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ABSTRACT

Synthetic small RNA regulators have emerged as a versatile tool to predictably control bacterial
gene expression. Owing to their simple design principles, small size, and highly orthogonal
behavior, these engineered genetic parts have been incorporated into genetic circuits. However,
efforts to achieve more sophisticated cellular functions using RNA regulators have been hindered
by our limited ability to integrate different RNA regulators into complex circuits. Here, we present
a combined RNA regulatory system in Escherichia coli that uses small transcription activating
RNA (STAR) and antisense RNA (asRNA) to activate or deactivate target gene expression in a
programmable manner. Specifically, we demonstrated that the activated target output by the STAR
system can be deactivated by expressing two different types of asRNAs: one binds to and
sequesters the STAR regulator, affecting the transcription process, while the other binds to the
target mRNA, affecting the translation process. We improved deactivation efficiencies (up to 96%)
by optimizing each type of asRNA and then integrating the two optimized asRNAs into a single
circuit. Furthermore, we demonstrated that the combined STAR and asRNA system can control
gene expression in a reversible way and can regulate expression of a gene in the genome. Lastly,
we constructed and simultaneously tested two A AND NOT B logic gates in the same cell to show
sophisticated multi-gene regulation by the combined system. Our approach establishes a

methodology for integrating multiple RNA regulators to rationally control multiple genes.

Keywords

Synthetic biology; RNA regulator; STAR; antisense RNA; genetic circuits



The ability to predictably and precisely control gene expression is a fundamental
requirement for synthetic biologists to construct a genetic circuit that can reliably carry out real-
world applications. To do so, a wide variety of genetic parts with tunable behaviors, simple design
parameters, and a high degree of orthogonality should be developed and characterized. Of the
many types of genetic parts that have been engineered, bacterial small RNAs (sSRNAs) have proven

-3 SRNAs are found in nature,

to be effective and versatile in controlling gene expression.
regulating many cellular processes such as iron homeostasis,” sugar metabolism,” and quorum
sensing® in prokaryotes. Moreover, many engineered SRNAs or RNA regulators, including
antisense RNAs (asRNAs),” small guide RNAs (sgRNAs),% ¢ small transcription activating RNAs

(STARs),’ ! riboswitches,’? and toehold switches’? have been developed to fine-tune bacterial

gene expression in a programmable manner.’?

RNA regulators have several potential advantages over protein regulators, including simple
design principles,’”” highly orthogonal behavior,’s and direct propagation of signals as RNAs.””
Moreover, RNA regulators have relatively simple structures, which can be predicted by using
software tools’® /Y or experimentally verified by in-cell SHAPE-Seq?’ and probing system.?’
Owing to their versatility, RNA regulators are broadly utilized to engineer metabolic pathways,’*
24 construct genetic circuits,’” % 26 and develop biosensors.?” However, despite these advantages,
few attempts have been made to integrate various RNA regulation mechanisms,’® 2% which will
ultimately enable the construction of complex genetic circuits with multi-input sensing and multi-
gene regulation.?’ In our previous work, we constructed the combined CRISPR and asRNA system
and developed design rules that describe the interaction between sgRNAs and asRNAs.’ The
combined CRISPR and asRNA system successfully controlled bacterial gene expression in E. coli

(i.e. repression by the Streptococcus pyogenes dCas9-based CRISPR system and derepression by



the asRNA system). However, achieving activation and deactivation of bacterial gene expression
by using the combined CRISPR and asRNA system would be challenging because the activation
of gene expression using the CRISPR system has been demonstrated only in a host with a deletion
of rpoZ, encoding ® subunit of RNA polymerase.® To address this bottleneck, this study
demonstrated the use of two distinct types of RNA regulators, a STAR regulator and asRNA, in

an integrated genetic circuit to activate and subsequently deactivate the target gene expression.

The STAR system has recently emerged as a powerful class of RNA regulators that can
activate transcription of target genes, but its function with other bacterial SRNAs such as asRNA
has not been fully explored. The STAR system consists of two different RNA elements: an intrinsic
transcription terminator and a STAR regulator. The intrinsic transcription terminator or STAR-
target is placed upstream of the coding region, which suppresses downstream transcription of
target mRNA.’” When a STAR regulator binds to a STAR-target through RNA-RNA interaction,
it prevents the formation of the terminator hairpin and thus activates the target gene expression.
Because the RNA-RNA interaction is sequence-specific, the STAR system can be highly
orthogonal, potentially allowing for expression of multiple STAR regulators for multiplexed
control of different genes. Furthermore, the STAR system has been characterized in a number of

studies, making it a candidate for constructing an integrated genetic circuit.’ 3/

Another well-studied class of RNA regulators used in this work is asRNA, which can finely
control expression of target genes through SRNA-sRNA or sSRNA-mRNA interactions.” /> 16 22
The sequence-specific RNA-RNA interaction can be facilitated by the native Hfq protein, an RNA
chaperone protein that was proposed to protect asRNAs from degradation.’”3 A synthetic asRNA
can be designed by fusing a sequence that is complementary to its target RNA with an Hfg-binding

RNA sequence.” 9 22 3% When asRNA-mRNA duplex forms through sequence-specific



interactions, translation and degradation rates are affected, mostly reducing the target gene
expression level.’” asRNA is an ideal candidate for engineering purpose as its design rules have
been already determined.”” Moreover, asRNA regulation has been previously used as an

antagonistic regulator of sgRNA to dynamically derepress the target gene expression.’®

The goal of this study is to simultaneously utilize two different RNA regulators that
function by different mechanisms. Specifically, we seek to construct and characterize a genetic
circuit that uses STAR regulators and asRNAs to control target gene expression in bacteria. The
expression of the STAR regulator results in activation of target gene transcription, and subsequent
expression of a de novo designed asRNA results in deactivation of target gene expression. To
achieve deactivation of target gene expression, we pursued two strategies. The first approach
requires the design of asRNAs that bind to and sequester STAR regulators (i.e. transcriptional
control). The second approach utilizes asRNAs that bind to sequences around the ribosome binding
site (RBS) and the start codon of the target mRNA (i.e. translational control). asRNAs used in this
study were constructed following the design rules that have been determined.’’ The genetic parts,
including an Hfq binding site, a target binding region (TBR) of asRNA, a transcription terminator
of asRNA, and an origin of replication, were altered to not only improve the deactivation efficiency,
but also understand the effect of genetic parts on the performance of the combined system. Next,
we demonstrated the real-time control of target gene expression and showed expression control of
a gene in the genome. Finally, we constructed two A AND NOT B logic gates in the same cell and
demonstrated programmable expression control of two genes using two orthogonal STAR
regulator-asRNA sets. This work demonstrates that RNA regulators are modular, and thus they
can be functionally combined into complex genetic circuits to control multiple genes in a

programmable manner.



RESULTS
STAR-mediated activation and asRNA-mediated deactivation of gene expression

A three-plasmid system was constructed to characterize the activation and deactivation of
bacterial gene expression using the combined STAR and asRNA system (Figure 1). The first
plasmid (ColE1 origin, high copy number) expresses green fluorescent protein (GFP) as a reporter.
The second plasmid (R6K origin, variable copy number) transcribes a STAR regulator using the
30C6-inducible PLux promoter. The last plasmid (ColE2 origin, variable copy number) transcribes
either asSTAR or asGFP using the aTc-inducible Ptet promoter. Unless stated otherwise, the three
plasmid system was tested in E. coli JTK165JK (the strain in which plasmids with R6K or ColE2
origin are maintained at high copy numbers) to ensure that enough STAR regulators and asRNAs

are transcribed.?®

The activation of bacterial gene expression was first characterized using the STAR system
only.”’ In the absence of the STAR regulator that acts as an anti-terminator, a STAR-target forms
a terminator hairpin, which leads to rho-independent termination (Figures 1A and 1B). In the
presence of the STAR regulator, the terminator hairpin of the STAR-target is disrupted, allowing
for downstream transcription of the target gene. To select a STAR system with minimal basal
expression and high fold-activation, four different STAR-targets (AD1.S5, STAR-target 1, STAR-
target 2, and STAR-target 3) and three STAR regulators that bind to each STAR-target were tested
by varying 30C6 concentrations in the media (Supplementary Figure S1). The AD1.S5 STAR-
target is a terminator from the pADI plasmid attenuation system, STAR-target 1 is a terminator

from Enterobacteria phage A, and STAR-targets 2 and 3 are both transcription terminators from



Registry of Standard Biological Parts (See Supplementary Table 2 for sequences).”” Among the
four STAR-targets tested, AD1.S5 demonstrated the lowest basal expression and the highest fold-
activation when the AD1.A5 STAR regulator was used (13.8-fold without asSTAR and asGFP
plasmids, Supplementary Figure S1A; 16.1-fold with the asSTAR plasmid, Figure 1C; 14.7-fold
with the asGFP plasmid, Figure 1D). For subsequent experiments, the AD1.S5 STAR-target and
the AD1.A5 STAR regulator were used to activate the GFP expression because they demonstrated
the highest fold-activation with no growth defect in the range of 30C6 concentrations tested

(Supplementary Figures S2A and S2B).

We next sought two different approaches to achieve the deactivation of gene expression.
The first approach requires the design of asRNAs that act as anti-anti-terminators. These asRNAs,
which we denote as asSTARs, directly prevent STAR regulators from binding to STAR-targets
(Figure 1A). An increase in asSTAR expression led to a decrease in GFP fluorescence levels
without a growth defect (Figure 1E and Supplementary Figure S2C). We showed that up to 73.0%
deactivation efficiency can be achieved with the optimized version of the combined system that
includes the AD1.S5 STAR-target, AD1.AS5 STAR regulator, and asAD1.A5 (the optimization
process is described in detail below and shown in Figure 2). The second approach utilizes asRNAs
that directly bind to sequences around RBS and the start codon of gfpmut3 mRNA instead of STAR
regulators (denoted as asGFP). The second approach achieves deactivation by preventing
ribosomes from initiating translation (Figure 1B). An increase in asGFP expression led to a
decrease in GFP fluorescence levels without a growth defect (Figure 1F and Supplementary Figure
S2D). We observed up to 83.0% deactivation efficiency with the optimized version of the
combined system that includes the AD1.S5 STAR-target, AD1.A5 STAR regulator, and asGFP1

(the optimization process is described in detail below and shown in Figure 2). To achieve the



highest deactivation efficiency, the STAR regulator and asSTAR or asGFP expressions were
optimized by testing a range of 30C6 and aTc concentrations. It was found that 5 uM 30C6 and
100 ng/mL aTc resulted in the highest deactivation efficiency (73.0% for asAD1.AS and 83.0%

for asGFP1; Supplementary Figure S3).

In addition, we tested four control constructs in which a target binding region (TBR) is
missing (no TBR control). TBR is a sequence of STAR regulators or asRNAs that is
complementary to the target (i.e. STAR-target for activation; STAR regulator or gfpmut3 mRNA
for deactivation). These control plasmids contain no TBR under the control of the 30C6-inducible
PrLux and aTc-inducible Pret promoters. All six combinations of plasmids were tested (named in the
order of STAR-asRNA plasmids, including two experimental constructs): STAR-asSTAR; STAR-
asGFP; no TBR-asSTAR; no TBR-asGFP; STAR-no TBR; and no TBR-no TBR. It was found
that 30C6 and aTc themselves did not affect GFP fluorescence in the range of concentrations
tested (Supplementary Figure S5). More importantly, these no TBR control plasmids confirmed

that activation and deactivation were due to sequence-specific RNA-RNA interaction.
Influences of genetic parts on deactivation efficiency

To study the influence of genetic parts on deactivation efficiency, we first designed
asRNAs by fusing an Hfq binding site to a TBR sequence that is complementary to the target RNA
(i.e. the AD1.A5 STAR regulator or gfpmut3 mRNA) sequence.”” We showed that the asRNAs
with an Hfq binding site had higher deactivation efficiency than asRNAs without an Hfq binding
site, determined by two-sample #-test (See Supplementary Figure S6 caption for the t- and p-
values). Among different Hfq binding sites (MicC, Spot42, MicF M7.4, and MicF) that had been

identified as high-performing sites in the literature?? 35 %0, the MicF Hfq binding site was selected



because it showed the highest deactivation efficiency (Supplementary Figures S6). The MicF site

was also found to have a low off-target effect.”’

All asRNAs, except asAD1.A8 and asGFP7, were constructed following the asRNA design
principles that we have determined in the previous report: AG Complex Formation value (less than
-40 kcal/mol), double strand RNA length (greater than 15 nucleotides), and percent mismatch (less
than 15%).”> asAD1.A8 and asGFP7 were included as controls, which followed the design
principles except their AG Complex Formation values that were greater than -40 kcal/mol (See
Supplementary Figure S7 for the AG Complex Formation values of all asSTAR and asGFP
variants). AG Complex Formation measures the binding free energy of the asSTAR-STAR
regulator or asGFP-mRNA complexes, which was determined as previously described.’’ Several
asSTARs (or asAD1 variants) that target the AD1.AS5 STAR regulator were designed by varying
the AG Complex Formation values (23-51 nucleotides and AG Complex Formation from -71.78
to -37.58 kcal/mol; Supplementary Figure S7). Of these, asAD1.A5 demonstrated the highest
deactivation efficiency (45.4% before optimization; Figure 2A). Several asGFP variants that target
gfpmut3 mRNA were also designed by varying the AG Complex Formation values (20-38
nucleotides and AG Complex Formation from -74.78 to -33.98 kcal/mol; Supplementary Figure
S7). Of these variants, asGFP1 showed the highest deactivation efficiency (46.0% before
optimization; Figure 2A). A moderate negative correlation was observed between the AG Complex
Formation and deactivation efficiency (i.e. the more negative the AG Complex Formation was, the

higher deactivation efficiency was observed; Figure 2B).

Although the combined STAR and asRNA system functioned as expected, the deactivation
efficiency on average was 26.3% (Figure 2A). Because the asRNAs were constructed following

the design principles,’” other genetic parts in the circuit such as the transcription terminators were



hypothesized to affect the deactivation efficiency. There are many native and synthetic bacterial
transcription terminators that have been characterized and available for constructing genetic

circuits.?’> %2

However, the extent of sequence diversity and the mechanistic variation cause
transcription termination efficiency to vary.? # Additionally, the terminator sequence or structure
itself might affect binding of asRNAs to their target RNA. Therefore, different transcription
terminators may lead to different deactivation efficiencies. To test this hypothesis, six different
transcription terminators were introduced on the 3’-end of asAD1.AS5 and asGFP1 (the best
performing asRNA from each category). Changes in the transcription terminator sequence resulted
in a variation of deactivation efficiencies (Figure 2C). For example, while changing from se015 to
B1002 terminator decreased the deactivation efficiency from 45.3% to 23.6% in the case of
asAD1.AS, the same change increased the deactivation efficiency from 46.3% to 76.8% in the case
of asGFP1. Despite the variation in the deactivation efficiencies, the K864501 terminator

performed the worst, and the tracrRNA terminator from Streptococcus pyogenes performed the

best for both asAD1.A5 and asGFP1 (Figure 2C).

To further improve the deactivation efficiency, the role of plasmid copy numbers was
explored. Because the abundance of STAR regulators and asSTAR or asGFP depends on the
plasmid copy number, the ratio of STAR regulators to asSTAR or asGFP can be varied by
changing the copy number of plasmids. To vary the plasmid copy number, we utilized the
genetically engineered E. coli strains (DIAL strains) bearing different alleles of pir and repA to
support a wide range of copy numbers of plasmids containing the R6K and ColE2 origin.’® The
ADI.AS5 STAR regulator and asAD1.A5 or asGFP1 were transcribed from the plasmids with the
R6K and ColE2 origin, respectively. Various JTK165 DIAL strains (AK, EK, JB, JI, and JK) with

different plasmid copy numbers were used to vary the levels of the AD1.A5 STAR regulators and
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asAD1.AS5 or asGFP1. The first and second letters denote the copy number of the R6K and ColE2
origin, respectively,’® and represent the copy number in the order of low (A or B), medium (E or
I), and high (J or K) (Figure 2D). The activation of gfpmut3 expression increased as the copy
number of the AD1.A5 STAR regulator plasmid increased (AK, EK, and JK strains). Likewise,
the deactivation efficiency increased when the copy number of asAD1.A5 or asGFP1 plasmid

increased (JB, JI, and JK strains).
Improved deactivation efficiency by integrating the two types of asRNAs

Next, we investigated the effect of utilizing both asSTAR and asGFP on deactivation
efficiency. Because asSTAR and asGFP control the output gene expression at different levels (i.e.
transcriptional and translational control, respectively), higher deactivation efficiency can be
achieved by expressing both regulators. To test whether such multilevel gene regulation improves
deactivation efficiency, each asRNA regulator was placed downstream of the aTc-inducible Pret
promoter and upstream of the tracrRNA terminator, and both expression constructs were
assembled on the same plasmid (ColE2 origin). This plasmid, along with two plasmids expressing
either asSTAR or asGFP, was tested in JTK165JK strain (Figure 3). We observed an increase in
deactivation efficiency from 70% or 81% (when either asAD1.AS5 or asGFP1 was expressed) to
96% (when both asAD1.AS and asGFP1 were used). A significant increase in deactivation was
determined by two-sample #-test (t=-10.11, p <0.01 when compared to asAD1.A5; t=-5.18, p <

0.01 when compared to asGFP1).
Real-time activation and deactivation of gene expression
One advantage of using the combined STAR and asRNA system is the fact that the gene

expression control is reversible. Once the combined STAR and asRNA system had been
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characterized and optimized, the ability to control gene expression in real time was tested using
the AD1.A5 STAR regulator and asAD1.AS5 or using the AD1.A5 STAR regulator and asGFP1.
At time zero, cells with the combined system were induced with 5 pM 30C6 to activate the STAR
system only. The system responded within 4 h in cells with the asAD1.AS5 plasmid (asAD1.A5
strain), determined by two-sample #-test (¢ = 4.63, p < 0.05; Figure 4A).”%  On the other hand,
the system responded within 5 h in cells with the asGFP1 plasmid (asGFP1 strain), determined by
two-sample ¢-test (t=2.78, p <0.01; Figure 4B). The response is defined as a significant difference
between the fluorescence levels of the negative control (uninduced cells) and the experimental
strain (30C6-induced cells). The long response time could be partially due to leakage of the aTc-
inducible Pret promoter. Promoter leakage is defined as basal transcription of an uninduced
promoter.d To further investigate the influence of promoter leakage on kinetics of GFP activation,
we performed a kinetic experiment by inducing only the STAR system in cells that contain both
the AD1.A5 STAR regulator and asRNA plasmids. Each asRNA plasmid contains asAD1.AS5,
asGFP1, or no TBR control placed downstream of the aTc-inducible Pret promoter. A significant
gene activation was observed at 3 h (no TBR control), 4 h (asAD1.AS5), and 5 h (asGFP1),
determined by two-sample #-test (¢ = 9.37, p < 0.05 for no TBR control; ¢ = 4.63, p < 0.05 for
asAD1.AS5; t=9.37, p <0.01 for asGFP1; Supplementary Figure S8). This result indicates that the
delay in the response time is partially due to the leakage of the aTc-inducible Pret promoter (see

the Discussion section for another reason).

The GFP expression reached its maximum level by 7 h (asAD1.AS strain) and 9 h (asGFP1
strain), and the maximum fluorescence level was maintained for another 4 h. At 11 h (asAD1.A5
strain) and 13 h (asGFP1 strain), cells were diluted back to the initial absorbance of 0.01 by

transferring cells into fresh media supplemented with both 5 uM 30C6 and 100 ng/mL aTc to
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maintain the STAR system and activate the asRNA system. The deactivation of gfpmut3
expression was observed within 1 h, determined by two-sample #-test (z = 10.68, p < 0.01 for
asAD1.AS strain; t=2.78, p <0.01 for asGFP1 strain). This is the time point when the fluorescence
level of the positive control (30C6-induced cells) was significantly different from that of the
experimental strain (30C6- and aTc-induced cells). We found that the time by which the system
responded (1 h) was independent of the duration of the activation tested (11 and 14 h for asAD1.A5

strain; 13 and 16 h for asGFP1 strain).

Regulation of a gene in the genome

The combined STAR and asRNA system can regulate the expression of a gene in the
genome (Figures SA and 5B). A cassette consisting of the Bba J23119 constitutive promoter,
AD1.S5 STAR-target, and gfpmut3 was integrated into the JTK165JK genome (bg/4::AD1.S5-
gfpmut3) by expressing A Red recombinase (see Supplementary Table 3 for the primers used).*
The resulting E. coli strain possesses a functional copy of gfpmut3 in the chromosome, but the
transcription of the gene is repressed due to the AD1.S5 STAR-target. The AD1.A5 STAR
regulator, asAD1.AS5, and asGFP1 were transcribed from plasmids. We observed a 2.9-fold
(asAD1.AS5 strain; Figure 5C) and 2.6-fold (asGFP1 strain; Figure 5D) increase in the fluorescence
level when the AD1.A5 STAR regulator was expressed. Next, we expressed asAD1.AS or asGFP1
(5 uM 30C6 and 100 ng/mL aTc) and observed deactivation efficiencies of 75.3% or 87.1%,
respectively (Figures SE and 5F). Because the STAR regulator in a plasmid would greatly
outnumber the STAR-target (or gfpmut3) in the chromosome, the relatively low fold-activation
would be expected (i.e. diminishing marginal returns when the STAR regulators are added to the
already excess pool; Figure 5), compared to the fold-activation expected when gfpmut3 is

expressed on the plasmid (Figure 1). In other words, upon induction of STAR regulators, the low
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number of the reporter gene (compared to that of STAR regulators) would limit the maximum ‘on’

expression level.

Relatively high basal expression of the STAR regulators (i.e. high STAR regulator-to-
STAR-target ratio when the STAR-target (or gfpmut3) is expressed in the chromosome) can also
amplify the effect of diminishing marginal returns on the fold-activation. Additionally, it was
reported that a prerequisite for a STAR system to achieve high fold-activation is to minimize basal
gene expression.”’ To access the contribution of basal expression to the low fold-activation, we
performed a control experiment by measuring basal expression levels from six constructs
(Supplementary Figure S9). Each STAR regulator plasmid contains either the AD1.A5 STAR
regulator or no TBR control placed downstream of the 30C6-inducible Prux promoter. Likewise,
each asRNA plasmid contains asAD1.AS, asGFP1, or no TBR control placed downstream of the
aTc-inducible Pret promoter. After testing all possible combinations, we found that PrLux promoter
leakage had an impact on the basal GFP fluorescence level (Supplementary Figure S9). The basal
GFP fluorescence level increased by 67% due to the leaky expression of the AD1.A5 STAR
regulator (PrLux promoter leakage; Strain 5 vs. 6 in Supplementary Figure S9), and decreased by
52% due to the leaky expression of asGFP1 (Pret promoter leakage; Strain 4 vs. 6 in Supplementary
Figure S9). However, when both STAR regulator and asRNA were present at the basal level, PLux
promoter leakage, not Pret promoter leakage, had a dominating effect on the GFP level (82 and 52%

increase for Strain 1 vs. 6 and 2 vs. 6, respectively).
Multilevel expression control of multiple genes

The activation and deactivation of multiple genes without crosstalk is another advantage
of using the combined STAR and asRNA system. Here, we constructed two A AND NOT B logic

gates (the output is ‘on’ only in the presence of A input and in the absence of B input), each of
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which regulated either GFP or red fluorescent protein (RFP) expression in the same cell (Figure
6). First, a dual-color fluorescence reporter system was developed by inserting the AD1.S5 and
STAR-target 2 upstream of the coding region of gfpmut3 and rfp, respectively. Next, the target
specificity of STAR regulators was tested by expressing the AD1.AS or STAR2-1 STAR regulator
in the same cell with the 30C6-inducible PLux or [IPTG-inducible Prac promoter. As expected, each
STAR regulator only activated its target gene, but not affecting the non-target gene
(Supplementary Figure S10A). Furthermore, the target specificity of asRNAs was tested by
expressing asRNAs, along with the STAR regulators and both reporters, in the same cell.
asAD1.AS5 or asGFP1 was placed downstream of the aTc-inducible Ptet promoter, and asSTAR2-
1 or asRFP1 was placed downstream of the Ara-inducible Psap promoter. asAD1.AS5 binds to the
AD1.A5 STAR regulator, and asGFP1 binds to the gfpmut3 mRNA to deactivate GFP expression.
asSTAR2-1 binds to the STAR2-1 STAR regulator, and asRFP1 binds to the rfp mRNA to
deactivate RFP expression. The results showed that all asRNAs deactivated their target gene
expression only, while not affecting the non-target gene (Supplementary Figures S10B and S10C).
These orthogonal sets of RNA regulators enabled construction of two A AND NOT B logic gates

in the same cell, controlling two different genes in a programmable manner (Figure 6).

DISCUSSION

sRNAs that can regulate the transcription and translation of a target gene are commonly
found in nature.”~” Based on these natural systems, various engineered RNA regulators that
repress or activate the transcription or translation of target genes have been developed.® % 13 2. 1.
32 Despite an increase in the number of engineered RNA regulators, a limited number of efforts

have been made to integrate multiple engineered RNA regulators into a single system that achieves
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multilevel gene regulation through direct RNA-RNA interaction in bacteria,’> 7 let alone a
multilevel gene regulatory system that consists of three different types of directly-interacting RNA
regulators. Here, we showed that the STAR and asRNA systems can be combined to activate and
subsequently deactivate a target gene expression through direct RNA-RNA interaction among
three different types of regulators: STAR-target, STAR regulator, and asRNA. This new RNA-
based gene regulation system is highly effective and reliable in regulating bacterial gene
expression in a programmable manner (Figures 1-6). The work described here will further expand
our ability to integrate multiple RNA regulators and control expression of multiple genes to

achieve complex cellular behavior (Figure 6).

The combined STAR and asRNA system was constructed by integrating two different
RNA regulators into a single system (Figures 1 and 2). First, the STAR regulator was designed to
target the STAR-target that was placed upstream of the coding region. Upon binding of the STAR
regulator to the STAR-target, the terminator hairpin structure is disrupted, activating the
transcription of the downstream gene. Next, two different types of asRNAs were designed to
deactivate target gene expression: the asSTAR that targets the STAR regulator, and asGFP that
targets the mRNA. While the STAR-targeting deactivation was achieved at the transcriptional
level, the mRNA-targeting deactivation was achieved at the translational level. Our results showed
that deactivation efficiency of 73.0% can be achieved when asAD1.A5 binds to the AD1.A5 STAR
regulator and that deactivation efficiency of 83.0% can be achieved when asGFP1 binds to the
gfpmut3 mRNA (Figure 1). To further enhance the deactivation efficiency, we simultaneously
expressed asSTAR and asGFP to regulate the reporter gene at both transcriptional and translational

levels, which resulted in 96% deactivation efficiency (Figure 3). This is an example of utilizing
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three different types of SRNAs (STAR regulator, asSTAR, and asGFP) that function at different

control points to effectively regulate gene expression.

One of the advantages of using the combined STAR and asRNA system is that gene
expression can be reversibly controlled (Figure 4). The real-time control of gene expression could
particularly be useful in controlling the flux of metabolic pathways. In metabolic engineering,
introduction of heterologous genes often leads to a flux imbalance and metabolic burdens that
result in low productivity.”7 To address this problem, metabolic engineers regulate expression
of heterologous genes by changing the strength of promoters and RBSs.?> However, optimizing
the expression level of individual enzymes with different promoters and RBSs is labor-intensive.
The combined STAR and asRNA system might offer an alternative approach to address the flux
imbalance problem by fine-tuning the expression of enzymes at different time points. While
studying the kinetics of the combined STAR and asRNA system, we observed that the leakage of
the Pret promoter (i.e. basal asRNA expression) affected the response time of output gene
activation (3 h for no TBR control, 4 h for asAD1.AS, and 5 h for asGFP1; Supplementary Figure
S8). Thus, utilizing promoters with low leakage to minimize the basal expression of asRNAs
would lead to fast gene activation. Furthermore, our data indicates that deactivation occurred
quickly (i.e. the decrease in the fluorescence level was observed within 1 h; Figure 4). Because
GFP protein is stable, the rate of decrease in the fluorescence level is most likely determined by
protein dilution due to cell growth.” % It is worth noting that asRNAs are quickly produced through
the transcription process and interact quickly with their target for deactivation, compared to the
slower activation process that requires transcription of a sufficient number of STAR regulators in
the presence of basal levels of asRNAs, followed by both transcription and translation of GFP.

A key limitation in constructing genetic circuits that implement complex cellular functions
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is the limited number of orthogonal parts. Here, we constructed four A AND NOT B logic gates
using four orthogonal sets of the combined STAR and asRNA system to regulate expression of
multiple genes (Figure 6 and Supplementary Figure S10). We showed that multiple orthogonal
RNA regulators can be designed and constructed to specifically activate and deactivate particular

gene expression.

In synthetic biology, the first genetic circuits were constructed by utilizing a small number
of protein regulators.’” % Since these pioneering reports, various protein regulators have been put
together to construct simple to complex genetic circuits, exploring the dynamic circuit functions.’-
%4 In addition to protein regulators, RNA regulators have been extensively engineered and utilized
in construction of genetic circuits due to their simple design principles and highly orthogonal
behavior.*%” In an attempt to understand ways to integrate various RNA regulators with
independent mechanisms of action, we combined STAR and asRNA systems to activate and
subsequently deactivate expression of multiple genes. The versatility of the combined STAR and
asRNA system suggests that more complex integration of diverse RNA regulators is possible in

the future to implement complex cellular functions.

METHODS
Strains and culture media

E. coli JTK165JK DIAL strain was used for all the experiments to maintain high copy
numbers of plasmids expressing STAR regulators (variable R6K origin of replication) and asRNAs
(variable ColE2 origin of replication).’® Other JTK165 variants (JTK165AK, EK, JB, and JI) were

also used to test the effect of changing the plasmid copy number on deactivation efficiency (Figure
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2D). All plasmid constructions were performed in E. coli DH10B% or JTK165JK?3 depending on
the origin of replication of the plasmid (ColE1l or pl5A in DHI10B; and R6K or ColE2 in
JTK165JK). Cells were grown in LB media (10 g/L tryptone, 10 g/L NaCl, and 5 g/L yeast extract)
supplemented with the appropriate antibiotics: ampicillin (100 pg/mL), kanamycin (20 pg/mL),
spectinomycin (100 pg/mL), and chloramphenicol (34 pg/mL). Inducers were used at the
following concentrations: 30C6 (3-oxohexanoyl-homoserine lactone, 0-20 pM), aTc
(anhydrotetracycline, 0-100 ng/mL), IPTG (isopropyl p-D-1-thiogalactopyranoside, 20 mM), and
Ara (arabinose, 40 mM). All chemical reagents and inducers used in this study were from Sigma-

Aldrich (St. Louis, MO, USA).
Plasmid construction and genetic circuit design

The RNA regulator sequences were inserted into plasmids using synthetic oligonucleotides
(Integrated DNA Technologies, Coralville, IA, USA) and Phusion High-Fidelity DNA polymerase
(New England Biolabs, Ipswich, MA) through inverse PCR (See Supplementary Table 1 for all
constructed plasmids and Supplementary Table 2 for RNA regulator sequences). The amplified
and purified DNA fragments were simultaneously phosphorylated with T4 polynucleotide kinase
(New England Biolabs, Ipswich, MA) and ligated with T4 DNA ligase (New England Biolabs,
Ipswich, MA) at room temperature for 1 h. Electrocompetent E. coli DH10B or JTK165JK was
transformed with the ligated DNA products (Eppendorf Eporator). The transformants were grown
on LB agar plate with appropriate antibiotics (overnight at 37°C). Constructed plasmid sequences
were verified by DNA sequencing (PNACL, Washington University School of Medicine).
Plasmids were purified from the overnight culture using a miniprep kit (Zymo Research, Irvine,
CA) and stored at -20°C for the future usage. All other necessary genetic parts (origin of replication,

promoters, terminators, RBS, and reporter genes) used in this study were combined by the Golden-
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Gate DNA assembly technique using either BspMI (New England Biolabs, Ipswich, MA) or Aarl

Type IIS restriction enzymes (Thermo Fisher Scientific, St. Peters, MO).%’

Two different types of RNA regulators (STAR regulator and asRNA) were designed and
used for the experiments. First, the complementary sequences of STAR-targets were used to design
STAR regulators. The pheA-1 transcription terminator was inserted on the 3’-end of the STAR
regulators.”’ Next, asSTAR and asGFP were designed by using a sequence that is complementary
to the target RNA (the AD1.AS5 STAR regulator for asSTAR and gfpmut3 mRNA for asGFP)
sequences. The target region was restricted to 68 nucleotides of the AD1.A5 STAR regulator, or
80 nucleotides containing the RBS (-16 to +64 with the start codon’s A as +1) of gfpmut3 mRNA.
asSTARs and asGFPs were constructed following the asRNA design principles: AG Complex
Formation value (less than -40 kcal/mol), double strand RNA length (greater than 15 nucleotides),
and percent mismatch (less than 15%).”° The AG Complex Formation of asSTAR-STAR regulator
or asGFP-gfpmut3 mRNA was calculated using the NUPACK software package.’® The sequences

of all genetic parts used in this work are shown in Supplementary Table 2.
Integration of genetic parts into the E. coli genome

Integration of genetic parts into the E. coli genome was done according to the reported
method with some modification.”” Briefly, the AD1.S5-gfpmut3 cassette consisting of the
constitutive BBa J23119 promoter, AD1.S5 STAR-target, RBS, and gfpmut3 was integrated into
the E. coli JTK165JK chromosome in the middle of the bg/4 gene. The kanamycin-resistant gene
and FLP recognition target (FRT) sites were amplified from pKD13 using the bglA1F/bglA1R
primer set (Supplementary Table 3). The AD1.S5-gfpmut3 cassette was amplified from the pRLO1
plasmid (Supplementary Tables 1 and 2) using the bglA2F/bglA2R primer set (Supplementary

Table 3). Both PCR-amplified DNA fragments were fused by the overlap extension PCR. The
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JTK165JK cells harboring the pKD46 plasmid were grown for 2 h in 5 mL LB media with 100
pg/mL ampicillin and 10 mM arabinose at 30°C (250 rpm), and the cells were prepped for
electroporation. The arabinose induces the A Red recombinase expression. The electrocompetent
JTK165JK cells were transformed with 100 ng of the overlap extension PCR product and grown
overnight (approximately 16 h) on LB/kanamycin agar plate at 37°C. pKD46 plasmid was cured
during the cultivation on the plate at 37°C. The kanamycin-resistant gene in the genome was
removed by expressing FLP recombinase from the pCP20 plasmid. The pCP20 plasmid was cured
by culturing the cell for 12—-16 h in 5 mL LB media without ampicillin at 37°C, resulting in the

JTK165JK-AD1.S5-gfpmut3 strain (Figure 5).

Fluorimetry

Cells were grown overnight in 5 mL LB media with appropriate antibiotics at 37°C and
250 rpm (New Brunswick Excella E25 shaking incubator). The overnight cultures were
subcultured (1% v/v) in fresh 5 mL LB media with appropriate antibiotics and grown for 2 h at
37°C and 250 rpm. The subcultures were transferred to fresh 0.6 mL LB media, supplemented
with appropriate antibiotics and inducers (at concentrations as indicated in figure captions), in deep
96-well plates (Eppendorf, Hamburg, Germany). The transferred cells were grown for 21 h at 37°C
and 250 rpm, and centrifuged to form a cell pellet. The cell pellets were resuspended in 0.2 mL
phosphate-buffered saline (pH 8.0) and the population fluorescence was measured using a Tecan
microplate reader (Infinite M200 Pro). The background fluorescence value of phosphate buffered
saline was subtracted from the measured sample fluorescence, and then this corrected value (F)
was normalized by dividing it by the absorbance measured at 600 nm (Abs). The deactivation
efficiency was calculated by [(Fstar/Absstar — FsTArasRNA/AbssTAR.askRNA) / (FSTAR/AbSSTAR —

Fregative control/AbSnegative control)] X 100%, where the subscript indicates induced systems and the

21



negative control is JTK165JK with both STAR and asRNA systems uninduced. The GFP
fluorescence was measured with excitation at 483 nm and emission at 530 nm. The RFP

fluorescence was measured with excitation at 535 nm and emission at 620 nm.

Flow cytometry

Cells were grown overnight in 5 mL LB media with appropriate antibiotics at 37°C and
250 rpm. The overnight cultures were transferred to fresh 0.6 mL LB media (Abs = 0.01),
supplemented with appropriate antibiotics and 5 uM 30C6, in a deep 96-well plate, and grown for
the indicated hours at 37°C and 250 rpm (Figure 4). The cells were collected every hour and
transferred to 200 pL filtered 0.9% (w/v) saline (pH8.0) to measure the fluorescence using a
Millipore Guava EasyCyte High Throughput flow cytometer (a 488 nm excitation laser and 512/18
nm emission filter). After 11 or 14 h for asAD1.AS5 and 13 or 16 h for asGFP1, the GFP activated
cells were transferred into fresh LB media (Abs = 0.01) with appropriate antibiotics and inducers
(5 uM 30C6 and 100 ng/mL aTc) and grown for indicated hours at 37°C and 250 rpm (Figure 4).
All the cytometry data were gated by forward and side scatter, and each data was obtained from at
least 5000 gated cells. FlowJo (TreeStar Inc.) was used to obtain the arithmetic mean of each

fluorescence distribution.

SUPPORTING INFORMATION

Supplementary Figures S1-S10 and Supplementary Tables 1-3 are available.
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FIGURES AND FIGURE CAPTIONS

A STAR activation and STAR-targeting (asAD1) deactivation

B STAR activation and mRNA-targeting (asGFP) deactivation
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Figure 1. Multilevel regulation of gene expression with the combined STAR and asRNA
system. (A, B) Genetic circuits built by combining the STAR system with asRNA. A STAR
regulator activates GFP expression by disrupting the hairpin formation of STAR-target. GFP is
‘on” when the STAR regulator is present (denoted by +) in the absence of asRNA (asSTAR or
asGFP), and GFP is ‘off” when the STAR regulator is absent (denoted by -). STAR regulators are
transcribed by the 30C6-inducible PrLux promoter. The GFP expression is deactivated when an
asSTAR binds to its target STAR regulator (A), or when an asGFP binds to its target gfpmut3
mRNA (B). Both asSTAR and asGFP are transcribed by the aTc-inducible Pret promoter. (C, D)
Activation of GFP expression was tested by varying the AD1.A5 STAR regulator expression level
in the STAR-targeting system (C) and the mRNA-targeting system (D). gfpmut3 is under the
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control of the constitutive Bba J23119 promoter and the ADI1.S5 STAR-target.’’ Cells were
grown in the presence of different 30C6 concentrations (0, 0.01, 0.05, 0.075, 0.1, 0.25, 0.5, 1, 2.5,
5, and 10 uM). (E, F) Deactivation of GFP expression was tested by varying the asAD1.A5 (E) or
asGFP1 (F) expression level. Cells were grown in the presence of 5 uM 30C6 with different aTc
concentrations (0, 0.01, 0.1, 0.5, 1, 5, 20, and 100 ng/mL). The fluorescence (au) is reported by
calculating [(Fexperimental/ AbSexperimental) - (F negative control/ AbSnegative control)], where the negative control
is the JTK165JK strain without a plasmid (see Supplementary Figure S4 for the fluorescence
values of JTK165JK strains with or without blank plasmids, which were statistically
indistinguishable). F is the measured fluorescence (excitation at 483 nm and emission at 530 nm),
and Abs is the measured absorbance at 600 nm. The fluorescence (au) was measured using a
microplate reader. See Supplementary Figure S2 for the absorbance at 600 nm. The error bars
represent the standard deviation of the fluorescence values from three biological replicates
performed on different days.
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in deactivation efficiency by changing genetic elements. (A)
Deactivation of GFP expression by either asAD1 (asSTAR) or asGFP variants that have different
AG Complex Formation values (see (B) for the correlation; Supplementary Figure S7 for the values
and the target region). The target region was restricted to 68 nucleotides of the AD1.A5 STAR
regulator, or 80 nucleotides containing the RBS of gfpmut3 mRNA (-16 to +64 with the start
codon’s A as +1). The transcription of asSTAR and asGFP variants was terminated by the se015
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terminator. Bba J23119 promoter (http://parts.igem.org/Promoters/Catalog/Anderson) was used
to transcribe gfpmut3 in the reporter plasmid (ColE1 origin, high copy number). Cells were grown
in the presence of 5 uM 30C6 to activate GFP expression, and 5 uM 30C6 and 100 ng/mL aTc to
deactivate GFP expression. Deactivation efficiencies are indicated on the graph. Deactivation
efficiency was calculated by [(Fstar/Absstar — FsTAR.asRNA/AbsSTAR.asRNA) / (FsTAR/Absstar —
Fregative control/ AbSnegative control)] X 100%, where the negative control is JTK165JK with both STAR
and asRNA systems uninduced. The subscript indicates induced systems. (B) A moderate negative
correlation was observed between AG Complex Formation of asSTAR-ADI.A5 complex or
asGFP-gfpmut3 mRNA complex and deactivation efficiency (R’ = 0.49 and 0.47, p < 0.01). (C)
Increase or decrease in deactivation efficiencies due to different transcription terminators on the
3’-end of asAD1.AS and asGFP1. asAD1.AS5 and asGFP1, which showed the highest deactivation
efficiency in (A), were selected and tested with different transcription terminators (See
Supplementary Table 2 for sequences). Cells were grown in the presence of 5 uM 30C6 to activate
GFP expression, and 5 pM 30C6 and 100 ng/mL aTc to deactivate GFP expression. Deactivation
efficiencies are indicated on the graph. (D) Effect of changing plasmid copy numbers on
deactivation efficiency. Various JTK165 DIAL strains (AK, EK, JB, JI, and JK) with different
plasmid copy numbers were used to vary the ratio of the AD1.A5 STAR regulator to asAD1.AS
or asGFP1. The first letter indicates the copy number of R6K origin, and the second letter indicates
the copy number of ColE2 origin. The alphabet denotes the copy number in the order of low (A or
B), medium (E or I), and high (J or K). The AD1.A5 STAR regulator and asAD1.A5 or asGFP1
were transcribed from the plasmids with R6K and ColE2 origins, respectively. Cells were grown
in the presence of 5 uM 30C6 to activate GFP expression, and 5 uM 30C6 and 100 ng/mL aTc to
deactivate GFP expression. Deactivation efficiencies are indicated on the graph. The fluorescence
(au) was reported by calculating [(F experimental/ AbSexperimental) - (Fnegative control/ AbSnegative control)], where
the negative control is the JTK165JK strain without a plasmid. F is the measured fluorescence
(excitation at 483 nm and emission at 530 nm), and Abs is the measured absorbance at 600 nm.
The fluorescence (au) was measured using a microplate reader. The error bars represent the
standard deviation of the fluorescence values from three biological replicates performed on
different days.

30


http://parts.igem.org/Promoters/Catalog/Anderson

O -STAR -asRNA
10000 1 @+STAR -asRNA

E+STAR +asRNA T

8000 - I 1
5 T
8 T
8 6000
c
[+}]
Q
o
] 4000 1 70%
[T 81%

2000 - . 96%

o L e il B
asAD1.A5 asGFP1 asAD1.A5 & asGFP1

Figure 3. Improved deactivation efficiency by integrating the two types of asRNAs. The
deactivation efficiency can be improved by expressing both asAD1.A5 (asSTAR) and asGFP1
(asGFP) that target the AD1.AS5 STAR regulator and gfpmut3 mRNA, respectively. A significant
difference in deactivation was observed between cells expressing asAD1.AS and cells expressing
both asAD1.AS and asGFP1, determined by two-sample #-test (r=-10.11, p <0.01). A significant
difference in deactivation was also observed between cells expressing asGFP1 and cells expressing
both asADI1.AS5 and asGFP1, determined by two-sample #-test (¢ = -5.18, p < 0.01). gfpmut3 is
under the control of the constitutive Bba J23119 promoter and the AD1.S5 STAR-target.”’ The
ADI1.A5 STAR regulator was transcribed by the 30C6-inducible PLux promoter. Both asAD1.A5
and asGFP1 were transcribed by the aTc-inducible Pret promoters. Cells were grown in the
presence of 5 uM 30C6 to activate GFP expression, and 5 pM 30C6 and 100 ng/mL aTc to
deactivate GFP expression. Deactivation efficiencies are indicated on the graph. The fluorescence
(au) was reported by calculating [(Fexperimental/ AbSexperimental) — (Fnegative control/ AbDSnegative control) |, Where
the negative control is the JTK165JK strain without a plasmid. F is the measured fluorescence
(excitation at 483 nm and emission at 530 nm), and Abs is the measured absorbance at 600 nm.
Deactivation efficiency was calculated by [(Fstar/Absstar — FsTARasRNA/AbSSTARasRNA) /
(FsTAR/ADSSTAR — Fnegative control/ AbSnegative control) ] X 100%, where the negative control is JTK165JK
with both STAR and asRNA systems uninduced. The fluorescence (au) was measured using a
microplate reader. The error bars represent the standard deviation of the fluorescence values from
three biological replicates performed on different days.
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Figure 4. Real-time control of GFP expression using the combined STAR and asRNA system.
Activation of GFP expression was first achieved by inducing the STAR system only in cells that
contain both the AD1.A5 STAR regulator (induced) and asAD1.AS5 (uninduced) (A), or both the
ADI1.A5 STAR regulator (induced) and asGFP1 (uninduced) (B). Cells with the absorbance of
0.01 were induced with 5 uM 30C6 att =0 h (see Figures 1A and 1B for the schematic figures).
(A) A significant activation was observed by 4 h, determined by two-sample #-test (¢ = 4.63, p <
0.05).76 Att =11 h (left) and 14 h (right), cells were transferred into fresh media (diluted back to
Abs=0.01), and both STAR and asSTAR systems were activated (induced with 5 uM 30C6 and
100 ng/mL aTc). A significant deactivation was observed by 1 h after the transfer, determined by
two-sample #-test (1= 10.68, p < 0.01).”6 Response times (1 h) were independent of the duration of
the activation (11 or 14 h). Negative controls are cells without inducers and positive controls are
cells with the STAR system activated only (induced with 5 uM 30C6). (B) A significant activation
was observed by 5 h, determined by two-sample #-test (£ = 2.78, p < 0.01)./9 At t = 13 h (left) and
16 h (right), cells were transferred into fresh media (diluted back to Abs=0.01), and both STAR
and asGFP systems were activated (induced with 5 uM 30C6 and 100 ng/mL aTc). A significant
deactivation was observed by 1 h after the transfer, determined by two-sample #-test (= 2.78, p <
0.01).7 Response times (1 h) were independent of the duration of the activation (13 or 16 h).
Negative controls are cells without inducers and positive controls are cells with the STAR system
activated only (induced with 5 uM 30C6). Fluorescence (au) was measured using flow cytometry,
and the error bars represent the standard deviation of the fluorescence values from three biological
replicates.
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Figure 5. Characterization of the combined system targeting a gene in the genome. The
AD1.S5-gfpmut3 cassette was integrated into the JTK165JK genome using A Red recombination
(bglA::AD1.S5-gfpmut3). (A, B) The AD1.A5 STAR regulator activates GFP expression by
binding to the AD1.S5 STAR-target that was inserted in the genome with gfpmut3. asAD1.AS (A)
or asGFP1 (B) deactivates GFP expression by targeting the AD1.A5 STAR regulator or gfpmut3
mRNA, respectively. The AD1.A5 STAR regulator, asAD1.AS, and asGFP1 are transcribed from
plasmids. (C, D) Activation of GFP expression was tested by varying the AD1.A5 STAR regulator
expression level in the STAR-targeting system (C) and the mRNA-targeting system (D). Cells
were grown in the presence of different 30C6 concentrations (0, 0.05, 0.075, 0.1, 0.25, 0.5, 1, 2.5,
5, 10, and 20 uM). (E, F) Deactivation of GFP expression was tested by varying the asAD1.A5
(E) or asGFP1 (F) expression level. Cells were grown in the presence of 5 uM 30C6 with different
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aTc concentrations (0, 0.1, 1, 5, 10, 20, 50, and 100 ng/mL). The fluorescence (au) was reported
by calculating [(Fexperimental/ AbSexperimental) - (Fnegative control/ AbSnegative control)], where the negative
control is the wild-type JTK165JK strain without a plasmid. The fluorescence (au) was measured
using a microplate reader. The error bars represent the standard deviation of the fluorescence
values from three biological replicates performed on different days.
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Figure 6. Multiplexing with the combined STAR and asRNA system. Two A AND NOT B
logic gates (the output is ‘on’ only in the presence of A input and in the absence of B input) were
constructed in the same cell, with each gate controlling either gfpmut3 or rfp. The AD1.AS5 STAR
regulator binds to the AD1.S5 STAR-target to activate GFP expression. The asAD1.A5 binds to
the ADI1.AS STAR regulator, and the asGFP1 binds to the gfpmut3 mRNA to deactivate GFP
expression. The STAR2-1 STAR regulator binds to the STAR-target 2 to activate RFP expression.
The asSTAR2-1 binds to the STAR2-1 STAR regulator, and the asRFP1 binds to the »fp mRNA
to deactivate RFP expression. AD1.A5 and STAR2-1 were transcribed by the 30C6-inducible Prux
and IPTG-inducible Prac promoters, respectively. asAD1.A5 or asGFP1 was transcribed by the
aTc-inducible Pret promoter. asSTAR2-1 or asRFP1 was transcribed by the Ara-inducible Psap
promoter. Each RNA regulator specifically activated or deactivated its cognate gene, but not the
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other gene. See Supplementary Figure S10 for the orthogonality of STAR regulators (AD1.AS and
STAR2-1) and asRNAs (asAD1.AS5, asSTAR2-1, asGFP1, and asRFP1). The cells were grown in
the presence of either 5 uM 30C6 (+ for AD1.AS) or 20 mM IPTG (+ for STAR2-1), and either
100 ng/mL aTc (+ for asAD1.AS or asGFP1) or 40 mM Ara (+ for asSTAR2-1 or asRFP1). + and
- indicate induced and uninduced systems. gfpmut3 and rfp are under the control of the constitutive
Bba J23119 and Bba J23105 promoters, respectively. The fluorescence (au) was reported by
calculating [(Fexperimental/ AbSexperimental) - (F negative control/ AbSnegative control)], where the negative control
is the JTK165JK strain without a plasmid. The fluorescence (au) was measured using a microplate
reader. GFP was measured with excitation at 483 nm and emission at 530 nm, and RFP was
measured with excitation at 535 nm and emission at 620 nm. The error bars represent the standard
deviation of the fluorescence values from three biological replicates performed on different days.
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