of
natural 16 S rRNA. In case of inactivated HHRs, the orthogonal 16 S rRNA was
strongly transcribed with only little degradation products visible on the blot. If
activated, the full-length 16S rRNA was almost undetectable but the appearance of
the probed 5’-cleavage product of the respective length demonstrated efficient and
quantitative cleavage at all tested insertion sites, see figure 3.24 B. Noteworthy, all
cleavage products were less abundant compared to the full-length 16 S rRNA
harboring the inactivated HHR.

60

3. Results and Discussion

Figure 3.24. Effect of the HHR on translation efficacy and 16 S rRNA stability. A)
eGFP expression of the inserted inactive (white bars) and the active (grey bars) HHR
variants. Numbers on top of the bars indicate the ratio of gene expression of inactive /
active variants. B) Northern blot analysis of the inactive (-) and active (+) variants of
the corresponding inserted HHRs utilizing a labelled hybridization probe
complementary to the 5’-region of the inserted HHR sequence.

3.3.3. Small molecule-dependent translation activity
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 from the
corresponding riboswitch [36, 176] into stem III of the ribozyme, see figure 3.25 A.
As we have previously shown in the mRNA context, artificial riboswitches can be
generated by attaching the TPP aptamer domain to the HHR [180], see 3.1.3. These
ligand-dependent cleavage modules could be tuned by optimization of the
connecting sequence between the aptamer and ribozyme to yield on- as well as offswitches of gene expression. Now we 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. By
screening of about 4000 clones, we identified several clones that show a thiaminedependent translation of the eGFP reporter gene. Upon addition of thiamine, eGFP
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Figure 3.25. TPP-mediated regulation of translation. A) Nucleotide sequence of the
thiamine pyrophosphate-dependent aptazymes (TPP HHAz) inserted in helix 6 of the
16 S rRNA. The TPP aptamer domain inserted in stem III of the HHR is shown in
orange; randomized nucleotides for in vivo screening are in green and boxed. Boxed
insert: Sequence of switches identified as on- (3.1) and off-switches (3.2). B) eGFP
expression of the isolated clones 3.1 (orange circle) and 3.2 (orange triangle) was
activated five-fold and inhibited three-fold, respectively, upon addition of thiamine.
Gene expression levels of the inserted active (black square) or inactivated (open
square) HHR clones lacking the aptamer were not affected by the addition of thiamine.

expression levels of clone 3.1 were increased more than five-fold, while clone 3.2
showed a more than three-fold reduction, see figure 3.25 B. Noteworthy, the active
and inactive variants of the HHR lacking the aptamer as shown in figure 3.23 B were
not responsive to thiamine.

3.3.4. Conclusion
We successfully engineered artificial ribosomes that could be specifically switched
on- or off via the external addition of a small molecule to the growth medium. We
constructed these ligand-responsive ribosomes in the context of orthogonal 16 S
rRNA / mRNA pairs. Hence, the ribosomal RNA switch should allow for specifically
switching a subset of mRNAs that carry altered ribosome binding sites. On the other
hand, although the strategy of modulating rRNA function via triggered ribozyme
cleavage should in principle work in eukaryotes as well, the need to utilize
orthogonal mRNA / rRNA pairs limits the system in its present form to bacteria with
defined mRNA / rRNA interactions. Eukaryotic translation initiation does not rely on
specific sequence interaction between the mRNA and 16 S rRNA to such extend but
on the recognition of the 5’-cap and the start codon instead. Within E. coli, the
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orthogonal ribosomes function sufficiently in order to implement the presented RNA
switches, although reporter gene expression in the orthogonal system was reduced
to 10 % compared to the natural rRNA / mRNA pair. We were unable to compare
the efficiency of the orthogonal system with the original report [23] since Rackham
and Chin utilized an antibiotic selection marker rather than reporter gene
quantification as readout.
By attaching the inactivated HHR variants to different 16 S rRNA helices we tested
the tolerance of the 16 S rRNA towards 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, see figure 3.24 A. On the other hand, we
identified helix 6 to be very tolerant towards the additional ribozyme domain,
showing almost no change in translation activity. In this respect, helix 6 seems to be
generally suited to augment ribosomes with additional functional RNA sequences. In
order to identify potential sites for aptazyme-mediated rRNA regulation, the results
obtained with inactivated HHRs was then compared to cleavage-competent
ribozymes. Interestingly, 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 3.24 A or helices 6, 10, 17, and 26. On the other hand, cleavage
close to the 3´-end did not result in pronounced inhibition compared to the
inactivated ribozymes. It is tempting to speculate that the folding and assembly of
ribosomal RNA and proteins are already in progress 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 [203].
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 proved that the utilized HHR motif folds very robustly in vivo even in
the context of long RNAs such as the 16 S rRNA. While the inactivated variants
showed almost no degradation of the latter, the 5’-end product of the ribozyme
cleavage reaction was detected by the hybridization probe. Since each cleavage
product was found to be much less abundant compared to the intact 16 S rRNA,
nuclease-mediated degradation of the cleaved 16 S rRNA was likely to occur. It is
known that incorrectly processed and mis-assembled rRNAs are specifically
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degraded in bacteria [16, 204]. In this respect, our approaches made use of cellular
mechanisms that sense and destroy apparently erroneous RNA species.
After having recognized helix 6 to be the best suited position for ribozyme-mediated
control of 16 S rRNA stability, we identified ligand-responsive variants utilizing an in
vivo screening procedure as we have already applied previously [164, 180], see 3.1.
We decided to use a naturally occurring TPP aptamer domain since in contrast to
theophylline, which is the most commonly used ligand for artificial RNA switches,
even high concentrations of thiamine are tolerated well. Applying this in vivo
screening, we identified two switches: clone 3.1 induced gene expression five-fold
whereas clone 3.2 exhibited a more than three-fold inhibition of gene expression
upon addition of thiamine. Although the relative induction and inhibition rates of the
respective clones were only moderate, the switches showed satisfactory absolute
changes of gene expression. Clone 3.1 spanned more than 50 %, clone 3.2 even 70
% of the absolute gene expression levels as defined by the maximum range of the
active and inactive ribozyme constructs. Interestingly, clone 3.1 that was identified
as an on-switch in this work turned out to be identical to clone 2.5 identified
previously in our mRNA screening context [180]. This highlights not only 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 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 16 S rRNA tolerated insertion of large
RNA sequences at some positions but its activity was dramatically affected upon
site-specific cleavage of the 16 S rRNA. In addition to the utilization of such tools in
synthetic biology applications, the presented work should prove valuable for
studying cellular processes such as ribosome assembly [205].

64

3. Results and Discussion

3.4. Aptazyme-dependent regulation of group I Intronmediated splicing

3.4.1. Design and proposed mechanism
The artificial riboswitches constructed in this work so far were directly acting on the
translational level, namely translation initiation [164, 180, 185], elongation [198] or
ribosome stability. In this chapter, we designed a setup to control mRNA processing
instead. Since in contrast to eukaryotes bacterial mRNA is usually not processed,
we decided to implement a group I intron originating from Tetrahymena thermophila
into the eGFP open reading frame (ORF). Upon self-splicing of the intron sequence,
the eGFP exons would be reconnected and a functional gene product produced. If
self-splicing is inhibited, however, a nonsense protein will be formed and reporter
gene levels be reduced. We aimed for splicing control by inserting an HHAz into the
group I intron scaffold thus destroying the intron structure upon ligand-induced selfcleavage, see figure 3.26.

Figure 3.26. Proposed mechanism for the aptazyme controlled self-splicing: The
Tetrahymena thermophila group I intron is inserted into the ORF of the reporter gene
eGFP. Only upon self-splicing would the functional eGFP mRNA sequence be
recovered and eGFP eventually expressed. Activating the aptazyme by the external
trigger TPP would result in self-cleavage prior to self-splicing and thus in inhibition of
reporter gene expression.
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Figure 3.27. Secondary structure map of the Tetrahymena thermophila intron
(Tth.L1925). Insertion sites of the HHR (depicted in grey) are shown as red boxes,
splice sites are denoted with grey arrowheads. Intron sequence is written in black
letters, eGFP in green.

So far, only aptamers alone have been used to control splicing. Insertion of the
aptamer in proximity to sites within the intron which are essential for splicing
resulted in cloaking of these sites upon addition of the ligand and finally reduced
splicing efficacy. This design was shown to work for the 3’-splice site in vitro [89],
and for the branching point sequence [93] and 5’-splice site [90] in Escherichia coli
and yeast, respectively. Moreover, Ellington and co-workers developed a
theophylline-dependent group I intron by attaching the theophylline aptamer to P6.
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Addition of theophylline led to conformational changes stabilizing the catalytically
active structure [108]. The splicing mechanism and structure of Tetrahymena
thermophila group I intron is well characterized: Bound by the intron, an exogenous
G performs a nucleophilic attack on the 5’-splice site. Subsequently, a
conformational change induces a second cleavage reaction at the 3’-splice site
resulting in exon ligation and intron release [206, 207]. The group I intron itself
consists of ten helical regions [207] where P4 – P6 are forming rapidly the inner core
followed by a slow assembly of P7 – P9 [208], see figure 3.27.

In order to construct an aptazyme-control intron, we first inserted the Tetrahymena
thermophila group I intron into the reporter gene eGFP. Only efficient splicing will
allow eGFP expression while a nonsense protein will be achieved if splicing is
inhibited. Next, we had to test the influence of introducing the HHR scaffold on
splicing activity. Therefore, we incorporated an inactivated HHR at different positions
into the intron. If the HHR was not interfering with the catalytically active intron
structure ligation efficacy should not be affected. Activation of the HHR, however,
should prevent correct intron folding and eventually decrease eGFP expression, see
figure 3.26. The HHR variants were incorporated into stem P2, P6, P8 and P10 of
the intron, see figure 3.27. Attachment of the inactive HHR to P2 resulted in the
complete inactivation of splicing (see figure 3.28 B) which is in accordance with
structural data showing the loop region of P2 being involved in tertiary interactions
with P8 [207]. Inserting the inactivated HHR at the other three positions still allowed
for efficient reporter gene expression. This implies that the catalytic active intron
structure is not disturbed by the HHR scaffold at the respective positions. Activation
of these HHR variants by a G to A point mutation in the catalytic core proofed
position P10 to be suited best for constructing an artificial riboswitch since it showed
an inactivation ratio of 3.5, while P6 and P8 showed only ratios of 1.7 and 2.1
respectively, see figure 3.28 B. An explanation for the low inactivation ratio if
attached to P6 could be the fast folding kinetics. As mentioned above, P4 to P6 are
folded rapidly [208], probably exceeding the cleavage kinetics of the HHR.
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Figure 3.28. Insertion of the HHR at different positions in the group I intron. A)
Sequence and secondary structure of the inserted HHR. Inactivating A to G point
mutation in the catalytic core [156] is shown as boxed nucleotides. B) eGFP
expression after insertion of the inactivated (white bars) and active (black bars) HHR
at the corresponding position. Numbers on top of the bars represent the ratio of eGFP
expression of the inactivated / active HHR variant.

3.4.2. Conclusion
In summary, we were able to control self-splicing of the Tetrahymena thermophila
group I intron in E. coli by an HHR. In a next step, stem III can be again replaced by
an aptamer in order to obtain a ligand-controllable group I Intron. Initial experiments
with the TPP aptamer and the connection sequence from the mRNA context were
promising but could not be repeated. Therefore, another in vivo screening for an
optimized connection sequence between the HHR and the TPP domain will be
performed.
To our best knowledge, they would represent the only way to control splicing by the
addition of the non-toxic vitamin B1 (thiamine) in vivo. More importantly, group I
introns have been shown to work efficiently in trans, thus enabling the linking of
RNAs in vivo [209-211] upon addition of an external ligand.
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The aim of this PhD thesis was the design and construction of Hammerhead
ribozyme-based riboswitches that control gene expression in E. coli.
At the beginning of this work, such switches were already developed for eukaryotic
cells by inserting the HHR into the non-coding sequences of a reporter mRNA. HHR
self-cleavage detached the essential 5’-cap or 3’-poly(A) tail from the mRNA thus
severely decreasing mRNA stability and eventually gene expression levels [156159]. Since the genetic machinery of E. coli differs strongly, a simple transfer of this
way of action was not feasible. In deed, it was necessary to conceive a novel and
sophisticated mechanism for the HHR to effect reporter gene expression.
The starting point of this work was to implement the HHR into a bacterial mRNA
coding for the reporter gene. Inspired by the natural occurring riboswitches, we
aimed for regulation of translation initiation by sequestering / liberating the
accessibility of the ribosome binding site (RBS). In order to achieve that, we
incorporated the RBS in an extended stem I of the HHR scaffold thereby inhibiting
ribosome binding. Only upon self-cleavage is the RBS liberated and reporter gene
expression is induced. This HHR setup is highly advantageous for its use in
bacteria: On the one hand, it allows the formation of tertiary interactions between
ribozyme stem I and II which are essential for effective cleavage in vivo. On the
other hand, stem III sequence is completely variable thus presenting a promising
position for attaching aptamer domains in order to externally regulate ribozyme
activity and eventually gene expression levels.
A major task in the construction of such allosteric ribozymes has always been the
optimization of the connection sequence between the two functional domains [95,
143, 145, 149, 212]. For the construction of aptamer-regulated HHRs (HHAz) in
vivo, it can not be taken for granted that aptazymes optimized in vitro can be
transferred in living beings [160], although it was successfully performed in another
attempt [158]. Therefore we established an in vivo screening method in order to
directly identify relevant connection sequences in the context where they are
actually used. Applying this method we constructed a theophylline-dependent
aptazyme which was capable of inducing gene expression almost ten fold after
ligand addition to the growth medium. For the first time, this setup provided the
opportunity to use an aptazyme for bacterial gene expression control [164].
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Based on this mechanistic design, we exchanged the artificially derived theophylline
aptamer sequence [168] with the TPP aptamer domain from the corresponding
natural riboswitch [36, 176]. After another in vivo screening, we identified several
clones inducing as well as inhibiting gene expression [180]. The simple but effective
exchange of the aptamer domains in these switches is an impressive proof for the
generalizable use of RNA domains. It would be very interesting to investigate if other
natural aptamer domains could be used in this setup, too.

By attaching an additional fourth helical region to the HHR scaffold and its
subsequent implementation in the bacterial mRNA context, we were able to
introduce a further insertion site for an aptamer domain. As a proof of concept, we
attached the theophylline aptamer to this fourth site, performed an in vivo screening
and eventually identified one variant which showed theophylline-dependent
induction of ribozyme activity and eventually eGFP expression [185]. This additional
attachment-site could be very valuable for the construction of logic gates based on
an HHR with two simultaneously attached aptamers in E. coli. Furthermore, the
expanded HHR scaffold enables its use as a gene silencer acting in trans by
cleaving a recognition site on an mRNA without interfering with the formation of the
catalytically important tertiary interactions between stem I and II. This is currently
pursued in collaboration with the laboratory of Prof. Dr. Citti, Italy. Noteworthy, the
design of the expanded HHR scaffold was strongly inspired by natural three-way
junctions thereby again demonstrating the general combinability of certain RNA
elements with each other.

Besides aptazyme-mediated regulation of translation initiation, we also used the
HHR to control tRNA and splicing activity as well as ribosome stability.
For the regulation of tRNA activity, we conceived a comparable “gain of function”
mechanism as used in the mRNA context: We integrated essential elements of the
tRNA in stem I of the HHR thereby destroying the typical tRNA cloverleaf structure.
The new fold is not recognized anymore by essential tRNA processing enzymes
leaving this tRNA to be inoperative in translation. By self-cleavage, however, the
original tRNA fold is rescued and the tRNA can be eventually used in translation.
Ligand-controlled tRNA activity was achieved by transferring the mRNA-based
theophylline-dependent aptazyme to this new setup hence again proofing the
generalizable use of RNA elements once identified.
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In order to render ribosome stability small molecule-dependent, we simply inserted a
TPP-dependent aptazyme in helix 6 of the 16 S rRNA. Interestingly, the HHR
scaffold inserted at this position did not interfere with ribosome activity in vivo, while
self-cleavage almost completely inactivated it. By an in vivo screening, we identified
once more TPP-dependent aptazyme variants which are either inducing or inhibiting
catalytic activity. One of the identified variants featured the identical connection
sequence as a variant origination from the mRNA context. Again, this is a very
impressive example for the compatibility of RNA domains inserted in different
surroundings as well as a validation for the screening method itself. In future, these
aptazyme-dependent ribosome variants could be used to construct artificial gene
networks in which expression levels of several genes have to be controlled
simultaneously. Moreover, it might represent an interesting tool for in vitro and in
vivo characterization of 16 S rRNA folding.

Finally, we were also able to control group I splicing activity in E. coli in a
comparable way as already shown with the 16 S rRNA by inserting the HHR into
helix 10 of the Tetrahymena thermophila intron. While the ribozyme scaffold itself
did not interfere with splicing activity, HHR self-cleavage had a strong effect on
splicing-activity.

As a conclusion of this thesis, we have shown that the Hammerhead ribozyme
represents a very powerful and versatile tool for the artificial regulation of gene
expression in E. coli. The constructed switches follow a rationally-designed and
protein-independent mechanism and the developed RNA parts are highly
interchangeable between several surroundings (mRNA, tRNA, and rRNA).
Moreover, it has been show that at least the theophylline-dependent HHAz can be
also transferred to eukaryotic systems while retaining its switching properties
(Master thesis of Patrick Ketzer and Simon Ausländer and [213]).
For synthetic biology, it would be very appealing to combine several of these
switches in order to construct genetic circuits. Our lab has recently shown, that it is
possible to combine several of the here presented switches in one system in order
to design complex logic gates. Considering the small size of ribozyme-based
compared to the protein-based switches, the use of the RNA parts might be
advantageous.
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Ziel dieser Doktorarbeit war es, mit Hilfe des Hammerhead Ribozyms neuartige
RNA Schalter zu entwickeln und damit Genexpression in E. coli zu steuern.
Solche Schalter wurden bereits zuvor für eukaryontische Zellen entwickelt, indem
man das HHR in die nicht-kodierenden Bereiche einer Boten RNA eingefügt hatte.
Durch die Selbstspaltung des HHR wurde das 5’-cap oder der 3’-poly(A) Bereich
von der mRNA abgetrennt, mit der Folge, dass die mRNA destabilisiert und dadurch
die Genexpression inhibiert wurde [156-159]. Da diese einfache Wirkungsweise des
HHR nicht ohne weiteres in E. coli übertragen werden kann, musste zuerst ein
neues

Konzept

entwickelt

werden,

wie

bakterielle

Genexpression

durch

intramolekulare HHR gesteuert werden könnte.
In Anlehnung an die eukaryontischen HHR-basierten Systeme sollte das Ribozym
anfangs in die mRNA eines Reportergens eingeführt werden. Der zugrunde
liegende Mechanismus orientierte sich dabei an natürlich vorkommenden RNA
Schaltern und zielte darauf, die Sekundärstrukur der Ribosomen Bindestelle (RBS)
zu verändern, um so die Translationsinitiation zu regulieren. Dazu integrierten wir
die RBS in eine verlängerte Helix I des HHR und verhinderten dadurch die
Ribosomenbindung an die mRNA. Nur durch die Selbstspaltung wurde die RBS
wieder frei zugänglich für das Ribosom und gestattete erst daraufhin die Translation
des

Reportergens.

Dieser

Aufbau

hat

den

Vorteil,

dass

die

tertiären

Wechselwirkungen zwischen den Ribozymhelices I und II nicht beeinflusst und so
überhaupt erst effiziente Spaltung in vivo ermöglicht wird. Außerdem kann dabei die
Sequenz von Helix III völlig frei variiert werden. Dies eröffnet die Möglichkeit, ein
Aptamer zur externen Kontrolle der Ribozymaktivität und damit auch der
Genexpression einzuführen. Das Hauptproblem bei der Konstruktion solcher
allosterischen

Ribozyme

ist

dabei

gewöhnlich

die

Identifikation

einer

Verbindungssequenz, die die beiden funktionalen RNA Domänen in geeigneter
Weise miteinander verknüpft [95, 143, 145, 149, 212]. Es kann leider nicht davon
ausgegangen werden, dass in vitro hergestellte Aptazyme auch in vivo
vergleichbare Funktionalität aufweisen [160], obwohl ein Transfer in manchen Fällen
wohl doch glücken kann [158]. Nichtsdestotrotz entschieden wir uns dazu, relevante
Verbindungssequenzen direkt in vivo zu identifizieren. Mittels dieser Methode
konnten wir schlussendlich ein Theophyllin-abhängiges Aptazym konstruieren,
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welches die Expression des Reportergens fast zehnfach induzieren konnte, wenn
man den Liganden zum Wachstumsmedium hinzu gab. Damit wurde zum ersten
Mal ein Aptazym zur Kontrolle der bakteriellen Genexpression verwendet [164].

Mit diesem Konstrukt als Grundlage tauschten wir daraufhin das Theophyllin
Aptamer gegen die Aptamerdomäne des natürlichen TPP RNA Schalters aus [36,
176]. Erneut suchten wir in vivo nach schaltbaren Varianten und identifizierten
dieses Mal mehrere Klone, die die Genexpression entweder induzierten oder
hemmten [180]. Dieser einfache aber effektive Austausch der Aptamerdomänen ist
ein eindrucksvolles Beispiel für die verallgemeinerbare Funktionalität von RNA
Domänen. Es wäre äußerst interessant herauszufinden, ob noch weitere
Aptamerdomänen von natürlichen RNA Schaltern in dem von uns entworfenen
Ribozym-basierten System benutzt werden könnten.

Des Weiteren konnten wir das HHR um eine zusätzliche vierte Helix erweitern,
wobei die katalytische Aktivität in vitro und in vivo weitestgehend erhalten blieb.
Diese vierte Helix konnte durch das Theophyllin Aptamer ersetzt werden, wobei
wiederum in E. coli nach schaltbaren Klonen mit geeigneten Verknüpfungssequenzen gesucht werden musste. In diesem Fall konnten wir eine Variante
identifizieren und charakterisieren, deren Ribozymaktivität und damit in der Folge
auch Genexpression durch Zugabe von Theophyllin induziert wurde [185].
Das um eine Helix erweiterte HHR könnte sich als äußerst wertvoll bei der
Konstruktion von Logischen Gattern in E. coli erweisen: Würde man Helix III und IV
gleichzeitig durch verschiedene regulative Aptamere ersetzen, könnte man so auf
einfache Weise Ribozym-basierte Boolesche Schalter entwickeln. Außerdem ist das
erweiterte HHR prädestiniert dazu, auch intermolekular definierte Gene durch
Spaltung derer mRNA auszuschalten. Die zusätzliche vierte Helix erlaubt, im
Gegensatz zum natürlichen HHR, eine intermolekulare Bindung an fast jede
beliebige Sequenz ohne dass dadurch die katalytisch wichtigen tertiären
Wechselwirkungen beeinflusst werden. Dies wird zurzeit in Zusammenarbeit mit
dem Labor von Prof. Dr. Citti genauer untersucht.

Neben der gerade beschriebenen Regulation der Ribosomenbindung an die mRNA,
benutzten wir das HHR um sowohl die Aktivität einer tRNA oder des Splicings als
auch die Stabilität des Ribosoms zu regulieren.
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Für die Kontrolle der tRNA Aktivität entwarfen wir einen vergleichbaren
Mechanismus wie für die mRNA: Wieder integrierten wir einen wichtigen
Sequenzabschnitt der tRNA in die Helix I des HHR und zerstörten damit die für die
tRNA typische Kleeblattfaltung. Die neu entstandene Struktur konnte daraufhin nicht
mehr von den notwendigen, tRNA prozessierenden Enzymen erkannt werden und
führte dazu, dass diese tRNA nicht mehr bei der Translation zur Verfügung stand.
Sobald das HHR sich aber von der tRNA abgespalten hatte, wurde die
ursprüngliche Faltung wieder hergestellt und die tRNA konnte während der
Translation benutzt werden. Daraufhin übertrugen wir das aus dem mRNA Kontext
stammende Theophyllin-abhängige Aptazyme in dieses Konstrukt und konnten so
sogar Ligand-abhängige tRNA Aktivität erhalten. Dies zeigte wieder einmal, wie
vielfältig einsetzbar funktionale RNA Elemente sein können.

Die Kontrolle über die Stabilität des Ribosoms konnten wir erlangen, indem wir ein
TPP-abhängiges Aptazym in Helix 6 der 16 S rRNA einfügten. Erstaunlicherweise
beeinträchtigte das an dieser Stelle eingefügte HHR nicht die Ribosomen Aktivität in
vivo, wohingegen die Ribozym-Selbstspaltung es fast komplett desaktivierte. Wieder
konnten

wir

in

vivo

jeweils

eine

Aptazymvariante

identifizieren,

die

die

Ribosomenaktivität entweder induzierte oder hemmte. Wir waren erfreut zu sehen,
dass eine der beiden gefundenen Verknüpfungssequenzen identisch mit einer
Variante aus dem mRNA Kontext ist. Dies zeigt nochmals die Kompatibilität von
verschiedenen RNA Elementen in unterschiedlichsten Umgebungen, ist aber auch
eine

Bestätigung

für

unsere

in

vivo

Identifikationsmethode

von

Verknüpfungssequenzen. Die Aptazym-abhängigen Ribosom Varianten könnten in
Zukunft bei der Herstellung von künstlichen Gen-Netzwerken, bei denen mehrere
Gene gleichzeitig geschaltet werden, Verwendung finden. Außerdem könnten sich
diese Aptazyme als wichtiges Werkzeug zur in vitro und in vivo Charakterisierung
der 16 S rRNA Faltung erweisen.

Zuletzt konnten wir ebenfalls die Aktivität des Gruppe I Splicings, in vergleichbarer
Weise wie gerade mit der 16 S rRNA beschrieben, kontrollieren, indem wir das HHR
in

die

Helix

10

des

Tetrahymena

thermophila

Introns

einfügten.

Dabei

beeinträchtigte die HHR Sequenz an sich nicht die Splicing-Aktivität, während die
HHR vermittelte Selbstspaltung einen starken Einfluss darauf hatte.
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Zusammenfassend haben wir gezeigt, dass das Hammerhead Ribozym eine
vielfältig einsetzbare Plattform zur künstlichen Genregulation in E. coli darstellen
kann. Die hier konstruierten RNA Schalter gehorchen einem rational entworfenen
und Protein-unabhängigem Mechanismus und sind gleichzeitig sehr einfach
austauschbar zwischen unterschiedlichsten RNA Spezies (mRNA, tRNA, rRNA).
Des Weiteren konnte zumindest für das Theophyllin-abhängige HHAz gezeigt
werden, dass seine Funktionalität in eukaryontischen Systemen in der mRNA
(Masterarbeit von Patrick Ketzer und Simon Ausländer) und in einer miRNA [213]
erhalten bleibt.
Für die Synthetische Biologie wäre es interessant, mehrer dieser RNA Schalter
miteinander zu verknüpfen um damit komplexe Gen-Netzwerke herzustellen. Wir
haben erst kürzlich in unserem Labor zeigen können, dass es im Prinzip möglich ist,
mehrerer unserer RNA Schalter zu verknüpfen. Wir versuchen nun damit
verschiedenste Boolesche Schalter herzustellen. Zieht man die kleine Größe der
Ribozym-basierten besonders im Vergleich zu den Protein-basierten Genschaltern
in Betracht, wären die RNA Elemente besonders bei komplizierten Netzwerken klar
im Vorteil.
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All chemicals were – if not stated otherwise – of p.A. or molecular biology quality
grade. Water was drawn from a combined reverse osmosis / ultrapure water system
except for the in vitro experiments with HHR in which double distilled water (ddH2O)
was used instead.

6.1. Reagents
Reagent

Supplier

100 % Ethanol

Sigma Aldrich

6x SDS Buffer

Roth

Agar

Roth

Agarose

Roth

Boric acid

Roth

Bromphenolblue

Roth

CaCl2

Riedel-deHaen

Ca-D(+)-panthothenat

Roth

Carbenicilline

Roth

Citrate

Riedel-deHaen

cyanocobalamine

Roth

D(+)-biotin

Roth

EDTA

Roth

Ethidium bromide

Roth

FeSO4

Merck

Formamide

Roth

Glucose

Sigma Aldrich

Glycerol

Sigma Aldrich

KCl

Sigma Aldrich

KH2PO4

Sigma Aldrich

LB-Medium (Lennox)

Roth

L-methionien

Sigma Aldrich

L-threonine

Sigma Aldrich

MgCl2

Acros

MgSO4

Merck
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Reagent

Supplier

Na2HPO4

Sigma Aldrich

NaCl

VWR

NH4Cl

Riedel-deHaen

PAGE solution B

Roth

p-aminobenzoic acid

Roth

pyridoaximchloride

Roth

SDS

Roth

Sodium Acetate

Merck

sucrose

Merck

Tris Base

Sigma Aldrich

Tryptone

MP Biomedicals

ULTRAhyb-Oligo Hybridization Buffer

Ambion

Urea

Roth

vitamine B3

Roth

Xylencyanol

Roth

Yeast extract

MP Biomedicals

6.2. Biochemical Reagents, enzymes and kits
reagent

supplier

BseR1

NEB

DpnI

NEB

EcoRI
GeneRuler

NEB
TM

1 kb DNA ladder

Fermentas

HindIII

NEB

NdeI

NEB

Ni-NTA-AP conjugate

Qiagen

Phusion Hot Start DNA polymerase

Finzyme, NEB

Pyrophosphatase

Fermentas

Qiagen Miniprep Kit

Qiagen

Quick Ligation Kit

NEB

RiboLock RNase inhibitor

Fermentas

T4-polynucleotide kinase

Fermentas

T7 RNA polymerase

Fermentas

Taq DNA polymerase

PeqLab
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reagent

supplier

Zymo DNA Clean & Concentrator

Zymo Research

Zymoclean Gel DNA Recovery Kit

Zymo Research

6.3. Bacterial strain
For all experiments in this work the Escherichia coli B strain “BL21 (DE3) gold”
(Stratagene) with the following phenotypes was used:
F– ompT gal dcm lon hsdSB(rB- mB-) (DE3 [lacI lacUV5-T7 gene 1 ind1 sam7 nin5]).

6.4. Plasmids

6.4.1. Plasmids for HHR variants regulating translation initiation
The HHR were inserted around the RBS of the pET16-eGFP plasmid (see
figure 6.1, kindly provided by AG Scheffner, University of Konstanz). For the detailed
construction of the variants, see 7. Methods.

Figure 6.1. pET16b_eGFP encodes eGFP under the control of a leaky T7 promoter.
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6.4.2. Plasmids for HHR variants regulation tRNA activity
The tRNASer expression cassette was inserted into pET16b-eGFP by standard
molecular biology cloning methods resulting in the renamed plasmid pMAB501, see
figure 6.2. For the detailed construction of the variants, see 7. Methods.

Figure 6.2. pMAB501 is a pET16b_eGFP derivative with a tRNA
cassette under the control of a LipoC promoter.

Ser

expression

6.4.3. Plasmids for HHR variants regulation 16 S rRNA stability
The pT7-1 plasmid contains the rrnB operon under the control of a T7 promoter, see
figure 6.3 A. As a reporter plasmid for 16 S rRNA activity, a pET16b-eGFP-CmR
variant was co-transformed which had the ampecilline resistance gene AmpR
replaced by a chloramphenicol resistance gene CmR, see figure 6.3 B. For the
detailed construction of the variants, see 7. Methods.
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Figure 6.3. A) The pT7-1 plasmid encoding for the rrnB operon under the control of a
T7 promoter. B) The respective reporter gene pET16b-eGFP-CmR.

6.4.4. Plasmids for HHR variants regulating Self-Splicing
The self-splicing Tetrahymena thermophila group I intron sequence was inserted
into the eGFP ORF of pET16-eGFP reporter plasmid resulting in the pET16b-eGFPG1 vector, see figure 6.4. For the detailed construction of the variants, see 7.
Methods.

Figure 6.4. pET16b-eGFP G1 has the Tetrahymena thermophila group I intron
sequence inserted into the eGFP ORF.
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6.5. Disposables
Disposable

Supplier

15 mm Petri dishes

Roth

Electroporation cuvette

Biorad

Razorblade

Roth

96-well plates (200 μl)

ABgene

96-deep well plates (2.2 ml)

Peske

384-deep well plates (300 μl)

Abgene

Gas permeable adhesive seals

Abgene

Glass wool

Serva

Sephadex G-25 columns

GE Healthcare

Tips for multichannel pipettes

Peske

Tips for laboratory pipettes

Peske

Tips for pipetting robot

Biotek

Whatmanpaper 3 mm

Whatmann

1.5 mL reaction tube

Eppendorf

2 mL reaction tube

Eppendorf

15 mL conical tube

Falcon

50 mL conical tube

Falcon

Toothpicks

Peske

positively charged nylon membrane

Nytran SPC
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6.6. Equipment
Equipment

Supplier

96-well plate incubator

Heidolph Inkubator 1000 and Titramax
1000

Electroporator

Eppendorf Elektroporator 2510

Fluorescence plate reader

Tecan infinite M200

microwave

Privileg

PCR cycler "Thermocycler"

Biometra Thermocycler

PCR cycler "Thermocycler Gradient"

Biometra Thermocycler

table top centrifuge

Eppendorf mini spin

UV light table

Biometra

Gel documentation device

Biometra

Freezer (-80°C, -20°C, 4°C)

Biometra, Liebherr

Heating block

Stuart

Incubation shaker

HT Infors

Laboratory pipettes

Eppendorf

Multichannel pipettes Transferpette

Brand

PAGE electrophoresis racks

BioRAD

Pipetting robot

Biotek

Phosphor screens
Fuji
Phosphor screen cassettes BAS-Cassette
2025
Fuji
Power supply
Convert
Sterile bench
HERA safe
Thermomixer, Thermomixer comfort

Eppendorf

Vortexer REAX Control

Heidolph

Water baths

B. Braun Biotech

NanoQuant plate

Tecan
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6.7. Buffers, solutions and media
Buffers, solutions and media

Components

Concentrations

Agarose loading buffer

Glycerol

30 % (v/v)

Bromphenolblue

0,25 % (w/v)

Xylencyanol

0,25 % (w/v)

Agarose gel staining solution

Ethidium bromide

0.5 μg/ml in 0.5x TBE

TBE buffer (1x)

Tris Base

89 mM

Boric acid

89 mM

EDTA pH 8.0

2 mM

PAGE solution A

Urea

9 M in 10x TBE

PAGE solution B

Acrylamide solution

25%

N'N'- methylenbisacrylamid 2%
Urea

8.3 M

PAGE solution B

Urea

9 M in H2O

PAGE loading buffer

EDTA pH 8.0

50 mM

Formamide

90%

Bromphenolblue

0,25 % (w/v)

Xylencyanol

0,25 % (w/v)

Tris HCl, pH 8.0

15 mM

sucrose

0.45 M

EDTA

8 mM

Tris HCl pH 8.0

10 mM

NaCl

10 mM

sodium citrate

1 mM

SDS

1.5 % (w/v)

NaCl

175.3 g/L

Citrate pH 7.0

88.2 g/L

Protoplasting Buffer

Lysing Buffer

20 x SSC
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Buffers, solutions and media

Components

Concentrations

1 x PBST pH 7.2

NaCl

8 g/L

KCl

0.2 g/L

Na2HPO4

1.44 g/L

KH2PO4

0.24 g /L

Tween-20

0.2 % (v/v)

Tris HCl pH 9.5

100 mM

NaCl

100 mM

MgCl2

5 mM

Tryptone

2% (w/v)

Yeast extract

0.5% (w/v)

Alkaline Phosphate Buffer

SOC medium

NaCl
0.05%(w/v)
After sterilisation, addition
of:
0.01M
MgCl2

Vitamine mix

5 x M9 salts, pH 7.0

M9 medium
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MgSO4

0.01M

cyanocobalamine

100 mg/L

p-aminobenzoic acid

80 mg/L

D(+)-biotin

20 mg/L

vitamine B3

200 mg/L

Ca-D(+)-panthothenat

100 mg/L

pyridoaximchloride

300 mg/L

Na2HPO4

64 g/L

KH2PO4

15 g/L

NaCl

2.5 g/L

NH4Cl

5 g/L

M9 salts

1x

MgSO4

2 mM

glucose

0.4 % (w/v)

CaCl2

100 M

vitamine mix

1x

L-threonine

40 g/L

L-methionien

40 g/L

6. Materials

Buffers, solutions and media

Components

Concentrations

5 x M63 salts, pH 7.0

KH2PO4

68 g/L

(NH4)2SO4

10 g/L

FeSO4

2.5 mg/mL

M63 salts

1x

MgSO4

1 mM

glucose

0.4 % (w/v)

vitamine mix

1x

L-threonine

40 g/L

L-methionien

40 g/L

M63 medium

Media were supplemented with 100 g/L carbenicilline and/or 34 g/L
chloramphenicol if needed.
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7.1. General methods

7.1.1. Agarose gel electrophoresis
If not described otherwise, 0.8 % (w/v) Agarose was dissolved in 0.5 x TBE by
heating and poured in an appropriate gel tray. After cool-down to 25 °C, the agarose
gel was placed in a the appropriate gel chamber filled with 0.5 x TBE, the nucleotide
samples mixed with agarose loading buffer were loaded and run with a voltage of 5
– 10 V / cm (distance between electrodes). Gels were stained in 0.01 % (w/v)
ethidiumbromide in water for 15 min and briefly washed in water. Analytical gels
were visualized and photographed by a Biometra GelDoc using UV light with a
wavelength of 260 nm.
Since the strong UV light quickly degrades DNA, preparative gels were cut in two
pieces. One piece was irradiated with UV light in order to identify and mark the
position of the desired band. After reunion of the two agarose gel pieces on a plastic
tray, the appropriate piece was cut out of the untreated gel piece.

7.1.2. Ethanol precipitation of oligonucleotides
In order to change the buffer or concentrate solutions containing oligonucleotides,
an ethanol (EtOH) precipitation was performed: 1/10 volume of 3 M sodium acetate
(pH = 5.4) and 3 volumes of 100 % EtOH were added to the sample and carefully
mixed. After 15 min at -80 °C, the sample was centrifuged for 15 min at 13.4 k rpm.
The supernatant was subsequently discarded while the pellet was dissolved in the
desired volume of H2O.
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7.1.3. Determination of oligonucleotide concentration
Oligonucleotide concentrations were determined using the Tecan Infinite M200
NanoQuant plate. Quantification of DNA and RNA was conducted by UV absorption
measurements at 260 nm using UV/VIS photometer. Water or the respective buffer
was used as a reference. Based on Lambert-Beer's law the DNA concentration
could be calculated. Extinction coefficients, as well as molecular weight and melting
behaviour were determined using the online available “IDT Oligo Analyzer” [214],
which is based on specific extinction coefficients of each different nucleobase.

7.1.4. Electro-Transformation of DNA plasmids into E . coli
In this work, all plasmids were transformed into E. coli by electroporation: 80 L
electrocompetent “E. coli BL21 (DE3) plus” were thawed on ice, mixed with 1.5 L
plasmid DNA (1-70 ng) and transferred into a pre-chilled electroporation cuvette.
After transformation (Voltage = 1800 V, Time constant () = 5 ms), cells were
incubated in 1 mL SOC at 37 °C for 1 h and eventually plated on agarose plates
supplemented with the appropriate antibiotic(s).

7.1.5. Construction of pET16b-eGFP reporter variants
7.1.5.1. Construction of pMAB501
pMAB501 was constructed by Barbara Berschneider as part of her Master thesis. In
short, pMAB501 is a derivative of pET16b-eGFP with an additional tRNASer
expression cassette. The expression cassette was ordered as a synthetic DNA
construction with flanking restriction enzyme recognition sites for EcoRI and HindIII.
The synthetic DNA construct as well as the pET16b-eGFP plasmid were digested
with EcoRI and HindIII and subsequently separated by agarose gel electrophoresis.
The correct cleavage product was excised, purified from the gel, ligated and finally
transformed into E. coli. Successful cloning was validated by sequencing.
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7.1.5.2. Construction of pET16b-eGFP-CmR
pET16b-eGFP-CmR was constructed by Barbara Berschneider as part of her
Master thesis. In short, pET16b-eGFP was amplified by PCR without the AmpR
ORF using the primers “pHWB1 w/o ampR rv” and “pHWB1 w/o ampR fw”, while the
CmR gene was amplified from the pMyr plasmid with the 5’-phosphorylated primers
“pMyr chlorR fw” and “pMyr chlorR rv“. After agarose gel electrophoresis, the correct
PCR products were purified, ligated and finally transformed into E. coli. Successful
cloning was validated by sequencing.

7.1.5.3. Construction of pET16b-eGFP-G1
pET16b-eGFP-G1 is a derivative of pET16b-eGFP containing the self-splicing group
I intron sequence from Tetrahymena thermophila in the eGFP ORF. The intron was
ordered as a synthetic DNA construction with flanking restriction enzyme recognition
sites for NdeI and BseRI. The synthetic DNA construct as well as the pET16b-eGFP
plasmid were digested with NdeI and BseRI following standard protocols and
subsequently separated by agarose gel electrophoresis. The correct cleavage
product was excised, purified from the gel, ligated and finally transformed into E.
coli. Successful cloning was validated by sequencing.

7.1.5.4. Site directed insertion short DNA sequences into plasmids
Short DNA sequences were introduced into the template plasmids by performing a
PCR with Phusion Hot Start DNA polymerase using sequence specific primer with
the designed ribozyme sequences attached to the 5’-end of the primer (underlined,
for primer sequences see 9.3.2). Additionally, one of the two primers was
synthesised with a 5’-phosphate group in order to enable T4 ligation at the end of
the procedure. Table 7.1 denotes the PCR reaction composition, table 7.2 the PCR
program generally used in this work.
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Table 7.1 PCR reaction mix for site directed insertion of HHR variants.

volume in l

final concentration

5 x HF Buffer

30

1x

2 mM dNTP mix

15

200 M

100 M forward primer

0.9

600 nM

100 M reverse primer

0.9

600 nM

20 ng/L template

1.5

30 ng

100 % (v/v) DMSO

4.5

3 % (v/v)

2 U/L Phusion Hot Start DNA polymerase

1.5

3U

H 2O

95.7

Table 7.2 PCR program used for site directed insertion of HHR. Cycles 2 to 4 were
repeated 25 times in total.

PCR cycle

temperature

time

1. initial denaturing

98° C

30 sec

2. denaturing

98 °C

10 sec

3. annealing

60 °C

30 sec

4. extension

72 °C

20 sec/kb template

5. final extension

72 °C

7 min

Table 7.5 at the end of this chapter gives a comprehensive overview of the
constructed plasmid variants and the respective primer pair together with the
template used.
Subsequently to the PCR, the oligonucleotides in the reaction mix were EtOH
precipitated, dissolved in 44 L and the template plasmid finally digested by using
the restriction enzyme DpnI at 37 °C for 1h, see table 7.3.
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Table 7.3 DpnI digestion of PCR template

volume in L

final concentration

10 x NEB buffer 4

5

1x

PCR template

44

20 U/L DpnI

1

20 U

The reaction mix was then size separated on a 0.8 % agarose gel and the band with
the desired size excised. DNA from agarose gel was isolated using the “Zymoclean
DNA Recovery Kit” and following its standard protocol. After purification, the PCR
product was blunt end ligated (see table 7.4) and subsequently desalted using
“Zymo DNA Clean & Concentrator“ and following its standard protocol.

Table 7.4 Ligation of purified PCR products.

volume in L

final concentration

purified PCR product

9

2 -3 ng/ L

2 x Quick ligation buffer

10

Quick Ligase

1

The ligated and desalted PCR products were transformed into E. coli BL21(DE3)
gold and grown overnight at 37 °C on an agar plate containing the appropriate
antibiotic. Single colonies were picked and grown in LB-Medium supplemented with
the appropriate antibiotic. To confirm successful cloning, the cloned plasmids were
isolated (Miniprep Kit, Qiagen) and sequenced.
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Table 7.5. Summary of the constructed plasmid variants and the respective primer pair
together with the template used in the PCR.
construct name

wt HHR
wt inHHR
theoHHAz pool in RBS

TPP HHAz pool in RBS
inactive TPP-HHAz 1.2
inactive TPP-HHAz 1.20
inactive TPP-HHAz 2.5
inactive TPP-HHAz 2.12

pET16b-eGFP_3wayHHR
5bp stem
pET16b-eGFP_3wayHHR
in. 5bp stem
pET16b-eGFP_3wayHHR BL0
pET16b-eGFP_3wayHHR BL1
pET16b-eGFP_3wayHHR BL3
pET16b-eGFP_3wayHHR BL4
pET16b-eGFP_3wayHHR
theoHHAz pool
pET16b-eGFP_3wayHHR
theoHHAz inakt
pET16b-eGFP_3wayHHR
theoHHAz Cleaved Fragment
pMAB Amber in
eGFP ORF (pMAB510)
Inactivated HHR-tRNA
theoHHAz-tRNA
Inactived theoHHAz-tRNA

primer name

template

wt HHR fw
wt HHR rv
wt inHHR fw
wt inHHR rv
theoHHAz pool fw
theoHHAz pool rv
TPP-HHAz-pool fw
TPP-HHAz-pool rv
inactive TPP-HHAz
inactive TPP-HHAz
inactive TPP-HHAz
inactive TPP-HHAz
inactive TPP-HHAz
inactive TPP-HHAz
inactive TPP-HHAz
inactive TPP-HHAz

pET16b-eGFP
pET16b-eGFP
pET16b-eGFP_HHR

pET16b-eGFP_HHR
1.2 fw
1.2 rv
1.20 fw
1.20 rv
2.5 fw
2.5 rv
2.12 fw
2.12 rv

pET16b 3wayHHR 5 fw
pET16b 3wayHHR rv akt
pET16b 3wayHHR 5 fw
pET16b 3wayHHR rv in
pET16b 3wayHHR 5 BL0 fw
pET16b 3wayHHR rv akt
pET16b 3wayHHR 5 BL1 fw
pET16b 3wayHHR rv akt
pET16b 3wayHHR 5 BL3 fw
pET16b 3wayHHR rv akt
pET16b 3wayHHR 5 BL4 fw
pET16b 3wayHHR rv akt
pET16b 3way theoHHAz fw
pET16b 3way theoHHAz 4N rv
pET16b_in3waytheoHHAz fw
pET16b_in3waytheoHHAz rv
pET16b 3waytheoHHAz2 cl rv
pET16b 3waytheoHHAz2 cl fw
pMAB S50 to Amber fw
pMAB S50 to Amber rv
Inactivated ‚HHR-tRNA fw
Inactivated ‚HHR-tRNA rv
theoHHAz-tRNA fw
theoHHAz-tRNA rv
Inactived theoHHAz-tRNA fw
Inactived theoHHAz-tRNA rv

pET16b-eGFP
1.2

TPP-HHAz

pET16b-eGFP
1.20

TPP-HHAz

pET16b-eGFP
2.5

TPP-HHAz

pET16b-eGFP
2.12

TPP-HHAz

pET16b-eGFP_HHR
pET16b-eGFP_HHR
pET16b-eGFP_3wayHHR
5bp stem
pET16b-eGFP_3wayHHR
5bp stem
pET16b-eGFP_3wayHHR
5bp stem
pET16b-eGFP_3wayHHR
5bp stem
pET16b-eGFP_3wayHHR
5bp stem
pET16b-eGFP_3wayHHR
theoHHAz
pET16b-eGFP_3wayHHR
theoHHAz

pMAB501
pMAB510
pMAB510
pMAB510
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construct name

pHWB1 oRBS
pT7-1 oASD
pT7-1 h6 inHHR
pT7-1 h6 actHHR
pT7-1 h11 inHHR
pT7-1 h11 actHHR
pT7-1 h18 inHHR
pT7-1 h18 actHHR
pT7-1 h28 inHHR
pT7-1 h28 actHHR
pT7-1 h37 inHHR
pT7-1 h37 actHHR
pT7-1 h38 inHHR
pT7-1 h38 actHHR
pT7-1 h44 inHHR
pT7-1 h44 actHHR
pT7-1 h6 TPP-HHAz Pool

pET16b-eGFP G1
pET16b-eGFP G1 p6 inHHR
pET16b-eGFP G1 p2 HHR
pET16b-eGFP G1 p2 inHHR
pET16b-eGFP G1 p8 HHR
pET16b-eGFP G1 p8 inHHR
pET16b-eGFP G1 p10 HHR
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primer name
pHWB1
pHWB1
pT7-1
pT7-1
pT7-1
pT7-1
pT7-1
pT7-1
pT7-1
pT7-1
pT7-1
pT7-1
pT7-1
pT7-1
pT7-1
pT7-1
pT7-1
pT7-1
pT7-1
pT7-1
pT7-1
pT7-1
pT7-1
pT7-1
pT7-1
pT7-1
pT7-1
pT7-1
pT7-1
pT7-1
pT7-1
pT7-1
pT7-1
pT7-1

oRBS fw
oRBS rv
oASD fw
oASD rv
h6 inHHR fw
h6 inHHR rv
h6 actHHR fw
h6 actHHR rv
h11 inHHR fw
h11 inHHR rv
h11 actHHR fw
h11 actHHR rv
h18 inHHR fw
h18 inHHR rv
h18 actHHR fw
h18 actHHR rv
h28 inHHR fw
h28 inHHR rv
h28 actHHR fw
h28 actHHR rv
h37 inHHR fw
h37 inHHR rv
h37 actHHR fw
h37 actHHR rv
h38 inHHR fw
h38 inHHR rv
h38 actHHR fw
h38 actHHR rv
h44 inHHR fw
h44 inHHR rv
h44 actHHR fw
h44 actHHR rv
h6 TPP-HHAz rand fw
h6 TPP-HHAz rand rv

GroupI Intr w/o HHR fw
GroupI Intr w/o HHR rv
GroupI Intr HHR inact. fw
GroupI Intr HHR inact. rv
pET16b_Intron_HHR_P2 fw
pET16b_Intron_HHR_P2 rv
pET16b_Intron_inHHR_P2 fw
pET16b_Intron_HHR_P2 rv
pET16b_Intron_HHR_P8 fw
pET16b_Intron_HHR_P8 rv
pET16b_Intron_inHHR_P8 fw
pET16b_Intron_HHR_P8 rv
pET16b_Intron_HHR_P10 fw
pET16b_Intron_HHR_P10 rv

template

pHWB1
pT7-1
pT7-1 oASD
pT7-1 oASD
pT7-1 oASD
pT7-1 oASD
pT7-1 oASD
pT7-1 oASD
pT7-1 oASD
pT7-1 oASD
pT7-1 oASD
pT7-1 oASD
pT7-1 oASD
pT7-1 oASD
pT7-1 oASD
pT7-1 oASD
pT7-1 oASD

pET16b-eGFP G1
p6 HHR
pET16b-eGFP G1
p6 HHR
pET16b-eGFP G1
pET16b-eGFP G1
pET16b-eGFP G1
pET16b-eGFP G1
pET16b-eGFP G1
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construct name

primer name

template

pET16b-eGFP G1 p10 inHHR

pET16b_Intron_inHHR_P10 fw
pET16b_Intron_HHR_P10 rv

pET16b-eGFP G1

7.1.6. Determination of eGFP expression levels
Bacteria containing verified HHR variants were grown overnight in either LB-medium
(theoHHAz) or in minimal medium (M63 or M9 for TPPHHAz) supplemented with the
appropriate antibiotic(s) at 37 °C overnight. At the next day, the 3 – 5 % of overnight
culture was used to inoculate 400 L fresh medium in 96 deep-well plated. If
described in the text, the medium was also supplemented with described
concentration of ligands. In case of the HHR variants inserted into 16S rRNA, cells
were induced with 250 M IPTG when they reached E260 = 0.5. After cells were
outgrown for at least 14 h at 37 °C (25 °C for the HHR variants inserted into 16S
rRNA) and 300 rpm, 100 L of each culture were transferred into 96-wellmicroplates and the fluorescence of the expressed eGFP (excitation wavelength =
488 nm, emission wavelength = 535 nm) was determined with a TECAN M200 plate
reader. For background subtraction an E. coli BL21(DE3) gold culture lacking eGFP
was equally treated.

7.1.7. Screening for artificial riboswitches
In order to construct artificial riboswitches, the connection sequence between the
aptamer domain and the HHR was randomized by site directed insertion PCR using
primers with randomized nucleotides. The resulting pool of HHR variants were
transformed into E. coli BL21(DE3) gold (in case of the HHR variants inserted into
the

16

S

rRNA

as

a

co-transformation

with

the

reporter

plasmid

pHWB1_CmR_mutSD) and single clones picked into 150 L of the appropriate
medium (LB for theoHHAz and M9 / M63 for TPPHHAz) in 384 deep-well plates.
Cells were outgrown at 37 °C and 300 rpm overnight. At the next day, the overnight
culture was used to inoculate two copy 384 deep-well plates containing the same
medium; additionally, the medium of one plate was supplemented with the
respective ligand (2 mM theophylline ore 500 M thiamine). After cells were again
outgrown for at least another 14 h at 37°C and 300 rpm, eGFP expression levels of
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the two plates were compared and ligand-dependent HHR variants isolated and
characterized.
For the screening of thiamine-dependent HHR variants inserted into the 16 S rRNA,
cells were grown at 25 °C; when OD600 = 0.5, 250 M IPTG was added to induce
transcription of the 16 S rRNA.

7.1.8. Radioactive labelling of oligonucleotides
Oligonucleotides were radioactively labelled by [32P]-ATP using T4 polynucleotide
kinase (T4-PNK). The labelling reaction was carried out in 50 μl scale with 4 M
oligonucleotides, 20 μCi [32P]-ATP (2 μl), 0.4 U / μl T4-PNK (2 μl) and 1x T4-PNK
reaction buffer. The reaction was incubated at 37°C for ~1 h and DNA subsequently
stopped by heat-inactivation of T4-PNK at 95°C for ~5 min. T4 PNK in RNA samples
was inactivated by the addition of 50 L phenol / chloroform / isoamyl alcohol
(25:24:1) followed by a short centrifugation step and subsequent discarding the
organic phase. In order to remove salt and residual [32P]-ATP, the radioactively
labelled oligonucleotides were gel filtrated (G25 sephadex spin column).

7.1.9. Denaturing polyacrylamide gel electrophoresis
Denaturing polyacrylamide gel electrophoresis (PAGE) was performed according to
standard procedures. It was applied for purification of RNA–oligonucleotides and for
analytical separation of reaction products. In short, analytical gels were prepared by
mixing 50 mL PAGE solution A with 40 mL PAGE solution B and 10 mL PAGE
solution C. Polymerization was started with the addition of 40 L TEMED and 800
L 10 % APS. For preparative gels, twice the volumes were taken. Analytical gels a
gauge of 0.4 mm and preparative gels had a gauge of 1.5 mm.
After running, analytical gels were transferred onto Whatman-paper, dried and
exposed to a phosphor screen, preferentially overnight.
For RNA-isolation from polyacrylamide-gels the separated RNA was visualised by
UV shadowing and the respective bands were excised with a scalpel. Excised gel
pieces were crushed in 2 mL reaction tubes. RNA was eluted from crushed gel
pieces by adding H2O and incubation at 8 °C overnight. Next, the RNA/PAGE
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mixture was filtrated through silanized glass-fibres wool. The RNA in the filtrate was
purified and concentrated by EtOH precipitation and dissolved in ddH2O.

7.1.10. In vitro transcription of HHR variants
For in vitro preparation of RNA HHR variants, synthetic DNA templates with a T7
promoter attached were PCR amplified and the PCR product subsequently
transcribed using the T7 RNA polymerase.
For the PCR, the following reaction mixture was prepared (table 7.6) and the
indicated PCR program was used (table 7.7):

Table 7.6 PCR reaction mix for in vitro transcription template.

Volume (l)

final concentration

10 x Taq buffer Y

20

1x

25 mM dNTPs

1.6

200 M

100 M fw primer

2

1 M

100 M rv Primer

2

1 M

200 nM template

2

2 nM

ddH2O
5 U/L Taq DNA polymerase

170
2

10 U
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Table 7.7 PCR program for in vitro transcription template. Cycles 2 to 4 were repeated
25 times in total.

PCR cycle

temperature

time

1. initial denaturing

94 °C

2 min

2. denaturing

94 °C

50 sec

3. annealing

58 °C

60 sec

4. elongation

72 °C

50 sec

Table 7.9 gives a comprehensive overview of the transcription constructs and the
respective primer pair together with the template used.
The PCR product was subsequently EtOH precipitated and dissolved in 40 L
ddH2O. For in vitro transcription two different setups were used: In contrast to trans
cleaving HHRs in which case substrate and template were transcribed separately,
cis-HHR

were

transcribed

in

the

presence

of

a

blocking

strand

(5’-

ATTTGGGACTCATCAGCTGG-3’) which was annealing to the active core thus
preventing self-cleavage during transcription [215]. Furthermore, cis-HHRs were
body-labelled by the incorporation of [32P]-ATP in order to avoid the subsequent
labelling reaction (table 7.8)
After incubation of the transcription mix at 37 °C for three hours, 2 L DNase I (2 U)
were added and further incubated at 37 °C for 10 min. Thereupon, the reaction was
EtOH precipitated and dissolved in 50 L ddH2O and 50 L PAGE loading buffer
and eventually purified by a 10 % PAGE.
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Table 7.8 Reaction mixture for in vitro transcription of trans and body-labelled cis
HHR.

volume in L

final concentration

trans
HHR

cis
HHR

PCR product

40

40

5x Transcriptions Buffer

40

40

25 mM NTPs

20

-

25 mM GTP, CTP and UTP;
5 mM ATP; 20 Ci [32P]-ATP

-

20

2.5 mM GTP, CTP, UTP;
0.5 mM ATP; 2 Ci [32P]-ATP

100 M blocking strand

-

50

25 M

40 U/L RiboLock
RNase inhibitor

2

2

80 U

0.1 U/L Pyrophosphatase

1.5

1.5

ddH2O

93.5

43.5

3

3

T7 RNA Polymerase

1x
2.5 mM NTPs

0.15 U

> 300 U

Table 7.9. Summary of the in vitro transcribed constructs and their respective DNA
oligonucleotides for PCR.

construct name

oligonucleotide name

cis- wt-HHR

fw primer
template
rv primer

wt-HHR fw
wt-HHR templ
wt-HHR rv

cis- theoHHAz

fw primer
template
rv primer

theoHHAz fw
theoHHAz templ
theoHHAz rv

fw primer
template
rv primer
fw primer
template
rv primer
fw primer
template
rv primer

TPP-HHAz 1.2 fw
TPP-HHAz 1.2 templ
TPP-HHAz 1.2 rv
TPP-HHAz 1.20 fw
TPP-HHAz 1.20 templ
TPP-HHAz 1.20 rv
TPP-HHAz 2.5 fw
TPP-HHAz 2.5 templ
TPP-HHAz 2.5 rv

cis- TPP-HHAz 1.2

cis- TPP-HHAz 1.20

cis- TPP-HHAz 2.5
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construct name

cis- TPP-HHAz 2.12

trans 3wayHHR substrate

trans 3wayHHR noBL

trans 3wayHHR BL1

trans 3wayHHR BL2

trans 3wayHHR BL3

trans 3wayHHR BL4

trans 3wayHHR BL5

trans 3wayHHR BL TA

trans 3wayHHR BL GC

trans 3wayHHR BL CG

trans 3wayHHR BL TT

cis 3wayHHR BL3

cis 3wayHHR theoHHAz
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oligonucleotide name
fw primer
template
rv primer

TPP-HHAz 2.12 fw
TPP-HHAz 2.12 templ
TPP-HHAz 2.12 rv

fw primer
template
rv primer
fw primer
template
rv primer
fw primer
template
rv primer
fw primer
template
rv primer
fw primer
template
rv primer
fw primer
template
rv primer
fw primer
template
rv primer
fw primer
template
rv primer
fw primer
template
rv primer
fw primer
template
rv primer
fw primer
template
rv primer
fw primer
template
rv primer
fw primer
template
rv primer

T7 primer
3way Substrat templ
3way Substrat rv
3way Ribo no nt fw
3way Ribo templ
3way Ribo rv
3way Ribo 1ntA fw
3way Ribo templ
3way Ribo rv
3way Ribo 2ntA fw
3way Ribo templ
3way Ribo rv
3way Ribo 3ntA fw
3way Ribo templ
3way Ribo rv
3way Ribo 4ntA fw
3way Ribo templ
3way Ribo rv
3way Ribo 5ntA fw
3way Ribo templ
3way Ribo rv
3way Ribo 2ntTA fw
3way Ribo templ
3way Ribo rv
3way Ribo 2ntGC fw
3way Ribo templ
3way Ribo rv
3way Ribo 2ntCG fw
3way Ribo templ
3way Ribo rv
3way Ribo 2ntTT fw
3way Ribo templ
3way Ribo rv
cis 3-way fw
cis 3-way theoHHAz templ
cis 3-way theoHHAz rv
cis 3-way fw
cis 3-way BL3 ctrl templ
cis 3-way BL3 ctrl rv
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7.1.11. In vitro kinetics of HHR variants
7.1.11.1. trans HHR cleavage reaction
In-trans-HHR activities were determined by heating 200 nM of ribozyme and 20 nM
of substrate strand in 50 mM Tris-HCl pH 7.5 to 95 °C for 2 min followed by slowly
cooling to 37 °C. Cleavage reactions were started by addition of varying
concentrations of Mg2+. Reactions were quenched with stop buffer after defined time
points. The reaction mix was separated by 10 % PAGE. Visualization was
performed using phosphor imaging. The data were fitted using following equation
[216]:
Ft = F – (F-F0) *e-kt

(1)

with Ft as the fraction cleaved at the time t, F the maximal fraction cleaved and F0
the fraction cleaved before reaction was started,

7.1.11.2. cis HHR cleavage reaction
In-cis-HHR variant activities were determined by heating 50 - 300 nM of ribozyme
with its corresponding ligand (concentrations shown in the graphs) in 50 mM TrisHCl pH 7.5 (theoHHAz) or in 50 mM Tris-HCl pH 7.5, 100 mM KCl (TPPHHAz) to 95
°C for 2 min and then slowly cooling down to 37 °C. Cleavage reaction was initiated
by addition of Mg2+ to yield 0.2 mM final concentration. Reactions were quenched
with stop buffer after defined time points. The reaction mix was separated by 10 %
PAGE. Visualization was performed using phosphorimaging and data was equally
fitted as described in 7.1.11.1.

7.1.12. RNA isolation from E. coli
Total RNA was isolated from E. coli following the protocol “rapid isolation of RNA
from gram-negative bacteria” from “Current Protocols in Molecular Biology” [217].
Briefly, 10 ml cells were grown in LB medium supplemented with the appropriate
antibiotics until OD = 0.6 – 1.0 at 25 °C. In case of the HHR variants inserted into

99

7. Methods
16 S rRNA, cells were induced with 250 M IPTG when they reached E260 = 0.5
followed by 3 h transcription of the rrn operon at 25 °C.
After centrifugation, cells were resuspended in 10 ml Protoplasting Buffer, 80 l of
50 mg/ml lysozyme was added and samples were incubated on ice for 15 min. The
resulting protoplasts were resuspended after centrifugation in 500 l Lysing Buffer
and 15 l DEPC. Subsequent to incubation at 37 °C, 250 l of a saturated NaCl
solution was added and the samples were kept on ice for 10 min and then
centrifuged at high speed. The RNA in the supernatant was precipitated and purified
by adding 1 ml 100 % ethanol.

7.1.13. Northern blot analysis of cellular RNA
20 g of total RNA was loaded on a denaturing 0.8 % agarose gel (2.2 M
formaldehyde). Following standard capillary transfer procedures, RNA was
transferred in 20 x SSC to a positively charged nylon membrane. Subsequently,
RNA was immobilized on the membrane by irradiation on a BioDocAnalyze
(Biometra) for 2 minutes. After 60 minutes of prehybridization in ULTRAhyb-Oligo
Hybridization Buffer, 200 pmol of radioactive labelled probes (“inactive HHR in 16 S
rRNA“ and “active HHR in 16 S rRNA” complementary to the HHRs inserted into the
16S rRNA) were added and the blot incubated over night at 42 °C. Next morning,
the blot was washed twice in buffer (2x SSC, 0.5 % (w/v) SDS). Visualization was
performed using phosphorimaging.

7.1.14. Western blot analysis of eGFP expression
E. coli cultures for western blot analysis were equally treated as cells used for
fluorescence measurements: Bacteria were grown in LB-medium supplemented with
the appropriate antibiotic at 37 °C overnight until outgrown. If described in the graph,
the medium was also supplemented with the appropriate concentration of
theophylline before inoculation. 1 mL with E600 = 1 of each culture was centrifuged
and carefully resuspended in 83 L H2O and 17 L 6 x SDS Buffer. Cells were lysed
by sonification followed by boiling for 2 min. 10 L of the cell extracts were run with
PageRulerTM Prestained Protein Ladder as a protein size maker on a 12.5 % SDS
gel (25 mA for 1 h). The gel was either stained with Coomassie as a loading control
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7. Methods
or blotted on an Immobilon-P membrane (Millipore) for 45 minutes applying a
constant electric field of 300mA. Blocking was performed with 5% not-fat dried milk
powder in 0.1% PBST. After three washing steps with 0.1% PBST, the membrane
was incubated for 1 h with 10 ml Ni-NTA-AP conjugate (Qiagen) (dilution 1:3000) in
0.1% PBST. After washing, the proteins were stained using BCIP (5-bromo-4chloro-3-indolylphosphate) and NTB (nitro blue tetrazolium) in alkaline phosphatase
buffer.
Western blot analysis was performed by Marina Rubini, AG Marx, University of
Konstanz.
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8. Abbreviations

8. Abbreviations

ASD
bp
BPS
CHO
DEPC
DNA
EtOH
FACS
FMN
g
GlcN6P
HDV
HHAz
HHR
IPTG
k
L
LSU
M
m
min
mRNA
n
ncRNA
nt
oASD
oRBS
ORF
PAGE
PCR
Pho
RBS
RNA
rpm
rRNA
SAM
SD
sRNA
ss
SSU
theo
TPP
102

mikro
Anti-Shine Dalgarno Sequence
base pair
branch point sequence
chinese hamster ovary
di-ethyl pyrocarbonate
deoxy-ribonucleic acid
ethanol
fluorescence activated cell sorting
flavin monnucleotide
gram
glucoseamine-6-phosphate
hepatitis delta virus
Hammerhead aptazyme
Hammerhead ribozyme
isopropyl-beta-D-thiogalactopyranoside
kilo
liter
large ribosomal subunit
molar
millie
minute
messenger RNA
nano
noncoding RNA
nucleotide(s)
orthogonalized ASD
orthogonalized RBS
open reading frame
polyacrylamid gel electrophoresis
polymerase chain reaction
phosphate
ribosome binding site
ribonucleic acid
rounds per minute
ribosomal RNA
S-adenosylmethionine
Shine Dalgarno sequence
small RNA
splice site
small ribosomal subunit
theophylline
thiamine pyrophosphate

8. Abbreviations

Tris
tRNA
U
UTR
VS

tris-(hydroxymethyl)-aminomethane
transfer RNA
unit(s)
untranslated region
Varkud satellite
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9. DNA sequences

9. DNA sequences
9.1. Plasmid sequences
9.1.1. pET16b_eGFP
TTCTCATGTTTGACAGCTTATCATCGATAAGCTTTAATGCGGTAGTTTATCACAGTTAAA
TTGCTAACGCAGTCAGGCACCGTGTATGAAATCTAACAATGCGCTCATCGTCATCCTCGG
CACCGTCACCCTGGATGCTGTAGGCATAGGCTTGGTTATGCCGGTACTGCCGGGCCTCTT
GCGGGATATCCGGATATAGTTCCTCCTTTCAGCAAAAAACCCCTCAAGACCCGTTTAGAG
GCCCCAAGGGGTTATGCTAGTTATTGCTCAGCGGTGGCAGCAGCCAACTCAGCTTCCTTT
CGGGCTTTGTTAGCAGCCGGATCCTTACTTGTACAGCTCGTCCATGCCGAGAGTGATCCC
GGCGGCGGTCACGAACTCCAGCAGGACCATGTGATCGCGCTTCTCGTTGGGGTCTTTGCT
CAGGGCGGACTGGGTGCTCAGGTAGTGGTTGTCGGGCAGCAGCACGGGGCCGTCGCCGAT
GGGGGTGTTCTGCTGGTAGTGGTCGGCGAGCTGCACGCTGCCGTCCTCGATGTTGTGGCG
GATCTTGAAGTTCACCTTGATGCCGTTCTTCTGCTTGTCGGCCATGATATAGACGTTGTG
GCTGTTGTAGTTGTACTCCAGCTTGTGCCCCAGGATGTTGCCGTCCTCCTTGAAGTCGAT
GCCCTTCAGCTCGATGCGGTTCACCAGGGTGTCGCCCTCGAACTTCACCTCGGCGCGGGT
CTTGTAGTTGCCGTCGTCCTTGAAGAAGATGGTGCGCTCCTGGACGTAGCCTTCGGGCAT
GGCGGACTTGAAGAAGTCGTGCTGCTTCATGTGGTCGGGGTAGCGGCTGAAGCACTGCAC
GCCGTAGGTCAGGGTGGTCACGAGGGTGGGCCAGGGCACGGGCAGCTTGCCGGTGGTGCA
GATGAACTTCAGGGTCAGCTTGCCGTAGGTGGCATCGCCCTCGCCCTCGCCGGACACGCT
GAACTTGTGGCCGTTTACGTCGCCGTCCAGCTCGACCAGGATGGGCACCACCCCGGTGAA
CAGCTCCTCGCCCTTGCTCACCATATGACGACCTTCGATATGGCCGCTGCTGTGATGATG
ATGATGATGATGATGATGATGGCCCATGGTATATCTCCTTCTTAAAGTTAAACAAAATTA
TTTCTAGAGGGGAATTGTTATCCGCTCACAATTCCCCTATAGTGAGTCGTATTAATTTCG
CGGGATCGAGATCTCGATCCTCTACGCCGGACGCATCGTGGCCGGCATCACCGGCGCCAC
AGGTGCGGTTGCTGGCGCCTATATCGCCGACATCACCGATGGGGAAGATCGGGCTCGCCA
CTTCGGGCTCATGAGCGCTTGTTTCGGCGTGGGTATGGTGGCAGGCCCCGTGGCCGGGGG
ACTGTTGGGCGCCATCTCCTTGCATGCACCATTCCTTGCGGCGGCGGTGCTCAACGGCCT
CAACCTACTACTGGGCTGCTTCCTAATGCAGGAGTCGCATAAGGGAGAGCGTCGAGATCC
CGGACACCATCGAATGGCGCAAAACCTTTCGCGGTATGGCATGATAGCGCCCGGAAGAGA
GTCAATTCAGGGTGGTGAATGTGAAACCAGTAACGTTATACGATGTCGCAGAGTATGCCG
GTGTCTCTTATCAGACCGTTTCCCGCGTGGTGAACCAGGCCAGCCACGTTTCTGCGAAAA
CGCGGGAAAAAGTGGAAGCGGCGATGGCGGAGCTGAATTACATTCCCAACCGCGTGGCAC
AACAACTGGCGGGCAAACAGTCGTTGCTGATTGGCGTTGCCACCTCCAGTCTGGCCCTGC
ACGCGCCGTCGCAAATTGTCGCGGCGATTAAATCTCGCGCCGATCAACTGGGTGCCAGCG
TGGTGGTGTCGATGGTAGAACGAAGCGGCGTCGAAGCCTGTAAAGCGGCGGTGCACAATC
TTCTCGCGCAACGCGTCAGTGGGCTGATCATTAACTATCCGCTGGATGACCAGGATGCCA
TTGCTGTGGAAGCTGCCTGCACTAATGTTCCGGCGTTATTTCTTGATGTCTCTGACCAGA
CACCCATCAACAGTATTATTTTCTCCCATGAAGACGGTACGCGACTGGGCGTGGAGCATC
TGGTCGCATTGGGTCACCAGCAAATCGCGCTGTTAGCGGGCCCATTAAGTTCTGTCTCGG
CGCGTCTGCGTCTGGCTGGCTGGCATAAATATCTCACTCGCAATCAAATTCAGCCGATAG
CGGAACGGGAAGGCGACTGGAGTGCCATGTCCGGTTTTCAACAAACCATGCAAATGCTGA
ATGAGGGCATCGTTCCCACTGCGATGCTGGTTGCCAACGATCAGATGGCGCTGGGCGCAA
TGCGCGCCATTACCGAGTCCGGGCTGCGCGTTGGTGCGGATATCTCGGTAGTGGGATACG
ACGATACCGAAGACAGCTCATGTTATATCCCGCCGTTAACCACCATCAAACAGGATTTTC
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9. DNA Sequences
GCCTGCTGGGGCAAACCAGCGTGGACCGCTTGCTGCAACTCTCTCAGGGCCAGGCGGTGA
AGGGCAATCAGCTGTTGCCCGTCTCACTGGTGAAAAGAAAAACCACCCTGGCGCCCAATA
CGCAAACCGCCTCTCCCCGCGCGTTGGCCGATTCATTAATGCAGCTGGCACGACAGGTTT
CCCGACTGGAAAGCGGGCAGTGAGCGCAACGCAATTAATGTAAGTTAGCTCACTCATTAG
GCACCGGGATCTCGACCGATGCCCTTGAGAGCCTTCAACCCAGTCAGCTCCTTCCGGTGG
GCGCGGGGCATGACTATCGTCGCCGCACTTATGACTGTCTTCTTTATCATGCAACTCGTA
GGACAGGTGCCGGCAGCGCTCTGGGTCATTTTCGGCGAGGACCGCTTTCGCTGGAGCGCG
ACGATGATCGGCCTGTCGCTTGCGGTATTCGGAATCTTGCACGCCCTCGCTCAAGCCTTC
GTCACTGGTCCCGCCACCAAACGTTTCGGCGAGAAGCAGGCCATTATCGCCGGCATGGCG
GCCGACGCGCTGGGCTACGTCTTGCTGGCGTTCGCGACGCGAGGCTGGATGGCCTTCCCC
ATTATGATTCTTCTCGCTTCCGGCGGCATCGGGATGCCCGCGTTGCAGGCCATGCTGTCC
AGGCAGGTAGATGACGACCATCAGGGACAGCTTCAAGGATCGCTCGCGGCTCTTACCAGC
CTAACTTCGATCACTGGACCGCTGATCGTCACGGCGATTTATGCCGCCTCGGCGAGCACA
TGGAACGGGTTGGCATGGATTGTAGGCGCCGCCCTATACCTTGTCTGCCTCCCCGCGTTG
CGTCGCGGTGCATGGAGCCGGGCCACCTCGACCTGAATGGAAGCCGGCGGCACCTCGCTA
ACGGATTCACCACTCCAAGAATTGGAGCCAATCAATTCTTGCGGAGAACTGTGAATGCGC
AAACCAACCCTTGGCAGAACATATCCATCGCGTCCGCCATCTCCAGCAGCCGCACGCGGC
GCATCTCGGGCAGCGTTGGGTCCTGGCCACGGGTGCGCATGATCGTGCTCCTGTCGTTGA
GGACCCGGCTAGGCTGGCGGGGTTGCCTTACTGGTTAGCAGAATGAATCACCGATACGCG
AGCGAACGTGAAGCGACTGCTGCTGCAAAACGTCTGCGACCTGAGCAACAACATGAATGG
TCTTCGGTTTCCGTGTTTCGTAAAGTCTGGAAACGCGGAAGTCAGCGCCCTGCACCATTA
TGTTCCGGATCTGCATCGCAGGATGCTGCTGGCTACCCTGTGGAACACCTACATCTGTAT
TAACGAAGCGCTGGCATTGACCCTGAGTGATTTTTCTCTGGTCCCGCCGCATCCATACCG
CCAGTTGTTTACCCTCACAACGTTCCAGTAACCGGGCATGTTCATCATCAGTAACCCGTA
TCGTGAGCATCCTCTCTCGTTTCATCGGTATCATTACCCCCATGAACAGAAATCCCCCTT
ACACGGAGGCATCAGTGACCAAACAGGAAAAAACCGCCCTTAACATGGCCCGCTTTATCA
GAAGCCAGACATTAACGCTTCTGGAGAAACTCAACGAGCTGGACGCGGATGAACAGGCAG
ACATCTGTGAATCGCTTCACGACCACGCTGATGAGCTTTACCGCAGCTGCCTCGCGCGTT
TCGGTGATGACGGTGAAAACCTCTGACACATGCAGCTCCCGGAGACGGTCACAGCTTGTC
TGTAAGCGGATGCCGGGAGCAGACAAGCCCGTCAGGGCGCGTCAGCGGGTGTTGGCGGGT
GTCGGGGCGCAGCCATGACCCAGTCACGTAGCGATAGCGGAGTGTATACTGGCTTAACTA
TGCGGCATCAGAGCAGATTGTACTGAGAGTGCACCATATATGCGGTGTGAAATACCGCAC
AGATGCGTAAGGAGAAAATACCGCATCAGGCGCTCTTCCGCTTCCTCGCTCACTGACTCG
CTGCGCTCGGTCGTTCGGCTGCGGCGAGCGGTATCAGCTCACTCAAAGGCGGTAATACGG
TTATCCACAGAATCAGGGGATAACGCAGGAAAGAACATGTGAGCAAAAGGCCAGCAAAAG
GCCAGGAACCGTAAAAAGGCCGCGTTGCTGGCGTTTTTCCATAGGCTCCGCCCCCCTGAC
GAGCATCACAAAAATCGACGCTCAAGTCAGAGGTGGCGAAACCCGACAGGACTATAAAGA
TACCAGGCGTTTCCCCCTGGAAGCTCCCTCGTGCGCTCTCCTGTTCCGACCCTGCCGCTT
ACCGGATACCTGTCCGCCTTTCTCCCTTCGGGAAGCGTGGCGCTTTCTCATAGCTCACGC
TGTAGGTATCTCAGTTCGGTGTAGGTCGTTCGCTCCAAGCTGGGCTGTGTGCACGAACCC
CCCGTTCAGCCCGACCGCTGCGCCTTATCCGGTAACTATCGTCTTGAGTCCAACCCGGTA
AGACACGACTTATCGCCACTGGCAGCAGCCACTGGTAACAGGATTAGCAGAGCGAGGTAT
GTAGGCGGTGCTACAGAGTTCTTGAAGTGGTGGCCTAACTACGGCTACACTAGAAGGACA
GTATTTGGTATCTGCGCTCTGCTGAAGCCAGTTACCTTCGGAAAAAGAGTTGGTAGCTCT
TGATCCGGCAAACAAACCACCGCTGGTAGCGGTGGTTTTTTTGTTTGCAAGCAGCAGATT
ACGCGCAGAAAAAAAGGATCTCAAGAAGATCCTTTGATCTTTTCTACGGGGTCTGACGCT
CAGTGGAACGAAAACTCACGTTAAGGGATTTTGGTCATGAGATTATCAAAAAGGATCTTC
ACCTAGATCCTTTTAAATTAAAAATGAAGTTTTAAATCAATCTAAAGTATATATGAGTAA
ACTTGGTCTGACAGTTACCAATGCTTAATCAGTGAGGCACCTATCTCAGCGATCTGTCTA
TTTCGTTCATCCATAGTTGCCTGACTCCCCGTCGTGTAGATAACTACGATACGGGAGGGC
TTACCATCTGGCCCCAGTGCTGCAATGATACCGCGAGACCCACGCTCACCGGCTCCAGAT
TTATCAGCAATAAACCAGCCAGCCGGAAGGGCCGAGCGCAGAAGTGGTCCTGCAACTTTA
TCCGCCTCCATCCAGTCTATTAATTGTTGCCGGGAAGCTAGAGTAAGTAGTTCGCCAGTT
AATAGTTTGCGCAACGTTGTTGCCATTGCTGCAGGCATCGTGGTGTCACGCTCGTCGTTT
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9. DNA sequences
GGTATGGCTTCATTCAGCTCCGGTTCCCAACGATCAAGGCGAGTTACATGATCCCCCATG
TTGTGCAAAAAAGCGGTTAGCTCCTTCGGTCCTCCGATCGTTGTCAGAAGTAAGTTGGCC
GCAGTGTTATCACTCATGGTTATGGCAGCACTGCATAATTCTCTTACTGTCATGCCATCC
GTAAGATGCTTTTCTGTGACTGGTGAGTACTCAACCAAGTCATTCTGAGAATAGTGTATG
CGGCGACCGAGTTGCTCTTGCCCGGCGTCAACACGGGATAATACCGCGCCACATAGCAGA
ACTTTAAAAGTGCTCATCATTGGAAAACGTTCTTCGGGGCGAAAACTCTCAAGGATCTTA
CCGCTGTTGAGATCCAGTTCGATGTAACCCACTCGTGCACCCAACTGATCTTCAGCATCT
TTTACTTTCACCAGCGTTTCTGGGTGAGCAAAAACAGGAAGGCAAAATGCCGCAAAAAAG
GGAATAAGGGCGACACGGAAATGTTGAATACTCATACTCTTCCTTTTTCAATATTATTGA
AGCATTTATCAGGGTTATTGTCTCATGAGCGGATACATATTTGAATGTATTTAGAAAAAT
AAACAAATAGGGGTTCCGCGCACATTTCCCCGAAAAGTGCCACCTGACGTCTAAGAAACC
ATTATTATCATGACATTAACCTATAAAAATAGGCGTATCACGAGGCCCTTTCGTCTTCAA
GAA

9.1.2. pT7-1
TTGGGTACCCAATTCCCGGGGATCAATGCCAAATGTGTTCCAGGGTTTTAAGGAGTGGTT
CATAGCTGCTTTCCTGATGCAAAAACGAGGCTAGTTTACCGTATCTGTGGGGGGATGGCT
TGTAGATATGACGACAGGAAGAGTTTGTAGAAACGCAAAAAGGCTATCCGTCAGGATGGC
CTTCTGCTTAATTTGATGCCTGGCAGTTTATGGCGGGCGTCCTGCCCGCCACCCTCCGGG
CCGTTGCTTCGCAACGTTCAAATCCGCTCCCGGCGGATTTGTCCTACTCAGGAGAGCGTT
CACCGACAAACAACAGATAAAACGAAAGGCCCAGTCTTTCGACTGAGCCTTTCGTTTTAT
TTGATGCCTGGCAGTTCCCTACTCTCGCATGGGGAGACCCCACACTACCATCGGCGCTAC
GGCGTTTCACTTCTGAGTTCGGCATGGGGTCAGGTGGGACCACCGCGCTACTGCCGCCAG
GCAAATTCTGTTTTATCAGACCGCTTCTGCGTTCTGATTTAATCTGTATCAGGCTGAAAA
TCTTCTCTCATCCGCCAAAACAGCTTCGGCGTTGTAAGGTTAAGCCTCACGGTTCATTAG
TACCGGTTAGCTCAACGCATCGCTGCGCTTACACACCCGGCCTATCAACGTCGTCGTCTT
CAACGTTCCTTCAGGACCCTTAAAGGGTCAGGGAGAACTCATCTCGGGGCAAGTTTCGTG
CTTAGATGCTTTCAGCACTTATCTCTTCCGCATTTAGCTACCGGGCAGTGCCATTGGCAT
GACAACCCGAACACCAGTGATGCGTCCACTCCGGTCCTCTCGTACTAGGAGCAGCCCCCC
TCAGTTCTCCAGCGCCCACGGCAGATAGGGACCGAACTGTCTCACGACGTTCTAAACCCA
GCTCGCGTACCACTTTAAATGGCGAACAGCCATACCCTTGGGACCTACTTCAGCCCCAGG
ATGTGATGAGCCGACATCGAGGTGCCAAACACCGCCGTCGATATGAACTCTTGGGCGGTA
TCAGCCTGTTATCCCCGGAGTACCTTTTATCCGTTGAGCGATGGCCCTTCCATTCAGAAC
CACCGGATCACTATGACCTGCTTTCGCACCTGCTCGCGCCGTCACGCTCGCAGTCAAGCT
GGCTTATGCCATTGCACTAACCTCCTGATGTCCGACCAGGATTAGCCAACCTTCGTGCTC
CTCCGTTACTCTTTAGGAGGAGACCGCCCCAGTCAAACTACCCACCAGACACTGTCCGCA
ACCCGGATTACGGGTCAACGTTAGAACATCAAACATTAAAGGGTGGTATTTCAAGGTCGG
CTCCATGCAGACTGGCGTCCACACTTCAAAGCCTCCCACCTATCCTACACATCAAGGCTC
AATGTTCAGTGTCAAGCTATAGTAAAGGTTCACGGGGTCTTTCCGTCTTGCCGCGGGTAC
ACTGCATCTTCACAGCGAGTTCAATTTCACTGAGTCTCGGGTGGAGACAGCCTGGCCATC
ATTACGCCATTCGTGCAGGTCGGAACTTACCCGACAAGGAATTTCGCTACCTTAGGACCG
TTATAGTTACGGCCGCCGTTTACCGGGGCTTCGATCAAGAGCTTCGCTTGCGCTAACCCC
ATCAATTAACCTTCCGGCACCGGGCAGGCGTCACACCGTATACGTCCACTTTCGTGTTTG
CACAGTGCTGTGTTTTTAATAAACAGTTGCAGCCAGCTGGTATCTTCGACTGATTTCAGC
TCCATCCGCGAGGGACCTCACCTACATATCAGCGTGCCTTCTCCCGAAGTTACGGCACCA
TTTTGCCTAGTTCCTTCACCCGAGTTCTCTCAAGCGCCTTGGTATTCTCTACCTGACCAC
CTGTGTCGGTTTGGGGTACGATTTGATGTTACCTGATGCTTAGAGGCTTTTCCTGGAAGC
AGGGCATTTGTTGCTTCAGCACCGTAGTGCCTCGTCATCACGCCTCAGCCTTGATTTTCC
GGATTTGCCTGGAAAACCAGCCTACACGCTTAAACCGGGACAACCGTCGCCCGGCCAACA
TAGCCTTCTCCGTCCCCCCTTCGCAGTAACACCAAGTACAGGAATATTAACCTGTTTCCC
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9. DNA Sequences
ATCGACTACGCCTTTCGGCCTCGCCTTAGGGGTCGACTCACCCTGCCCCGATTAACGTTG
GACAGGAACCCTTGGTCTTCCGGCGAGCGGGCTTTTCACCCGCTTTATCGTTACTTATGT
CAGCATTCGCACTTCTGATACCTCCAGCATGCCTCACAGCACACCTTCGCAGGCTTACAG
AACGCTCCCCTACCCAACAACGCATAAGCGTCGCTGCCGCAGCTTCGGTGCATGGTTTAG
CCCCGTTACATCTTCCGCGCAGGCCGACTCGACCAGTGAGCTATTACGCTTTCTTTAAAT
GATGGCTGCTTCTAAGCCAACATCCTGGCTGTCTGGGCCTTCCCACATCGTTTCCCACTT
AACCATGACTTTGGGACCTTAGCTGGCGGTCTGGGTTGTTTCCCTCTTCACGACGGACGT
TAGCACCCGCCGTGTGTCTCCCGTGATAACATTCTCCGGTATTCGCAGTTTGCATCGGGT
TGGTAAGTCGGGATGACCCCCTTGCCGAAACAGTGCTCTACCCCCGGAGATGAATTCACG
AGGCGCTACCTAAATAGCTTTCGGGGAGAACCAGCTATCTCCCGGTTTGATTGGCCTTTC
ACCCCCAGCCACAAGTCATCCGCTAATTTTTCAACATTAGTCGGTTCGGTCCTCCAGTTA
GTGTTACCCAACCTTCAACCTGCCCATGGCTAGATCACCGGGTTTCGGGTCTATACCCTG
CAACTTAACGCCCAGTTAAGACTCGGTTTCCCTTCGGCTCCCCTATTCGGTTAACCTTGC
TACAGAATATAAGTCGCTGACCCATTATACAAAAGGTACGCAGTCACACGCCTAAGCGTG
CTCCCACTGCTTGTACGTACACGGTTTCAGGTTCTTTTTCACTCCCCTCGCCGGGGTTCT
TTTCGCCTTTCCCTCACGGTACTGGTTCACTATCGGTCAGTCAGGAGTATTTAGCCTTGG
AGGATGGTCCCCCCATATTCAGACAGGATACCACGTGTCCCGCCCTACTCATCGAGCTCA
CAGCATGTGCATTTTTGTGTACGGGGCTGTCACCCTGTATCGCGCGCCTTTCCAGACGCT
TCCACTAACACACACACTGATTCAGGCTCTGGGCTGCTCCCCGTTCGCTCGCCGCTACTG
GGGGAATCTCGGTTGATTTCTTTTCCTCGGGGTACTTAGATGTTTCAGTTCCCCCGGTTC
GCCTCATTAACCTATGGATTCAGTTAATGATAGTGTGTCGAAACACACTGGGTTTCCCCA
TTCGGAAATCGCCGGTTATAACGGTTCATATCACCTTACCGACGCTTATCGCAGATTAGC
ACGTCCTTCATCGCCTCTGACTGCCAGGGCATCCACCGTGTACGCTTAGTCGCTTAACCT
CACAACCCGAAGATGTTTCTTTCGATTCATCATCGTGTTGCGAAAATTTGAGAGACTCAC
GAACAACTCTCGTTGTTCAGTGTTTCAATTTTCAGCTTGATCCAGATTTTTAAAGAGCAA
AAATCTCAAACATCACCCGAAGATGAGTTTTGAGATATTAAGGTCGGCGACTTTCACTCA
CAAACCAGCAAGTGGCGTCCCCTAGGGGATTCGAACCCCTGTTACCGCCGTGAAAGGGCG
GTGTCCTGGGCCTCTAGACGAAGGGGACACGAAAATTGCTTATCACGCGTTGCGTGATAT
TTTCGTGTAGGGTGAGCTTTCATTAATAGAAAGCGAACGGCCTTATTCTCTTCAGCCTCA
CTCCCAACGCGTAAACGCCTTGCTTTTCACTTTCTATCAGACAATCTGTGTGAGCACTAC
AAAGTACGCTTCTTTAAGGTACCACAATGATCCAACCGCAGGTTCCCCTACGGTTACCTT
GTTACGACTTCACCCCAGTCATGAATCACAAAGTGGTAAGCGCCCTCCCGAAGGTTAAGC
TACCTACTTCTTTTGCAACCCACTCCCATGGTGTGACGGGCGGTGTGTACAAGGCCCGGG
AACGTATTCACCGTGGCATTCTGATCCACGATTACTAGCGATTCCGACTTCATGGAGTCG
AGTTGCAGACTCCAATCCGGACTACGACGCACTTTATGAGGTCCGCTTGCTCTCGCGAGG
TCGCTTCTCTTTGTATGCGCCATTGTAGCACGTGTGTAGCCCTGGTCGTAAGGGCCATGA
TGACTTGACGTCATCCCCACCTTCCTCCAGTTTATCACTGGCAGTCTCCTTTGAGTTCCC
GGCCGGACCGCTGGCAACAAAGGATAAGGGTTGCGCTCGTTGCGGGACTTAACCCAACAT
TTCACAACACGAGCTGACGACAGCCATGCAGCACCTGTCTCACGGTTCCCGAAGGCACAT
TCTCATCTCTGAAAACTTCCGTGGATGTCAAGACCAGGTAAGGTTCTTCGCGTTGCATCG
AATTAAACCACATGCTCCACCGCTTGTGCGGGCCCCCGTCAATTCATTTGAGTTTTAACC
TTGCGGCCGTACTCCCCAGGCGGTCGACTTAACGCGTTAGCTCCGGAAGCCACGCCTCAA
GGGCACAACCTCCAAGTCGACATCGTTTACGGCGTGGACTACCAGGGTATCTAATCCTGT
TTGCTCCCCACGCTTTCGCACCTGAGCGTCAGTCTTCGTCCAGGGGGCCGCCTTCGCCAC
CGGTATTCCTCCAGATCTCTACGCATTTCACCGCTACACCTGGAATTCTACCCCCCTCTA
CGAGACTCAAGCTTGCCAGTATCAGATGCAGTTCCCAGGTTGAGCCCGGGGATTTCACAT
CTGACTTAACAAACCGCCTGCGTGCGCTTTACGCCCAGTAATTCCGATTAACGCTTGCAC
CCTCCGTATTACCGCGGCTGCTGGCACGGAGTTAGCCGGTGCTTCTTCTGCGGGTAACGT
CAATGAGCAAAGGTATTAACTTTACTCCCTTCCTCCCCGCTGAAAGTACTTTACAACCCG
AAGGCCTTCTTCATACACGCGGCATGGCTGCATCAGGCTTGCGCCCATTGTGCAATATTC
CCCACTGCTGCCTCCCGTAGGAGTCTGGACCGTGTCTCAGTTCCAGTGTGGCTGGTCATC
CTCTCAGACCAGCTAGGGATCGTCGCCTAGGTGAGCCGTTACCCCACCTACTAGCTAATC
CCATCTGGGCACATCCGATGGCAAGAGGCCCGAAGGTCCCCCTCTTTGGTCTTGCGACGT
TATGCGGTATTAGCTACCGTTTCCAGTAGTTATCCCCCTCCATCAGGCAGTTTCCCAGAC
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9. DNA sequences
ATTACTCACCCGTCCGCCACTCGTCAGCAAAGAAGCAAGCTTCTTCCTGTTACCGTTCGA
CTTGCATGTGTTAGGCCTGCCGCCAGCGTTCAATCTGAGCCATGATCAAACTCTTCAATT
TAAAAGTTTGACGCTCAAAGAATTAAACTTCGTAATGAATTACGTGTTCACTCTTGAGAC
TTGGTATTCATTTTTCGTCTTGCGACGTTAAGAATCCGTATCTTCGAGTGCCCACACAGA
TTGTCTGATAAATTGTTAAAGAGCAGTGCCGCTTCGCTTTTTCTCAGCGGCCGGTACCGG
ATCCCGCTAGAGGGAAACCGTTGTGGTCTCCCTATAGTGAGTCGTATTAATTTCGAGGAA
ATTTAAAATAATTTTCTGACCGCGCAACATTCAACCAAATCAGCCTAAAACTGCCAGTTT
TTCGAGCGTTTCGAAGCCGTAACGCTGTAAAACGGGCAATAATTGTTCAGCTCCTGGCGT
CATTGCCATACAAAAGGCAATATTCGCATCGGCAGATTTTGCATCCGGGGCTTCATGTTC
TAACAACCAGGCCGTTCGGCGAGCAATCGCTGCGCCAGAATCCACCAGCCGGGTTCCCTC
TGGCAGCACTTGTAACAGTTCTTCTTGTAGTAGAGGGAAATGGGTGCAACCCAATACAAC
GGTATCTGGCGGCTCTTTCATTCTTAACCACGGGCGTAGGATACGTTTTAGTGCATCCAG
AGAAACATCTTCGCCATGTAGCTTCGCTTCAGCCAACTCAACCATCTCTGCCGAGCCCAG
CATTTCTATCTGGCATTCATTAGCGAAACGCGCGATCAGCTCATGAGTATAAGAACGTTT
AACTGTTCCGCGGGTTGCCAGTAATCCGACAATGCCATTTGCCGTCAGACGTGCAGCAGG
TTTAATCGCCGGCACGACACCAACAACCGGGAAGTCGAACTTTTCGCGTAATGCAGGAAG
TGAAACGGTACTGGCAGTGTTGCAAGCGACCACAGCCAGCGCAAGGGGATAACGTTCTTG
CACCGCGGTGACAATTGCCACCACTCGCTCAACAATAAACGCTTCGCTTTTTTCGCCATA
CGGGAAAGCGACGTTATCGAAAGCATAAATGTAATGGAGATCCGGTAAGAGATGCCGGAT
CTCGTCATAGACCGACAACCCACCGACGCCGGAGTCAAACACCAGCACGGTGGGACGTGG
TTCAGAAGGTGTAGCTGCCAGACAAGGTGTATTCCCGTCCTGCAGTTTGGTAGCCATAGA
CTGTCTCATAATCTTTGTCGAACAGGTTGGCTATTTTATACTAAGTTGGCATTATAAAAA
AGCATTGCTTATCAATTTGTTGCAACGAACAGGTCACTATCAGTCAAAATAAAATCATTA
TTTGATTTCAATTTTGTCCCACTCCCTGCCTCTGTCATCACGATACTGTGATGCCATGGT
GTCCGACTTATGCCCGAGAAGATGTTGAGCAAACTTATCGCTTATCTGCTTCTCATAGAG
TCTTGCAGACAAACTGCGCAACTCGTGAAAGGTAGGCGGATCGATCCTCTACGCCGGACG
CATCGTGGCCGGCATCACCGGCGCCACAGGTGCGGTTGCTGGCGCCTATATCGCCGACAT
CACCGATGGGGAAGATCGGGCTCGCCACTTCGGGCTCATGAGCGCTTGTTTCGGCGTGGG
TATGGTGGCAGGCCCCGTGGCCGGGGGACTGTTGGGCGCCATCTCCTTGCATGCACCATT
CCTTGCGGCGGCGGTGCTCAACGGCCTCAACCTACTACTGGGCTGCTTCCTAATGCAGGA
GTCGCATAAGGGAGAGCGTCGACCGATGCCCTTGAGAGCCTTCAACCCAGTCAGCTCCTT
CCGGTGGGCGCGGGGCATGACTATCGTCGCCGCACTTATGACTGTCTTCTTTATCATGCA
ACTCGTAGGACAGGTGCCGGCAGCGCTCTGGGTCATTTTCGGCGAGGACCGCTTTCGCTG
GAGCGCGACGATGATCGGCCTGTCGCTTGCGGTATTCGGAATCTTGCACGCCCTCGCTCA
AGCCTTCGTCACTGGTCCCGCCACCAAACGTTTCGGCGAGAAGCAGGCCATTATCGCCGG
CATGGCGGCCGACGCGCTGGGCTACGTCTTGCTGGCGTTCGCGACGCGAGGCTGGATGGC
CTTCCCCATTATGATTCTTCTCGCTTCCGGCGGCATCGGGATGCCCGCGTTGCAGGCCAT
GCTGTCCAGGCAGGTAGATGACGACCATCAGGGACAGCTTCAAGGATCGCTCGCGGCTCT
TACCAGCCTAACTTCGATCACTGGACCGCTGATCGTCACGGCGATTTATGCCGCCTCGGC
GAGCACATGGAACGGGTTGGCATGGATTGTAGGCGCCGCCCTATACCTTGTCTGCCTCCC
CGCGTTGCGTCGCGGTGCATGGAGCCGGGCCACCTCGACCTGAATGGAAGCCGGCGGCAC
CTCGCTAACGGATTCACCACTCCAAGAATTGGAGCCAATCAATTCTTGCGGAGAACTGTG
AATGCGCAAACCAACCCTTGGCAGAACATATCCATCGCGTCCGCCATCTCCAGCAGCCGC
ACGCGGCGCATCTCGGGCAGCGTTGGGTCCTGGCCACGGGTGCGCATGATCGTGCTCCTG
TCGTTGAGGACCCGGCTAGGCTGGCGGGGTTGCCTTACTGGTTAGCAGAATGAATCACCG
ATACGCGAGCGAACGTGAAGCGACTGCTGCTGCAAAACGTCTGCGACCTGAGCAACAACA
TGAATGGTCTTCGGTTTCCGTGTTTCGTAAAGTCTGGAAACGCGGAAGTCAGCGCCCTGC
ACCATTATGTTCCGGATCTGCATCGCAGGATGCTGCTGGCTACCCTGTGGAACACCTACA
TCTGTATTAACGAAGCGCTGGCATTGACCCTGAGTGATTTTTCTCTGGTCCCGCCGCATC
CATACCGCCAGTTGTTTACCCTCACAACGTTCCAGTAACCGGGCATGTTCATCATCAGTA
ACCCGTATCGTGAGCATCCTCTCTCGTTTCATCGGTATCATTACCCCCATGAACAGAAAT
TCCCCCTTACACGGAGGCATCAAGTGACCAAACAGGAAAAAACCGCCCTTAACATGGCCC
GCTTTATCAGAAGCCAGACATTAACGCTTCTGGAGAAACTCAACGAGCTGGACGCGGATG
AACAGGCAGACATCTGTGAATCGCTTCACGACCACGCTGATGAGCTTTACCGCAGCTGCC
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TCGCGCGTTTCGGTGATGACGGTGAAAACCTCTGACACATGCAGCTCCCGGAGACGGTCA
CAGCTTGTCTGTAAGCGGATGCCGGGAGCAGACAAGCCCGTCAGGGCGCGTCAGCGGGTG
TTGGCGGGTGTCGGGGCGCAGCCATGACCCAGTCACGTAGCGATAGCGGAGTGTATACTG
GCTTAACTATGCGGCATCAGAGCAGATTGTACTGAGAGTGCACCATATGCGGTGTGAAAT
ACCGCACAGATGCGTAAGGAGAAAATACCGCATCAGGCGCTCTTCCGCTTCCTCGCTCAC
TGACTCGCTGCGCTCGGTCGTTCGGCTGCGGCGAGCGGTATCAGCTCACTCAAAGGCGGT
AATACGGTTATCCACAGAATCAGGGGATAACGCAGGAAAGAACATGTGAGCAAAAGGCCA
GCAAAAGGCCAGGAACCGTAAAAAGGCCGCGTTGCTGGCGTTTTTCCATAGGCTCCGCCC
CCCTGACGAGCATCACAAAAATCGACGCTCAAGTCAGAGGTGGCGAAACCCGACAGGACT
ATAAAGATACCAGGCGTTTCCCCCTGGAAGCTCCCTCGTGCGCTCTCCTGTTCCGACCCT
GCCGCTTACCGGATACCTGTCCGCCTTTCTCCCTTCGGGAAGCGTGGCGCTTTCTCATAG
CTCACGCTGTAGGTATCTCAGTTCGGTGTAGGTCGTTCGCTCCAAGCTGGGCTGTGTGCA
CGAACCCCCCGTTCAGCCCGACCGCTGCGCCTTATCCGGTAACTATCGTCTTGAGTCCAA
CCCGGTAAGACACGACTTATCGCCACTGGCAGCAGCCACTGGTAACAGGATTAGCAGAGC
GAGGTATGTAGGCGGTGCTACAGAGTTCTTGAAGTGGTGGCCTAACTACGGCTACACTAG
AAGGACAGTATTTGGTATCTGCGCTCTGCTGAAGCCAGTTACCTTCGGAAAAAGAGTTGG
TAGCTCTTGATCCGGCAAACAAACCACCGCTGGTAGCGGTGGTTTTTTTGTTTGCAAGCA
GCAGATTACGCGCAGAAAAAAAGGATCTCAAGAAGATCCTTTGATCTTTTCTACGGGGTC
TGACGCTCAGTGGAACGAAAACTCACGTTAAGGGATTTTGGTCATGAGATTATCAAAAAG
GATCTTCACCTAGATCCTTTTAAATTAAAAATGAAGTTTTAAATCAATCTAAAGTATATA
TGAGTAAACTTGGTCTGACAGTTACCAATGCTTAATCAGTGAGGCACCTATCTCAGCGAT
CTGTCTATTTCGTTCATCCATAGTTGCCTGACTCCCCGTCGTGTAGATAACTACGATACG
GGAGGGCTTACCATCTGGCCCCAGTGCTGCAATGATACCGCGAGACCCACGCTCACCGGC
TCCAGATTTATCAGCAATAAACCAGCCAGCCGGAAGGGCCGAGCGCAGAAGTGGTCCTGC
AACTTTATCCGCCTCCATCCAGTCTATTAATTGTTGCCGGGAAGCTAGAGTAAGTAGTTC
GCCAGTTAATAGTTTGCGCAACGTTGTTGCCATTGCTGCAGGCATCGTGGTGTCACGCTC
GTCGTTTGGTATGGCTTCATTCAGCTCCGGTTCCCAACGATCAAGGCGAGTTACATGATC
CCCCATGTTGTGCAAAAAAGCGGTTAGCTCCTTCGGTCCTCCGATCGTTGTCAGAAGTAA
GTTGGCCGCAGTGTTATCACTCATGGTTATGGCAGCACTGCATAATTCTCTTACTGTCAT
GCCATCCGTAAGATGCTTTTCTGTGACTGGTGAGTACTCAACCAAGTCATTCTGAGAATA
GTGTATGCGGCGACCGAGTTGCTCTTGCCCGGCGTCAACACGGGATAATACCGCGCCACA
TAGCAGAACTTTAAAAGTGCTCATCATTGGAAAACGTTCTTCGGGGCGAAAACTCTCAAG
GATCTTACCGCTGTTGAGATCCAGTTCGATGTAACCCACTCGTGCACCCAACTGATCTTC
AGCATCTTTTACTTTCACCAGCGTTTCTGGGTGAGCAAAAACAGGAAGGCAAAATGCCGC
AAAAAAGGGAATAAGGGCGACACGGAAATGTTGAATACTCATACTCTTCCTTTTTCAATA
TTATTGAAGCATTTATCAGGGTTATTGTCTCATGAGCGGATACATATTTGAATGTATTTA
GAAAAATAAACAAATAGGGGTTCCGCGCACATTTCCCCGAAAAGTGCCACCTGACGTCTA
AGAAACCATTATTATCATGACATTAACCTATAAAAATAGGCGTATCACGAGGCCCTTTCG
TCTTCAAGAA
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9.2. Synthetic DNA constructs (“gene synthesis”)
All gene synthesis work was ordered by GeneArt in Regensburg, Germany.

9.2.1. tRNA expression cassette
5’-GCTTCTTTGAGCGAACGATCAAAAATAAGTGGCGCCCCATCAAAAAAATATTCTCAACA
TAAAAAACTTTGTGTAATACTTGTAACGCTCTCCGGCATCTCTCCGTACATCCAGCTGATGA
GTCCCAAATAGGACGAAACGCGCTTCGGTGCGTCCTGGATTCCAGGGAGAGATGCCGGAGCG
GCTGAACGGACCGGTCTCTAAAACCGGAGTAGGGGCAACTCTACCGGGGGTTCAAATCCCCC
TCTCTCCGCCACTGCAGATCCTTAGCGAAAGCTAAGGATTTTTTTTA-3’

9.2.2. Tetrahymena thermophila group I intron with HHR in p6
5’-CATATGGTAAGACTACACATCTCTTGCTTGCCATAAAAAGTTATCAGGCATGCACCTGG
TAGCTAGTCTTTAAACCAATAGATTGCATCGGTTTAAAAGGCAAGACCGTCAAATTGCGGGA
AAGGGGTCAACAGCCGTTCAGTACCAAGTCTCAGGGGAAACTTTGAGATGGCCTTGCAAAGG
GTATGGTAATAAGCTGACGGACATGGTCCTAACCACGCAGCCAAGTCCTAAGTCAACAGGTA
CATCCAGCTGATGAGTCCCAAATAGGACGAAACGCGCTTCGGTGCGTCCTGGATTCCACTGT
TGATATGGATGCAGTTCACAGACTAAATGTCGGTCGGGGAAGATGTATTCTTCTCATAAGAT
ATAGTCGGACCTCTCCTTAATGGGAGCTAGCGGATGAAGTGATGCAACACTGGAGCCGCTGG
GAACTAATTTGTATGCGAAAGTATATTGATTAGTTTTGGAGTACTCGGAGCAAGGGCGAGGA
GCTGTTCACCGGG-3’

9.3. Synthetic DNA oligonucleotides (“primer”)
Synthetic DNA oligonucleotides were order from Metabion in Martinsried, Germany.
If denoted, oligonucleotides were ordered with a synthetically attached 5’-phosphate
in order to allow ligation during cloning procedure. N represents an unbiased
random position generated during solid phase DNA synthesis using a 1:1:1:1
mixture of nucleoside phosphoramidites.
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9.3.1. DNA oligonucleotides for cloning

primer name

primer sequence

pMyr chlorR fw
pMyr chlorR rv
pHWB1 w/o ampR rv
pHWB1 w/o ampR fw

(5'-Pho-)
(5'-Pho-)

TTACGCCCCGCCCTGCCAC
ATGGAGAAAAAAATCACTGGATATACC
ACTCTTCCTTTTTCAATATTATTGAAGC
CTGTCAGACCAAGTTTACTC

9.3.2. DNA oligonucleotides for site-directed insertion in plasmids

primer name

primer sequence
CGAAACGCGCTTCGGTGCGTCCTGGATTCCACGAAGGAGATA
TACCATGGG

wt HHR fw
wt HHR rv

(5'-Pho-)

wt inHHR fw
wt inHHR rv

(5'-Pho-)

theoHHAz pool fw
theoHHAz pool rv

(5'-Pho-)

GTATCACCTGATCTGGATAATGCCAGCGTAGGGATNNNTCCT
GGATTCCACGAAGGAG

TPP-HHAz-pool fw
TPP-HHAz-pool rv

(5'-Pho-)

inactive
1.2 fw
inactive
1.2 rv
inactive
1.20 fw

TPP-HHAz

inactive
1.20 rv
inactive
2.5 fw
inactive
2.5 rv
inactive
2.12 fw
inactive
2.12 rv

TPP-HHAz

pET16b
BL0 fw
pET16b
BL1 fw
pET16b
fw

TCCTATTTGGGACTCATCAGCTGGATGTACCGAAGGAGAAAG
GGGAATTGTTATCCGCTCCGAGACGCGCTTCGGTGCGTCCTGGATTCCACGAAGGAGATA
TACCATGGG
TCCTATTTGGGACTCATCAGCTGGATGTACCGAAGGAGAAAG
GGGAATTGTTATCCGCTC
AGGCCCTTGGCAGGTGTCCTGGATTCCACGAAGGAG
TTCGGCTGGTATNNNTTTCGTCCTATTTGGGACTC

TPP-HHAz

AGACCTTCGGGGTGCCCTTC
(5'-Pho-)

TPP-HHAz

(5'-Pho-)

3wayHHR

5

3wayHHR

5

3wayHHR

5

CGTCCTATTTGGGACTCATCAGC
AGATCCTCGGGGTGCCCTTC

(5'-Pho-)

TPP-HHAz
TPP-HHAz

CGTCCTATTTGGGACTCATCAGC
AGAACATCGGGGTGCCCTTC

TPP-HHAz
TPP-HHAz

GGGTATTTCTCAGCCTTCACGCAGAAGGGCACCCCGANNNTT
TCGTCCTATTTGGGACTCATC

CGTCCTATTTGGGACTCATCAGC
AGACCATCGGGGTGCCCTTC

(5'-Pho-)

CGTCCTATTTGGGACTCATCAGC
CGCCGTAAGGCGTCCTGACTCCGAATGGAGTATCTCCACGAA
GGAGATATACCATGGG
CGCCGTAAGGCGTCCTGACTCCGAATGGAGTATCTACCACGA
AGGAGATATACCATGGG
CGCCGTAAGGCGTCCTGACTCCGAATGGAGTATCTATCCACG
AAGGAGATATACCATGGG
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primer name

primer sequence

pET16b 3wayHHR 5
BL3 fw
pET16b 3wayHHR 5
BL4 fw
pET16b 3wayHHR rv
akt
pET16b 3wayHHR rv
in
pET16b
3way
theoHHAz fw
pET16b
3way
theoHHAz 4N rv
pET16b_in
3waytheoHHAz fw
pET16b_in
3waytheoHHAz rv
pET16b
3way
theoHHAz2 cl rv
pET16b
3way
theoHHAz2 cl fw
pMAB S50 to
fw
pMAB S50 to
rv
Inactivated
tRNA fw
Inactivated
tRNA rv
theoHHAz-tRNA
theoHHAz-tRNA
Inactived
theoHHAz-tRNA
Inactived
theoHHAz-tRNA
pHWB1
pHWB1
pT7-1
pT7-1

oRBS
oRBS
oASD
oASD

(5'-Pho-)
(5'-Pho-)
(5'-Pho-)

NNNNTATCTATCCACGAAGGAGATATACC
GACGCCGTAAGGCGTCCTGTTC
(5'-Pho-)

(5'-Pho-)

Amber
Amber
‚HHR-

fw

TAGGTGTCCGGCGAGGGCGAG

(5'-Pho-)

GACGCGCTTCGGTGCGTCCTG
TCGTCCTATTTGGGACTCATCAGCTGG

(5'-Pho-)

GGCCCTTGGCAGGTGTCCTGGATTCCAGGGAGAGATG
TTTCGGCTGGTATGTATTTCGTCCTATTTGGGACTCATCAGC

(5'-Pho-)

5GGCCCTTGGCAGGTGTCCTGGATTCCAGGGAGAGATG
TTTCGGCTGGTATGTATCTCGTCCTATTTGGGACTCATCAGC

(5'-Pho-)
(5'-Pho-)

pT7-1 h6 inHHR fw
pT7-1 h6 inHHR rv

(5'-Pho-)

pT7-1 h6 actHHR fw
pT7-1 h6 actHHR rv

(5'-Pho-)

pT7-1 h11 inHHR fw
pT7-1 h11 inHHR rv
pT7-1
fw
pT7-1
rv

h11

actHHR

h11

actHHR

(5'-Pho-)

(5'-Pho-)

pT7-1 h18 inHHR fw
pT7-1 h18 inHHR rv
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CCTTGGCAGCGGAGTATCTATCCACGAAGGAGATATACCATG
GGC
GCCTTTCGGCTGGTATCGGAACAGTATTTCTAGAGGGGAATT
GTTATCC

(5'-Pho-)

rv

fw
rv
fw
rv

TCGTCCTATTTGGGACTCATC

GAACTTGTGGCCGTTTACGTCGCCG

‚HHRfw
rv

CGCCGTAAGGCGTCCTGACTCCGAATGGAGTATCTATTCCAC
GAAGGAGATATACCATGGG
CGCCGTAAGGCGTCCTGACTCCGAATGGAGTATCTATTTCCA
CGAAGGAGATATACCATGGG
TTTCGTCCTATTTGGGACTCATCAGCTGCTAGTACCGAAGGA
GAAAGGGGAATTGTTATCCGCTC
TCTCGTCCTATTTGGGACTCATCAGCTGCTAGTACCGAAGGA
GAAAGGGGAATTGTTATCCGCTC
CTGCCAAGGGCCTTTCGGCTGGTATCGTATCAGGACGCCTTA
CGGCGTTTCG

(5'-Pho-)

AACTTTCACACCACCCGCAAATGGGCCATCATCATCATC
AAACAAAATTATTTCTAGAGGGG
GGATCATTGTGGTACCTTAAAGAAGCGTACTTTG
AACCGCAGGTTCCCCTACG
CGAGACGCGCTTCGGTGCGTCCTGGATTCCACTTCTTTGCTG
ACGAGTGG
TCCTATTTGGGACTCATCAGCTGGATGTACCTTCTTCCTGTT
ACCGTTCGAC
CGAAACGCGCTTCGGTGCGTCCTGGATTCCACTTCTTTGCTG
ACGAGTGG
TCCTATTTGGGACTCATCAGCTGGATGTACCTTCTTCCTGTT
ACCGTTCGAC
CGAGACGCGCTTCGGTGCGTCCTGGATTCCACTGCTTTGCCA
TCGGATGTGCCCAG
TCCTATTTGGGACTCATCAGCTGGATGTACCTGCCTCTTTGG
TCTTGCGACGTTATGCGG
CGAAACGCGCTTCGGTGCGTCCTGGATTCCACTGCTTTGCCA
TCGGATGTGCCCAG
TCCTATTTGGGACTCATCAGCTGGATGTACCTGCCTCTTTGG
TCTTGCGACGTTATGCGG
CGAGACGCGCTTCGGTGCGTCCTGGATTCCACTGCTCATTGA
CGTTACCCGCAGAAG
TCCTATTTGGGACTCATCAGCTGGATGTACCTGCCCCCTTCC
TCCCCGCTGAAAG

9. DNA Sequences

primer name
pT7-1
fw
pT7-1
rv

primer sequence

h18

actHHR

h18

actHHR

(5'-Pho-)

pT7-1 h28 inHHR fw
pT7-1 h28 inHHR rv
pT7-1
fw
pT7-1
rv

h28

actHHR

h28

actHHR

(5'-Pho-)

(5'-Pho-)

pT7-1 h37 inHHR fw
pT7-1 h37 inHHR rv
pT7-1
fw
pT7-1
rv

h37

actHHR

h37

actHHR

(5'-Pho-)

(5'-Pho-)

pT7-1 h38 inHHR fw
pT7-1 h38 inHHR rv
pT7-1
fw
pT7-1
rv

h38

actHHR

h38

actHHR

(5'-Pho-)

(5'-Pho-)

pT7-1 h44 inHHR fw
pT7-1 h44 inHHR rv

(5'-Pho-)

pT7-1 h44 actHHR
fw
pT7-1 h44 actHHR
(5'-Pho-)
rv
pT7-1 h6 TPP-HHAz
rand fw
pT7-1 h6 TPP-HHAz
(5'-Pho-)
rand rv
GroupI
Intr
HHR
inact. fw
GroupI
Intr
HHR
inact. rv
GroupI
Intr
w/o
HHR fw
GroupI
Intr
w/o
HHR rv
pET16b_Intron_HHR_
P2 fw
pET16b_Intron_inHH
R_P2 fw
pET16b_Intron_HHR_
P2 rv
pET16b_Intron_HHR_
P8 fw
pET16b_Intron_inHH
R_P8 fw
pET16b_Intron_HHR_
P8 rv
pET16b_Intron_HHR_
P10 fw

CGAAACGCGCTTCGGTGCGTCCTGGATTCCACTGCTCATTGA
CGTTACCCGCAGAAG
TCCTATTTGGGACTCATCAGCTGGATGTACCTGCCCCCTTCC
TCCCCGCTGAAAG
CGAGACGCGCTTCGGTGCGTCCTGGATTCCAGGCGTGGCTTC
CGGAGCTAAC
TCCTATTTGGGACTCATCAGCTGGATGTACGGCACAACCTCC
AAGTCGAC
CGAAACGCGCTTCGGTGCGTCCTGGATTCCAGGCGTGGCTTC
CGGAGCTAAC
TCCTATTTGGGACTCATCAGCTGGATGTACGGCACAACCTCC
AAGTCGAC
CGAGACGCGCTTCGGTGCGTCCTGGATTCCATGAGAATGTGC
CTTCGGG
TCCTATTTGGGACTCATCAGCTGGATGTACTGAAAACTTCCG
TGGATGTC
CGAAACGCGCTTCGGTGCGTCCTGGATTCCATGAGAATGTGC
CTTCGGG
TCCTATTTGGGACTCATCAGCTGGATGTACTGAAAACTTCCG
TGGATGTC
CGAGACGCGCTTCGGTGCGTCCTGGATTCCACTGGGAACCGT
GAGACAGGTG
TCCTATTTGGGACTCATCAGCTGGATGTACCTGGGCACATTC
TCATCTCTG
CGAAACGCGCTTCGGTGCGTCCTGGATTCCACTGGGAACCGT
GAGACAGGTG
TCCTATTTGGGACTCATCAGCTGGATGTACCTGGGCACATTC
TCATCTCTG
CGAGACGCGCTTCGGTGCGTCCTGGATTCCACTGCCGGGAAC
TCAAAGGAGACTG
TCCTATTTGGGACTCATCAGCTGGATGTACCTGCCGCTGGCA
ACAAAGGATAAG
CGAAACGCGCTTCGGTGCGTCCTGGATTCCACTGCCGGGAAC
TCAAAGGAGACTG
TCCTATTTGGGACTCATCAGCTGGATGTACCTGCCGCTGGCA
ACAAAGGATAAG
GGGTATTTCTCAGCCTTCACGCAGAAGGGCACCCCGANNNTT
TCGTCCTATTTGGGACTCATCAGC
GTATCACCTGATCTGGATAATGCCAGCGTAGGGAANNNTCCT
GGATTCCACTTCTTTGC
GACGCGCTTCGGTGCGTCCTGG

(5'-Pho-)

TCGTCCTATTTGGGACTCATCAGCTGG
ATCTTCTGTTGATATGGATGCAGTTCAC

(5'-Pho-)

(5'-Pho-)

(5'-Pho-)

CTGTTGACTTAGGACTTGGCTGC
GACGAAACGCGCTTCGGTGCGTCCTGGATTCCACCTGGTAGC
TAGTCTTTAAAC
GACGAGACGCGCTTCGGTGCGTCCTGGATTCCACCTGGTAGC
TAGTCTTTAAAC
CTATTTGGGACTCATCAGCTGGATGTACCCTGATAACTTTTT
ATGGCAAGCAAGAG
GACGAAACGCGCTTCGGTGCGTCCTGGATTCCATCTTCTCAT
AAGATATAGTCGGACC
GACGAGACGCGCTTCGGTGCGTCCTGGATTCCATCTTCTCAT
AAGATATAGTCGGACC
CTATTTGGGACTCATCAGCTGGATGTACTCTTCCCCGACCGA
CATTTAG
GAAACGCGCTTCGGTGCGTCCTGGATTCCACTTGCTTGCCAT
AAAAAGTTATCAGG
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primer name
pET16b_Intron_inHH
R_P10 fw
pET16b_Intron_HHR_
P10 rv
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primer sequence

(5'-Pho-)

GAGACGCGCTTCGGTGCGTCCTGGATTCCACTTGCTTGCCAT
AAAAAGTTATCAGG
GTCCTATTTGGGACTCATCAGCTGGATGTACCTTGAGATGTG
TAGTCTTACCATATGACG
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