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SUMMARY

Efforts to construct synthetic networks in living
cells have been hindered by the limited number of
regulatory components that provide wide dynamic
range and low crosstalk. Here, we report a class of
de-novo-designed prokaryotic riboregulators called
toehold switches that activate gene expression in
response to cognate RNAs with arbitrary sequences.
Toehold switches provide a high level of orthogo-
nality and can be forward engineered to provide
average dynamic range above 400. We show that
switches can be integrated into the genome to regu-
late endogenous genes and use them as sensors that
respond to endogenous RNAs. We exploit the or-
thogonality of toehold switches to regulate 12 genes
independently and to construct a genetic circuit that
evaluates 4-input AND logic. Toehold switches, with
their wide dynamic range, orthogonality, and pro-
grammability, represent a versatile and powerful
platform for regulation of translation, offering diverse
applications in molecular biology, synthetic biology,
and biotechnology.

INTRODUCTION

Synthetic biology seeks to apply engineering design principles to
predict and control the behavior of living systems. Synthetic
gene networks have been used to construct a wide range of bio-
logical devices, including molecular counters (Friedland et al.,
2009), oscillators (Elowitz and Leibler, 2000), toggle switches
(Gardner et al., 2000), logic gates (Auslander et al., 2012; Moon
etal., 2012; Siuti et al., 2013; Win and Smolke, 2008), cell classi-
fiers (Xie et al., 2011), and analog signal processors (Daniel et al.,
2013). Despite these developments, an underlying problem in
synthetic biology remains the limited nhumber of composable,
high-performance parts for constructing genetic circuits and dif-
ficulties that arise when integrating multiple components into a
large, complex synthetic network (Purnick and Weiss, 2009). Un-
like electronic circuit elements, which can be electrically and
spatially insulated from each other, biological components can

interact with one another in the complex cellular environment
and suffer from unwanted crosstalk between components. Lim-
itations imposed by the number and orthogonality of available
biological circuit components hinder the construction of more
complex circuits that can operate robustly in living cells. Con-
sequently, new classes of regulatory components that offer
wide dynamic range, low system crosstalk, and design flexibility
represent a much-needed, enabling step toward fully realizing
the potential of synthetic biology in areas such as biotechnology
and medicine (Khalil and Collins, 2010).

RNA-based regulatory elements offer a potential solution to this
component bottleneck. Biological parts constructed from RNA
take advantage of predictable Watson-Crick base pairing to con-
trol cellular behavior and can harness sophisticated software
tools for predicting RNA-RNA interactions. Nature has already
developed a wide assortment of RNA-based parts operating at
the transcriptional and posttranscriptional level (Brantl and Wag-
ner, 2000; Gultyaev et al., 1997; Winkler et al., 2002). Starting from
these natural systems, researchers have developed a number of
engineered RNA regulatory elements, including riboregulators
that control translation and transcription in response to cognate
RNAs (Callura et al., 2010, 2012; Isaacs et al., 2004; Lucks
et al.,, 2011; Mutalik et al., 2012; Rodrigo et al., 2012), and
mRNA transducers that convert signals from small-molecule or
protein ligands to protein outputs (Bayer and Smolke, 2005; Culler
et al., 2010; Qi et al., 2012; Win and Smolke, 2008).

Engineered riboregulators consist of cognate pairs of RNAs: a
transducer strand that regulates translation or transcription and
a trans-acting RNA that binds to the transducer to modulate its
biological activity. Riboregulator designs can be classified ac-
cording to the initial RNA-RNA interaction that drives hybridiza-
tion between the transducer and trans-acting RNAs. Reactions
initiated between loop sequences in both RNAs are termed
loop-loop interactions, whereas those that occur between a
loop sequence and an unstructured RNA are termed loop-linear
(Takahashi and Lucks, 2013).

A common limitation for riboregulators has been their dynamic
range (Liu et al., 2012). Previous prokaryotic translational ribore-
gulators have typically modulated biological signals by up to a
maximum of ~55-fold for activators (Callura et al., 2012) and
up to ~10-fold for repressors (Mutalik et al., 2012). In contrast,
protein-based transcriptional regulators have demonstrated
dynamic ranges over an order of magnitude higher, with
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Figure 1. Toehold Switch Design and In Vivo Characterization
(A and B) Design schematics of conventional riboregulators (A) and toehold switches (B). Variable sequences are shown in gray, whereas conserved or

constrained sequences are represented by different colors.
(A) Conventional riboregulator systems repress translation by base pairing directly to the RBS region. RNA-RNA interactions are initiated via a loop-linear or loop-

loop interaction at the YUNR loop in an RNA hairpin.
(B) Toehold switches repress translation through base pairs programmed before and after the start codon (AUG), leaving the RBS and start codon regions
completely unpaired. RNA-RNA interactions are initiated via linear-linear interaction domains called toeholds. The toehold domain a binds to a complementary a*

domain on the trigger RNA. Domains a and b are 12 and 18 nts, respectively.
(C) Flow cytometry GFP fluorescence histograms for toehold switch number 2 compared to E. coli autofluorescence and a positive control. Autofluorescence

level measured from induced cells not bearing a GFP-expressing plasmid.
(D) GFP mode fluorescence levels measured for switches in their ON and OFF states in comparison to positive control constructs and autofluorescence. Error
bars are the SD from at least three biological replicates.

(legend continued on next page)
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widely-used inducible promoters regulating protein expression
over 350-fold (Lutz and Bujard, 1997) and sigma factor-promoter
pairs providing up to 480-fold modulation (Rhodius et al., 2013).
Despite the inherent programmability of RNA-based systems, ef-
forts at constructing large sets of orthogonal riboregulators have
been limited to libraries of at most seven parts with crosstalk
levels of ~20% (Takahashi and Lucks, 2013). Typical RNA-
based regulators employ interaction domains consisting of
~30 nts, which corresponds to a sequence space of over 10'8
potential regulatory elements. Thus, the sheer diversity of
possible RNA-based parts suggests that previous devices
have not come close to realizing the potential of highly orthog-
onal regulation.

Much of this discrepancy arises from the significant sequence
constraints imposed on riboregulators engineered thus far (Fig-
ure 1A). Like natural riboregulators, engineered riboregulators
of translation have invariably used base pairing to the ribosome
binding site (RBS) to prevent ribosome binding, thereby prevent-
ing translation (Callura et al., 2012; Isaacs et al., 2004; Mutalik
et al., 2012; Rodrigo et al., 2012). Because repression is caused
by RBS binding, trigger RNAs that activate translation are engi-
neered to contain an RBS sequence to displace the repressing
sequence, which in turn reduces the potential sequence space
for the riboregulator.

Previous riboregulators have also relied on U-turn loop struc-
tures to drive loop-loop and loop-linear interactions between
RNAs (Figure 1A) (Callura et al., 2012; Isaacs et al., 2004; Lucks
et al., 2011; Takahashi and Lucks, 2013). U-turn loops are com-
mon RNA structural motifs formed by tertiary interactions that
have been identified in ribozymes, ribosomal RNAs, and transfer
RNA anticodon loops (Gutell et al., 2000). Although recent work
has begun to show that loops with canonical U-turn sequences
are not essential for riboregulators (Mutalik et al., 2012; Rodrigo
et al., 2012), the engineered systems reported to date have
continued their reliance on the loop-mediated RNA interactions
from natural systems. Although these loop interactions have
been selected by evolution in nature, alternative approaches em-
ploying linear-linear RNA interactions are amenable to rational
engineering and exhibit more favorable reaction kinetics and
thermodynamics, factors that could be exploited to increase ri-
boregulator dynamic range.

To address these fundamental limitations, we designed a
class of de-novo-designed riboregulators that enable posttran-
scriptional activation of protein translation through mechanisms
employed in artificial systems rather than natural ones. Based on
their interaction mechanism and near-digital signal processing
behavior, we term these riboregulator systems toehold switches.
Unlike conventional riboregulators, our synthetic riboregulators
take advantage of toehold-mediated linear-linear interactions
developed in vitro (Dirks and Pierce, 2004; Yin et al., 2008; Yurke
et al., 2000) to initiate RNA-RNA strand displacement interac-
tions. Furthermore, they rely on sequestration of the region

around the start codon to repress protein translation, eschewing
any base pairing to the RBS or start codon itself to regulate trans-
lation. As a result, toehold switches can be designed to activate
protein translation in response to a trigger RNA with an arbitrary
sequence, enabling substantial improvements in component
orthogonality. The absence of binding to the RBS and use of
thermodynamically favorable linear-linear interactions also en-
ables facile tuning of translational efficiency via RBS engineer-
ing. Consequently, these systems routinely enable modulation
of protein expression over two orders of magnitude.

Here, we demonstrate the utility of toehold switches by vali-
dating more than 100 functional systems in E. coli. We exploit
the expanded RNA sequence space afforded by the new ribore-
gulator class to construct libraries of components with unprece-
dented orthogonality, including a set of 26 systems that exhibit
less than 12% crosstalk. Heuristic design principles are used to
generate forward-engineered switches that exhibit average ON/
OFF ratios exceeding 400, a dynamic range typically reserved
for protein-based transcriptional regulators. We also use toehold
switches to sense endogenous RNAs in vivo and to regulate
endogenous gene expression by integrating them into the
genome. For potential applications in synthetic biology, we
demonstrate that toehold switches can be used to regulate a
dozen components in the cell at the same time and to construct
a genetic circuit that computes a 4-input AND expression. The
versatility, dynamic range, orthogonality, and programmability of
toehold switches provide them with the potential to become a
powerful platform for sensing and programming the internal states
of living cells. We anticipate that these devices will be enabling
tools for constructing increasingly complex genetic circuits in syn-
thetic biology.

RESULTS

Design of a Biological Device from First Principles
Ariboregulator that activates gene expression must switch from
a secondary structure that prevents translation to a configu-
ration that promotes translation upon binding of a cognate
trans-acting RNA. We developed toehold switches based on
previous reports describing the influence of secondary structure
on mRNA translation and knowledge of RNA thermodynamics
and kinetics.

Although the Shine-Dalgarno sequence is an important factor
in determining the efficiency of translation from a given mRNA,
studies have found that secondary structure in regions nearby
the start codon also plays a critical role (Kudla et al., 2009).
Furthermore, genome-wide analyses have revealed strong
biases toward low secondary structures around the start codon
of MRNAs from a panel of hundreds of bacterial genomes (Ben-
tele et al., 2013). Thus, we ensured that toehold switches
sequestered the region around the start codon to repress trans-
lation, rather than binding to either the RBS or the start codon.

(E) ON/OFF GFP fluorescence levels obtained 3 hr after induction for 168 first-generation toehold switches. Inset: ON/OFF GFP fluorescence measured for
toehold switches of varying performance levels at different time points following induction. Relative errors for the switch ON/OFF ratios were obtained by adding
the relative errors of the switch ON and OFF state fluorescence measurements in quadrature. Relative errors for ON and OFF states are from the SD of at least

three biological replicates.
See also Figure S1 and Table S1.
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Instead of using loop regions to initiate interactions, we recog-
nized the design advantages afforded by linear-linear nucleic
acid interaction strategies developed in vitro and focused in
particular on toehold-based strand displacement reactions
(Yurke et al., 2000). In these systems, interactions between
reaction species are kinetically controlled through hairpins or
multistranded complexes that feature exposed single-stranded
domains called toeholds. These domains serve as reaction initi-
ation sites for input nucleic acid species and do not require
U-turn structural motifs to increase their accessibility. Such
toehold mechanisms have been extensively used to engineer
complex dynamic systems utilizing reconfigurable DNA hairpins
in test tubes (Dirks and Pierce, 2004; Yin et al., 2008) and RNA
hairpins in fixed tissues (Choi et al., 2010) and for complex
in vitro information processing systems (Qian and Winfree,
2011; Qian et al., 2011; Yin et al., 2008).

Toehold switch systems are composed of two RNA strands
referred to as the switch and trigger (Figure 1B). The switch
RNA contains the coding sequence of the gene being regulated.
Upstream of this coding sequence is a hairpin-based processing
module containing both a strong RBS and a start codon that is
followed by a common 21 nt linker sequence coding for low-mo-
lecular-weight amino acids added to the N terminus of the gene
of interest. A single-stranded toehold sequence at the 5’ end of
the hairpin module provides the initial binding site for the trigger
RNA strand. This trigger molecule contains an extended single-
stranded region that completes a branch migration process
with the hairpin to expose the RBS and start codon, thereby initi-
ating translation of the gene of interest.

The hairpin processing unit functions as a repressor of trans-
lation in the absence of the trigger strand. Unlike previous ribor-
egulators, the RBS sequence is left completely unpaired within
the 11 nt loop of the hairpin. Instead, the bases immediately
before and after the start codon are sequestered within RNA du-
plexes that are 6 bp and 9 bp long, respectively. The start codon
itself is left unpaired in the switches we tested, leaving a 3 nt
bulge near the midpoint of the 18 nt hairpin stem. Because the
repressing domain b (Figure 1B) does not possess complemen-
tary bases to the start codon, the cognate trigger strand in turn
does not need to contain corresponding start codon bases,
thereby increasing the number of potential trigger sequences.
The sequence in the hairpin added after the start codon was
also screened for the presence of stop codons, as they would
prematurely terminate translation of the gene of interest when
the riboregulator was activated. We employed a 12 nt toehold
domain at the 5’ end of the hairpin to initiate its interaction with
the cognate trigger strand. The trigger RNA contains a 30 nt sin-
gle-stranded RNA sequence that is complementary to the
toehold and stem of the switch RNA.

In Silico Design of Toehold Switches

We used the NUPACK nucleic acid sequence design package
(Zadeh et al., 2011) to generate libraries of de-novo-designed
translational activators satisfying the desired device parameters
(see section S6 of the Extended Experimental Procedures and
Figure S1C available online). We initially designed a set of 24
toehold switches (see Table S1 for RNA sequences) to gauge
in vivo performance.
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We then designed an extended library of toehold switches
containing orthogonal elements selected for low crosstalk with
the rest of the library. The orthogonal library was generated by
assembling a set of 646 unique toehold switch designs and
simulating all 417,316 pairwise interactions in the set to evaluate
crosstalk interactions (see section S6.4 of the Extended Experi-
mental Procedures and Figure S1D). A Monte Carlo algorithm
was used to identify a subset of 144 switches that exhibited
the lowest level of overall component crosstalk (see Table S1
for RNA sequences). The resulting library of orthogonal regula-
tors provided a large set of components to independently regu-
late translation in vivo and comprised devices well separated
from one another in the sequence space to provide valuable in-
formation regarding sequence-dependent effects.

In Vivo Component Validation

The toehold switches were tested in E. coli BL21 Star DE3 with
the switch and trigger RNAs expressed from separate medium
and high copy plasmids, respectively. Although BL21 Star DE3
is an RNase-deficient strain, we found that toehold switches
also performed well in strains with wild-type RNase levels (see
section S10 of the Extended Experimental Procedures, Fig-
ure S2C, and Table S3). Expression of both strands was induced
using IPTG, which triggered production of both RNA species
through T7 RNA polymerase. GFP was used to characterize
switch output performance via flow cytometry.

Representative flow cytometry histograms of GFP output
from toehold switch number 2 are shown in Figure 1C. ON state
fluorescence measured from cells expressing both the switch
and its cognate trigger was near the fluorescence intensity of
control constructs with unrepressed GFP expression. OFF state
fluorescence from cells expressing the switch and a noncognate
trigger revealed a slight increase in GFP levels over E. coli
autofluorescence. The mode fluorescence value from these his-
tograms was used to calculate the ON/OFF ratios of each
toehold switch design (see section S3 of the Extended Experi-
mental Procedures and Figure S1B). Cell autofluorescence
was not subtracted from either the ON or OFF state fluorescence
for determination of ON/OFF ratios.

Figure 1D presents the mode GFP fluorescence obtained from
three high-performance toehold switches in their ON and OFF
states. The OFF state fluorescence of the three switches was
near the background autofluorescence levels measured for
induced cells not expressing GFP. The ON state fluorescence
for the toehold switches was comparable to the fluorescence
obtained from positive controls that recapitulated the secondary
structure of the toehold switch in its activated state (see section
S7 of the Extended Experimental Procedures, Figure S1E, and
Table S1). The activated toehold switches all showed higher
GFP output than a standard GFP expression construct featuring
a completely single-stranded region upstream of the RBS and
gene, likely as a result of the increased mRNA stability afforded
by the secondary structures of the switch RNA and the trigger/
switch RNA complex.

Of the 168 first-generation systems tested, 20 exhibit ON/OFF
ratios exceeding 100, and nearly two thirds display at least an
ON/OFF level greater than 10 (Figure 1E). In comparison, we
also characterized the widely used engineered riboregulators
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(A) GFP fluorescence from colonies of E. coli expressing 676 pairwise combinations of switch and trigger RNAs. GFP-expressing colonies are visible as green
points along the diagonal in cells containing cognate switch and trigger strands. Off-diagonal, noncognate components have low fluorescence.

(B) Crosstalk measured by flow cytometry for all trigger-switch combinations. Crosstalk was determined by taking GFP output measured for a given trigger-
switch combination and dividing it by the GFP output measured for the switch with its cognate trigger.

(C) Comparison of overall library dynamic range and orthogonal library size for the toehold switches and previous riboregulators. The overall library dynamic range
corresponds to the minimum ON/OFF ratio to expect in a network employing this library of switches.

See also Table S2.

(Isaacs et al., 2004) crBNA 10 and 12 in identical conditions.
These earlier riboregulators exhibited lower dynamic range
with ON/OFF values of 11 + 2 and 13 + 4 for crRNA systems
10 and 12, respectively (see section S8 of the Extended Experi-
mental Procedures and Figure S1F). Time-course measure-
ments revealed system activation within 1 hr of induction and
ON/OFF ratios increased over time with continued production
of GFP (Figure 1E, inset). The switches were also successful in
regulating four different output proteins (see section S10.1 of
the Extended Experimental Procedures and Figure S1H).

Evaluation of Toehold Switch Orthogonality

To measure the orthogonality of the devices, we performed addi-
tional in silico screening to isolate a subset of 26 that displayed
extremely low levels of predicted crosstalk (see section S6.4 of
the Extended Experimental Procedures) and assayed in E. coli
all 676 pairwise combinations of switch and trigger plasmids.
Figure 2A displays images of GFP fluorescence from colonies
of E. coli induced on LB plates (see section S5 of the Extended
Experimental Procedures). Clearly visible is the strong emission
from cognate switch and trigger pairs along the diagonal of the
grid with the final switch at index 26 displaying lower fluores-
cence as a result of its low ON/OFF ratio. Low fluorescence
levels are observed for the off-diagonal elements featuring non-
cognate trigger/switch RNA pairs.

We used flow cytometry to quantify GFP output from all
trigger-switch interactions (see section S4 of the Extended
Experimental Procedures). Crosstalk was calculated by dividing
the GFP fluorescence obtained from a noncognate trigger and a
given switch RNA by the fluorescence of the switch in its trig-
gered state (Figure 2B). The full set of 26 switches tested dis-
played less than 12% crosstalk. Because the number of switches
in an orthogonal set is defined by its threshold crosstalk level, we
identified orthogonal subsets for a range of different crosstalk
thresholds (see section S11 of the Extended Experimental Proce-
dures and Table S2). For instance, a subset of 18 of the toehold
switches exhibited less than 2% subset-wide crosstalk.

A relevant metric for assessing orthogonal library performance
is the reciprocal of the threshold crosstalk level. For example, the
set of 18 switches with less than 2% crosstalk has a reciprocal
crosstalk threshold of 50. This metric corresponds to the mini-
mum output dynamic range to expect in a network employing
this library of 18 switches. Figure 2C plots this library dynamic
range metric against the maximum orthogonal subset size for
the toehold switches, as well as a number of previous riboregu-
lator systems.

Forward Engineering of New High-Performance Devices

In-silico-designed riboregulators forward engineered to exhibit
high performance in vivo have the potential to significantly

Cell 159, 1-15, November 6, 2014 ©2014 Elsevier Inc. 5
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reduce the time required for generating new genetic circuits. The
first-generation toehold switches fell short of this goal because
they displayed large variations in output characteristics (Fig-
ure 1E). To determine the design features that yielded high-
performance switches, we performed detailed analyses of the
first-generation library to uncover sequence-dependent factors
that affected switch performance (see sections S9 and S12 of
the Extended Experimental Procedures; Figures S1G and S2A;
Table S1). We integrated these findings into the design of sec-
ond-generation toehold switches forward engineered for wide
dynamic range.

The forward-engineered switches incorporate four design
changes as shown in Figure 3A (see Figure S1A for direct com-
parisons). Modifications were made to the sequences at the
top of the switch RNA stem, the loop of the switch RNA was
increased, and the binding site of the trigger RNA was shifted
away from the RBS. These three design changes increased the
strength of the switch RNA RBS to increase its ON state protein
production. The length of the toehold domain was also increased
to promote binding between switch and trigger RNAs.

We designed and evaluated a set of 13 of these second-gen-
eration toehold switches (see Table S3 for RNA sequences).
Figure 3B presents the ON/OFF fluorescence ratios for the for-
ward-engineered systems regulating GFP after 3 hr of induction
(see Figure S2B for flow cytometry data). There is a dramatic in-
crease in ON/OFF fluorescence for almost all the systems

6 Cell 159, 1-15, November 6, 2014 ©2014 Elsevier Inc.

tested, with 12 out of 13 switches exhibiting a dynamic range
comparable to or higher than the highest performance toehold
switch from the initial library (ON/OFF ratio 290 + 20). These
systems exhibit an average ON/OFF ratio of 406 compared to
43 for the first-generation design. This mean ON/OFF ratio rivals
the dynamic range of protein-based regulators, and it does so
using a highly programmable system design without requiring
any evolution or large-scale screening experiments. Further-
more, even the lowest performance second-generation switch
displayed an ON/OFF ratio of 33 + 4, which is still sufficient
for many logic operations. Hourly time course measurements
reveal activation of forward-engineered switches after 1 or
2 hr of induction (Figure 3B, inset). Furthermore, ON state fluo-
rescence increased steadily over 4 hr, yielding ON/OFF levels
well over 600 for the switches. Additional testing confirmed suc-
cessful forward-engineered switch operation in different strains
of E. coli and with the endogenous E. coli RNA polymerase (see
section S10 of the Extended Experimental Procedures, Fig-
ure S2C, and Table S3).

We quantified the effectiveness of our rational engineering
strategy by calculating the percentage of forward-engineered
designs with ON/OFF ratios exceeding a given minimal level
and comparing them to the same evaluation performed on the
library of 168 first-generation toehold switches (Figure 3C).
The yield of high-performance switches is higher for the for-
ward-engineered devices for all ON/OFF ratios tested.
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Thermodynamic Parameter Correlated with Switch
Performance

We conducted extensive analyses to identify thermodynamic pa-
rameters that were linked to the ON/OFF performance of the
toehold switches. Candidate thermodynamic factors were rapidly
screened by computing linear regressions against subsets of the
first-generation toehold switches satisfying particular sequence
constraints (see section S13 of the Extended Experimental Proce-
dures, Figure S2D, and Table S3). The screening process identi-
fied a single parameter AGrgs.iinker that was correlated with the
ON/OFF ratios for the subset of 68 first-generation switches
with an A-U base pair at the top of their stem. A linear fit of
AGRBs.iinker t0 the logarithm of their ON/OFF ratios yielded a co-
efficient of determination R? = 0.40 (Figure 3D). This AGRrgs-iinker
term is defined as the free energy of the sequence running from
the RBS region to the end of the linker (Figure 3D, inset). It reflects
the amount of energy required by the ribosome to unwind the
RBS and early-mRNA region as it binds and begins translation
of the output gene. A fit of AGrps.iinker t0 the ON/OFF ratio for
the forward-engineered switches yielded a much stronger corre-
lation with R? = 0.79 (Figure 3E). Importantly, we found that this
single thermodynamic factor could explain the lone low-perfor-
mance, forward-engineered toehold switch.

Toehold Switches Triggered by mRNAs and

Endogenous RNAs

The capacity of toehold switches to accept trigger RNAs with
arbitrary sequences enables them, in principle, to be activated
by functional mRNAs (Figure 4A). However, the fixed sequences
of potential mMRNA triggers present significant challenges for
effective system activation. Unlike synthetic trigger RNAs de-
signed de novo to be single stranded, strong secondary struc-
tures abound within mMRNAs, complicating toehold binding and
decreasing the thermodynamics driving the branch migration
process. The cognate toehold sequences defined by the trigger
mMRNA can also exhibit base pairing both internally and with se-
quences downstream of the hairpin module and thus pose
similar challenges to activation.

To counter these effects, we increased the toehold domain
length of the mRNA-sensing switches from 12 or 15 nts to >24
nts. This modification shifted the importance of single-stranded
regions for binding initiation from the trigger mMRNA to the toehold
switch itself. We also incorporated a common sequence element
from a high-performance first-generation switch into the sensor
designs (see section S14.1 of the Extended Experimental Proce-
dures, Figures S3A-S3C, and Table S4) and adopted a pro-
grammed RNA refolding mechanism to decrease the energetic
barrier to switch activation (Figures 4A and S3D; see section
S14.2 of the Extended Experimental Procedures). Candidate
sensors for a given mRNA or endogenous RNA were designed
and screened in silico to identify those with the greatest probabil-
ity of success (see section S14.3 of the Extended Experimental
Procedures, and Table S4 for RNA sequences).

We first validated sensors for detecting the mCherry mRNA.
These sensors express GFP only upon binding to mCherry tran-
scripts enabling simultaneous monitoring of sensor output via
GFP and transcription of the trigger species through mCherry
fluorescence. Figure 4B displays the GFP and mCherry fluores-

cence levels measured for three mCherry-responsive switches in
the absence or presence of their cognate trigger mRNA. Fluores-
cence levels from control measurements are also shown for
comparison. Negative controls reflect E. coli autofluorescence
measured in either fluorescence channel, whereas positive con-
trols were obtained from cells expressing unrepressed GFP and
mCherry from medium and high copy vectors, respectively.
These results show that the switches strongly activate expres-
sion of GFP only upon transcription of the mCherry mRNA and
provide low GFP expression in the absence of the mCherry
trigger. ON/OFF GFP fluorescence values obtained from the
three mCherry mRNA sensors are shown in Figure 4C. In addi-
tion, we validated two sensors for detecting antibiotic resistance
conferring mMRNAs: chloramphenicol acetyltransferase (cat) and
aadA (spectinomycin resistance) (Figure 4C).

We also designed a toehold switch sensor to detect the
endogenous E. coli small RNA (sRNA) RyhB. RyhB is a 90 nt tran-
script that downregulates iron-associated genes in conditions in
which iron levels are low (Massé and Gottesman, 2002). To char-
acterize the sensors, cells were transformed with plasmids
constitutively expressing the RyhB-responsive toehold switch
regulating GFP (Figure 4D; see section S15 of the Extended
Experimental Procedures and Table S4). The RyhB sRNA was
induced by adding the iron-chelating compound 2,2’-bipyridy!
to the growth media (Figure 4D), which is known to rapidly stim-
ulate expression of RyhB (Massé and Gottesman, 2002). We
measured sensor output 1 hr after induction by the chelator us-
ing flow cytometry. The sensor transfer function shows a steady
increase in GFP expression as 2,2’-bipyridyl levels increase to
0.3 mM, beyond which levels plateau (Figure 4E). In contrast, a
GFP-positive control construct demonstrated decreasing output
as 2,2'-bipyridyl levels increased.

Synthetic Regulation of Endogenous Genes

Toehold switches can be integrated into the genome to regulate
translation of endogenous genes. Template genome-editing
plasmids were constructed that contained a high-performance
second-generation switch adjacent to a kanamycin resistance
marker flanked by a pair of FRT sites (Figure 5A; see section
S16 of the Extended Experimental Procedures, Table S5, and
Figure S4). Linear DNA fragments were amplified from these
plasmids and were inserted upstream of targeted chromosomal
genes using A Red recombination (Datsenko and \Wanner, 2000).
The resulting E. coli strain retains a functional copy of the tar-
geted gene in its chromosome; however, it is deactivated as a
result of the cotranscribed switch RNA module. This repressed
gene can be activated posttranscriptionally by expression of a
cognate trigger.

We inserted switches upstream of the genes uidA, lacZ, and
cheY. The genes uidA and lacZ produce the enzymes B-glucor-
onidase and B-galactosidase, respectively. Cells expressing
these enzymes can be readily identified by their blue/green color
on plates containing the corresponding substrates X-Gluc and
X-Gal. We constructed two strains with synthetic uidA regulation
by integrating switches A and B into the chromosome (uidA::S-
witch A and uidA::Switch B, respectively). Figure 5B displays
these strains upon expression of different trigger RNAs, as
well as a control strain with the wild-type uidA genotype. As
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(A) Design schematic and putative activation pathway of the toehold switch mRNA sensors. Switch common sequence element is outlined in pink.
(B) Mode GFP and mCherry fluorescence obtained from flow cytometry of three mCherry sensors in their repressed and activated states, as well as positive and

negative controls. Error bars are the SD from at least three biological replicates.

(C) ON/OFF GFP fluorescence ratios for a series of toehold switches activated by the mCherry mRNA, and cat and aadA mRNAs, which confer chloramphenicol
and spectinomycin resistance, respectively. Relative errors for the mMRNA sensor ON/OFF ratios were obtained by adding the relative errors of the sensor ON and

OFF state fluorescence measurements in quadrature. Relative errors for ON and
(D) Endogenous and synthetic gene networks used for sensing the RyhB sRNA.

OFF states are from the SD of at least three biological replicates.

(E) Transfer function for the RyhB sensor (purple curve) as a function of RyhB inducer concentration. Output of a constitutive GFP expression cassette is shown for
comparison (green curve). Error bars are the SD from at least three biological replicates.

See also Figure S3 and Table S4.

expected, uidA::Switch A only exhibits the blue/green wild-type
phenotype upon expression of trigger A. Similarly, uidA::Switch
B activates B-glucoronidase only with cognate trigger B.

The edited strain /acZ::Switch C provides more complicated
behavior because the lac operon is regulated at the transcrip-

8 Cell 159, 1-15, November 6, 2014 ©2014 Elsevier Inc.

tional level by lactose or chemical analogs such as IPTG. Thus,
lacZ::Switch C requires both lactose/IPTG and trigger RNA C
to turn on expression of f-galactosidase. This behavior results
in a genetic AND circuit combining transcriptional and posttran-
scriptional regulation. We tested this AND circuit by expressing
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(A) Integration of switch modules into the genome upstream of the targeted gene
(gene B) at sites H1 and H2 using A Red recombination. Switch-edited gene B
is translationally repressed but can be activated via the cognate trigger RNA.
(B) Images of uidA::Switch A and uidA::Switch B spread onto X-Gluc plates
with different trigger RNAs. uidA expression like the wild-type (top left) is only
observed with cognate trigger RNAs as seen by blue/green color change.

(C) Images of lacZ::Switch C with different combinations of IPTG and aTc
chemical inducers. lacZ::Switch C only activates with aTc-induced expression
of trigger C in conditions in which lacZ transcription is induced by IPTG. Wild-
type lacZ (top left) is activated whenever IPTG is present.

(D) Moatility assays for cheY::Switch D on soft agar plates. cheY::Switch D is
only able to move away from the point of inoculation at the plate center when
trigger D is induced with IPTG.

See also Figure S4 and Table S5.

different trigger RNAs using inducible promoters responsive to
anhydrotetracycline (aTc). Figure 5C provides images of lacZ::
Switch C transformed with different trigger plasmids for all four
combinations of the two chemical inputs (i.e., IPTG and aTc) of
the AND circuit. In the absence of IPTG, none of the strains
show any change in color because expression of the lac operon
is strongly repressed. For a plate containing IPTG and no aTc,
the wild-type lacZ strain (upper left quadrant) becomes blue/
green in color, whereas the lacZ::Switch C strains with different
triggers do not change in color because the trigger RNAs are
not being expressed. When the AND condition is satisfied by
adding both IPTG and aTc to the plate, lacZ::Switch C exhibits
the blue/green color change with trigger RNA C as expected,
whereas those expressing triggers A and B are unchanged.

Lastly, we conditionally regulated the E. coli chemotaxis gene
cheY. CheY::Switch D was transformed with plasmids that ex-
pressed triggers inducibly via IPTG. Only cells expressing trigger
RNA D with IPTG demonstrated significant motility, whereas
those expressing noncognate trigger RNA A or lacking the
IPTG inducer were unable to move from the point of inoculation
(Figure 5D).

Multiplexed Regulation

To demonstrate the full multiplexing capabilities of toehold
switches, we expressed 12 toehold switches in the same cell
and independently confirmed their activity via flow cytometry.
We used four different fluorescent proteins (GFP, venus, ceru-
lean, and mCherry) as reporters and constructed three plasmids
to express each of the reporter proteins (Figure 6A; see section
S17 of the Extended Experimental Procedures; Table S6). Each
of these proteins was regulated using a different switch from
the second-generation library. The resulting constructs were ex-
pressed from a single T7 promoter as ~3.4 kb polycistronic
mRNAs resulting in a total synthetic network size of over 10 kb.

Figure 6B presents the outcome of the multiplexing experi-
ments with the output of each reporter represented in terms
of the percentage of cells expressing the reporter. A cell was
determined to be expressing a given reporter if its fluorescence
exceeded a threshold level held constant for all the plots in Fig-
ure 6B (see section S17.3 of the Extended Experimental Proce-
dures and Figure S5). The first two rows of Figure 6B display the
output from all 12 of the switches activated separately from a sin-
gle expressed trigger RNA. In all 12 cases, significant expression
is only observed from the intended reporter with limited crosstalk
in the three other channels.

We also tested activation of all two- and three-color combina-
tions of reporter proteins and observed all the expected output
color combinations (Figure 6B). We detected some unintended
leakage of cerulean and GFP for trigger combinations activating
GFP/venus and venus/cerulean, respectively. Because single
trigger measurements of each of these triggers displayed low
leakage, we attribute much of the observed leakage in these
two-trigger experiments to imperfect compensation of the flow
cytometry data caused by the spectral overlap between GFP,
venus, and cerulean (see Figure S5A). We also successfully acti-
vated all four output proteins by simultaneously expressing four
trigger RNAs and observed low system leakage from two non-
cognate trigger RNAs (Figure 6B, two bottom-right panels).

Cell 159, 1-15, November 6, 2014 ©2014 Elsevier Inc. 9
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Figure 6. Simultaneous Regulation of Gene Expression by 12 Toehold Switches

(A) Schematics of plasmids and ~3.4-kb polycistronic MRNAs used for multiplexing studies. Each reporter has its own switch RNA that can be independently

activated by its cognate trigger RNA.

(B) Percentage of cells expressing each of the four reporters for a set of 24 different trigger RNA combinations. Gray and colored circles are used to identify the
particular trigger RNA being expressed and the corresponding switch RNA. Error bars are the SD from at least three biological replicates.

See also Figure S5 and Table S6.
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Figure 7. A Layered 4-Input AND Circuit

(A) Design schematic for the 4-input AND circuit consisting of three 2-input AND gates formed by three toehold switches, two orthogonal transcription factors

(ECF41_491 and ECF42_4454), and a GFP reporter.

(B) Complete 16-element truth table for the 4-input AND system. GFP expression from the sole logical TRUE output case with all input RNAs expressed (far right)
is significantly higher than the logical FALSE output cases where one or more input RNAs is absent. Relative errors for the circuit ON/OFF ratios were obtained by
adding the relative errors of the circuit fluorescence measurements in quadrature. The fluorescence level measured from cells not expressing any of the input
RNAs was used as the OFF state fluorescence levels in the ON/OFF calculations. Relative errors for different input states are from the SD of at least three

biological replicates.
See also Figure S6 and Table S7.

Implementation of a 4-Input AND Circuit

Toehold switches are readily integrated with existing biological
components to build sophisticated genetic programs. We con-
structed a layered 4-input AND gate consisting of three toehold
switches coupled to two orthogonal transcription factors and a
GFP reporter (Figure 7A). In this circuit, toehold switch RNA
pairs act as two independent input species that must both be
present before a 2-input logical AND expression evaluates as
TRUE. The first computational layer in the circuit consists of
two 2-input AND toehold switch gates, which each produce a
transcription factor. A pair of extracytoplasmic function (ECF)
sigma factors were used as the transcription factors in the cir-
cuit because they had previously been reported to be highly
orthogonal (Rhodius et al., 2013). The sigma factors produced
from the first layer then activate transcription of the toehold
switch RNAs in the second computational layer, which in turn
lead to expression of a GFP reporter. Similar layered circuits
have previously been constructed using transcription factors

that required a second chaperone protein for full activity
(Moon et al., 2012).

To validate the circuit, we constructed plasmids to express all 16
combinations of the four input trigger and switch RNAs (see sec-
tion S18 of the Extended Experimental Procedures, Table S7,
and Figure S6). The full truth table for the 4-input AND computation
is shown in Figure 7B with ON/OFF levels calculated by normal-
izing GFP fluorescence to that measured for the case in which
none of the input bits are expressed. GFP output when all four
input bits are present is significantly higher than all other input per-
mutations, as expected for a functional 4-input AND computation.

DISCUSSION
Origins of Increased Toehold Switch Performance
Compared to Previous Riboregulators

Toehold switches represent a versatile and powerful new plat-
form for regulating translation at the posttranscriptional level.

Cell 159, 1-15, November 6, 2014 ©2014 Elsevier Inc. 11
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They combine a high degree of component orthogonality with
system dynamic range comparable to protein-based transcrip-
tional regulators (Lutz and Bujard, 1997; Rhodius et al., 2013).
Of note, the dynamic range of the toehold switches is signifi-
cantly greater than that observed for previous engineered ribor-
egulators. Earlier efforts to design riboregulators with higher per-
formance have been hindered by three general misconceptions.
(1) Because natural riboregulators have served as the starting
point for new riboregulators, it has been implicitly assumed
that engineered riboregulators cannot be substantially modified
from their parent natural systems without abolishing their func-
tionality. This approach employing small sequence perturbations
parallels efforts in engineering new protein-based parts. How-
ever, it neglects the considerable advantage in in silico simu-
lation and design available for engineering RNAs compared to
proteins. This underlying assumption has in turn led to (2) an
emphasis on loop-loop and loop-linear RNA interaction mecha-
nisms and (3) the use of RNA binding to the RBS region to
repress translation.

Although application of any of these criteria for engineered ri-
boregulators does not necessarily preclude them from func-
tioning well as biological parts, toehold switches demonstrate
that each of these design rules is not required for high-perfor-
mance devices. First, toehold switches do not have any direct
natural riboregulator counterparts, and thus they have no natural
analogs to narrow the sequence space of potential devices.
Relieving this constraint enabled us to generate large libraries
of potential devices and explore a more diverse array of se-
quences compared to previous riboregulators. Furthermore,
this new approach allowed RNA sequences to be designed de
novo with ideal secondary structures for optimal device perfor-
mance. Thus, trigger RNA transcripts feature single-stranded
domains for binding to the switch RNA, and the ensuing
trigger-switch RNA complex is engineered to have low second-
ary structure nearby the start codon to encourage efficient trans-
lation by the ribosome to maximize the device ON state.

Second, toehold switch RNA interactions are mediated
through linear-linear interactions rather than loop-mediated
ones. These reactions can provide faster kinetics than loop-
based reactions, and the long >12 nt toehold of the switch
RNA provides stronger thermodynamics than the shorter loop
domains of earlier riboregulators. These features cause a higher
percentage of the total switch RNAs present in the cell to be trig-
gered, thus increasing production of the output protein. We
found that the fraction of activated switch RNAs was ~100%
based on comparison measurements with unrepressed versions
of the switch RNA (Figures 2A and 2B). In contrast to earlier re-
ports, thermodynamic analyses of toehold switch performance
did not reveal significant correlations between riboregulator
ON/OFF levels and the free energy of the switch-trigger interac-
tion nor the free energy of toehold-trigger binding (Mutalik et al.,
2012). These observations suggest that RNA-RNA interactions
for the toehold switches are so strongly thermodynamically
favored that other factors are presently limiting device perfor-
mance in cells.

Third, toehold switches do not rely on direct binding to the
RBS to repress translation. Instead, the RBS is enclosed within
a loop, and repression is achieved by secondary structures

12 Cell 159, 1-15, November 6, 2014 ©2014 Elsevier Inc.

immediately before and after the start codon. This design feature
increased the space of potential trigger RNA sequences, and it
provided a straightforward means of enhancing ON state trans-
lation levels simply by adding A-rich sequences to the loop up-
stream of the RBS. Importantly, these modifications did not
require corresponding changes to the trigger RNA, which
enabled facile interpretation of the effects of modifications to
this pre-RBS region. Taken together, all these design features
enabled the toehold switch to detect arbitrary trigger RNAs
and translate any output protein.

Our results suggest that existing riboregulators can be
improved substantially by adopting some of the features of our
toehold switches. The length of loop domains in loop-mediated
interactions can be increased to improve reaction thermody-
namics. Furthermore, the unpaired region upstream of the RBS
in translational riboregulators can be lengthened to enhance pro-
tein output and, in turn, device dynamic range.

Constraints on Toehold Switch Trigger RNAs and

Output Proteins

The designs we have chosen for the toehold switches place
some restrictions on the sequences of trigger RNAs. Inclusion
of the 3 nt bulge at the start codon AUG position of the switch
RNA precludes the trigger RNA from having an AUG sequence
at positions programmed to hybridize with this bulge. The switch
RNA also possesses a 9 bp stem after the start codon, which
must not code for an in frame stop codon. This restriction in
turn imposes sequence conditions on the trigger, which must un-
wind this region of the switch RNA stem. The toehold switches
also add 11 residues from the switch stem to the linker to the
N terminus of the regulated protein, which could be problematic
for an output protein sensitive to changes in its N terminus.

In practice, the conditions imposed on the trigger RNA and
output protein can be avoided with a few modifications to the
toehold switch design. Constraints on the trigger RNA are a by-
product of the base-pairing conditions specified for the switch
RNA stem and the trigger-switch complex. These particular sec-
ondary structures are not strictly required for switch operation.
For instance, forward-engineered switch number 5 has only a
1 nt bulge in its stem but provides ON/OFF > 400. We expect
that design modifications that add and subtract base pairs
from the switch RNA will allow the toehold switches to modulate
gene expression while providing sufficient design flexibility to
eliminate stop and start codon constraints on the trigger se-
quence. The toehold switches can also be modified to incorpo-
rate the coding sequence of the output protein directly into the
switch RNA stem, thus making them compatible with any protein
sensitive to N-terminal modifications.

Engineered Regulators with Very Low System Crosstalk

The capacity of toehold switches to respond to diverse trigger
RNAs enabled us to use in silico techniques to design large li-
braries of orthogonal components. Comprehensive evaluations
of in vivo trigger-switch RNA pairwise interactions revealed a
set of 26 toehold switches with 12% crosstalk levels. The largest
previously reported orthogonal riboregulator set consisted of
seven transcriptional attenuators displaying 20% crosstalk
(Takahashi and Lucks, 2013). In this case, crosstalk level of
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20% meant that the set of 42 off-target RNA sense-antisense in-
teractions attenuated transcription by at most 20%. Such cross-
talk results in an upper bound in overall library dynamic range of
5 (Figure 3C). Earlier orthogonal translational activators and re-
pressors have been limited to sets of four (Callura et al., 2012)
and six (Mutalik et al., 2012), respectively, at 20% crosstalk.
For proteins, an engineered library of five orthogonal eukaryotic
transcription factors with crosstalk of ~30% was reported (Khalil
et al., 2012). Recently, part mining was used to engineer a set of
four orthogonal chimeric sigma factors with ~10% crosstalk and
a subset of three with ~2% crosstalk (Rhodius et al., 2013). Thus,
to our knowledge, these toehold switches constitute the largest
set of engineered orthogonal regulatory elements, RNA- or pro-
tein-based, reported to date.

Crosstalk experiments also revealed smaller sets of orthogonal
switches exhibiting substantial improvements in overall dynamic
range, including a set of 18 with 50-fold predicted minimum dy-
namic range (<2% crosstalk) and a set of 5 with >200-fold dy-
namic range (<0.5% crosstalk). Subsets of orthogonal toehold
switches of comparable size to previously reported riboregulator
libraries therefore exhibit minimum dynamic range over an order
of magnitude larger than the earlier RNA-based systems. At this
point, the ultimate size of the orthogonal libraries of toehold
switches is limited by throughput of our crosstalk assay, not
design features intrinsic to the devices themselves.

RNA-Based, Forward-Engineered Components

for Synthetic Biology

We anticipate that our large library of orthogonal toehold switches
will enable new applications and capabilities for synthetic biology.
Their combination of wide dynamic range, low leakage levels,
orthogonality, and rapid response are ideal for implementing
time-sensitive logic circuitry in living systems. Furthermore, the
protein-like dynamic range of the toehold switches is achieved
at a lower metabolic cost than protein-based systems because
all regulatory components are composed of RNA, and translation
only occurs if the switches are activated. As synthetic genetic net-
works grow in complexity and impose greater burdens on the
host, the lower metabolic footprint of the toehold switches will
become an increasingly important advantage in their favor. More-
over, their low leakage levels suggest they can be used as consti-
tutively expressed passive monitoring or sensor systems that
trigger a downstream response only in desired situations.

Our success in using in silico design tools to reliably produce
high-performance, orthogonal toehold switches represents an
important step forward for synthetic biology. The process of con-
structing new synthetic gene networks generally requires multiple
design-build-test cycles before the desired network behavior is
achieved. Consequently, new devices like the toehold switch
that routinely provide functional in-silico-designed components
will reduce the number of design cycles required for optimization
by improving the components tested with each passing cycle. Im-
provements in device design can be used for decreasing devel-
opment time but will also facilitate construction of more complex
genetic networks. In particular, in silico design tools currently
enable simulation of multiple interacting RNAs, which could be
used for carrying out complex logic operations (Qian and Winfree,
2011) from programmed RNA networks. In these higher-order

computations, the programmability of toehold switches provides
them with a distinct advantage over protein-based regulators that
are currently less amenable to forward engineering. We also
expect that additional improvements to toehold switch design
performance can be obtained by incorporating the effects of
the AGRgs.inker term into future in silico design algorithms.

Toehold Switches as RNA-to-Protein Signal

Transducers

The ability of toehold switches to activate translation in response
to arbitrary RNA sequences, including full-length mRNAs, en-
ables them to act as universal RNA-to-protein signal trans-
ducers. This new capability provides a generalizable approach
to interfacing endogenous RNA networks with artificial genetic
networks for synthetic biology and a nondestructive means of
monitoring RNAs in living cells for answering fundamental ques-
tions in biology. Many future applications in synthetic biology will
require genetic circuits that can sense the current status of the
cell and operate on this information to modulate their activity.
For instance, this capability can be used in metabolic engineer-
ing to construct self-optimizing networks that detect cellular
stress levels or pathway-associated RNAs to tune network activ-
ity up or down for maximizing yields of useful chemical products.
For biological studies, toehold switch signal transducers can be
used to simultaneously monitor the levels of multiple untagged,
endogenous RNA species by producing different output fluores-
cent proteins.

Potential Role of Similar Systems in Nature

The protein-like dynamic range of toehold switches challenges
the widely held view that RNA-based systems offer weaker regu-
lation than their protein counterparts (Liu et al., 2012). The perfor-
mance of these riboregulators also suggests that some of their
operating mechanisms may already play a role in natural sys-
tems. Although, to our knowledge, analogous systems have yet
to be found in nature, our results indicate that a re-examination
of bacterial genomes in a directed search for these specific reg-
ulatory mechanisms may be in order. Conversely, the absence
of well-known natural systems that exploit the design principles
of toehold switches could also imply that these synthetic devices
are not easy to evolve. In particular, we hypothesize that the
loop regions of loop-mediated riboregulators are more insulated
from interactions with nearby bases than the unprotected sin-
gle-stranded regions of toehold switch trigger RNAs. Thus,
single-stranded trigger RNAs must sample a greater number of
potential sequences to evolve to their intended function than nat-
ural loop-mediated trigger RNAs.

EXPERIMENTAL PROCEDURES
The Extended Experimental Procedures are available online.

Strains and Growth Conditions

The following E. coli strains were used in this study: BL21 Star DE3 (F~ ompT
hsdSg (rg"mg~) gal dcm rne131 [DES]; Invitrogen); BL21 DE3 (F~ ompT hsdSg
(rs"mg ™) gal dcm [DES]; Invitrogen); MG1655Pro (F~ A~ ilvG- rfb-50 rph-1 Sp”
lacR tetR); and DH5a (endA1 recA1 gyrA96 thi-1 ginV44 relA1 hsdR17(r” mg*)
A7). All strains were grown in LB medium with appropriate antibiotics at 37°C
(see also section S1 of the Extended Experimental Procedures).
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Plasmid Construction

All DNA oligonucleotides were purchased from Integrated DNA Technologies.
Plasmids were constructed and purified using standard molecular biology
techniques. Table S1 contains the primers and sequences used for experi-
ments (see also section S2 of the Extended Experimental Procedures).

Flow Cytometry Measurements and Analysis

Flow cytometry was performed using a BD LSRFortessa cell analyzer equip-
ped with a high-throughput sampler. Cells were typically diluted by a factor
of ~65 into phosphate buffered saline (PBS) and sampled from 96-well plates.
Forward scatter (FSC) was used for trigger, and ~20,000 individual cells were
analyzed. Error levels for the fluorescence measurements of ON state and OFF
state cells were calculated from the SD of measurements from at least three
biological replicates. The relative error levels for the ON/OFF fluorescence ra-
tios were then determined by adding the relative errors of ON and OFF state
fluorescence in quadrature (see also sections S3 and S4 of the Extended
Experimental Procedures).

SUPPLEMENTAL INFORMATION

Supplemental Information includes Extended Experimental Procedures, six
figures, and seven tables and can be found with this article online at http://
dx.doi.org/10.1016/j.cell.2014.10.002.
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