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ABSTRACT: Riboswitches are RNA sequences that regulate
expression of associated downstream genes in response to the
presence or absence of specific small molecules. A novel
riboswitch that activates protein translation in E. coli cells in
response to 2,4-dinitrotoluene (DNT) has been engineered. A
plasmid library was constructed by incorporation of 30
degenerate bases between a previously described trinitroto-
luene aptamer and the ribosome binding site. Screening was
performed by placing the riboswitch library upstream of the
Tobacco Etch Virus (TEV) protease coding sequence in one
plasmid; a second plasmid encoded a FRET-based construct linked with a peptide containing the TEV protease cleavage site.
Addition of DNT to bacterial culture activated the riboswitch, initiating translation of TEV protease. In turn, the protease cleaved
the linker in the FRET-based fusion protein, causing a change in fluorescence. This new riboswitch exhibited a 10-fold increase in
fluorescence in the presence of 0.5 mM DNT compared to the system without target.

Riboswitches are naturally occurring genetic regulatory
elements found in the 5′ untranslated region of some

mRNA. They provide a method for cellular response to the
presence or absence of metabolites by regulating the expression
of downstream genes. Numerous examples of naturally
occurring bacterial riboswitches have been discovered (re-
viewed in ref 1). The size and structure of metabolite targets
vary significantly, an indication that riboswitches could be used
to detect a wide range of targets.2 This apparent versatility of
riboswitches in nature is being exploited by researchers in order
to develop synthetic riboswitches that regulate gene expression
in response to desired target molecules. The advantage of such
engineered riboswitches is that they offer a way to control gene
expression via small molecules, e.g., metabolites or drug
compounds.
Riboswitch-containing cells are appealing as sensors because

they are self-replicating and have the potential to sense a target
for an extended period of time, over the life of the cell culture.
In many instances, it may be easier to preserve bacterial cell
function than to preserve antibody structure or enzymatic
activity for sensing purposes. For example, antibodies are highly
sensitive to pH, temperature changes, and variation in salt
concentration. Bacteria, however, can function under a broader
range of conditions and may be protected from environmental
threats via hardening of the sensor system to increase
operational lifetime, improve portability, and preserve function
of cells.3−6 It should be noted that there are some conditions
under which bacterial cell function is compromised, such as
extreme temperature, pH, and/or salt concentration. On the

other hand, some riboswitches have been shown to act as
thermosensors, responding specifically to temperature increases
by becoming active and turning on transcription of specific
genes that improve survival in high temperatures. One such
riboswitch, responsible for regulating Mg2+ transport, was
found in Salmonella enterica.7

Riboswitches are composed of two functional elements: a
biological recognition element (aptamer) and an expression
platform. The aptamer binds specifically to a small-molecule
target, which induces a conformational change that leads to
changes in gene expression. There are a number of mechanisms
through which a riboswitch may produce changes in gene and
protein expression, including regulation of transcription
termination,8 translation initiation,9 or cleavage of mRNA10

(for review see refs 1 and 9). For sensing applications
riboswitch activation should produce a positive signal when
the aptamer binds the target. Ideally, the increase in signal
intensity will be proportional to the amount of target detected
by the system, as this provides a mechanism for quantification
of the target.
Aptamers that recognize specific target molecules have been

selected using techniques such as Systematic Evolution of
Ligands by EXponential Enrichment (SELEX)11 and allosteric
selection.12 Linking a specifically selected aptamer with an
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expression platform may yield a novel riboswitch that is active
in cells and could be used to detect a molecule of interest.2,13,14

Recently, Ehrentreich-Forster and colleagues selected and
tested 2,4,6-trinitrotoluene (TNT)-specific aptamer for use in
explosives sensing devices.15 They developed a method for
detection of TNT utilizing a flow cell with immobilized TNT
and fluorescently labeled aptamer that exhibited a decrease in
fluorescent signal when TNT was present in the sample. We
coupled this aptamer with a partially randomized expression
platform to develop a riboswitch for the detection of a TNT
structural analogue, 2,4-dinitrotoluene (DNT). DNT differs
from TNT in that it lacks the presence of a third nitro group.
We assumed that the lack of the third nitro group would not
have a drastic affect on the binding ability of DNT to the
aptamer. Further, since the riboswitch described in this work is
based on the TNT aptamer, it should recognize TNT (as well
as DNT, used herein as a surrogate).
2,4-Dinitrotoluene is an explosive chemical that is used in the

production of the polyurethane foam for bedding and furniture
industries and as a gelating agent in explosives, ammunition,
and dyes.16 The detection of DNT is important for a few
reasons. First, from a security perspective, DNT is an
intermediate in the production of TNT, the most commonly
used explosive in the world, and is released in the effluent
following TNT manufacturing. The presence of DNT
(concentration range of 0.04−48.6 mg/L) was detected with
100% rate of occurrence in wastewater samples (n = 54)
collected from the effluent pipe of TNT production facility.17

Detection of DNT in a location could be an indicator of
terrorist activity. Second, DNT from industrial waste can
remain in soil and bodies of water for extended periods of time,
posing a risk for humans and animals that are exposed. The
toxic effects of DNT have been observed in bacteria, fish,
reptiles, and other animals that act as indicators of toxicity in
humans.16,18−21 Dangers associated with DNT exposure
include immunosuppression, smooth muscle cell damage, and
circulatory and cardiovascular problems.22

This article describes the development of a synthetic
riboswitch in E. coli cells that enables detection of DNT. An
aptamer selected to bind TNT molecules15 was linked with a
PCR-generated expression platform library placed upstream of
the gene encoding Tobacco Etch Virus (TEV) protease. The
riboswitch sensor output is based on the principle of
Fluorescence Resonance Energy Transfer (FRET). Briefly,
enhanced green fluorescent protein (eGFP) was linked to a
non-fluorescent mutant yellow fluorescent protein called
REACh (Resonance Energy Accepting Chromoprotein).23

Use of this type of FRET pair eliminates acceptor fluorescence,
and therefore little to no fluorescence is observed prior to
cleavage.24 The linker between these two proteins contains the
TEV protease cleavage site. Upon activation of the riboswitch,
TEV protease is translated and cleaves the FRET linker,
allowing the detection of eGFP fluorescence. The selected
riboswitch exhibited a 10-fold increase in fluorescence in the
presence of 0.5 mM DNT compared to the system without
target.

■ RESULTS AND DISCUSSION
We used a previously described TNT binding RNA15 (Kd = 1 ×
10−8 M) as an aptamer domain to develop a synthetic
riboswitch to detect the TNT structural analogue DNT. In
order to determine the concentration of analyte suitable for
riboswitch selection, and considering the high toxicity of 2,4-

dinitrotoluene to prokaryotic, plant, and mammalian cells,28,29

we tested the effect of different concentrations of DNT on the
growth of E. coli cells. Concentrations of DNT higher than 1
mM were toxic for E. coli cells, resulting in complete
suppression of cell growth (as shown in Supplementary Figure
SI.1). DNT concentration of 0.5 mM slowed down the growth
of cells but did not change the growth curve (compared to cells
without DNT) and was chosen for riboswitch selection.

Construction of the Riboswitch Library. Using a
polymerase chain reaction, we constructed a riboswitch library
by incorporating up to 30 degenerate bases between the TNT
aptamer and ribosome binding site (RBS) (Figure 1). The

riboswitch library was placed upstream of TEV protease
encoding sequence under control of the tac promoter and co-
transformed (with a plasmid encoding FRET-based TEV
protease substrate) into E. coli TOP10 cells, yielding
approximately 1000 clones. It should be noted that trans-
formation efficiency was modest due to usage of two plasmids
and their large size (5,378 and 3,570 bp).30 The largest colonies
(627 were identified) that showed sufficient growth in the
presence of analyte were used for screening. Our screening
assay was based on a previously described system including
TEV protease and FRET-based substrate production within the
same cell.24 In the absence of analyte, the translation of TEV
protease is suppressed, the FRET-based protein substrate
remains uncleaved, and cells do not show significant emission
at 510 nm upon excitation at 457 nm. In the presence of
analyte, TEV protease is produced and cleaves the substrate
resulting in fluorescent protein release, loss of FRET-based
quenching, and increase in fluorescence intensity of cells. All
clones were visually screened for fluorescence increase in the
presence of 0.5 mM DNT on LB agar plates (Supplementary
Figure SI.2). Colonies that appeared to show increased

Figure 1. Construction of the riboswitch library. Thirty random bases
(red) were inserted between the TNT specific aptamer (green) and
ribosome binding site (RBS, blue) by PCR. The secondary structure of
the TNT aptamer was predicted using Mfold software.
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fluorescence in the presence of DNT were selected for further
screening in liquid medium on 24-well plates. Ratios of
fluorescent intensities for cell cultures grown in the presence of
DNT to those grown without DNT (the “activation ratio”)
were utilized to identify functional switches. Of the 213
colonies screened in aqueous medium, five showed activation
ratios (AR) of greater than three and were selected for
sequencing. Expression platform sequences and activation
ratios observed in cell culture are shown in Supplementary
Table SI.1. No homology in the expression platforms was
observed, even for switches exhibiting the same activation
ratios. Moreover, the length of the expression platforms for
these top five switches ranged from 15 to 30 nucleotides. We
should note that the number of bases in the randomized
sequences corresponding to the expression platforms of the
selected clones was often fewer than 30 due to suboptimal
purity of the synthetic DNA primers.
Riboswitch Characterization. The clone with the highest

activation ratio (clone 2A-2; AR= 9.8) was selected for further
characterization. In order to validate the selected riboswitch
clone, we performed a time course study of riboswitch
activation in cell cultures and cell lysates. To confirm the
DNT-dependent increase in TEV protease activity, cell cultures
harboring the riboswitch construct were compared to control
cells harboring TEV protease-encoding sequence without
riboswitch and under the control of a constitutive promoter.
The fluorescence intensity, measured at the eGFP emission
wavelength, 510 nm, increased over time in control and
riboswitch cell cultures in the presence of 0.5 mM DNT and
did not show similar changes in the riboswitch cell cultures
without analyte (Supplementary Figure SI.3). We noticed that
the riboswitch activation ratio of 2.0, calculated in time course
studies, was lower than that (9.8) determined in selection
experiments. The difference in activation ratios for the same
riboswitch construct corresponds with differences in cell growth
rates between small and large culture volumes (24-well plate vs
culture flask). The growth curves of control and riboswitch cells
with and without analyte were similar (Supplementary Figure
SI.4), demonstrating that 0.5 mM DNT is nontoxic to the cells
and confirming that changes of the spectral profile of these
cultures were attributable to riboswitch behavior and do not
result from variation in their growth pattern.
We observed a greater riboswitch activation ratio in cell

lysates compared to that in cell cultures due to elimination of
background fluorescence of the medium. Figure 2 shows the
riboswitch activation over time based on the increase in
fluorescence intensity at 510 nm. The TEV protease under
riboswitch control displayed a 10-fold increase in signal in the
presence of DNT over the riboswitch “OFF” state. The
riboswitch “ON” curve was similar to positive control (TEV
POS CNTRL) when TEV protease was expressed directly.
However, we observed increase in the fluorescence intensity of
cell lysates without analyte when the riboswitch was in the
“OFF” state compared to that for the negative control (FRET
NEG CNTRL) in which FRET-based protein was produced
and accumulated, but not cleaved by TEV protease. The
presence of fluorescence background when the riboswitch was
in the “OFF” state indicated the low level of TEV protease
expression, even in the absence of analyte, due to riboswitch
“leakage” (the inability of the riboswitch to completely maintain
the “OFF” state conformation within the cellular system).
Surprisingly, the decrease in fluorescence intensity of cells
harboring riboswitch without analyte treatment (RS “OFF”)

occurred at 5 and 6 h time points. The observed decrease in
fluorescence intensity of cellular lysates without an analyte did
not result from the decrease in the expression of TEV protease
substrate. The fluorescence intensity of cells harboring FRET-
based protein (TEV protease substrate) and non-active mutant
of TEV protease under control of riboswitch was slightly
increased over time due to production of FRET-based protein
(Supplementary Figure SI.5). We should mention that
quenching of eGFP by REACh protein was not 100% in
FRET-based construct, and uncleaved fusion protein showed a
low fluorescence background. We assume that decrease in
production of TEV protease in cells harboring riboswitch
construct without an analyte could be a reason for decrease in
fluorescence intensity of cellular lysates. Moreover, we observed
similar (but not as drastic) decrease in fluorescence intensity of
cells harboring riboswitch clone 1B-7 without DNT treatment
after the 5 h time point (Supplementary Figure SI.6). Further
study of these riboswitches with different reporter proteins will
clarify their behavior upon activation in E. coli cells. In order to
show that the developed riboswitch can be activated only in the
presence of DNT, we treated riboswitch-harboring cells with a
chemical with properties isomorphic to those of DNT, 4-
nitrophenol (riboswitch negative control). 4-Nitrophenol was
previously used to test the specificity of TNT aptamer.15 In
experiments with 4-nitrophenol, the concentration of analyte
was reduced to 0.1 mM due to toxicity of 0.5 mM 4-
nitrophenol to the cells (Supplementary Figure SI.7). The
fluorescence profiles of negative control (RS NEG CNTRL)
were similar to the profiles of “OFF” state, thus indicating the
specificity to DNT in the newly developed riboswitch (Figure
2).
We observed a visual difference between riboswitch “OFF”

and “ON” states in cellular lysates of harvested cells. Images of
cell lysates at indicated time points (Figure 3A) showed a

Figure 2. Time course study of riboswitch activation in response to
2,4-dinitrotoluene addition. Emission at 510 nm was monitored in
cellular extracts of TOP10 E. coli cells harboring FRET-based protein
(TEV protease substrate), eGFP-TL-REACh, and one of the following
constructs: TEV protease under control of constitutive promoter
(TEV POS CNTRL) (white circles); riboswitch-TEV protease in the
presence of DNT (RS “ON”) (inverted black triangles); riboswitch-
TEV protease (RS “OFF”) (black squares); riboswitch TEV protease
in the presence of 4-nitrophenol (RS NEG CNTRL) (white
rhombus); and riboswitch-TEV protease inactive mutant (FRET
NEG CNTRL) (black rhombus). DNT at 0.5 mM or 0.1 mM 4-
nitrophenol was added at time 0, and samples were collected at
indicated time points.
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gradual increase in the fluorescence signal of released eGFP due
to cleavage of eGFP-TL-REACh by expressed TEV protease in
riboswitch-activated cells. The cleavage of the FRET-based
protein in cellular lysates of riboswitch-activated cells was
demonstrated by appearance of well-defined eGFP correspond-
ing band in non-denaturing polyacrylamide gel (Figure 3B).
In order to investigate thresholds of the detection, we

examined the fluorescence signal in response to varying DNT
concentrations. For this study we used a range of DNT
concentrations, which was based on environmental concen-
trations in contaminated water (0.04−48.6 mg/L).17 Presuming
that the intracellular concentrations of DNT will be lower than
the external concentrations due to limitations in bacterial cell
wall permeability,31,32 the concentration of DNT corresponded
to 0.78 mg/L (4.3 × 10−6 M) was used as the lowest
concentration, which is two orders higher than the Kd (1 ×
10−8 M) for the analyte binding to the aptamer.15 As can be
observed in Figure 4, the changes in the fluorescence intensity
in response to different analyte concentrations demonstrate a
typical dose−response curve. We were not able to reach a
saturation state at higher concentrations of analyte due to the
toxic effects of high concentrations of DNT on cell growth and
viability. On the basis of the dose−response curve, the increase
in fluorescence intensity can be detected at DNT concen-
trations as low as 9.1 mg/L, which is in the range of observed
environmental concentrations (0.04−48.6 mg/L).17

Analysis of Switching Mechanism. The secondary
structure of the selected riboswitches was analyzed using the
Mfold package.27 We calculated the lowest energy structure in
“OFF” and “ON” states as well as suboptimal structures. One of
the factors that affect an activation ratio is the energy barrier or
a difference in free energy between the “OFF” and “ON” states
of the riboswitch: if the energy difference between the “OFF”
and “ON” states is small, it is very likely that the riboswitch can
change into an “ON” state even in the absence of ligand. Qi et
al. have observed recently an almost linear correlation between
the free energy difference and fluorescence intensity in trans-
acting aptamer-ncRNA regulators in E. coli cells.33 Furthermore,

as was shown by Beisel and Smolke, free energy difference
impacts also the basal level and dynamic range of the
riboswitshes.34 We have found that riboswitch 2A-2 with the
highest activation ratio (AR = 9.8) has an energy barrier of ΔG
= 5.1 kcal/mol (Figure 5). The riboswitch 1C-8 has an energy

barrier of 6.2 kcal/mol, but this difference in energy leads to a
drop of the activation ratio to 3.2. On the other hand,
riboswitches 1C-8 and 1B-7 have very similar activation ratios
(3.2 and 3.3) but significantly different energy barrier between
the “OFF” and “ON” states, 6.2 and 11.8 kcal/mol, respectively.
Therefore, energy barrier alone cannot explain the observed
difference in the activation ratio of these riboswitches.
Next, we analyzed the distance or number of intermediate

conformations between the “OFF” and “ON” states of the
riboswitches. RNA molecules are dynamic systems; they can

Figure 3. Visualization of DNT dependent riboswitch activation. (A)
Images of clarified lysates of cells without DNT treatment (upper
panel) and cells exposed to DNT (lower panel) harvested at indicated
time points were taken using FUJIFILM digital camera and Dark
Reader transilluminator (Clare Chemical Research). (B) A 12% Tris-
HCl non-denaturing PAGE shows purified eGFP (0.8 μg) in the first
lane and an aliquot of each lysate (36 μg of total protein) at indicated
time point.

Figure 4. Dose−response graph showing fluorescence of cell lysates 6
h after activation of riboswitch with DNT concentrations ranging from
0.48 to 45.5 mg/L.

Figure 5. Energy profiles of DNT riboswitches as predicted by Mfold
with schematic representation of 2A-A riboswitch in “OFF” and “ON”
states. Riboswitch 2A-2 with the highest activation ratio AR = 9.8 has
an energy barrier of ΔG = 5.1 kcal/mol, while riboswitch 1C-8 has an
energy barrier of 6.2 kcal/mol but activation ratio of only 3.2.
Riboswitches 1B-7 and 1C-8 have similar activation ratios or 3.3 and
3.2 but different energy barriers of 11.8 and 6.2 kcal/mol, respectively.
However, riboswitch 1C-8 has only one intermediate conformation
between the “OFF” and “ON” states, whereas the riboswitch 1B-7 has
14 intermediate conformations. The existence of many intermediate
structures makes it easier for the riboswitch to switch from “OFF” to
“ON” states.
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switch from one conformation state to another state that is
close in energy. We found that riboswitch 2A-2 has only two
intermediate conformations between the “OFF” and “ON”
states, whereas the riboswitch 1B-7 has 14 intermediate
conformations (Figure 5). We hypothesized that the existence
of many intermediate structures makes it easier for the
riboswitch to switch from “OFF” to “ON”, thereby lowering
the activation ratio. A similar suggestion was made by Hall,
Hesselbergth, and Ellington,35 who have shown that both the
height of the energy barrier and the distance (number of
intermediate states) between the active and inactive con-
formations affect the level of aptazyme activation.
To clarify the behavior of the developed riboswitch, we

investigated the switching mechanism. Relying on examination
of the nucleotide sequences of different riboswitch clones
(Supplementary Table SI.1), we assumed that the ribosome
binding site and the nucleotide sequence neighboring the RBS
are involved in hybridization with the aptamer domain in the
absence of analyte, resulting in translational repression of
downstream gene expression. Analyte binding changes the
conformation of the aptamer domain leading to unpairing of
the RBS and making the RBS sequence accessible to the
ribosome. The translational regulation mechanism for synthetic

riboswitches was previously identified by Gallivan and co-
workers25,36,37 and Yokobayashi and co-workers.26,38

Mfold software predicted two possible low energy secondary
structures for the 2A-2 riboswitch in the “OFF” state with the
energies of −28.30 and −28.60 kcal/mol (see Figures 5 and 6).
The two conformations share a common secondary structure
for bases A23-U88. In the “OFF1” configuration only two bases
of RBS are involved in pairing with the aptamer domain, which
could cause the fluorescence background in the “OFF” state
due to riboswitch “leakage”. Conversely, in the “OFF2”
conformation four of the five RBS bases are involved in pairing
with aptamer bases, which would lead to lower background
fluorescence. In the presence of DNT molecules, the aptamer
domain of the riboswitch (colored in green in Figure 6)
changes its conformation and binds the ligand. The expression
platform becomes less paired, and the RBS is now available for
ribosome binding, resulting in translation of TEV protease and
increase in fluorescent signal.
Analysis of the secondary structure of the 1B-7 riboswitch

shows a similar picture (Supplementary Figure SI.8) but with
more intermediate states. In the lowest energy configuration
with the energy of folding ΔG = −38.0 kcal/mol, all RBS bases
are paired with the aptamer domain and the riboswitch is in the

Figure 6. Predicted secondary structure of the DNT 2A-2 riboswitch in the “OFF” and “ON” states. Green = aptamer; red = expression platform;
blue = RBS; black = start codon (AUG). There are two conformation of riboswitch in the “OFF” state with difference in energy of 0.3 kcal/mol.
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“OFF” state (Supplementary Figure SI.8A). The second lowest
configuration has ΔG = −37.23 kcal/mol and three out of five
RBS bases are paired with aptamer bases (Supplementary
Figure SI.8B). There are 14 intermediate configurations of the
1B-7 riboswitch between the lowest energy “OFF” structure
and configuration in the “ON” state (Supplementary Figure
SI.8C).
To investigate the DNT-free (riboswitch in “OFF” state) and

DNT-bound (riboswitch in “ON” state) structures predicted by
Mfold, we performed in vitro enzymatic probing of the 2A-2
riboswitch. In vitro transcribed riboswitch mRNA sequence
(114 nucleotides) was treated with RNase A, which cleaves
single-stranded RNA at the 3′-end of pyrimidine residues, or
RNase T1, which cleaves single-stranded RNA at 3′-end of
guanosine residues. The RNA fragments were separated and
analyzed using a 2100 BioAnalyzer (Agilent). The exper-
imentally observed cleavage sites and the results of enzymatic
probing with RNases A and T1 are shown in Supplementary
Figures SI.9 and SI.10, respectively. First, we focused on an
analysis of the structure of the DNT-free (riboswitch in “OFF”
state) conformation. Most of the structural difference between
riboswitch in “OFF1” and “OFF2” conformations occurs
between nucleotide residues G90 and U100. The presence of
a band (Supplementary Figure SI.9D) corresponding to
cleavage with RNase A at U98, U99, and U100 (Supplementary
Figure SI.9A) is more supportive of riboswitch in “OFF1”
conformation, in which the indicated nucleotides are located
within an unstructured loop. Another observed band
corresponding to cleavage at C19 and U100 (Figure SI.9A)
supports the riboswitch “OFF1” conformation. The cleavage
with RNase T1 observed at G94 (Supplementary Figures
SI.10A and SI.10D) is also more indicative of riboswitch
“OFF1” conformation. Although the results of enzymatic
probing are more suggestive of riboswitch “OFF1” conforma-
tion as a dominating structure, we do not exclude that both
conformations could be essential for riboswitch function.
Recently, Yokobayashi and co-workers showed that the
thiamine pyrophosphate (TPP) sensitive riboswitch in its
“OFF” state adopts two distinct structures and that both
structures contribute to the observed gene regulation by TPP
riboswitch.38 Further mutational analysis of DNT riboswitch
and in vivo experiments will clarify the importance of two
possible riboswitch “OFF” structures for the function of the
riboswitch.
Structural analysis of the riboswitch in the presence of DNT

(RS “ON”) showed that the most conspicuous difference
between cleavage patterns of riboswitch “ON” and riboswitch
“OFF” structures occurs near the ribosome binding site
(Supplementary Figures SI.9 and SI.10). Appearance of a
stronger band around G103-G104 in RNase T1 digestion
(Supplementary Figure SI.9D) indicates that the ribosome
binding site becomes more susceptible to cleavage in the
presence of DNT. The presence of a band corresponding to
multiple cleavages with RNase A at C2 and U93, at C13 and
U105, at C14 and U105, at U16 and U105, and at U16 and
C108 is also suggestive of the accessibility of the RBS in the
presence of analyte. The structural predictions and exper-
imental results support the conclusion that availability of the
ribosome binding site, as a result of conformational changes,
regulates translation of downstream genes in this riboswitch.
Conclusion. We present a design strategy for developing a

ligand-inducible translational regulation system in E. coli cells.
An aptamer selected to bind TNT molecules15 was linked with

a PCR-generated expression platform library placed upstream
of the gene encoding Tobacco Etch Virus protease.
Introduction of DNT turns the riboswitch “ON”, producing
TEV protease, which cleaves a link between the enhanced green
fluorescent protein and a non-fluorescent mutant yellow
fluorescent protein resulting in increased fluorescence. The
selected riboswitch exhibited a 10-fold increase in fluorescence
in the presence of 0.5 mM DNT compared to the system
without target. Alternatively, if the objective had been to obtain
a riboswitch that turns gene expression off in the presence of
DNT, a similar library of riboswitch clones encoding a
fluorescent reporter gene downstream of the aptamer and
randomized region could have been generated. Selection of the
riboswitch would then have been based upon lowest
fluorescence in the presence and highest fluorescence in the
absence of analyte.
We applied enzymatic probing analysis and secondary

structure analysis using Mfold to study the conformational
change of the riboswitch in the presence and absence of DNT
molecules. The conformational change that occurs in the
presence of DNT makes the RBS available for binding, thereby
permitting initiation of RNA translation and production of
TEV protease. Analysis of the riboswitch in the absence of
DNT showed the existence of two distinct conformations in the
“OFF” state with very close folding free energy. Similarly, two
“OFF” state conformations were recently observed in the
synthetic thiamine pyrophosphate riboswitch,38 which indicates
both the complex nature and common structural properties of
riboswitches.
Riboswitch-enabled cells are a promising environmental

sensor for small toxic explosive molecule detection.

■ METHODS
Materials. Ampicillin, chloramphenicol, dimethyl sulfoxide,

rhamnose, 4-nitrophenol (4-NP), and 2,4-dinitrotoluene were
purchased from Sigma Chemical Company (St. Louis, MO). PCR
primers were obtained from MWG Operon (Huntsville, AL). Phusion
DNA polymerase was purchased from New England BioLabs (Ipswich,
MA). Difco LB was purchased from Becton, Dickinson and Company
(Franklin Lakes, NJ). TOP10 competent E. coli were purchased from
Invitrogen (Carlsbad, CA). The Tobacco Etch Virus protease gene
construct and plasmid pHWG640 were generous gifts from Dr. Helena
Berglund from Karolinska Institute, Stockholm, Sweden and Dr. Josef
Altenbuchner from the Institute of Industrial Genetics at the
University of Stuttgart, Germany, respectively. The plasmid pSAL8.1
was kindly provided by Dr. Justin Gallivan from Emory University,
Atlanta, GA. Trinitrotoluene DNA aptamer sequence upstream of
TEV protease coding sequence was purchased from DNA 2.0 (Menlo
Park, CA).

Plasmid manipulations were performed using chemically competent
MAX Efficiency DH5α E. coli cells. Full descriptions of primer
sequences and plasmid construction techniques are available in the
Supporting Information.

Construction of the Plasmid Library. PCR primers were
designed to provide incorporation of up to 30 degenerate bases
between the TNT aptamer15 and the Shine-Dalgarno sequence
(ribosome binding site).25 PCR was performed in order to insert the
randomized expression platform into the pSAL:TNTaptTEV con-
struct.26 The resulting plasmid library and pHWG640:eGFP-TL-
REACh were transformed into E. coli TOP10 cells and cells were
grown overnight at 37 °C.

Screening of Riboswitch Clones. Each of the riboswitch clones
was screened on LB agar plates with and without 0.5 mM DNT.
Colonies showing high fluorescence were selected for screening in
aqueous medium. Briefly, 24-well plates containing 1 mL/well LB
medium, supplemented with ampicillin (100 μg/mL) and chloram-
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phenicol (25 μg/mL), were seeded with 20 μL of overnight culture.
Cultures were grown for 2.5 h at 37 °C, 220 rpm. Rhamnose was
added to each well to a final concentration of 0.4%. Thirty minutes
after addition of rhamnose, 2,4-DNT was added to “ON” cultures to a
final concentration of 0.5 mM. An equivalent volume of DMSO was
added to “OFF” cultures. Absorbance at 600 nm and fluorescence at
510 nm (excitation 457 nm) were measured immediately after
addition of DNT, and 6 h later. The activation ratio of each culture
was determined by dividing the normalized fluorescence of the “ON”
state at 6 h by the normalized fluorescence of the “OFF” state at 6 h.
Time Course Experiments. For time course studies,

pHWG640:eGFP-TL-REACh and a TEV protease expressing plasmid,
either pSAL:TEV, pSAL:RS2A-2TEV, or pSAL:RS2A-2TEVC151A,
were transformed into chemically competent E. coli TOP10 cells.
Three separate colonies of E. coli TOP10 cells harboring either the
positive control (pHWG640:eGFP-TL-REACh and pSAL:TEV),
riboswitch (pHWG640:eGFP-TL-REACh and pSAL:RS2A-2TEV),
or negative control (pHWG640:eGFP-TL-REACh and pSAL:RS2A-
2TEVC151A) were picked from LB agar plates containing ampicillin
(100 μg/mL) and chloramphenicol (25 μg/mL) and grown overnight
at 37 °C in separate flasks containing 50 mL of LB media
supplemented with ampicillin (100 μg/mL) and chloramphenicol
(25 μg/mL). A 1.5 mL aliquot of the overnight cultures was used to
inoculate 150 mL of LB supplemented with ampicillin (100 μg/mL)
and chloramphenicol (25 μg/mL). Cultures were grown at 37 °C to an
OD600 of 0.4−0.5 and induced with 0.4% rhamnose for
pHWG640:eGFP-TL-REACh expression. Thirty minutes after in-
duction, cultures harboring positive control, riboswitch, or negative
control were treated with 0.5 mM DNT in DMSO, or equivalent
volume of DMSO for riboswitch in “OFF” state. OD600 of each culture
and fluorescence at 510 nm (excitation 457 nm) were measured at
time 0 (when DNT or vehicle was added), 1, 2, 3, 4, 5, and 6 h after
riboswitch activation. At each time point, 10 mL of culture was
collected for cell lysis, protein determination, and fluorescence
readings. Cell pellets were stored at −80 °C until ready for processing.
Cell pellets were resuspended in 0.4 mL of lysis buffer (100 mM Tris-
HCl, pH 8.0, 150 mM NaCl, 1 mM MgCl2) and incubated on ice for
30 min. The buffer was supplemented with lysozyme (0.1 mg/mL),
Benzonase Nuclease (10 μL/10 mL), and iodoacetamide (8 mM). Cell
debris was removed by centrifugation at 14000g for 30 min at 4 °C in
an Eppendorf 5417R centrifuge (Fisher Scientific, Pittsburgh, PA).
Protein concentrations of the clarified cellular extracts were
determined by BCA assay; fluorescence at 510 nm was read, as
described above. Riboswitch negative control experiments were
performed exactly as above, substituting DNT with 4-nitrophenol at
a concentration of 0.1 mM. All time course studies were conducted in
triplicate, and data are presented as the mean ± SEM.
Dose−Response Experiments. Dose−response experiments

were performed as described above for time course experiments.
DNT was added to the media at various concentrations (0.005, 0.01,
0.05, 0.1, 0.25, and 0.5 mM), and cells were harvested and lysed at
time 6 h. Total protein concentrations, fluorescence, and OD600 were
determined as described above.
Analysis of Secondary Structure of the Riboswitch. The

secondary structure of the riboswitch was analyzed using enzymatic
probing. Cleavage fragment sizes were predicted manually based on
the cleavage specificities of RNases A and T1 (Ambion, Austin, TX).
Riboswitch RNA was incubated with or without DNT in Structure
Buffer for 15 min at RT prior to addition of RNA-grade ribonucleases.
Reactions were carried out according to manufacturer’s protocol.
Dried sample pellets were resuspended in 10 μL of nuclease-free water
and denatured at 70 °C for 2 min prior to analysis on a 2100
BioAnalyzer, using the Small RNA Kit (Agilent, Santa Clara, CA).
Peak sizes obtained experimentally were compared to relative
likelihood of fragment size occurrence as determined by cleavage
analysis of secondary structures predicted by Mfold27 and of the
predicted secondary structure provided in Ehrentreich-Förster’s
publication, which accounts for proximity to TNT.15
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