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ABSTRACT: RNA-based biosensors and regulatory devices
have received significant attention for their potential in a broad
array of synthetic biology applications. One of the primary
difficulties in engineering these molecules is the lack of facile
methods to link sensory modules, or aptamers, to readout
domains. Such efforts typically require extensive screening or
selection of sequences that facilitate interdomain communica-
tion. Bacteria have evolved a widespread form of gene
regulation known as riboswitches that perform this task with
sufficient fidelity to control expression of biosynthetic and
transport proteins essential for normal cellular homeostasis. In
this work, we demonstrate that select riboswitch readout domains, called expression platforms, are modular in that they can host
a variety of natural and synthetic aptamers to create novel chimeric RNAs that regulate transcription both in vitro and in vivo.
Importantly, this technique does not require selection of device-specific ″communication modules″ required to transmit ligand
binding to the regulatory domain, enabling rapid engineering of novel functional RNAs.
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Devices composed of RNA are emerging as important tools
in synthetic biology for applications including in vivo

detection of small molecules with genetically encodable
biosensors and engineered regulatory elements to control
gene expression.1 In part, this is because of the ability to select
nucleic acids with a desired activity using well-established in
vitro evolution methods (SELEX).2 This method subjects a
starting pool of random sequences to multiple rounds of a
selection pressure and replication of the survivors. The result,
when the selection pressure is for binding, is an aptamer
capable of binding the target molecule with high affinity and
specificity. In the 20 years since its development, SELEX has
yielded RNAs capable of binding a chemically diverse
assortment of compounds, revealing that aptamers for almost
any desired molecule can be obtained.3 For most applications,
the aptamer must be coupled to a readout module that
transduces the binding event into a detectable signal, a
significant hurdle in the engineering of practical RNA devices.
Several distinct solutions have emerged that detect binding of

a target molecule to an RNA.4 One example is the ″aptazyme″
in which an aptamer is linked to a hammerhead ribozyme such
that ligand binding induces the RNA to cleave itself, an event
that can be readily detected either in vitro or in vivo.5 A striking
example of the utility of such devices was a recent use of a
theophylline-sensing aptazyme to monitor the directed
evolution of a theophylline-degrading protein enzyme.6

Engineering of an aptazyme often requires extensive
optimization of a ″communication module” between the two

domains.7 However, it has been observed that aptazymes
display high background cleavage levels and slow allostery,
which can limit their utility.8,9 Other readout modules that have
been explored are designed or evolved secondary structural
switches,10−12 fluorophore binding aptamers13,14 and trans-
acting RNAs that alter translation of target mRNAs in a ligand-
inducible manner.15,16 As with aptazymes, these devices can be
difficult to engineer and suffer from high background or low
dynamic ranges. Moreover, these approaches typically require
significant re-engineering of each readout domain for the
particular aptamer in question. Ideally, modular readout
domains should be as ″plug-and-play″ as aptamers domains,
which can be easily placed into different contexts with minimal
or no redesign.
A potential source of modular readout domains is found in

naturally occurring genetic control devices called riboswitches.
These RNA elements are generally found in the 5′-leader
sequence of mRNAs and are broadly distributed across bacteria
regulating a wide assortment of metabolic processes.17

Riboswitches are generally composed of two distinct functional
domains: the aptamer domain that serves as the receptor for a
small molecule and an expression platform containing a
secondary structural switch that directs the gene expression
machinery (Figure 1a).18 Currently, more than 20 riboswitches
have been characterized whose aptamers bind a chemically
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diverse set of molecules including nucleobases and nucleosides,
amino acids, protein cofactors, metal ions, second messenger
signaling molecules, and aminoglycosides.18 These naturally
occurring aptamers have been exploited in engineered
biosensors, reflecting their modularity and utility.19,20

In contrast to the high degree of structural conservation of
each aptamer class, expression platforms are highly variable.
These domains regulate by a number of mechanisms, including
transcription, translation, mRNA stability, and splicing,18

typically through their ability to form alternative structures in
a ligand-directed fashion.17 For example, expression platforms
that direct transcription generally contain two alternative
hairpin structures: an intrinsic terminator (P-T, Figure 1a)
that directs RNA polymerase (RNAP) to abort mRNA
synthesis and an antiterminator that enables the RNAP to
proceed through the 5′-leader. Analogous hairpin structures
that sequester or expose the ribosome binding site (RBS) are
used to control expression of the mRNA at the translational
level (Figure 1b). However, expression platforms are poorly
characterized, with respect to both their structure beyond
recognition of the binary switch and how they communicate
with the aptamer domain. To date, the potential for the
regulatory expression platforms as modular readout elements
that can serve as building blocks for novel riboregulatory
elements has not been explored.
In this study, we demonstrate the modularity of expression

platforms of select riboswitches that control gene expression at
the transcriptional level. These chimeric riboswitches compris-
ing novel combinations of riboswitch aptamer domains and
expression platforms retain the regulatory properties of
biological sequences. Importantly for synthetic biology, we
find that the secondary structural switch of these expression
platforms can be directed by synthetic aptamers. The
engineering strategy that we employ to couple aptamers with
these modular expression platforms is conceptually simple and

requires minimal screening of variants to find an effective
riboswitch. These switches are functional in both a basic in vitro
transcription assay and as a regulatory element controlling
expression of a reporter gene in E. coli. Our data reveal a robust
strategy for generating a wide variety of practical RNA devices.

■ RESULTS AND DISCUSSION

Considerations in Design of Modular Expression
Platforms. The two primary criteria considered in selecting
modular expression platforms from biological sequences were
(i) the two domains of the riboswitch must not overlap in their
sequence requirements and (ii) easy and rapid assays for their
in vitro and in vivo function of readout must exist. To determine
whether the domains of a riboswitch are separable, the
alternative secondary structures must be examined. For the
archetypal ″OFF″ switch two distinct forms exist: a ligand-
bound form comprising the intact ligand-bound aptamer and a
rho-independent transcriptional terminator/ribosome binding
site (RBS) sequester hairpin or an unbound aptamer that is
partially disrupted by formation of the antiterminator/RBS
antisequester hairpin (Figure 1a,b). In this model, the two
domains intersect at a secondary structural element called the
P1 helix. Within this helix are sequence elements crucial for
productive ligand binding to the aptamer domain or part of the
secondary structural switch of the expression platform.
For a large subset of riboswitches, the sequence requirements

of the two domains do not overlap within the P1 helix, allowing
for assignment of a functional boundary. For example, in one
class of S-adenosylmethionine (SAM) binding riboswitches
(known as SAM-I) only two A-U base pairs near the 3′-end of
the P1 helix are required for ligand binding as revealed by the
crystal structure of an aptamer-SAM complex (Figure 1c;
Supplementary Figure 1a,b).21 Of the 11 SAM-I riboswitches in
the Bacillus subtilis genome,22,23 seven present slight or no
overlap between these A-U pairs and the switching sequence.

Figure 1. Riboswitches regulate transcription through a ligand-dependent secondary structural switch. (a) Cartoon of a typical riboswitch that
terminates transcription in response to an effector ligand. Effector binding (magenta) to the aptamer domain (blue box) stabilizes incorporation of a
switching sequence (red) into the P1 helix, causing the expression platform (green box) to form an intrinsic terminator (P-T) that directs RNA
polymerase to abort transcription (″OFF″ state). In the absence of ligand binding (bottom), the switching sequence can participate in formation of
an alternative structure, the antiterminator (P-AT), disallowing the terminator and transcription continues (″ON″ state). Equivalent secondary
structural switches can control translation by sequestering or exposing a ribosome binding site (RBS). (b) Sequence of the metE riboswitch P1 helix
and the different helix arrangement of the free (bottom) and bound (top) states. The purple dashed line determines the separation between the
aptamer domain and expression platform. (c) Sequence of the P1 helix of the xpt/metE chimera, emphasizing the pairs at the 3′-side required for
guanine binding (green box).
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Since crystal structures of most known riboswitch aptamers
have been determined, information about the ligand binding
requirements for almost all riboswitches is available for this
analysis.21 It is important to note, however, that a number of
riboswitches cannot meet the above requirement for several
reasons. For example, riboswitches in which the penultimate
helix is part of a pseudoknot generally require a sequence that is
essential for both ligand recognition and for secondary
structural switching.24,25 In the most extreme cases of the
SAM-II and SAM-III classes, the two domains completely
overlap.24 Well-characterized classes of riboswitches that are
populated by suitable candidates include the purine, SAM-I,
lysine, thiamine pyrophosphate, and flavin mononucleotide
(FMN).18

The second consideration is that the regulatory domains
function by a well-understood mechanism whose activity could
be rapidly assessed. While structural switches that control
translation have been more frequently employed in syntheti-
cally designed riboswitches,10,26 we have concluded that the
RNA sequence requirements of intrinsic (rho-independent)
transcriptional termination are mechanistically better under-
stood and thus more amenable to rational design. In addition,
well-established and simple in vitro single turnover transcrip-
tional termination assays using commercially available E. coli
RNAP can be performed to rapidly assess activity of novel
riboswitches prior to their introduction into a cell.27 In our

implementation of this assay, a riboswitch is placed downstream
of a strong T7A1 promoter in a DNA template, and RNAP is
allowed to transcribe only a single round to ensure that the
ligand and NTP concentrations remain constant. We have
further strived to match physiological ionic conditions as
closely as possible, with the exception of low NTP
concentrations (50 μM) compared to intracellular concen-
trations measured during log-phase growth (>1 mM).28

Although this simplifies the implementation of this assay,
these conditions significantly slow the rate of transcription, a
key parameter determining the concentration of ligand required
to elicit a regulatory response.29−32 Finally, E. coli RNAP
holoenzyme was used rather than native RNAP (B. subtilis for
the riboswitches that are used in this study). Previous work has
shown that the difference in activity between riboswitches
transcribed with B. subtilis and E. coli polymerases is
moderate.22,32,33 Further, since E. coli is an organism of choice
for many synthetic biology applications, it is important to assess
the activity of artificial riboswitches with this RNAP.
Using the above considerations, we focused upon three

candidate riboswitches for further investigation: those that
regulate the B. subtilis metE, yitJ, and lysC transcriptional units
(Supplementary Figure 1). All three riboswitches are ″OFF″
switches that terminate transcription in the presence of the
effector ligand (SAM for metE and yitJ, lysine for lysC) and
efficiently terminate transcription in a ligand-dependent fashion

Figure 2. A chimeric xpt/metE riboswitch regulates transcriptional termination. (a) Single round in vitro transcription assay of the wild type B. subtilis
metE riboswitch as a function of S-adenosylmethionine (SAM) concentration. The two observed bands correspond to the read-through (RT)
product in which the riboswitch allows transcription of the full mRNA and the terminated product (T) where transcription is stopped at the
terminator. (b) In vitro transcription data of the wild type B. subtilis metE SAM-responsive riboswitch and the xpt/metE guanine-responsive chimera
fit to a two-state transition. The raw data for these two titrations are shown in panels a and d. (c) Titration of the xpt/metE chimera with SAM. (d)
Titration of the xpt/metE chimera with guanine.

Table 1. Binding and Regulatory Activity Measurements of Aptamers and Riboswitches

expression platform

B. sub metE B. sub yitJ B. sub lysC

ligand aptamera KD
b (μM) T50 (μM) DRc % Tmax T50 (μM) DR % Tmax T50 (μM) DR % Tmax

SAM metE 2.0 ± 0.5 2.0 ± 0.2 83 95 ± 1 12 ± 4 45 85 ± 5 3.5 ± 0.7 47 95 ± 3
SAM yitJ 1.5 ± 0.3 2.3 ± 0.5 38 97 ± 2 2.5 ± 0.2 83 95 ± 2 0.5 ± 0.1 62 97 ± 1
lysine lysC 18 ± 2 160 ± 10 23 54 ± 1 180 ± 10 24 69 ± 1 61 ± 6 52 78 ± 5
guanine xpt 0.024 ± 0.003 0.030 ± 0.003 47 92 ± 3 0.071 ± 0.004 55 87 ± 3 0.073 ± 0.006 72 83 ± 4
2-AP xpt(C74U) 8.8 ± 0.8 30 ± 5 34 96 ± 1 7.3 ± 1.1 57 72 ± 2 32 ± 4 52 87 ± 2
FMN ribD 0.91 ± 0.1 8.8 ± 1.9 46 72 ± 3 19 ± 1 42 51 ± 3 1.3 ± 0.1 43 53 ± 1
theophylline SELEX 20 ± 6 130 ± 10 59 91 ± 4 13 ± 3 58 93 ± 2 280 ± 20 77 82 ± 2

aGene regulated by the riboswitch in B. subtilis, with the exception of the theophylline aptamer. All measurements were performed in triplicate with
the error defined as the standard deviation obtained from three experiments. bKD obtained through ITC matching conditions of in vitro transcription
assay. cDR is the dynamic range (% Tmax − % Tmin), where % Tmax is the maximum fraction terminated at high ligand concentration and % Tmin is the
minimum fraction terminated at low ligand concentration.
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in a single turnover transcription assay27 (Figure 2a), consistent
with previous reports.22,23,34,35 In this assay, the 32P-labeled
transcriptional products are visualized by separating the RNAs
on a denaturing polyacrylamide gel. The amount of RNA
corresponding to the terminated (T) and fully transcribed read-
through products (RT) are quantified (see Methods), and the
data are fit to a two-state binding equation (Figure 2b). This
analysis yields three important parameters: T50 (the amount of
ligand required to elicit the half-maximal regulatory response),
the maximal transcriptional termination at high ligand
concentration (% Tmax), and the dynamic range or DR (the
amplitude of the response as the difference between percent
terminated at low and high ligand concentrations) (Table 1).
To directly compare T50 and affinity of each aptamer for its
ligand, the apparent equilibrium dissociation constant (KD) was
measured under transcription conditions (buffer matched and
at 37 °C) by isothermal titration calorimetry (Table 1). Four
candidate guanine-sensing riboswitches from B. subtilis, those
controlling the yxjA, pbuG, purE, and xpt-pbuX genes, were also
tested but showed no riboswitching activity in the transcription
assay (data not shown). Since three of these riboswitches have
been shown to function in vivo,36 differences between cellular
and minimal in vitro transcription conditions likely explain this
observed loss of function.
Several characteristics can be noted about these three

riboswitches. First, the SAM riboswitches are efficiently
regulated by S-adenosylmethionine in this assay: both
riboswitches show a high dynamic range and are almost
completely ″OFF″ at high effector concentrations (95%
terminated, Table 1). The lysC riboswitch displays a lesser
degree of efficiency both with respect to the dynamic range
(52%) and the degree of termination at saturating ligand
concentration (78%). The lower efficiency of transcriptional
termination may indicate that this RNA may be less suitable for
in vivo applications due to the potential for leaky expression.
Second, both SAM riboswitches under our experimental
conditions are regulated by ligand concentrations equivalent
to the aptamer’s affinity for SAM. This ″thermodynamic
control″ reflects the ability of the aptamer to fully equilibrate
with respect to ligand binding prior to a regulatory decision
being made.31,32 This probably reflects our choice to perform
the assay at low NTP concentration, which decreases the rate of

transcription and increases the time the aptamer has to
equilibrate with respect to ligand concentration. In contrast, the
lysine riboswitch appears to be under weak ″kinetic control,″
which is defined by T50 > KD.

31 This is the result of the aptamer
having insufficient time to reach equilibrium prior to the RNAP
reaching the intrinsic terminator and a regulatory decision
being made.

Chimeric Riboswitches Regulate Transcription in
Vitro. The strategy for creating chimeric riboswitches is to
splice a minimal aptamer domain into the metE, yit, and lysC
expression platforms at the boundaries shown in Supplemen-
tary Figure 1. For each aptamer, structural and biochemical
analysis yielded sufficient information to determine the minimal
sequence element required for ligand recognition. Each
minimal aptamer includes all direct ligand-RNA contacts
observed in crystal structures and all nucleotides involved in
ligand-induced conformational changes as judged by in-line,
RNase, or chemical probing. This sequence was substituted for
the wild type aptamer in each expression platform such that the
full switching sequence was preserved, as well as the number of
Watson−Crick base pairs of the P1 helix. It has been observed
that the length of the P1 helix is important for efficient
functioning of an adenine and a lysine riboswitche.33,37

To determine whether expression platforms are capable of
being modular, we created a fusion between the well-
characterized B. subtilis xpt-pbuX guanine riboswitch aptamer
domain38 and the metE expression platform (full secondary
structure is shown in Supplementary Figure 2). The resulting
chimera, called xpt/metE (aptamer domain/expression platform),
showed no response to SAM (Figure 2c) but strongly regulates
in the presence of guanine (Figure 2d) (the sequences of all
riboswitches used in this work are listed in Supplementary
Table 1). The T50 of the guanine-responsive chimera correlates
strongly with the KD of the natural xpt aptamer for guanine
under transcription conditions (0.030 and 0.024 nM,
respectively; Table 1). Furthermore, a single point mutation
(U51C) that is highly deleterious to guanine binding to the xpt
aptamer39 abrogates ligand-dependent regulation (data not
shown), demonstrating that the chimera’s regulatory activity is
due to the same specific interaction with guanine as the wild
type riboswitch. Chimeras between the xpt aptamer domain
and yitJ or lysC expression platform exhibit similar behavior

Figure 3. Diverse chimeric riboswitches are functional. (a) Comparison of the in vitro transcription data quantified, plotted, and fit to a two-state
transition as a function of ligand concentration. The B. subtilis metE riboswitch wild type (wt) in red circles, compared to chimeras containing a
different SAM-binding aptamer (yitJ/metE, cyan), a flavin mononucleotide (FMN) aptamer (ribD/metE, green), a lysine binding aptamer (lysC/
metE, pink), and the xpt(C74U) aptamer (blue). The values for T50, dynamic range (DR), and % termination at saturating ligand concentrations are
given in Table 1. In all experiments the riboswitch was titrated with the cognate effector of the aptamer. Error bars represent the standard deviation
of at least three independent experiments. (b) Heat map of the dynamic range for 18 chimeric riboswitches. The heavy box denotes the wild type
metE, yitJ, and lysC riboswitches. (c) Heat map for the maximal termination at high effector concentration for the riboswitches of this study.
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(Table 1). These data, along with a fusion of the Streptococcus
mutans tetrahydrofolate (THF) aptamer to the metE expression
platform presented in a prior study,40 demonstrate the
modularity of some riboswitch expression platforms.
Assaying the regulatory activity of a diverse set of aptamer

domain/expression platform chimeras reveals that the ability to
reprogram regulation is both general and robust (Figure 3 and
Table 1). In all, 18 chimeras were created that used expression
platforms of the metE, yitJ, and lysC riboswitches in
combination with aptamers from the guanine-sensing B. subtilis
xpt riboswitch,38 an xpt(C74U) aptamer that imparts adenine
and 2-aminopurine (2AP) responsiveness,41 and the B. subtilis
flavin mononucleotide (FMN)-responsive ribD aptamer
domain.42 For every chimera we were able to measure an
effector-dependent regulatory response, further supporting the
generality of the mix-and-match strategy (examples of titration
data for metE expression platform containing different aptamers
are shown in Figure 3a).
Comparing the regulatory response of these chimeric RNAs

to their wild type counterparts, we observed two general trends.
First, there is a strong correlation between the KD of the
isolated aptamer domain and the observed T50 in the majority
of riboswitches under in vitro transcription conditions for
riboswitches containing the metE and lysC expression platforms
(Supplementary Figure 3). Conversely, chimeras with the yitJ
expression platform show a weak correlation between KD and
T50, likely the result of slow binding equilibration to the
aptamer domain relative to the rate of transcription through the
expression platform.31,32 Second, many of the chimeras are able
to achieve dynamic ranges and/or maximal transcriptional
termination levels that rival or exceed that of wild type
riboswitches (Figure 3b,c). Several aptamers appear to perform
well, such as yitJ SAM-I aptamer that reaches ≥95%
transcriptional termination when coupled to the metE and
lysC expression platforms. Conversely, several aptamers
consistently underperform, such as the ribD FMN-responsive
aptamer, which achieves only 50−70% transcriptional termi-
nation at saturating FMN concentrations, consistent with
observations of the wild type B. subtilis ribD riboswitch.32 These
observations indicate that the aptamer domain strongly
influences both T50 and maximal extent of transcriptional
termination. The response of the chimera can potentially be
improved by ″tuning″ the effector binding properties of the
aptamer domain.43

Synthetic Aptamers Can Control the Regulatory
Switch. The above data reveal the modular nature of certain
expression platforms whose regulatory switch can be directed
by structurally diverse natural aptamers. However, these
biological aptamers have presumably evolved in the context
of a riboswitch and therefore may contain inconspicuous
features that enable them to interface with the secondary
structural switch of the expression platform. In fact, it has been
proposed that the greater structural complexity of biological
receptors as compared to their in vitro selected aptamer
counterparts is important for their role in regulation.44

Synthetic aptamers are selected in the absence of any pressure
for regulatory function and thus may not be predisposed to
interface with the expression platform. To determine whether
biological RNA receptors have unique properties that enable
them to direct secondary structural switching, we tested the
theophylline (theo)45 and tetracycline (tet)46 aptamers as
chimeras with expression platforms.

As with biological aptamers, we observed that in vitro
selected aptamers are capable of effector-dependent transcrip-
tional regulation. Each of the three theophylline chimeras is
functional to varying degrees in a single turnover transcription
assay (Figure 4 and Table 1). While the theo/yitJ chimera

showed a T50 close to KD, the same aptamer in the context of
metE and lysC showed considerably higher T50’s. Furthermore,
the theo/metE and theo/yitJ chimeras showed a >90%
repression at high theophylline concentrations, indicating that
the in vitro selected aptamer can achieve a level of
transcriptional termination comparable to that of wild type
riboswitches. A similar chimera created with the tet aptamer and
the metE regulatory domain resulted in a functional chimera
responsive to tetracycline (vida inf ra). Importantly, these
chimeras were created without the need for a second selection
step to create an aptamer-specific expression platform as in
other approaches.5,10,26

Chimeric Riboswitches Function in Vivo. While the
above experiments reveal that artificial chimeras regulate
transcriptional termination in vitro, these conditions are
different from those encountered by natural riboswitches in
the cell. Transcription conditions were chosen to match
physiological ionic conditions as closely as possible including
lowering the [Mg2+], but the NTP concentrations are low (50
μM) in comparison to their intracellular concentration in
rapidly growing bacteria (>1 mM).28 Further, accessory
transcription factors such as NusA influence the elongation
rate in vivo.47,48 Previous work has shown that the absence of
NusA in the in vitro transcription assay can reduce riboswitch
activity; for the B. subtilis FMN riboswitch this was
approximately 2-fold.32 Thus, in vitro activity of a chimera
may not correlate with its performance in the cell.
To determine whether these artificial riboswitches function

in a cellular environment, the ability of several chimeras to
regulate expression of a gfpuv reporter gene was examined. We
focused on two metE regulatory domain chimeras containing
either the C74U variant of the xpt guanine riboswitch aptamer
or the theophylline aptamer. These chimeras were chosen
because E. coli does not rapidly metabolize their effectors.
Further, we used a strain of E. coli harboring a deletion of the
purine efflux pump (nep) to prevent potential export of these

Figure 4. An in vitro selected aptamer can be incorporated into a
functional chimera. Titrations of chimeric riboswitches with the
theophylline aptamer fused to the metE, yitJ, and lysC expression
platform. In the left corner is an image of a single turnover
transcription assay of theophylline-dependent termination of the
theo/yitJ chimera. While the chimera displays a small level of
termination at low ligand concentration, more importantly, nearly
complete termination is observed at high ligand concentration.
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molecules. As negative controls, a single point mutation was
introduced into the ligand binding pocket of each small
molecule binding site (U51C for the xpt aptamer39 and U24A
for the theophylline aptamer49) that abrogates binding. Both
chimeric riboswitches display strong regulatory activity in E. coli
(Figure 5) as indicated by reduction in fluorescence to a
background level upon addition of 1 mM effector to a defined
medium (Figure 5a,c). Despite the use of the strong
constitutive promoter (tac) both chimeras achieve complete
repression of reporter in comparison to background cellular
fluorescence, underscoring the effectiveness of these regulatory
RNA elements. Furthermore, aptamers containing a single
point mutation preventing ligand binding fail to diminish gfpuv
expression.
Titration of the effector into a defined liquid medium

enabled measurement of an EC50, defined as the concentration
of ligand in the media that elicits half-maximal repression of
reporter gene expression. For the xpt(C74U)/metE riboswitch
an EC50 of 730 ± 80 μM was measured, with a 12-fold
repression of expression (Figure 5b); this EC50 is ∼24-fold
higher than the T50 measured in vitro (Table 1). The theo/metE
riboswitch displayed a response of 190 ± 10 μM, similar to the
observed T50 (130 ± 10 μM) and ∼10-fold above the KD for
the aptamer (20 ± 6 μM) (Table 1 and Figure 5d). The
observed EC50 for this riboswitch is consistent with the
performance of other theophylline-dependent synthetic ribos-
witches.8,50−54 It must be noted that although we used a strain
of E. coli deficient in purine efflux, the cells are still capable of
purine degradation, and thus the intracellular 2AP concen-

tration does not necessarily tightly correlate with that in the
medium, confounding making conclusions regarding the lack of
tight correlation between EC50 and T50. We also did not
account for the small concentration of adenine in the cell (∼1
μM55), which further complicates this comparison. Nonethe-
less, these observations reinforce the validity of using the
transcription assay to screen and optimize variants prior to
introduction into a cell.

Optimizing Riboswitch Performance by Altering P1
Helix Stability. It is not obvious why these expression
platforms can be directed by a number of distinct aptamers.
One hypothesis regarding folding of alternative RNA secondary
structures called ″encoded co-transcriptional folding″56 may
provide an explanation. This model proposes that a
combination of the 5′-to-3′ sequential order and relative
stability of secondary structural elements directs the folding
outcome. A recent study of synthetic RNA switches
demonstrated that accounting for the thermodynamics and
kinetics of RNA folding proved to be sufficient for design of
RNAs that fold almost exclusively into one of two mutually
exclusive structures despite each being isoenergetic.56 In
application of this concept to transcriptional riboswitches, the
competing P1, and antiterminator (P-AT) structures constitute
the regulatory switch (Figure 1a), while the terminator (P-T) is
merely a readout of the P1/P-AT outcome. This hypothesis is
consistent with our observations that the regulatory switches of
B. subtilis metE, yitJ, and lysC expression platforms are not hard-
wired to a specific receptor. Further, the information required
to direct RNA folding along one of two folding trajectories

Figure 5. Chimeric riboswitches regulates gfpuv expression in E. coli. (a) 2-Aminopurine (2AP)-dependent regulation of gfpuv expression by the
xpt(C74U)/metE chimera in E. coli. Cells transformed with either the control parental vector (pBR322) that does not contain gfpuv, the xpt(C74U)/
metE riboswitch in the 5′-leader of an mRNA encoding gfpuv, or a mutant of this riboswitch (U51C) that specifically abrogates 2AP binding to the
aptamer were plated on defined medium-agar in the absence (left) or presence (right) of 1 mM 2AP. (b) Quantification of the fluorescence of E. coli
transformed with the xpt(C74U)/metE chimera (gray circles) or the mutant (U51C, black squares) grown in defined medium with increasing
concentrations of 2AP. (c) Theophylline-dependent control of gfpuv expression in E. coli. Cells were grown under the same media conditions as in
panel a but supplemented with 1 mM theophylline in the right plate. A single point mutation in the theophylline aptamer (U24A) serves a control
for potential theophylline-dependent effects on gfpuv expression not directly related to its binding to the aptamer. (d) Quantification of the
fluorescence of E. coli transformed with the theo/metE chimera (gray circles) or the point mutation thereof (black squares).
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should be primarily encoded within the P1/P-AT switch of the
expression platform. Any mechanism that changes the stability
of the P1 helix relative to P-AT in response to a specific signal
should therefore be able to act as an efficient effector for the
riboswitch.
If the encoded co-transcriptional folding hypothesis accounts

for how the regulatory switch is directed by the aptamer
domain, then the intrinsic stability of the P1 helix is a primary
site for tuning the ligand-responsiveness of the secondary
structural switch. A prior study demonstrated that weakening

the P1 helix by removing base pairs forces the lysC riboswitch
to become constitutively ″ON″, while strengthening the helix
by adding base pairs results in a constitutively ″OFF″ switch.37
To more precisely define how helix length/stability directs the
switch to fold into one of the two regulatory states, we
introduced a series of point mutations in the wild-type metE
and lysC riboswitches and the xpt/metE chimera at the 5′-
terminus of their P1 helix (metE mutations shown in Figure
6a). These mutations alter the stability of the P1 helix, while
sequence elements required for receptor binding and conforma-

Figure 6. Length of the P1 helix can dictate the switch. (a) Variation of the length of the P1 helix was achieved by introducing mutations on the 5′-
side of the helix that either remove (P1(−1), P1(−2)) or add (P1(+1), P1(+2)) Watson−Crick base pairs. Variants are ordered from left to right as
those expected to favor the antiterminator P-AT to those favoring formation of P1/P-T. (b) Separation of read through and terminated transcription
products of wild type and P1 mutants of the metE riboswitch by PAGE. Reactions were performed in the presence and absence of SAM, and the
percentage of termination shown below each lane. (c) Identical representation as in panel b, for the xpt/metE chimeric riboswitch. (d) Plot of the
length of the P1 helix (number of contiguous Watson−Crick and G•U pairs) for the metE (red), lysC (green), and xpt/metE (blue) riboswitches as a
function of percentage termination in the absence (solid lines) or presence (dashed lines) of ligand. Where the two values differ significantly (>20%)
is the hallmark of ligand-dependent riboswitching.

Figure 7. P1 helix length can be used to optimize chimera performance. (a) The sequence of the P1 regulatory helix for a tetracycline aptamer (tet)
fused to the metE expression platform. Mutations introduced into the 5′-side of the P1 helix to destabilize formation of the helix to favor formation of
the competing antiterminator helix are shown below. (b) Transcription reactions at low and high tetracycline concentrations as a function of P1 helix
length. For each RNA, the T50 and percent termination at low and high effector concentrations are given as the average of three independent
experiments. (c) Quantification of the regulatory response of the four chimeras shown in panel b. The gel of a complete titration of tet/
metE(P1(−3)) is shown in the inset of the graph.
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tional switching are unaltered. Both the metE and xpt/metE
switches exhibit a sharp boundary between predominantly
folding in the ″OFF″ (terminated) and ″ON″ (read through)
states in the absence of ligand (Figure 6b). In the case of the
xpt/metE riboswitch, this transition occurs over a single base
pair (Figure 6c). In contrast, the wild type lysC riboswitch is
more tolerant to mutations; lysine-dependent switching occurs
at four different P1 lengths (Supplementary Figure 4), in
general agreement with a previous report.37

The importance of P1 helix length variation in the design of
new chimeras is illustrated in the tet/metE chimera (Figure 7).
In the first design of this chimera, we took a conservative
approach with the aptamer and retained three strong G-C base
pairs in the aptamer portion of the P1 helix. This created a
chimera whose P1 helix was 12 base pairs (Figure 7a) and
showed very low tetracycline responsiveness (″wt″, Figure
7b,c). The strong transcriptional termination in the absence of
ligand was evidence for an overly stable P1 helix. To design a
better performing riboswitch, we introduced a set of mutations
on the 5′-side of the P1 helix that do not disrupt ligand binding
or P-AT formation. While the tet/metE(P1(−1)) chimera still
displayed a low dynamic range, the P1(−2) and P1(−3)
switches showed substantial switching ability and lower T50s
(Figure 7b,c). Thus, modulation of the stability of the P1 helix
is a simple and highly effective design strategy to optimize the
activity of a new riboswitch. This approach is conceptually
similar to the process for computationally designing ribos-
witches that terminate transcription by modulating the
thermodynamic stability of P-T.12 However, in our case, we
cannot calculate the strength of P1 because of the influence of
tertiary interactions with the aptamer domain, and thus rely on
an empirical approach.
Conclusion. Robust methods for connecting sensory and

readout domains with minimal experimental or computational
design remains a significant hurdle in the development novel
RNA-based devices for synthetic biology. Through a careful
consideration of the sequence features of biological ribos-
witches, we have found three expression platforms capable of
being directed by a diverse set of aptamers, both natural and
synthetic. Since properties of co-transcriptional folding guide
alternative RNA secondary structure formation, altering the
stability of one of the helices of the regulatory switch in the
expression platform is an easy route to optimizing the
performance of a designed chimera of aptamer and regulatory
modules. This approach provides a simple route to ″plug-and-
play″ secondary structural switch modules that can be directly
coupled to aptamers to yield practical RNA devices.
Although the three expression platforms used in this study

effectively couple ligand binding to regulation for a variety of
aptamers, there are a few notable limitations related to the use
of expression platforms that terminate transcription. First, the
effector concentration required to elicit a detectable change in
gene expression in the transcription assay and in vivo cannot be
readily correlated. Differences such as the influence of
transcriptional pause sites in the expression platform, accessory
pausing factors such as NusA, and NTP concentrations can
significantly alter transcription kinetics and thus the response to
the effector. This is in contrast to riboswitches that control at
the level of translation, whose response is generally believed to
be independent of transcription kinetics. Second, some of the
chimeric RNAs have lower dynamic range and termination
efficiencies compared to those of their native counterparts,
another property difficult to predict. One interpretation of this

observation is that riboswitch chimeras have not coevolved for
optimal folding and the resultant misfolding leads to a
population of unproductive riboswitches trapped in either the
″ON″ or ″OFF″ state. Because of these limitations, creating a
useful chimeric riboswitch using this modular approach requires
that the aptamer be empirically tested with several expression
platforms to find the optimal combination.
Nonetheless, the simplicity with which naturally evolved

expression platforms can be employed to build transcriptional
regulatory devices offers a number of advantages for
applications in synthetic biology. For example, transcriptional
regulators could be easily arranged in tandem to form more
complicated logic gates such as those that occur naturally in
bacterial mRNAs.57 Furthermore, we envision that the large
repository of natural riboswitches can be prospected for
functional readouts in bacteria or eukarya to generate device
libraries that regulate across a broad range of ligand
concentrations or to implement control at different levels of
the information transfer process. Such devices could be readily
combined in various ways to establish complex regulatory
circuits that respond to a wide variety of orthogonal, user-
defined chemicals for which in vitro aptamers exist or can be
selected. Artificial riboregulatory devices have already been
implemented in a broad assortment of applications including
driving bioremediation of an environmental pollutant,10 guiding
directed protein evolution,6 and elucidating metabolic path-
ways,58 and the ability to rapidly actualize novel riboswitches
should be a powerful technique in the synthetic biologist’s
toolbox.

■ METHODS
Synthesis of DNA Templates for Transcription. The

DNA templates used for single turnover transcription assays
were synthesized by PCR amplification from B. subtilis genomic
DNA for wild type sequences (listed in Supplementary Figure 1
and Supplementary Table 1). These sequences were placed
immediately downstream of the T7A1 promoter using
recombinant PCR. Chimeric riboswitches were constructed in
two different pieces. The first piece consisted of the T7A1
promoter, the 5′-side of the expression platform of choice
(metE, yitJ, or lysC), and the chosen aptamer domain. The
second piece was composed of the 3′-side of the expression
platform. Recombinant PCR was used to fuse the two
segments. Mutant templates were obtained by altering the
desired position/s in the DNA by standard site directed
mutagenesis. The sequences of all DNAs were verified prior to
use in transcription assays.

In Vitro Transcription Assays. DNA templates containing
a chimeric riboswitch were transcribed as previously
described.40 Briefly, 100 ng of DNA were incubated at 37 °C
for 15 min in 25 μL of 2X transcription buffer (140 mM Tris-
HCl, pH 8.0, 140 mM NaCl, 0.2 mM EDTA, 28 μM β-
mercaptoethanol and 70 mg/mL BSA), 5 μL of 25 mM MgCl2,
1 mCi of α-32P-ATP, and 0.5 units of E. coli RNA polymerase
70 holoenzyme (Epicenter Biotechnologies) to a final volume
of 35 μL. The reactions were initiated with the addition of 15
μL of NTP mix (NTPs in equimolar ratios of 165 μM), 0.2
mg/mL heparin, and the desired concentration of ligand. After
incubation at 37 °C for 15 min the reactions were quenched
with equal volume of 8 M urea and 2 min incubation at 65 °C.
The species were separated by denaturing PAGE, dried, and
exposed to a phosphorimager screen. Quantitation of radio-
active counts in each band was performed with ImageQuant
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software (Molecular Biosystems), and data were fit to a two-
state model with nonlinear least-squares analysis.
In Vivo Assay. A reporter plasmid for testing riboswitch

function in E. coli with a gfpuv reporter gene was constructed
using pBR322 as the parental vector using standard molecular
biological techniques. The sequence of the 5′-leader sequence
of the gfpuv reporter and the sequence and map of the entire
plasmid are shown in Supplementary Figure 5 and Supple-
mentary Table 2. The sequence of the chimeric riboswitch
insert for the xpt(C74U)/metE and theo/metE reporters are
identical to those used for in vitro transcription assays. The
resultant vectors were transformed into E. coli strain BW25113-
(Δnep). Cells were transformed with pRR1 plasmid containing
the different riboswitch chimeric constructs. Single colonies
were picked and grown overnight in 3 mL of CSB media
(Supplementary Table 3) + 100 μg/mL ampicillin. This
saturated culture was used to inoculate 100 mL of fresh
media and allowed to grow to early exponential phase (OD600 =
0.1−0.5). Samples of these growths were taken in triplicate (3
mL each sample), and ligand was added to the media at the
concentrations indicated in the titration. The cells were allowed
to grow for 6 h at 37 °C. At this point 300 μL of the cultures
was used to measure the OD600 and their fluorescence intensity
in a plate reader (Infinite M200 Pro, Tecan). Fluorescent
measurements were taken at an excitation wavelength of 395
nm, and the average fluorescence was taken at 513−515 nm,
where the maximum emission for GFP was observed. Optical
density normalized fluorescent values were plotted as a function
of ligand concentration and fitted to a two state binding
equation to extract the EC50 values. The background
fluorescence was obtained by performing a ligand titration
into cells carrying the parental plasmid pBR322 and calculating
the OD600 normalized fluorescence (raw data is shown in
Supplementary Figure 6). An average of the background was
subtracted from the values of the cultures containing the
plasmids with the chimeric riboswitch constructs.
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