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Riboswitches are RNA-based regulators of gene expression composed of a ligand-sensing aptamer domain followed
by an overlapping expression platform. The regulation occurs at either the level of transcription (by formation of
terminator or antiterminator structures) or translation (by presentation or sequestering of the ribosomal binding site).
Due to a modular composition, these elements can be manipulated by combining different aptamers and expression
platforms and therefore represent useful tools to regulate gene expression in synthetic biology. Using computationally
designed theophylline-dependent riboswitches we show that 2 parameters, terminator hairpin stability and folding
traps, have a major impact on the functionality of the designed constructs. These have to be considered very carefully
during design phase. Furthermore, a combination of several copies of individual riboswitches leads to a much improved
activation ratio between induced and uninduced gene activity and to a linear dose-dependent increase in reporter
gene expression. Such serial arrangements of synthetic riboswitches closely resemble their natural counterparts and
may form the basis for simple quantitative read out systems for the detection of specific target molecules in the cell.

Introduction

Riboswitches are versatile devices for synthetic biology applica-
tions. They consist of an aptamer domain that binds defined ligands
with high affinity and an expression platform translating aptamer
binding into an effect on gene expression.’ In synthetic biology,
they are often used to design complex gene regulation circuits.”” In
recent years there has been great effort in designing synthetic ribos-
witches that can in principle bind any ligand and regulate any step
in gene expression of interest.® Regulation of transcription is of spe-
cial interest, as it allows for a tight regulation in an early step of gene
expression.” Furthermore, transcriptional control can be employed
to regulate both protein expression as well as noncoding RNAs. In
bacteria, riboswitches regulating transcription usually contain an
intrinsic rho-independent terminator in the expression platform.
Such an element is characterized by a stable, often GC-rich stem-
loop-structure followed by a U-rich tail.* Naturally occurring tran-
scriptional riboswitches usually represent OFF-switches, where the
binding of a ligand represses gene expression. This often leads to a
feedback inhibition, where a certain metabolite produced by the
riboswitch-controlled gene products shuts down its own synthesis.”
In synthetic biology, however, ON-switches that activate gene
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expression upon binding of a small inducer molecule are highly pre-
ferred.'® Two distinct strategies have been applied for the design of
artificial transcriptional riboswitches. In the first approach, an in
vitro selected theophylline-binding aptamer (see ref. Y was fused
via a short spacer region to a sequence complementary to the 3'-part
of the aptamer. Together with this aptamer part, the spacer region
and the complementary sequence lead to the formation of a stable
intrinsic terminator in the absence of the aptamer ligand. In the pres-
ence of the ligand, the aptamer structure was stabilized and pre-
cluded terminator formation, leading to an increase in gene
expression.'” In a similar setup based on natural elements, aptamer
and terminator were connected via a P1-helix that was part of both
regions.">'® Tn an approach for designing ON-switches, aptamer
and terminator from natural riboswitches required decoupling
before an exchange of the aptamer domain was possible.'® This strat-
egy can be challenging as decoupling requires mutations at positions
that might be essential for proper function of the terminator. How-
ever, when designing purely synthetic riboswitches as in our preced-
ing study (see ref. 12y it is hard to predict if these constructs will be
functional at all. Natural transcriptional terminators tend to be
shorter than those required for aptamer disruption in riboswitch
design. As hairpin stability alone shows no direct correlation with
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riboswitch functionality, the efficiency of a designed terminator is
hard to predict, although great efforts were made to solve this
14,15
problem.
Here, we analyzed which features of the first synthetic tran-
%) influence their functionality in
Escherichia coli. As the synthetic terminator domain, in contrast to

scriptional riboswitches (see ref. '

the aptamer, can vary in sequence and structure, the functionality
of the isolated terminators was determined. Our data represent the
first direct experimental proof for the hypothesis that riboswitch
functionality is strongly affected by the stability of the terminator
hairpin. Furthermore, we show that the folding pathway and the
existence of possible folding traps in the terminator element are an
equally important parameter. Therefore, both features have to be
considered when designing functional riboswitches acting on tran-
scription. In additon, we show that a fast and reliable way to
enhance the activation ratio of transcriptional riboswitches is the
design of constructs with several riboswitch copies. Such serial
arrangements might be useful tools for the measurement of

intracellular ligand concentration. The combination of optimized
hairpin stability, absence of terminator folding traps and serial
riboswitch arrangement should allow a more reliable and efficient
design strategy for these synthetic regulatory RNA elements.

Results

Terminator composition is critical for riboswitch
functionality

In our initial study for designing transcriptional ON-ribos-
witches that activate gene expression upon theophylline binding,
3 of 6 tested constructs from the in silico selection were able to
regulate gene expression in a theophylline-dependent manner in
E. coli. Here, we mainly focus on riboswitch 10 (RS10), as it was
the best performer in the initial test set, showing a 3-fold activa-
tion."? This riboswitch possesses a 14 base pair long terminator
stem without mismatches and an AAUC tetraloop sequence in
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Figure 1. Riboswitch variants and activity tests. Sequence and secondary structure of the functional riboswitch 10 (RS$10), the non-functional riboswitch 8
(RS8) and tested mutants are shown in (A) and (B), respectively. Shine-Dalgarno sequence (black box) and bgaB reporter gene (white box) follow immedi-
ately downstream of the riboswitches. Aptamer sequence is shown in red, the spacer region in cyan, and the sequence complementary to the aptamer is
indicated in blue, followed by a black U-stretch. These elements make up the intrinsic terminator element. Mutated positions are indicated. (C) Activity
test of B-galactosidase reporter constructs with RS10 and RS8 mutants. Activities are indicated in Miller Units. The reduction in activity observed for RS8
and RS8A4bp is statistically not significant according to Student’s t-test (p = 0.17).
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the resulting hairpin (Fig. 1A). While most naturally occurring
terminators hold such tetraloops, 2 loop sequences, UUCG and
GAAA, are found at high frequency.®'® These loops are often
closed by a C-G base pair. Replacing the AAUC loop sequence
(closed by an A-U pair) by the sequence GAAA and a closing
G-C pair reduced the background by 2-fold of the reporter gene
activity in the absence of theophylline (RS10loop, Fig. 1A and
C, see ref. '), indicating that this loop enhances terminator per-
formance and efficiently blocks expression of the downstream
reporter gene. Encouraged by this result, we tested the most com-
mon terminator tetraloop UUCG with a closing C-G base pair
for its ability to minimize read-through. The corresponding con-
struct RS10loopA (Fig. 1A) did not show a reduced background
activity, but a high overall activity, leading to a loss of theophyl-
line-dependent gene regulation (Fig. 1C). Hence, this tetraloop
seems to be not suitable for the terminator environment of
RS10, indicating that specific features of an individual terminator
might not be generally applicable for any structural context.
When comparing functional and non-functional riboswitches
in our previous study (see ref. '?), we hypothesized that the stabil-
ity of the terminator stem seemed to be limiting for riboswitch
function. Riboswitch 8 (RS8) carried the most stable terminator
and showed a constitutive theophylline-independent repression of
the reporter gene. Yet, the isolated terminator revealed a compara-
bly low termination efficiency. This was not expected, as this
riboswitch showed many structural similarities with the functional
riboswitch RS10 (Fig. 1B). Both elements differ only in length
and sequence of the spacer element in the terminator hairpin, but
share the same complementarity to the aptamer sequence and a 4-
base hairpin loop representing a common feature of natural E. coli
terminators.'® As RS8 contains a longer spacer sequence (12 versus
8 nts) resulting in a much more stable terminator stem, we
assumed that this construct formed a terminator structure unaf-
fected by theophylline. If this hypothesis were true, the destabiliza-
tion of the terminator stem should allow a ligand-dependent
switch from terminator to aptamer structure as it was observed for
RS10. We removed 2 base pairs in the terminator stem that were
part of the spacer, resulting in constructs having deleted either 2
C-G base pairs (RS8ACC) or a C-G and a U-A base pair
(RS8ACU) (Fig. 1B). When testing these constructs for regulating

gene expression in a theophylline-dependent way, they showed a

2-fold activation of the B-galactosidase gene, while the original
RS8 construct did not respond to theophylline (Fig. 1C). Accord-
ingly, a massive destabilization of the terminator in RS8 should
lead to a constitutive ON state. We therefore combined the 2 dele-
tions in the terminator stem, leading to RS8A4bp (Fig. 1B). As
expected, this construct showed a theophylline-independent high
reporter gene activity (Fig. 1C). The slight reduction in the pres-
ence of theophylline that was also observed for the original RS8
turned out to be statistically not significant (p = 0.17).

Although the constructs RS8ACC and RS8ACU showed a 2-
fold activation ratio, RS10 had a slightly better performance. As
both switches differ also in their tetraloop sequences, the influence
of these loop regions was analyzed by reciprocal exchange between
RS10 and RS8ACU, resulting in RS10loop8 and RS8ACUloop10
(Fig. 1). While both constructs retained a 2-fold activation of the
reporter gene, RS8ACUloop10 showed a general strong reduction
in B-galactosidase activity, indicating that the loop of RS10
increases the transcription termination efficiency of this construct.

The activation of the RS8 construct by weakening the termi-
nator hairpin strongly supports the hypothesis that the stability
of the individual terminators has a dramatic impact on the func-
tionality of the riboswitches. While the functional constructs
have terminator hairpins with AG values between —21.9 and
—24.8 kcal/mol, the constitutively active RS8A4bp has an unsta-
ble terminator with —18.1 kcal/mol (Table 1). On the other
hand, the original RS8 carries the most stable terminator (—29.0
kcal/mol) that inhibits riboswitch refolding upon ligand binding,.
While the different hairpin stabilities of RS8A4bp and RS8
explain the observed gene expression levels, it remained unclear
why RS10loopA with an intermediate hairpin stability of —24.3
kcal/mol is not functional. We therefore investigated the efficien-
cies of the individual terminator elements in more detail.

Terminator function corresponds to riboswitch function

To study individual isolated terminator elements, the 5'-region
of the aptamer that was not part of the terminator hairpin was
removed. The resulting constructs were tested for B-galactosidase
activity (Fig. 2A) as well as mRNA expression (Fig. 2B) to con-
firm a regulation at the level of transcription. To illustrate the
maximal activity of the reporter, a construct lacking a terminator

hairpin but still holding the Ug-track was used (bgaBUg). As

Table 1. Energy values for terminator hairpin formation and folding traps. Functional riboswitches require that the values of both parameters lie within a rel-
atively narrow range. For the theophylline-binding aptamer, the terminator stability should be higher than —18.1 kcal/mol and lower than —29.0 kcal/mol.
Furthermore, the formation barrier of the functional terminator hairpin should not exceed 6.7 kcal/mol to prevent potential kinetic folding traps. The func-

tional constructs are marked with “+".

Riboswitch Terminator free energy (kcal/mol) Terminator formation barrier (kcal/mol) Riboswitch functionality
RS10 —-219 24 +
RS10loop —24.8 1.6 +
RS10loopA —243 10.0 —
RS8 —29.0 12.2 —
RS8ACC —22.1 2.9 +
RS8ACU —24.5 6.7 +
RS8A4bp —18.1 2.9 —
RS10loop8 —226 24 +
RS8ACUloop10 —239 2.9 +
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Figure 2. Analysis of isolated terminator sequences. (A) Activity test of
the B-galactosidase reporter gene, indicating transcriptional read-
through for isolated terminator constructs that leads to gene expression
in the absence of theophylline. The positive control bgaBUsg is a construct
lacking the terminator hairpin but still carries the Ug stretch. Activities are
given in Miller Units. (B) Northern blot analysis of full-length B-galactosi-
dase mRNA from terminator constructs. As internal control, the hybrid-
ization signal for 23S rRNA is shown. Asterisks indicate the position of
mRNA signals where a sufficient amount of transcriptional read-though
occurred. (C) Predicted energy barriers for terminator formation in the
individual constructs in kcal/mol. Barriers were computed using the Path-
finder algorithm.?" Constructs with high formation barriers (T10loopA,
T8, TBACU) are predicted to get trapped in a meta-stable state.

published before, constructs comprising either the isolated aptamer
or the Ug-track alone result in a constitutively active reporter
gene.'” Terminators from functional riboswitches showed good
(T10loop) or intermediate termination efficiencies (T10, TSACC,
T8ACU, T10loop8, T8ACUloop10), leading to lower reporter
gene activities than those of the non-functional riboswitches
RS10loopA, RS8 and RS8A4bp. In agreement with this, the
Northern blot analyses revealed the most intense mRNA hybrid-
ization signals for these weaker terminator elements. Accordingly,
the corresponding constructs  RS10loopA

riboswitch and

224

RNA Biology

RS8A4bp showed the highest reporter gene activity in the absence
of theophylline (Fig. 1C). The non-functional RS8, however,
which is also independent of theophylline, showed only an inter-
mediate expression rate, although it carries the most stable hairpin
(Fig. 1GC; Table 1). This result indicates that hairpin stability is
not directly correlated with transcription termination and cannot
be taken as the sole criterion for riboswitch construction.

In silico parameterization of transcriptional riboswitches

To find an answer why the individual riboswitch constructs
performed so differently in the experiment, we conducted a bio-
informatical analysis of their RNA transcripts. Similar to the total
free energy values described above (Table 1), other terminator
hairpin features, such as GC content or stem length did not show
a consistent correlation with the background activity signal of the
individual riboswitches or isolated terminators. As an additional
parameter, the seed stability during hairpin formation was calcu-
lated for each terminator sequence. The nucleation of hairpins
strongly correlates with the stability of the innermost base pairs,
since these close the loop region.'” The stability of these seeds
can be approximated by the folding energy of the loop and its
adjacent base pairs forming the helix of the terminator hair-
pin.'”™"? Our calculations suggest that the loops of most of the
terminator hairpins need up to 4 base pairs to shift the equilib-
rium structure toward a closed loop conformation, i.e. to exhibit
a negative free energy of nucleation. In this approximation, only
the hairpin of T10loop seems to have a slightly better stabiliza-
tion already after closing the first 2 base pairs due to the stabiliz-
ing effect of the tetraloop motif (Fig. S2). With the exception of
T8A4bp, the seed stabilities of the remaining terminators show
no significant differences and therefore do not allow to distin-
guish functional from non-functional riboswitch constructs.

As a next step, we took the sequence context of the terminator
elements into account to check for possible kinetic effects during
the transcription process. For each riboswitch transcript, a co-tran-
scriptional folding trajectory was calculated with the program kin-
walker (see ref. 2°), setting the transcription at a uniform speed of
200 nt/s. In this simulation, kinwalker predicts RNA structure
intermediates formed during the proceeding transcription. This
allows a time-resolved identification of possible folding traps in
the nascent RNA molecule. To determine the stability of putative
traps, we calculated the energy barrier that separates them from
the active terminator state, using the Pathfinder algorithm (see
ref. 2 to compute an optimal possible unrestricted refolding
path between the 2 structural states. For terminators T10loopA,
T8 and T8ACU, considerable energy barriers of 10.0 kcal/mol,
12.2 keal/mol and 6.7 kcal/mol were predicted. The occurrence
of these rather stable folding barriers in the transcription simula-
tion suggests the presence of kinetic folding traps. All other tested
terminator hairpins do not show trapped states in this model
(Figs. 2GC, 3).

Taken together, the 2 parameters hairpin stability and folding
trap can explain the observed activation ratios in the tested ribos-
witches, while the seed stability appears to play a less prominent
role. The combination of the 2 indicative parameters could help
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Figure 3. Model for a kinetic folding trap. Some of the designed transcripts do not show terminator activity even in the absence of the aptamer platform,
as it is shown here for terminator T8. Although having a nucleotide composition to form a stable terminator hairpin (helix part shown in blue, tetra loop
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which interferes with terminator hairpin formation. The time needed to refold into the active terminator conformation is then dictated by the energy bar-
rier separating both structure states. In cases of high energy barriers, transcription is not interrupted, since the terminator hairpin is formed only after the

polymerase moved on.

to improve the design of transcription regulating riboswitches
(see Table 1 and discussion).

Tandem arrangement allows fast and easy enhancement of
activation ratio

As demonstrated above, base replacements and/or deletions in
the terminator stem allowed the conversion of an inactive con-
struct into a functional riboswitch. However, for most of the
functional constructs, the activation ratios at high theophylline
concentrations remained moderate and could not be further
improved by these rational optimization steps. To target this
problem, we applied an alternative approach. For several gene
regulating RNA elements, tandem construction has been shown
to be an easy strategy for increasing activation ratio in splicing
(see ref. %?), RNA cleavage (see refs. 224y tibosome shunting
(see ref. *°) or trans-regulation of transcription.26 One advantage
of riboswitches acting at the transcriptional level is that each
expression platform represents an independent functional unit.

www.tandfonline.com

Hence, we tested whether a serial arrangement of riboswitches
leads to an increased activation ratio in our constructs. We gener-
ated constructs consisting of one, 2 or 3 copies of RS10 in a row
(Fig. 4A). To test the functionality of these arrangements, coding
sequences for B-galactosidase (Fig. 4) as well as GFP (Fig. S3)
were used as reporter genes. Furthermore, as the close proximity
of the terminator U stretch and the downstream Shine-Dalgarno
sequence leads to a strong theophylline-independent activity of
the reporter gene due to an enhanced translation rate (see ref. 7,
we additionally designed serial RS constructs based on a modified
riboswitch RS10shift.'* In these constructs, a 19 nt insertion
increases the distance between riboswitches and Shine-Dalgarno
sequence, leading to a dramatic reduction of activity without
theophylline (Fig. 4A, B). For all constructs, reporter gene activ-
ity was measured in the presence and absence of 1 or 2 mM
theophylline (Figs. 4B and $3). With increasing number of
riboswitches, the activity of the downstream reporter gene in the
absence of theophylline was reduced. Furthermore, in most cases,
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Figure 4. Serial riboswitch constructs. (A) Schematic representation of tandem and tridem constructs upstream of the reporter gene (3-galactosidase or
GFP), in 5’ to 3’ orientation. All transcripts start with a 3 nt-leader upstream of the first aptamer domain. For cloning reasons, several constructs carry a
6 nt-gap between the repeats, indicated by a black line. If no line is present, riboswitches directly follow each other. When indicated, an inert 19 nt
region of the pBAD multiple cloning site (see ref.'?) is inserted between riboswitch and Shine-Dalgarno sequence (RSshift constructs). The same arrange-
ment was chosen for constructs with GFP reporter. (B) 3-galactosidase activity of constructs with up to 3 serial riboswitch copies. While in the RS10 con-
structs the response ratio is increasing with additional riboswitch copies, the RS10-10-10shift construct shows a drop in activation compared to the
corresponding tandem. (C) B-galactosidase activity as a function of theophylline concentration for the constructs RS10 (red), RS10-10 (orange) and
RS10-10-10 (green). The linear regression coefficient R? (colored accordingly) indicates that the linearity increases with the number of riboswitches.
(D) B-galactosidase activity of tandem combinations of RS10 with RS1 or RS3, respectively. The approximate maximal activation ratio for all constructs is

an increase of activation ratio could be observed. While the single
riboswitch construct showed a 3- (RS10) or 6-fold activation
(RS10shift) of reporter activity in the presence of theophylline,
the tandem constructs allowed a 10- (RS10-10) to 17-fold acti-
vation (RS10-10shift). For the constructs with 3 serial ribos-
witches (tridems), only the construct RS10-10-10 with
B-galactosidase reporter showed a further increased activation
ratio (23-fold), in contrast to the RS10-10-10shift tridem
(11-fold). Similarly, the activation ratio in the tandem riboswitch
with GFP reporter showed an increase from 3- towards 10-fold.
In the tridem version, however, the activation ratio dropped
down to 7-fold (Fig. S3).

As shown in Figure 4B, the impact of the different theophyl-
line concentrations was higher for tandem or tridem constructs
than for the single riboswitch. Particularly RS10 repeats showed
a theophylline dose-dependent increase in reporter gene activity.
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Hence, we tested for RS10, RS10-10 and RS10-10-10 whether
such a linear correlation can be found over a broader range of
theophylline concentrations (Fig. 4C). While the single ribos-
witch RS10 showed a steep increase and fast saturation of
B-galactosidase activity at low concentrations of theophylline,
the increase of activity became more linear in the tandem and tri-
dem riboswitches. Correspondingly, the linear regression coeffi-
cient R? increased from 0.56 for the single riboswitch to 0.95 for
the tridem riboswitch RS10-10-10.

Besides tandem constructs based on identical RS10 repeats,
we also fused one copy of RS10 to the equally functional
theophylline riboswitches RS1 and RS3 (Fig. 4; Fig. S1). While
RS1 has a terminator hairpin of identical length with only a slight
difference in GC content (7 vs. 6 GC pairs in RS10), RS3 has a
hairpin with 18 bp, but carries one single nucleotide bulge
(Fig. S1). However, in terms of stability, these terminators have
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AG values comparable to the RS10 terminator (T1: —21 kcal/
mol; T3: —25.8 kcal/mol; T10: —21.9 kcal/mol) in the hairpin
region.'” These riboswitches were combined with one copy of
RS10 in different orders, leading to the constructs RS10-1,
RS10-1shift, RS1-10, RS1-10shift, RS10-3, RS10-3shift, RS3-
10 and RS3-10shift (Fig. 4A). Again, all combinations showed a
strongly increased activation ratio of the reporter gene for
B-galactosidase, resulting in 9- to 33-fold activation compared to
the 4- to 6-fold activation of the single riboswitches RS1shift
(Fig. 4D), RS10shift (Fig. 4B) or RS3shift.'* The effect of the
19 nt insertion in the shifted constructs is again evident. Com-
pared to the non-shifted tandems, these constructs consistently
show a reduced activity in the absence of theophylline. Taken
together, the activation enhancement observed for the homoge-
neous repeats consisting of identical RS10 copies is also visible
for heterogeneous tandem repeats. Nevertheless, the shifted com-
binations of RS1 or RS3 with RS10 show surprising differences.
While RS10-3shift and RS3-10shift have an activation ratio of
18 and 24, respectively, the RS10-1shift and RS1-10shift con-
structs show even better ratios of 33 and 26, respectively. The
absolute values in Miller units, however, are rather similar for
these constructs (Fig. 4D). Yet, a dose-dependent increase of
B-galactosidase activity similar to that of the homogeneous
RS10-10 tandem is visible for all 4 heterogeneous riboswitch
combinations.

Discussion

Design criteria for synthetic terminators in the riboswitch
design context

Using a computational algorithm, we have been able to design
functional ON-riboswitches acting at the level of transcription.'”
These synthetic regulatory elements are composed of an in vitro
selected aptamer for theophylline and an overlapping synthetic
intrinsic terminator that includes the 3'-part of the aptamer.
While the terminator structure is formed in the ligand-free state,
binding of theophylline stabilizes the aptamer conformation and
thus precludes the formation of the terminator. According to this
hypothesis, the stability of the terminator hairpin should have a
strong impact on the competition between these 2 mutually
exclusive states. Among the originally tested constructs, RS10
showed the best theophylline-dependent activation ratio (3-fold
expression difference between induced and uninduced state). As
this riboswitch still shows a considerable gene activation in the
absence of theophylline, a stabilization of the terminator hairpin
should lead to a reduction of occasional read-through during
transcription, increasing the activation ratio. Hence, an adjust-
ment of the terminator structure to the consensus of naturally
occurring terminators should enhance its functionality. Studies
on such 77 vivo terminator elements identified several features
critical for high termination efficiency.'®'” These are, among
others, the genetic environment of the terminator as well as
length and composition of the downstream-located U-stretch. As
these features are identical in our design, differences in termina-
tion efficiency must reside within the terminator hairpins. In
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natural terminators, GAAA tetraloops closed by a C-G base pair
are found rather frequently and are associated with high termina-
tion efficiencies.®"> Accordingly, a corresponding construct
T10loop, carrying the GAAA sequence, shows an improved ter-
mination efficiency compared to the original T10 element. Inter-
estingly, the most frequent tetraloop sequence, UUCG (see refs.
8:16) 4id not lead to such an effect. However, a direct correlation
between frequency of a certain loop sequence and termination
efficiency in natural terminators was not shown yet. As these ele-
ments are optimized for the specific needs in the expression of
individual genes and strongly depend on the genetic environ-
ment, natural terminators show a considerable variation in their
effects on transcription. Hence, statistical parameters of termina-
tors are not a reliable tool for the design of highly efficient syn-
thetic terminators that have to function
environment. On the other hand, design principles for termina-
tors with stems of up to 8 base pairs (see ref. 15) are also valid for

in a riboswitch

the terminators in the synthetic riboswitches. While the tested
terminators show only slight differences in the calculated seed
stabilities (Fig. S2), their predicted folding behavior and the gen-
eral stability of the terminator hairpin seem to be a more impor-
tant parameter (Fig. 2C; Table 1).

Interestingly, the combined evaluation of hairpin stability and
the prediction of folding traps allows a rather robust prediction
of riboswitch functionality (Table 1). Predicted folding traps are
structures that interfere with terminator formation (Figs. 2C, 3)
and seem to be quite common for synthetic riboswitches, as they
were also described for artificial elements regulating translation.?®
The most efficient terminator element is found in RS10loop. No
folding trap is predicted and the hairpin stability allows forma-
tion of the aptamer structure upon theophylline binding. Hence,
this construct represents a functional and efficient riboswitch.
Most of the other riboswitches carry terminators with intermedi-
ate efficiencies (Fig. 2A). Concerning the first parameter hairpin
stability, these terminators support a theophylline-induced for-
mation of the aptamer fold. The folding trap parameter, how-
ever, shows for 2 of these constructs, RS10loopA and RS8ACU,
that the presence of a trapping structure is suggested, with folding
barriers of 10.0 and 6.7 kcal/mol, respectively (Fig. 2C; Table 1).
The possible trap of RS8ACU is less robust and can be overcome,
leading to the formation of a functional terminator structure.
The corresponding riboswitch is functional as it allows both the
formation of a terminator in the absence of theophylline as well
as its disruption upon binding of the ligand. The predicted fold-
ing trap that prevents the formation of the terminator of
RS10loopA, however, yields a higher formation barrier that
probably inhibits efficient refolding into the terminator structure
during transcription. Consequently, this riboswitch does not
respond to the presence of theophylline and is locked in a consti-
tutive ON state.

The most stable folding trap is calculated for the terminator
used in the RS8 transcript. Here, the trap structure consists of a
stable upstream located hairpin stem (—25.4 kcal/mol; Fig. 3,
right panel) that is separated from the equally stable terminator
folding intermediate (—25.5 kcal/mol) by an energy barrier as
high as 12.2 kcal/mol. This barrier presumably prevents refolding
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from the intermediate conformation into the functional termina-
tor. Furthermore, the high stability of the terminator hairpin
structure (—29.0 kcal/mol) may outcompete the aptamer struc-
ture even with bound ligand so that no response of the riboswitch
to theophylline is observed. Yet, the overall activity of this ribos-
witch is lower than that of the other 2 inactive constructs
RS10loopA and RS8A4bp (Fig. 1C). As secondary structure ele-
ments in the region upstream of the ribosomal binding site can
interfere with the efficiency of translation (see refs. 29530y Vit is
very likely that a similar effect due to the highly stable structure
of the T8 terminator is the reason for the observed reduced
reporter gene expression in this construct. The last non-func-
tional riboswitch RS8A4bp is also not fulfilling both criteria.
While a formation barrier of 2.9 kcal/mol does not result in a
folding trap, the terminator hairpin shows a strongly reduced sta-
bility (—18.1 kcal/mol), due to the deletion of 4 base pairs in the
stem region. Thus, terminator formation is rather inefficient, and
the constitutively high gene expression indicates an inefficient
termination of transcription (Fig. 1C, Fig. 2A, B).

Taken together, if the hairpin is too stable, the formation of
the ligand-bound aptamer structure is not possible. If the stability
of the hairpin is too low, then the terminator is not formed, even
in the absence of the ligand, and the construct is in a permanent
ON state. Hence, the stabilities of the terminator hairpin and the
aptamer have to be balanced and adjusted to the stability of the
chosen aptamer domain in the constructs. Consequently, a termi-
nator stability that turned out to be functional in combination
with the theophylline aptamer is not necessarily suited for a dif-
ferent aptamer. While these parameters make it possible to distin-
guish functional from non-functional theophylline-dependent
riboswitch constructs, it is important to note that the translation
of the regulated downstream ORF may also be affected by these
structured elements in the 5-UTR. This complicates the quanti-
tative interpretation of riboswitch-mediated gene regulation.
Nevertheless, the parameters of terminator stability and putative
formation barriers leading to folding traps have to be considered
for the construction of a functional riboswitch acting on tran-
scription and can even be combined with serial arrangements of
riboswitches to further improve the functionality (Fig. 5, see dis-
cussion below).

Increasing the activation ratio by tandem and tridem
constructs

A tandem arrangement of regulatory elements for gene expres-
sion is a frequent tool in nature as well as biotechnology. Many
recombinant gene expression systems have to deal with problems
arising due to the use of highly active promoters. In such systems,
tandem combinations of strong natural intrinsic terminators are a
convenient way to achieve an efficient stop of transcription
downstream of the desired open reading frame.”"**'> In natu-
rally occurring riboswitches, tandem arrangements are observed
as well. One type of architecture identified in the metE mRNA
of Bacillus clausii consists of 2 distinct transcriptional OFF-
switches responding to different ligands. The 5'-located element
binds S-adenosylmethionine, while the second riboswitch recog-
nizes coenzyme B12.%? The independent gene regulation by these
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Figure 5. Flow chart for the construction of transcriptional riboswitches.
In order to obtain functional riboswitches that act in a ligand-dependent
manner, 2 parameters have to be considered. The stability of the termi-
nator hairpin has to be adjusted to the stability of the competing struc-
ture of the ligand-bound aptamer. If the terminator is too stable, the
riboswitch is in a permanent OFF state and not functional. If the hairpin
stability is too low, the terminator will not form, even in the absence of
the ligand, resulting again in a non-functional construct. Having a com-
patible stability of the terminator, possible folding traps have to be con-
sidered. If the energy barrier for a refolding into a functional terminator
is too high, the riboswitch will be not functional. Only the absence of
such traps or a low folding barrier will lead to the formation of a func-
tional construct that regulates a ligand-dependent gene expression.
Finally, the response ratio is considered. If it is not sufficient in the single
riboswitch construct (RS), a serial arrangement of riboswitch copies (RS-
RS-RS) can be used to increase the ON/OFF ratio.

2 elements represents a Boolean NOR gate, inhibiting the syn-
thesis of metE in the presence of one of the ligands.>* The second
type of tandem arrangement is found in glycine riboswitches,
where only the aptamer domain is present in 2 copies, followed
by a single regulatory domain (containing a terminator or a ribo-
somal binding site).>>>” A third naturally occurring tandem
arrangement is represented by a TPP riboswitch repeat.”®** Sur-
prisingly, while the tandems consisting of complete riboswitch
repeats show an independent function of each unit, the glycine
riboswitches with 2 neighboring aptamer domains exhibit a
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cooperative binding behavior.”>?” Our synthetic serial ribos-
witches show a rather linear increase of activity with increasing
amounts of theophylline, especially in the tridem arrangement
(Fig. 4C). Hence, these elements obviously do not show coopera-
tive binding effects, similar to their natural tandem counterparts
consisting of complete riboswitch repeats.>*>°

The simple repeat of identical or nearly identical riboswitch
elements leads to a considerable improvement of the functional-
ity of our synthetic regulators. The serial arrangement of individ-
ual terminators causes a drastically reduced read-through during
transcription, and, consequently, a very low reporter gene activity
in the absence of theophylline. Furthermore, these constructs
carry 2 to 3 aptamer domains that require ligand binding to pre-
vent terminator formation. Due to this increase in ligand binding
sites, a higher amount of theophylline is necessary to activate
gene expression. Consequently, both background as well as abso-
lute activity of the reporter gene in the ON state are decreasing
in these constructs. Due to an increased ratio between these OFF
and ON states, the overall sensitivity of the serial riboswitches is
elevated. As the enhanced activation ratio of the serial ribos-
witches is primarily the result of a reduced gene expression in the
OFF state when no theophylline is present, a background close
to zero inevitably limits any further increase in activation and can
even lead to a reduction as observed in the case of RS10-10-10
compared to RS10-10-10shift (Fig. 4B). Both constructs differ
in their overall activity, because in RS10-10-10, the ribosomal
binding site is located immediately downstream of the riboswitch
U-stretch that has a strong positive impact on translation effi-
ciency.'®?” Accordingly, gene expression is reduced in the shifted
counterpart. In this tridem, a further increase of the activation
ratio compared to the tandem is not possible, as the theophyl-
line-independent activity is already close to zero in RS10-10shift.
RS10-10, on the other hand, still exhibits a considerable back-
ground signal that is further reduced in RS10-10-10.

In the constructs with the GFP reporter gene, a different effect
of the serial arrangement of riboswitches was observed (Fig. S3).
In RS10-10, the activation ratio as well as the absolute activity of
the reporter gene was increased, while in RS10-10-10, both val-
ues dropped again. As described for the constructs with 3-galac-
tosidase reporter, the reduction in absolute activity might be the
result of an increased number of theophylline binding sites that
require a higher ligand concentration for activation of all ribos-
witch repeats. Furthermore, the reporter gene in use seems to
have an impact on the result as well. Fowler et al.** and Kotter
et al.*" observed that the insertion of secondary structure ele-
ments in the 5-UTR of a GFP gene can lead to a reduction in
gene expression and, consequently, fluorescence intensity.
Obviously, some of the riboswitch elements provoke a similar
reduction.

The most interesting effect of these composite riboswitch
arrangements, however, is the fact that the increasing number of
ligand-binding sites leads to linear and dose-dependent response
in reporter gene expression (Fig. 4C). The same phenomenon is
discussed for natural arrangements consisting of complete ribos-
witches responding to the same ligand, as in the case of tandem
TPP riboswitches.”> Compared to single riboswitch elements,
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these combinations can sense various ligand concentrations with
a correlating signal output.

Taken together, our data indicate that terminator hairpin sta-
bility and predicted folding traps have a profound impact on
transcriptional riboswitch functionality, corroborating our previ-
ous hypothesis.'* The @ priori determination of these structural
parameters and the serial combination of individual riboswitch
copies should facilitate the construction of functional synthetic
transcriptional riboswitches. Furthermore, tandem and tridem
arrangements of such riboswitch constructs greatly improve the
response ratio upon ligand binding. While natural riboswitch
tandems probably lead to a fine-tuning of gene expression in
response to fluctuating metabolite concentrations, the synthetic
counterparts seem to be a valuable way to achieve a dose-depen-
dent activation rate. Such riboswitch repeats might represent use-
ful building blocks for gene regulation in synthetic biology.

Material and Methods

Chemicals

Oligonucleotides were purchased from biomers.net, dNTPs
from Jena Biosciences. LB medium was purchased from Appli-
chem; theophylline was obtained from Sigma-Aldrich. Ampicil-
lin and Arabinose were purchased from Carl Roth.

Quantitative analysis for reporter gene activity

Quantitative analysis (3 independent experiments) of 3-galac-
tosidase activity and GFP fluorescence was done as described
using E. coli Top10 with starter cultures grown between 16 and
24 h to obtain identical ODp.

Northern blot analysis

Northern blot analysis was performed according to Wachs-
muth et al."?
Primer sequences used for hybridization were:

bgaB: 5'-GGAGCAATAACTACTTTGTATTTTG-3
23S rRNA (control): 5'-ACGACGGACGTTAGCACCCG-3'

Prediction of hairpin stabilities and kinetic folding traps

Thermodynamic calculation of terminator hairpin structures
was done with RNAfold and RNAeval from the ViennaRNA
Package v2.1.6 (see ref.%2) using default parameters. Prediction
of cotranscriptional folding trajectories for the RNA transcripts
with and without aptamer part were computed with kinwalker.*’
Intermediate structures along the predicted folding trajectories
with base pairs that conflict with the respective terminator hair-
pin were considered kinetic folding traps. A refolding of these
trapped structure states toward a functional terminator hairpin
requires the RNA to surmount an energy barrier, induced by
opening of conflicting base pairs prior the formation of the actual
terminator hairpin. Here, the energy barrier is determined by the
free energy difference between the trapped structure and the sad-
dle point along the refolding path, i.e., the structure that exhibits
the highest free energy. The higher this energy barrier is, the
more time the RNA requires to surpass the saddle point upon
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refolding into its functional state. While most of the constructed
transcripts readily fold into their terminator hairpin structure,
kinwalker predicts kinetic traps for T8, T10loopA, and, to a
lower degree, for TSACU. These traps were taken to compute
formation barriers of functional terminator hairpins via the Path-
finder algorithm.21 In contrast to that, intermediate structures
prior the formation of the terminator hairpin loop were taken as
refolding start point in all other cases.

Assessment of terminator seed stability

The seed stability of the terminator hairpin strongly depends
on the gain of free energy in the transition toward the complete
secondary structure. Thus, we analyzed the individual energy
contributions of successively closing the innermost base pairs for
all terminator constructs. Starting with the first base pair that
closes the loop, free energies of the partial terminator hairpins
with up to 5 consecutive base pairs were computed. Here, we uti-
lized the RNAeval program which implements the Turner 2004
energy model and parameters for RNA secondary structures.*?

Statistical test for significance

To investigate whether expression differences are significant, a
Student’s t-test was performed. All shown changes of reporter
gene activity were highly significant with p < 0.001 or p < 0.01,
while those of RS8 and RS8A4bp were not significant (p > 0.1).

Plasmid construction

Riboswitch and terminator constructs were generated by
QuickChange site directed mutagenesis (Stratagene). For tandem
arrangement, DNA with riboswitch sequences was amplified by
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