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A FACS-Based Approach to Engineering Artificial Riboswitches

Casey C. Fowler, Eric D. Brown, and Yingfu Li*[a]

Nucleic acids have established themselves as valuable building
blocks for the construction of synthetic elements with a wide
range of uses in biological research.[1] Indeed, nucleic acid en-
zymes (ribozymes and deoxyribozymes) and receptors (aptam-
ers) have emerged as major players in the era of synthetic biol-
ogy, and can be applied in such disciplines as biosensing,[2,3]

ACHTUNGTRENNUNGinity purification,[4,5] nanodevices[6,7] and therapeutic develop-
ment.[8,9] The success in isolating these elements can be largely
attributed to the methods used to select for molecules that
carry out a specific function from extremely large, random se-
quence libraries.[10,11] While a great deal of effort and progress
has been made toward advancing these protocols in vitro, syn-
onymous methods for selections within a cellular environment
are far less developed. This shortcoming is becoming more rel-
evant as our understanding of the diverse array of functions
that nucleic acids—particularly RNA—have within cells contin-
ues to grow at an astounding pace.[12,13] To have the ability to
produce these interesting new RNA molecules with custom-
designed characteristics would be invaluable to biological re-
search.
One of the most intriguing classes of newly discovered RNAs

is a group of genetic control elements called riboswitches.[14,15]

They reside within the untranslated regions (UTRs) of mRNA
where they sense the metabolic status of the cell through di-
rectly binding a relevant ligand.[14–22] The binding event results
in structural changes in the RNA, which ultimately leads to
modulation of the level of expression of neighbouring gene or
genes. The bulk of natural riboswitches that have been uncov-
ered have been found in bacteria where they regulate the
ACHTUNGTRENNUNGexpression of a remarkable number of genes in response to a
growing number of different metabolic cues.[23] From a molec-
ular engineering point of view, riboswitches represent a highly
desirable design for artificial gene expression systems. They
have a very simple composition that consists of an RNA recep-
tor domain (aptamer domain) and a neighbouring expression
platform with a simple stem–loop architecture. Riboswitches
are relatively small, cis-acting elements, usually encoded by
300 bases or less. These factors simplify the design, optimisa-
tion and troubleshooting associated with their creation. Ribo-
ACHTUNGTRENNUNGswitches have shown the potential to be extremely efficient as
well, and demonstrate both remarkable specificity and impres-
sive induction levels in response to their cognate ligand.[21,22]

Artificial riboswitches could be designed for a wide range of
applications. One such possibility is the engineering of pro-
grammable cells. This could include the production of cells
that have an array of genes under the control of different in-
ducer molecules; this would open the door to experiments for
working out the interplay of numerous genes or pathways.
Programmed bacteria also have great potential as tools for en-
vironmental cleanup and drug delivery. Topp and Gallivan
ACHTUNGTRENNUNGrecently made progress toward this goal by employing an arti-
ficial riboswitch to create a strain of E. coli cells that migrate
specifically toward the small molecule theophylline.[24] We be-
lieve that riboswitches also hold great potential as intracellular
sensors for the detection and quantification of small mole-
cules. While these fields are still largely unexploited, the con-
tinuing development of methods to create and modify ribo-
ACHTUNGTRENNUNGswitches should make such systems possible.[25,26]

The goal of this work was to develop a fast, efficient and
general intracellular selection method for isolating riboswitches
from a library of sequences. In order to sort through a large
number of sequences quickly and easily, we opted to use fluo-
rescent proteins and fluorescence activated cell sorting (FACS).
FACS can be used to sort individual cells based on their fluo-
rescence intensity at rates that exceed 104 cells per second.
Previously FACS has been employed to identify proteins with
desirable properties from libraries of random mutants.[27–30]

Here, we apply similar thinking to identify riboswitch mediated
gene regulation from a library “potential riboswitches”. Fig-
ure 1A demonstrates the principle of our selection scheme in
which cells that are highly fluorescent only in response to the
small-molecule inducer of our choice are isolated by using two
steps of FACS.
As a pilot project to demonstrate our selection scheme we

chose to seek riboswitches that respond to the small molecule
theophylline. We built a library of “potential riboswitches” that
consisted of an RNA aptamer that binds theophylline connect-
ed to an intrinsic transcriptional terminator by a partially
random linker region (Figure 1B). Transcriptional terminators
are RNA elements that consist of a simple stem–loop followed
by a string of uracil residues.[31,32] When RNA polymerase en-
counters such an element it is released from the template and
sequences downstream are not transcribed. We sought linker
regions that were able to transduce the binding of theophyl-
line to a disruption of the neighbouring transcriptional termi-
nator stem; this would result in activating transcription of the
downstream green fluorescent protein (GFP) gene. This ribo-
ACHTUNGTRENNUNGswitch mechanism (transcriptional termination) appears to be
the most common, and has not been exploited by artificial
ACHTUNGTRENNUNGriboswitches that have been created to date.
Before beginning the selection process we first chose each

of the elements for the construction of our riboswitch library.
The TCT8-4 theophylline aptamer,[33] which has previously been
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used for a wide range of proof-of-principle experiments, was
chosen for a variety of reasons: it is very well characterized, it
exhibits remarkable specificity for its ligand and it is functional
in a cellular environment.[34–37] To choose a transcriptional ter-
minator we cloned a panel of candidates upstream of GFP
within our selection plasmid and carried out fluorescence
assays. The terminator from the B. subtilis MetI riboswitch[22]

was chosen as it appeared to be the most efficient within our
system (data not shown). It should be noted that we only
ACHTUNGTRENNUNGassayed terminators from ri ACHTUNGTRENNUNGbo-
ACHTUNGTRENNUNGswitch ACHTUNGTRENNUNGes as it has been postulat-
ed that they contain pause sig-
nals that allow for efficient
ligand binding and riboswitch
function.[37,38] The final element
of our library—the linker
region—was biased to resemble
the antiterminator from the MetI
riboswitch to provide our library
with an enhanced ability to dis-
rupt the terminator (Figure 1B,
see legend).
Since the goal of this project

was to develop a selection
method that could isolate rare
active sequences from a library,
we first cloned and sequenced
eight random, unique library
ACHTUNGTRENNUNGsequences to determine if they
were theophylline responsive.
These plasmids were assayed in
cell-based fluorescence assays

(see the Experimental Section)
and none showed a significant
theophylline response. We thus
set out to test our selection
method by cloning a large
number of sequences into com-
petent E. coli cells. By plating
dilu ACHTUNGTRENNUNGtions of this transformation it
was determined that approxi-
mately 100000 positive clones
were successfully transformed.
Cells were grown in the pres-
ence of theophylline for approxi-
mately 6 h and sorted to keep
only those with a relatively high
fluorescence (Figure 2A). Choos-
ing an induction time required
striking a balance between al-
lowing the induced GFP time to
fold and minimizing growth
time to avoid losing library di-
versity. We were particularly con-
cerned about this because cells
that express lower levels of GFP
would presumably have a slight
growth advantage.

The remaining cells, which had survived the first sort, were
grown in the absence of theophylline, and those with a rela-
tively low fluorescence were kept (Figure 2B). For our first
round of selection we opted to use rather lenient gating in
order to avoid losing cells that contained weakly active ribo-
ACHTUNGTRENNUNGswitches. The astonishingly high proportion of cells with a low
fluorescence in the second FACS sort indicated that our pool
either contained a very large number of active sequences, or

Figure 1. A) Selection scheme for the isolation of riboswitches. Cell sorting based on fluorescence intensity was
used to isolate cells that were highly fluorescent in the presence of inducer, but less so in the absence of inducer.
The small circle represents a plasmid-encoded library of riboswitch candidates within the 5’-UTR of GFP. B) Design
of our library of potential theophylline-responsive riboswitches. The partially random linker region is shown in
blue; N represents a completely random position and other positions are conserved 76% of the time with an 8%
chance of being changed to one of the other three possible residues; RBS: ribosome binding site.

Figure 2. FACS results : A) selection round 1, with theophylline; B) selection round 1, without theophylline; C) se-
lection round 2, with theophylline; D) selection round 2, without theophylline.
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that the first round of FACS was too lenient and thus a large
number of weakly fluorescent cells were able to pass through
the first sort.
To examine the cells that had survived the selection, individ-

ual clones were isolated by being plated on agar plates. Single
colonies were then grown in separate wells of 96-well plates
and kept as frozen stocks. From these stocks duplicate plates
were grown, one with theophylline and one without, and were
assayed for fluorescence. The majority of the clones exhibited
small changes in fluorescence in response to theophylline; this
indicates that perhaps our FACS gating was too lenient. Several
of the clones showed a very clear theophylline response and
they were selected for further examination.
The clones examined showed a two- to fourfold increase in

GFP expression in response to theophylline. Generally, there
were no obvious trends observed that related the sequence of
these constructs to their activity. We wanted to see if a second
round of this selection process would yield a construct with a
more significant theophylline response. The plasmid 6E12
ACHTUNGTRENNUNGexhibited the highest fold induction from round one and so it
was chosen to be the basis of a new library for a second round
of selection. At each of the 14 positions in the linker region,
the new library had a 76% chance of retaining the 6E12 se-
quence, and an 8% chance of being mutated to each of the
other three possible nucleotides.
The second selection was carried out in a similar manner to

the first. The FACS spectrum for the first sort looked similar to
that observed in the first round (Figure 2C), however a greater
fraction of clones exhibited a high level of fluorescence. The
spectrum for the second sort was much more consistent with
what we predicted than in the first round (Figure 2D), and
only a small percentage of cells passed our more stringent cri-
teria. Follow-up 96-well plate fluorescence assays yielded a
much higher proportion of theophylline-responsive clones
than the first round; this indicates that the more stringent
FACS criteria were beneficial. Also, several riboswitches with
fold-induction values that exceeded the 6E12 riboswitch were
uncovered; the most efficient of these was RS11A. The se-
quence of RS11A in the original random portion (blue nucleo-
tides in Figure 1B) was ACTATATGAAGAGG and the remainder
of the sequence (including the aptamer region, Figure 1B) did
not incur any unexpected mutations.
Fluorescence assays both in the presence and absence of

theophylline for 6E12, RS11A and RS11A with a point mutant
that disrupted theophylline binding (C27A) are shown in Fig-
ure 3A. These data show that RS11A was nearly twice as effi-
cient as its predecessor 6E12, and it owed its improved induc-
tion to a lower level of uninduced expression. The C27A
mutant of RS11A showed no theophylline response; this indi-
cates that aptamer binding was indeed responsible for the
ACHTUNGTRENNUNGinduction of GFP expression and implies a riboswitch-based
mechanism of regulation. Figure 3B demonstrates the selectivi-
ty of RS11A for theophylline over caffeine—a close structural
relative. It also demonstrates that the riboswitch was respon-
sive to theophylline over a wide concentration range, up to
2 mm. Concentrations greater than 2 mm were not tested as
they were detrimental to cell growth. It should be noted that

previous studies have shown that the intracellular concentra-
tion of theophylline in cultured E. coli is far lower than the
ACHTUNGTRENNUNGextracellular concentration, presumably due to efflux.[39] This
explains the high media concentration of inducer required to
elicit a maximal response. The same phenomenon has been
previously observed by other groups.[35,36]

We next sought to examine whether or not RS11A was
acting at the level of transcription, as was intended by our li-
brary design. As a first step in this process we identified a po-
tential antiterminator stem in RS11A that could compete with
the formation of the terminator (Figure 4A). It is interesting to
note that the putative antiterminator stem of RS11A was shift-
ed slightly from the wild-type MetI antiterminator, upon which
the original library was based. To determine whether RS11A
used this terminator/antiterminator mechanism, we mutated
the polyU tract that follows the terminator (Figure 4B). While
these residues should be crucial for terminator function, they
should not have a significant effect on RNA folding. As a con-
trol we mutated the polyU tract of the MetI terminator in a
construct that lacked the aptamer and the linker region of
RS11A. This mutation significantly disrupted terminator func-
tion. To our surprise, however, RS11A was completely unaffect-
ed by the polyU mutation. This implies that the antiterminator
efficiently prevented the formation of the terminator both in
the presence and absence of theophylline, and that RS11A

Figure 3. Performance of some selected riboswitches. A) Fluorescence assays
of the top riboswitch candidates isolated from each round of selection. No
term CTRL: construct that lacked the entire aptamer–linker–terminator
region; Term only CTRL: construct with the MetI transcriptional terminator,
but no aptamer and linker region. B) Fluorescence of RS11A in response to
changes in the concentrations of theophylline and caffeine.
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does not exert its effect through transcriptional termination
(Figure 4C).
To further examine the role of the terminator, we made a

construct that completely removed the terminator, but main-
tained the selected RS11A linker sequence. It was difficult to
anticipate the effects of such a deletion, as it involved the re-
moval a large chunk of sequence from the middle of the 5’-
UTR. Interestingly, this construct retained its switching ability
(sevenfold induction), but the level of expression (both in-
duced and uninduced) fell dramatically. This implies that the
removed sequence might not be involved in riboswitch activi-
ty, but that the distance of the riboswitch from translational
signals is important for expression levels. The next obvious
possibility for the RS11A mechanism was ribosome binding
site sequestration/antisequestration[14]—the other predominant
mechanism exploited in naturally occurring riboswitches. By
examining the sequence manually and by using structure-pre-
diction programs, a few possibilities for such structures were
noted, but subsequent experiments dismissed these options.
To further probe the mechanism we performed in-line prob-

ing on the RS11A 5’-UTR, a method that probes for structural
changes in RNA in response to ligand binding. Although some
changes were noted in the aptamer and linker regions, the

data did not provide a clear indication of mechanism (see the
Supporting Information). Several groups have previously
shown ligand-responsive expression in response to cloning an
aptamer immediately upstream of a gene.[35,40–42] While the pre-
cise mechanism has not always been clear, it is evident that in
the correct context the structural changes caused by aptamer–
ligand binding can have a significant effect on neighbouring
gene expression. For RS11A, we have selected for a sequence,
and presumably an RNA structure, that places the aptamer in a
suitable context to allow for theophylline-activated gene ex-
pression. This could perhaps occur through the ribosome’s
ability to access the different structures or at the level of RNA
stability, although this is entirely speculative.
In summary, we have demonstrated a novel means of creat-

ing synthetic riboswitches that relies on FACS and fluorescence
assays to isolate active riboswitches from a library. We believe
that this general scheme offers some distinct advantages in
ACHTUNGTRENNUNGengineering riboswitches in E. coli. Firstly, by selecting and
screening for the best sequences, there is less reliance on
clever engineering. Such designs are not usually generally
ACHTUNGTRENNUNGapplicable and can require a structural understanding of the
aptamer that is not always available. FACS analysis allows for
millions of individual cells to be sorted in less than an hour,
which makes this strategy amenable to relatively high through-
put selections. FACS also allows the user to choose gate set-
tings that make it possible to fine-tune the stringency for each
round of selection, and ultimately to target whatever expres-
sion levels they hope to achieve. It should be noted, however,
that this method is limited with respect to the size of library
that can be sorted. While high-efficiency cloning strategies can
allow for much larger libraries to be produced than that used
in this study, libraries that approach the size commonly used
for in vitro experiments (~1015) are not obtainable and could
not be sorted with this method. While sorting does allow for
much more flexibility than systems that are strictly rationally
designed, this method still requires a certain degree of engi-
neering.
This proof-of-principle effort targeted a transcriptional-termi-

nation mechanism, although our data indicate that this is not
what was obtained. We believe this to be a function of the li-
brary we used, as it is entirely possible that such a mechanism
was not achievable within the confines of our design. The un-
expected nature of what we isolated reinforces the advantages
of selection over strict engineering for elements such as this
and shows the power of the FACS method employed here. Ap-
plication of this method to sort libraries that more efficiently
target a given mechanism would presumably yield more effi-
cient riboswitches. This could be achieved by more thoroughly
designing a transcriptional-termination mechanism that in-
cludes carefully designed aptamer and terminator stems by
using random elements to fine-tune the system. Alternatively,
translational initiation is likely much simpler to target as only a
few bases of sequence (the ribosome binding site) need to be
structurally affected by ligand binding. Recently published
work that uses such a library design demonstrated impressive
induction levels and further supports this idea.[25] One advant-
age of riboswitches that work by transcriptional termination,

Figure 4. Probing the regulation mechanism of the RS11A riboswitch. A) Pre-
dicted antiterminator stem of RS11A. Residues shown in grey and italic let-
ters represent the stem of the MetI terminator. B) Schematic representation
of the wild-type and polyU mutant transcriptional terminators used to exam-
ine the RS11A mechanism. C) Fluorescence assay that compare various ribo-
ACHTUNGTRENNUNGswitch constructs and controls and their response to theophylline; the con-
trols are described in the legend of Figure 3. WT: construct with a wild-type
MetI terminator; PUM: construct that had a MetI terminator with a mutated
polyU tract ; RS11A Term KO: an RS11A construct that completely lacked the
MetI transcriptional terminator.
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however, is that multiple copies of these elements could po-
tentially be used to obtain very tightly regulated systems. The
concept of multiple riboswitches that control the expression of
a single gene has been exploited in natural systems.[21,43]

In addition to de novo creation of riboswitches, we feel that
this method has the potential to be used for modifying those
that have evolved naturally. Evolution has provided these ele-
ments with exquisite ligand-recognition characteristics and
gene-regulation capabilities. This makes natural riboswitches a
great starting point for the development of tools for synthetic
biology. However, in many cases it is desirable to modify these
riboswitches to exhibit different ligand specificity, to be re-
sponsive over a different ligand concentration range or to ex-
hibit more or less tightly regulated expression. The speed and
high-throughput capacity of the method demonstrated here
make it an ideal choice for such endeavours.

Experimental Section

Growth media, strains, plasmids and molecular cloning : All cells
were grown in Luria–Bertani (LB) broth supplemented with ampicil-
lin (50 mgmL�1). Library transformations were done by using E. coli
DH5a max efficiency competent cells (Invitrogen); this strain was
also used for FACS and 96-well fluorescence assays. All other ex-
periments were carried out by using Nova blues (Novagen) E. coli
cells. The pRB374 plasmid was used as the backbone for all con-
structs described. Sequence and detailed cloning information are
provided as the Supporting Information.

All molecular cloning, including restriction digests, ligations, trans-
formations, DNA phosphorylation and second-strand synthesis
were carried out according to well established, standard protocols
by following supplier instructions. Cloning of transcriptional termi-
nators and library sequences was done by using chemically synthe-
sized DNA that encoded the desired sequence (Mobix lab, McMas-
ter University; Integrated DNA Technologies, Coralville, IA, USA). In
some cases, two complementary DNA oligonucleotides with suita-
ble overhangs for cloning into the appropriate restriction sites
were annealed, phosphorylated by using T4 polynucleotide kinase
(PNK) and ligated into the digested plasmid. For other constructs,
DNA oligonucleotides (with the desired sequence flanked on either
side by suitable restriction sites) were made into a double-stranded
form by using a short primer and Klenow DNA polymerase, fol-
lowed by restriction digestion and ligations. The sequences of the
6E12 and RS11A linker regions were 5’-ACTATATGAAGAGG-3’ and
5’-ATTGAAGGAAGAGG-3’, respectively.

Fluorescence activated cell sorting (FACS) and colony isolation :
Prior to cell sorting, E. coli cells were washed several times with
PBS and resuspended in PBS at a concentration of approximately
107 cellsmL�1. FACS was carried out by using a FACSVantage SEN
flow cytometry system (BD Biosciences). A 488 nm laser was used
for excitation, and fluorescence was detected by using a 530�
15 nm band pass filter. Sorting rates that ranged from 800–12000
events per second were used, depending on the requirements of
the particular experiment.

For the first round of selection, transformed cells were grown at
37 8C for ~6 h in media supplemented with theophylline (2 mm ;
Sigma) prior to being sorted. Positive cells were collected and
stored (diluted in several volumes of growth media) at 4 8C for
~6 h. They were then grown at 37 8C in media that lacked theo-
phylline for ~10 h prior to the second phase of FACS. The cells

were diluted and plated on agar to yield ~100 cells per plate. Indi-
vidual colonies were picked manually, grown, overnight, at 37 8C
and stored as frozen stocks in LB supplemented with glycerol
(15%). The second round of sorting was carried out in the same
manner as described above, except that cells were grown at 37 8C
for only 5 h (rather than 10 h) prior to the second phase of FACS.
This was done to minimize selective growth advantages and other
anomalies associated with long periods of bacterial cell growth.

Fluorescence assays : High-throughput cell assays were carried out
in 96-well, clear polypropylene plates (Corning). Duplicate plates
were prepared by pinning, and allowed to grow for approximately
24 h at 37 8C, one plate with theophylline and an identical plate
without. Fluorescence for both sets of plates was measured by
using a Tecan Safire fluorometer spectrophotometer with excita-
tion/emission set at 488/517 nm. The values were normalized by
subsequently measuring absorbance at 600 nm (OD600) for both
sets of plates. Colonies were chosen for examination based on the
ratio of the corrected fluorescence values in the presence and
ACHTUNGTRENNUNGabsence of theophylline.

Low-throughput assays were carried out by picking individual colo-
nies from plates of cells that harboured the plasmid of interest.
These colonies were grown, overnight, at 37 8C, and diluted 1:1000
in fresh media supplemented with the indicated concentration of
inducer. After 7 h of growth at 37 8C the OD600 was measured for
each sample and approximately 3 mL of culture was centrifuged
(the centrifuged volume was varied to correct for differences in
OD600) and the pellet was resuspended in PBS. The resuspension
process led to the cultures being concentrated ~eightfold (from
~3 mL to 400 mL). This was done to optimize the signal strength to
provide the most accurate possible data. A fraction of the resus-
pended cells (100 mL) was added to half-area, solid black 96-well
plates (Corning) and measured for fluorescence as described
above. Unless otherwise stated, the concentration of theophylline
used for all experiments was 2 mm.
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