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ABSTRACT: RNA toehold switches are a widely used class of
molecule to detect specific RNA “trigger” sequences, but their
design, intended function, and characterization to date leave it
unclear whether they can function properly with triggers shorter
than 36 nucleotides. Here, we explore the feasibility of using
standard toehold switches with 23-nucleotide truncated triggers.
We assess the crosstalk of different triggers with significant
homology and identify a highly sensitive trigger region where just
one mutation from the consensus trigger sequence can reduce
switch activation by 98.6%. However, we also find that triggers
with as many as seven mutations outside of this region can still lead
to 5-fold induction of the switch. We also present a new approach
using 18- to 22-nucleotide triggers as translational repressors for
toehold switches and assess the off-target regulation for this strategy as well. The development and characterization of these
strategies could help enable applications like microRNA sensors, where well-characterized crosstalk between sensors and detection of
short target sequences are critical.
KEYWORDS: toehold switch, biosensor, cell-free expression, microRNA

■ INTRODUCTION
Biosensors that use cell-free expression (CFE) systems have
immense promise as low-cost disease diagnostics for use at the
point of care. CFE biosensors have been developed to sense
and respond to many classes of biomarkers,1 including small
molecules,2,3 ions,4 and nucleic acids.5,6 Many CFE biosensors
engineered to detect nucleic acid biomarkers, such as
pathogenic RNA, use RNA toehold switches to regulate signal
output.1 Toehold switches are de novo designed riboregulators
that can sensitively and specifically detect arbitrary RNA target
sequences referred to as “triggers.”7 Toehold switches have
been successfully implemented in paper-based biosensors for
Ebola,6 Zika,8 and SARS-CoV-29,10 RNA biomarker detection.
Since toehold switches were first reported, there have been

two principal designs used for their implementation. The
original “Series A” toehold switch design employed a 62-nt
RNA trigger (not including the transcriptional terminator and
nonbinding GGG at the 5′ end).7 The most recent and more
optimized “Series B” toehold switch design uses a shorter 36-nt
RNA trigger8 (Figure S1). On the basis of the reported
characterization of these toehold switch designs to date, it was
unclear whether they could work with RNA triggers shorter
than 36 nt; the original characterization of the Series A design
reported success with triggers as short as 54 nt,7 and to our
knowledge the Series B design has not been tested with triggers
shorter than 36 nt. Pushing the limits of switch activation with
truncated triggers would be critical for applications where the
sensing of short RNA oligonucleotides (“oligos”) is desired.

One potentially relevant and impactful application for
sensing short RNA oligos would be microRNA (miRNA)
detection. miRNAs are short (18−24 nt),11,12 endogenous,
noncoding RNA sequences present in numerous bodily fluids13

and cell lines14 with an important role in gene regulation.
miRNA sequences have been identified as potentially useful
biomarkers indicative of many conditions, including heart
disease,15 kidney disease,16 and many cancers.17−19 miRNA
measurement typically relies on miRNA expression profiling
technologies, such as microarrays, reverse-transcription quanti-
tative polymerase chain reaction (RT-qPCR), and next
generation sequencing.20 RT-qPCR remains the gold standard
for miRNA identification because of its high specificity and
sensitivity, but suffers from being relatively expensive and low-
throughput.20

One recent report suggests that using toehold switches for
miRNA measurement is, in fact, feasible,21 though there
remains some ambiguity as to whether these approaches can be
implemented in CFE systems for low-cost diagnostic
biosensors. Two toehold switch sensors for two different
miRNA were implemented in vivo in mammalian cells, though
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by using a unique switch design schema rather than the more
widely used Series A or B designs. Upon activation, these in
vivo switches yielded an approximately 2-fold increase in signal,
which is an output orders of magnitude lower than for Series A
or B designs and potentially challenging to use reliably for
diagnostic or research applications. We hypothesized that if
Series B toehold switch designs�which were developed to
minimize leak and, thus, increase signal-to-noise levels�were
used with truncated miRNA-length triggers, these sensors
could retain functionality and may even have better perform-
ance characteristics than the recently reported in vivo sensors.
Here, we show that Series B toehold switches can be used to

reliably detect 22- and 23-nt triggers without altering the
switch sequence design. We characterize the functionality of
toehold switches with these truncated triggers by investigating
the position-specific impact of mutations from the consensus
target sequence on switch output. To further broaden the
potential sensing applications, we show that with properly
designed switches, truncated target sequences can be used as
toehold switch repressors that are less sensitive to mutations
from the consensus target sequence than widely used toehold
switch activators. These characterizations of switch specificity
for different trigger sequences are critical for the implementa-
tion of toehold switches for miRNA sensing applications since
miRNA targets can have significant sequence similarity to each
other.

■ RESULTS AND DISCUSSION
First, we demonstrated that the Series B toehold switch design
is compatible with triggers shorter than 36 nt. In previous work
using one Series A switch, truncated triggers generated by
removing nucleotides from either the 3′ or 5′ end of the
consensus trigger still activated the toehold switch, but this
robustness was only demonstrated for shortening the trigger
from 62 nt to 54 nt. A different Series A toehold switch had a
surprisingly strong response from triggers as short as 13 nt
after removing bases from the 5′ end, but this behavior was not
expected to be generalizable to all Series A toehold switches.
Series B switches have more desirable performance character-
istics for sensing applications,8 yet the robustness of Series B
switches to truncated triggers has not previously been
investigated. We tested two different Series B toehold switches
for activation in CFE with truncated complementary triggers
either 22 or 23 nt in length. Both truncated triggers induced
strong responses from their cognate switches (Figure S2),
thereby demonstrating that the established Series B toehold
switch design can function with triggers as short as 22 nt.
We next sought to assess the degree of specificity of some

toehold switches for truncated triggers. For most diagnostic
applications, sensing mechanisms with high orthogonality and
little crosstalk�that is, little response of one sensor to the
target of another sensor�are desirable for avoiding false
positives. Other diagnostic applications might benefit from
sensing mechanisms that have lower specificity�for example, a

Figure 1. Impacts of trigger point mutations on switch activation are dependent on their position in the trigger. (A) Schematic of toehold switch
activation with truncated triggers. The trigger cartoon identifies the location of the stem-binding (red) and toehold-binding (blue) regions. (B)
Effects of single point mutations at every position in TriggerA on SwitchA activation. (C) Generalizability of a mutation-sensitive stem-binding
region and mutation-robust toehold-binding region across four different switch and trigger pairs. Triggers A and B are each 23 nt, while Triggers C
and D are 22 nt. (D) SwitchA robustness to wobble mutation at every position in TriggerA. (E) The impacts of insertion and deletion trigger
mutations on switch performance. The x axes are shaded to indicate positions within the stem-binding region (red) or toehold-binding region
(blue). Error bars in panels B, D, and E represent the standard deviation of technical triplicates, with white circles indicating individual
measurements. Error bars in panel C represent standard deviation of the percent of consensus activation, as calculated by propagating the error
from raw GFP measurements.

ACS Synthetic Biology pubs.acs.org/synthbio Letter

https://doi.org/10.1021/acssynbio.2c00641
ACS Synth. Biol. 2023, 12, 681−688

682

https://pubs.acs.org/doi/suppl/10.1021/acssynbio.2c00641/suppl_file/sb2c00641_si_001.pdf
https://pubs.acs.org/doi/10.1021/acssynbio.2c00641?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acssynbio.2c00641?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acssynbio.2c00641?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acssynbio.2c00641?fig=fig1&ref=pdf
pubs.acs.org/synthbio?ref=pdf
https://doi.org/10.1021/acssynbio.2c00641?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


sensor able to detect two different strain variants of the same
virus. Accordingly, an assessment of the expected specificity of
these switches when using truncated triggers is critical for
determining their suitability for downstream applications.
To assess in vitro switch specificity for truncated triggers,

trigger variants with single point mutations compared with the
switch’s cognate complementary sequence were synthesized
and characterized in CFE with a green fluorescent protein
(GFP) reporter. Figure 1A shows a schematic of toehold
switch activation via truncated triggers, with the trigger’s stem-
binding and toehold-binding regions explicitly identified. We
first tested only a specific set of transversions to facilitate
comparison of the effects of mutations across different trigger
positions and to avoid potential confounding effects of wobble
base pairing. We found that activation of SwitchA was highly
robust to substitutions made in the toehold-binding region at
the 3′ end of its cognate-truncated trigger (TriggerA), while
highly sensitive to substitutions made in the stem-binding
region at the 5′ end of TriggerA (Figure 1B). Notably, a
TriggerA variant with one substitution at position 3 (counting
from the 5′ end) resulted in a 98.6% decrease in SwitchA
activation compared with the consensus TriggerA. Multiple
TriggerA variants unexpectedly increased activation compared
with consensus TriggerA. The significant (Table S1) and
largely consistent difference in mutation impact on switch

activation between the stem-binding and toehold-binding
regions suggests that mutation impacts are strongly influenced
by the secondary structure of the switch.
The trend of activation sensitivity to mutations in the stem-

binding region and increased robustness to mutations in the
toehold region is generally conserved across multiple unique
switch and trigger pairs, with minor switch-specific differences
(Figures 1C and S3), which further suggests that this
phenomenon is not switch- or sequence-specific but instead
related to RNA secondary structures. All four of the tested
switches showed high sensitivity to triggers with mutations in
the first 10 nucleotides, despite variation in the strength of the
toehold switches and the lengths of the triggers (Figure 1C).
Though the impacts of mutations in the toehold-binding
region of the triggers had higher variability across switches, all
yielded significantly higher switch activation than mutations in
the stem-binding region.
We then tested triggers with substitutions that changed a

canonical Watson−Crick base pair to a G-U wobble base pair
to see if the position-specific trend was consistent for different
types of substitutions. Activation of SwitchA by TriggerA
variants, each with a single C mutated to a U, was compared
with activation by variants where that C was mutated to an A.
In contrast to nonwobble substitutions, triggers with wobble
substitutions were generally robust even when the mutation

Figure 2. Different nucleotide substitution types can have different impacts even at the same position in the trigger. Plotted are the percent
differences in GFP expressed from SwitchB when using each possible nonwobble substitution at a given position in TriggerB compared with an
arbitrarily selected baseline nonwobble substitution (y axis) at the same position. For (A) A, (B) C, (C) G, and (D) U mutations, positions in the
stem region almost always have different activation for different mutations, while the toehold regions are more likely to exhibit little difference in
activation between mutations. Shading of the x axes indicates positions within either the stem-binding region (red) or toehold-binding region
(blue). Error bars represent the standard deviation of the percent difference in activation between any pair of mutations at the same position,
calculated from propagating the error from raw GFP measurements.
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was in the stem-binding region; these triggers performed
similarly to the consensus trigger (Figure 1D). As a result, the
difference in SwitchA activation between a C-A mutated trigger
and a C-U mutated trigger was greatest when that mutation
was in the stem-binding region of the trigger, while the
difference was much smaller�and sometimes negligible�
when these mutations were in the toehold-binding region.
However, this trend was not consistently observed in SwitchB,
where two positions in the stem-binding region showed the
same activation for triggers with wobble and nonwobble
substitutions, but one position showed different activation
(Figure S4). This indicates that the relative impact of wobble
versus nonwobble substitutions cannot necessarily be gener-
alized across different switches.
We also tested triggers with single-base insertions and

deletions to identify whether the impacts of these changes were
also position-dependent. Eight new TriggerA variants were
synthesized, four with a C insertion and four with single
nucleotide deletions at different positions in the trigger. Again,
activation of SwitchA tended to be more robust to insertions
and deletions in the toehold-binding region of the trigger
compared with the stem-binding region (Figure 1E). In
general, SwitchA also shows more robustness to deletions in
triggers than to insertions at the same positions. For TriggerB
and SwitchB, robustness of activation to deletions in the
toehold region and sensitivity to deletions in the stem region
were similar to that of SwitchA, though trends in the impacts
of insertions were less clear. (Figure S5).
We then sought to characterize the remaining types of

nonwobble substitutions not tested in Figure 1. (The TriggerA
consensus sequence does not contain any uracil bases, so not
every substitution could be tested for this switch and trigger
pair.) Figure 2 shows the percent difference in SwitchB output
when using triggers with one of the two or three possible types
of nonwobble mutations made at the same position, all relative
to a single one of those types used as a baseline (y axis). At
most positions, there is a significant difference in SwitchB
activation between the types of mutations (as indicated by the
position of error bars relative to the x axis or relative to each
other at the same position). However, there are a few positions

at which the different types of mutations did not show
significantly different activation levels (that is, 0% difference),
and these mostly occurred in the toehold-binding region. Of all
possible stem-binding region substitutions, 84% (16 out of 19)
led to significantly different levels of activation for SwitchB,
whereas only 42% (10 out of 24) of all possible toehold-
binding region substitutions led to significant differences in
SwitchB activation (Figure S6). The same trend was also
observed for SwitchA (Figures S7 and S8); 88% of the stem-
binding region substitutions led to significant differences in
SwitchA activation while 71% of the toehold-binding region
substitutions led to significant differences in SwitchA
activation.
While these single-mutation results were useful, to assess

crosstalk it was also important to test the impacts of multiple
mutations in a single trigger on switch activation. Sixteen new
TriggerA variants that contained two to eight mutations were
synthesized and tested for their ability to activate SwitchA. Not
surprisingly, triggers with more mutations generally tend to
induce a weaker response from the switch compared with the
consensus activation (Figure 3). However, SwitchA was more
robust to triggers with multiple toehold-binding region
mutations compared with triggers with multiple stem-binding
region mutations. For example, a trigger with four mutations in
the toehold-binding region resulted in 10.7% of consensus
activation, while a trigger with four mutations in the stem-
binding region resulted in only 0.8% of consensus activation.
Similarly, a trigger with five toehold-binding region mutations
resulted in 11.4% of consensus activation, while the tested
trigger with five stem-binding region mutations did not induce
significant activation from the switch.
The TriggerA variant with six toehold-binding region

mutations showed a surprisingly strong response of 45% of
consensus activation, thereby warranting additional inves-
tigation. We tested six new TriggerA variants that each
contained a subset of five of those six mutations to potentially
identify a specific position responsible for the strong activation.
The TriggerA variant with six mutations induced a higher
response than all five-mutation variants (Figure S9), thereby
further demonstrating how unpredictable the results of

Figure 3. Switches can be robust to multiple mutations in the toehold-binding region of truncated triggers. GFP expression was greater when the
same number of mutations was located only in the toehold-binding region (green bars) compared with triggers with mutations located in both
regions (yellow bars) or exclusively in the stem-binding region (red bars). TriggerA sequence is shown on the left, where the hyphen indicates the
divide between the stem and toehold regions and the red nucleotides represent mutations in each trigger variant. Error bars represent the standard
deviation of technical triplicates (white circles). Asterisks indicate a significant difference between a sample and the no trigger condition, as
determined by the results of a two-tailed t test (****P < 0.0001, ***P < 0.001, **P < 0.01, *P < 0.05).

ACS Synthetic Biology pubs.acs.org/synthbio Letter

https://doi.org/10.1021/acssynbio.2c00641
ACS Synth. Biol. 2023, 12, 681−688

684

https://pubs.acs.org/doi/suppl/10.1021/acssynbio.2c00641/suppl_file/sb2c00641_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssynbio.2c00641/suppl_file/sb2c00641_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssynbio.2c00641/suppl_file/sb2c00641_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssynbio.2c00641/suppl_file/sb2c00641_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssynbio.2c00641/suppl_file/sb2c00641_si_001.pdf
https://pubs.acs.org/doi/10.1021/acssynbio.2c00641?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acssynbio.2c00641?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acssynbio.2c00641?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acssynbio.2c00641?fig=fig3&ref=pdf
pubs.acs.org/synthbio?ref=pdf
https://doi.org/10.1021/acssynbio.2c00641?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


combining multiple mutations in a single trigger can be.
SwitchA was not the only switch studied that yielded
robustness to multiple mutations: a TriggerB variant with
four mutations in the toehold-binding region resulted in GFP
expression that was still 28% of consensus activation, and a
TriggerD variant with four mutations in the toehold-binding
region resulted in 45% of consensus activation (Figure S10).
This TriggerD variant also yielded greater expression than a
different TriggerD variant with only three toehold-binding
region mutations.
Beyond these short, truncated trigger activators, we also

sought to establish the potential for short RNA sequences to
serve as repressors. The ability to induce both activation and
repression from the same class of short target molecules could
be valuable for the design and implementation of complex
genetic circuits. To date, three approaches have been reported
that use toehold-mediated interactions with trigger-length
sequences as translational repressors.22,23 One of these designs,
the three-way junction (3WJ) repressor, has already been
tested with relatively short repressor sequences; the optimized
3WJ design uses a 45-nt RNA repressor but has also been
characterized with repressors as short as 40 nt containing an
18-nt interaction region. Because of the simple design of the
3WJ format and its demonstrated success with short RNA
repressors, we sought to use this 3WJ design as the basis for
repression with even shorter sequences. To decrease the
repressor length to less than 23 nt, we hypothesized that, rather
than requiring a three-way junction, an RNA oligo that binds
entirely after the stem region and RBS could inhibit translation

by creating a stable double-stranded RNA that would dislodge
the ribosome and inhibit translation (Figure 4A). Such an
approach could have some advantages over previously reported
formats because it relies less on the stable formation of
complex RNA secondary structures between switch and
repressor.
To test this approach, we designed five RNA repressors

ranging from 18 to 22 nt to bind downstream of the RBS and
immediately before the conserved linker sequence. The
shortest repressor length we tested was 18 nt since that was
the distance between the base of the stem and the conserved
linker sequence. The 18-nt repressor is the only repressor that
does not pair with nucleotides that fold into the base of the
stem. We found that RNA repressors as short as 18 nt induced
a 5.6-fold reduction in GFP expression (Figure 4B). The 20-
and 22-nt repressors yielded similar levels of repression. The
19- and 21-nt repressors were less effective but still caused
significant reductions in GFP expression. Further investigation
needs to be done to verify if the cause of the inconsistencies in
repression levels from repressors of varying length is sequence-
or structure-dependent.
Next, using the 18-nt repressor, we used single point

substitutions at every position to test the robustness of this
repressor construct (Figure 4C). The impacts of point
substitutions throughout the length of the repressor do not
have an obvious position dependence�in contrast with the
strong regional dependence of toehold switch activators�
although there might be more robustness to mutations in the
3′ end of the repressor (the current set of data is not

Figure 4. Translational repression can be implemented via the binding of short RNA molecules between the RBS and conserved linker sequence of
switch mRNA. (A) Schematic showing mechanism of repression of the existing 3WJ repressor and our proposed RNA repressor. (B) Impact of
repressor length on repression efficiency. (C) The impacts of single point substitutions at every position of the 18-nt repressor. Error bars represent
the standard deviation of technical triplicates (white circles). .

ACS Synthetic Biology pubs.acs.org/synthbio Letter

https://doi.org/10.1021/acssynbio.2c00641
ACS Synth. Biol. 2023, 12, 681−688

685

https://pubs.acs.org/doi/suppl/10.1021/acssynbio.2c00641/suppl_file/sb2c00641_si_001.pdf
https://pubs.acs.org/doi/10.1021/acssynbio.2c00641?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acssynbio.2c00641?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acssynbio.2c00641?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acssynbio.2c00641?fig=fig4&ref=pdf
pubs.acs.org/synthbio?ref=pdf
https://doi.org/10.1021/acssynbio.2c00641?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


sufficiently generalizable to draw any concrete conclusions). If
true, this could be due to the lack of complex RNA secondary
structure between the base of the stem and the start codon,
which would be consistent with the robustness to mutations in
the simple secondary structure region for toehold binding in
the toehold switch activator system.

■ CONCLUSIONS
The results reported here support the feasibility of using
reliable, widely used toehold switch design criteria for CFE
sensors of short nucleotide sequences. Enabling of the use of
RNA toehold switches with triggers much shorter than those
previously reported could have significant impact on the
development of diagnostic biosensors, potentially including the
measurement of miRNA-length sequences. Mutations in these
short trigger sequences have a strongly position-dependent
impact on switch activation. Switch activation is generally
robust to mutations in the toehold-binding region of the
trigger, with as many as seven mutations in the toehold-
binding region still allowing significant activation. Sensitivity to
mutations in the stem region was consistently observed, which
suggests that this region would be the source of specificity for
the activation of switches by short triggers. We also reported a
new approach for using 18- to 22-nt RNA sequences as
translational repressors. By avoiding complex secondary
structure formation and branch migration during trigger
binding, these RNA repressors could have less stringent design
requirements compared with existing RNA toehold repressor
designs. These repressors also may be more robust to single
base pair mismatches compared with toehold switch activators.
To the best of our knowledge, this is the first report to

characterize the impacts of site-specific trigger mutations on
cognate switch activation with the widely used Series B toehold
switch design. A recent report presented a new RNA toehold
switch design, named SNIPR, that excludes the stem bubble of
the Series B design and uses nonconsecutive binding of an 82-
nt RNA trigger for differentiation of single point mutations in
RNA sequence.24 We have shown here that the Series B
toehold switch can also be designed to differentiate single
point mutations and even do so with 22 to 23-nt triggers. We
also for the first time report the impacts of multiple specific
mutations on a single trigger on switch activation. We
demonstrate with three different switch-trigger pairs that the
combinatorial effect of multiple mutations is difficult to predict
and likely dependent on the sequence of the switch itself.
Nonetheless, we found that switches remained robust to
triggers with many mutations in the toehold-binding region�a
surprising finding given that standard toehold switches were
designed to be, and are often considered to be, fairly specific
for their cognate triggers.
While our work is a significant step toward the development

of toehold switch-based miRNA biosensors, the impacts of our
findings go beyond that application. miRNA sensing at
clinically relevant levels remains an outstanding challenge;
the limits of detection of the approaches investigated here were
not considered in this effort to demonstrate proof of principle
and to characterize robustness. However, beyond miRNA, our
identification of highly mutation-sensitive trigger regions could
improve toehold switch sensor design to reduce crosstalk with
known homologous off-target RNAs of any length, such as
distinguishing between different viral strain variants. At the
same time, the identification of robustness to mutations in
certain regions could help enable the development of toehold

switches that are intentionally permissive of mismatches,
perhaps for applications like the profiling of hypervariable
regions of 16S rRNA25 where a switch could report out on the
presence of multiple species in a given family of organisms.
Taken together, this mapping of the position-dependent
impacts of truncated trigger point mutations on toehold
switch activation could lead to the improvement of existing
sensors, as well as the development of innovative new sensors,
though further investigation is warranted to support the
generalizability of trends identified here.

■ METHODS
Bacterial Strains and Plasmid Preparation. DNA

oligonucleotides for cloning and sequencing were synthesized
by Eurofins Genomics. Plasmids expressing toehold switches
were cloned using blunt-end ligation into plasmid backbone
pJL1. Escherichia coli strain DH10β was used for all cloning and
plasmid preparations. Isolated colonies were grown overnight
in LB medium with kanamycin sulfate (33 μg/mL). Plasmid
DNA from overnight cultures was purified using EZNA mini
prep columns (OMEGA Bio-Tek). Plasmid sequences were
verified with Sanger DNA sequencing (Eurofins Genomics).
Sequence-confirmed plasmids were then purified using EZNA
midiprep columns (OMEGA Bio-Tek), followed by isopropa-
nol and ethanol precipitation. The purified DNA pellet was
reconstituted in elution buffer, measured on a Nanodrop 2000
for concentration, and stored at −20 °C until use. E. coli strain
BL21 Star (DE3) ΔlacIZYA was created by lambda red
recombination26 and used for in-house cell-free lysate
preparation.
Toehold Switch and Trigger Variant Preparation.

Toehold switches were designed using NUPACK with the
Series B toehold switch design8 and cloned into a pJL1 plasmid
containing a superfolder green fluorescent protein (sfGFP)
reporter. Trigger consensus sequences were also cloned into a
pJL1 plasmid excluding the T7 promoter and the sfGFP gene.
All triggers (except for those used in Figure S1) were expressed
from linear DNA expression templates. Linear expression
templates27 were synthesized via PCR using Q5 DNA
polymerase (New England Biolabs). After PCR amplification,
all products were run on a 1 w/v % agarose gel to verify
successful amplification of targets and then purified using a
PCR purification kit (Omega Bio-Tek).
Cell-Free Reactions. The cell-free reaction composition

was as previously described by Kwon and Jewett.28 Details on
the crude cell-free lysate preparation are given in the
Supporting Information. All reactions (except those in Figure
S1) used either 1 nM of plasmid expressing the toehold switch
(activators) or 0.02 nM of plasmid expressing the toehold
switch (repressor) along with 25 nM of linear DNA expression
template expressing the trigger. All reactions using linear DNA
expression templates were supplemented with 10 μM of Chi6
DNA oligos to inhibit DNA degradation during the reaction.29

All reactions were assembled on ice and incubated without
shaking at 37 °C for 3 h. Each cell-free reaction mixture had a
volume of 10 μL and was pipetted into a clear-bottomed 384-
well plate for fluorescence measurement. GFP measurement
used 485 and 510 nm for excitation and emission, respectively,
with the gain set to 75. Plates were sealed with a transparent
adhesive film to prevent evaporation.
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