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As synthetic biology expands, creating “drag-and-drop” regulatory tools that
can achieve diverse regulatory outcomes are paramount. Herein, we develop a
approach for engineering complex post-transcriptional control by rewiring the
Carbon Storage Regulatory (Csr) Network of Escherichia coli. We co-opt native
interactions of the Csr Network to establish post-transcriptional logic gates
and achieve complex bacterial regulation. First, we rationally engineer RNA-

protein interactions to create a genetic toolbox of 12 BUFFER Gates that
achieves a 15-fold range of expression. Subsequently, we develop a Csr-
regulated NOT Gate by integrating a cognate 5" UTR that is natively Csr-
activated into our platform. We then deploy the BUFFER and NOT gates to
build a bi-directional regulator, two input Boolean Logic gates OR, NOR, AND
and NAND and a pulse-generating circuit. Last, we port our Csr-regulated
BUFFER Gate into three industrially relevant bacteria simply by leveraging the
conserved Csr Network in each species.

There is a need in synthetic biology for genetic toolkits that provide
“drag and drop” components that allow for tuning of synthetic pro-
cesses or metabolic pathways with minimal part optimization. It is
critical these “drag and drop” toolkits perform complex genetic logic
and can be ported into multiple different species of industrially rele-
vant organisms’. Most synthetic bacterial control systems rely on
engineered genetic components that are expressed at much higher
concentration compared to their native regulatory networks and
operate orthogonally from host function. The dysregulation between
synthetic and native components imposes a metabolic burden and can
limit the performance of an engineered system”’. As system com-
plexity increases, the potential for system failure also increases as
many synthetic systems rely on disparate parts, which work tangen-
tially and often operate inefficiently together. There is a need to
develop systems with fewer genetic parts that do not compromise the
processing capabilities of the engineered system. One way to do this is
to design toolkits that co-opt native cell regulation machinery to
achieve their desired regulation.

Recently, post-transcriptional control has been identified as a
scheme for reducing metabolic burden in synthetic systems, as the
cost-per protein within the cell is lessened”®. Post-transcriptional
regulation has been an effective approach for coordinating synthetic
regulation with native regulatory machinery. Historically, post-
transcriptional networks that serve as effective scaffolds for engi-
neered regulation possess well-characterized interactions and multiple
nodes for tunability’™. These engineered tools established a strong
foundation for using native systems as a scaffold. Moving forward, it is
paramount to develop tools that can perform complex computation
(i.e., respond to multiple inputs), as well as achieve an array of well-
defined regulatory outcomes (i.e., activation, repression, pulse, etc.).

One post-transcriptional network that fits the regulation criteria
is the bacterial Carbon Storage Regulatory system (Csr) System, also
known as the Regulator of Secondary Metabolites (Rsm) System. The
Csr Network is a post-transcriptional regulatory cascade (Fig. 1A)
native to E. coli and is conserved throughout many bacterial classes'.
The main regulator is Carbon Storage Regulatory Protein A (CsrA), a
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Fig. 1| Development of the Proof-of-concept Csr-regulated BUFFER Gate
(cBUFFER). A Native post-transcriptional interactions of the Csr Network (left), and
the hypothesized engineered system (right). In the engineered BUFFER Gate,
natively expressed CsrA repressed a synthetic target through an engineered 5 UTR
sequence, and target translation is activated through induction of the sponge
SRNA, CsrB. B Genetic circuit diagram of cBUFFER - the target of interest gfpmut3is
repressed by CsrA through the engineered glgC 5’ UTR sequence and CsrB tran-
scription is activated through IPTG induction. These genetic components were
expressed from a ColE1 ori-based plasmid (Copy Number 10-15). C Time course of

initial cBUFFER fluorescence for induced (+IPTG) and uninduced (-IPTG). The
initial cBUFFER utilized the wild type CsrB sequence. D Titration response curve of
initial cBUFFER fluorescence two hours post-induction. E. Fluorescence of cBUFFER
systems using different versions of the CsrB sSRNA. Mutants Al and A3 contain
deletions of the RNase E degradation site initially identified in Vakulskas et al. 2016
NAR. F Time course of optimized cBUFFER fluorescence for induced (+IPTG) and
uninduced (-IPTG) samples. The optimized version uses the CsrB A3 mutant.
Samples were grown in biological triplicate, and data presented are the mean
values +/- the standard deviation, represented as the error bars.

global RNA-Binding Protein (RBP) implicated in regulating dozens of
mRNA transcripts” ™. Canonically, CsrA regulates mRNA targets
through binding an A(N)GGA motif (referred to as the “GGA Motif”
hereafter) within a stem-loop of an RNA hairpin in the 5’ Untranslated
Region (5" UTR) of the transcript”. The RBS is occluded by CsrA via
binding to the GGA Motif in the UTR and preventing binding of the
30S subunit’®. Regulation of the CsrA protein occurs via two sRNAs,

CsrB and CsrC, which bind up to 9 and 5 copies of CsrA, respectively,
as the sRNAs consist of several hairpins containing the GGA Motif™.
These sRNAs are regulated by the protein CsrD, which facilitates the
degradation of the two sRNAs with RNAse E*. Importantly, the
topology of this network natively performs dynamic bacterial com-
putation in response to different cellular and environmental
signals™?,
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Taking these factors into account, we identified the Csr Network
as a prime candidate to serve as a scaffold for engineered post-
transcriptional regulation. Herein, we rewire native regulatory inter-
actions of the Csr Network to build multi-layered, modular genetic
circuits. We leverage the unique capabilities of this network to achieve
complex and unique bacterial computation. Our system focuses on
precisely controlling the CsrB sRNA, which recruits the CsrA protein
and thereby allows for the modulation of CsrA-mRNA interactions.
Furthermore, this native regulatory network bridges the gap to higher-
order regulation through the CsrD protein, which modulates CsrB
sRNA degradation. To activate our synthetic system, we overexpressed
the CsrB sRNA from a plasmid, which sequesters bound native CsrA
away from our engineered UTRs. Using two cognate 5 UTRs we
established both a CsrA-regulated BUFFER and NOT Gate. We then
improved system tunability by rationally engineering the RBS and CsrB
sequences to achieve a 15-fold range of signal response. Next, lever-
aging the BUFFER and NOT Gates, we developed CsrA-CsrB regulated
OR, NOR, AND, and NAND Boolean Logic Gates. We then applied the
unique regulatory capabilities of the Csr Network to create a bi-
directional regulation within a single operon, a genetic pulse circuit
integrating the full Csr cascade, and a nested three input-two output
OR-AND hybrid Gate. Lastly, we showed the CsrA-regulated BUFFER
Gate could function across multiple industrially relevant bacteria with
minimal optimization by leveraging the native Csr Network in each
species. Overall, these results demonstrate the potential of repurpos-
ing the Csr Network as an engineered scaffold for regulation and
support the notion that native post-transcriptional networks can be co-
opted for complex and unique bacterial computation.

Results

Developing a buffer gate via native CsrA control

We chose to leverage the constitutive, intracellular native
expression of CsrA in the E. coli to directly control mRNA
transcripts”. We first sought to construct a CsrA-CsrB regulated
BUFFER Gate by fusing a 5" UTR from a CsrA natively repressed
mRNA transcript target where bound CsrA occludes the RBS. This
repurposed CsrA to repress a synthetic target through its cano-
nical repression mechanism. To activate the Buffer Gate the
SRNA, CsrB, would be expressed to sequester CsrA from the UTR
of our synthetic target and to allow translation of the target
mRNA to occur (Fig. 1A). We termed this CsrA-CsrB regulated
BUFFER Gate “cBUFFER”. To create the synthetic components
required for cBUFFER, we selected the 5 UTR from the glgC
transcript as our 5’ UTR of interest for multiple reasons: the CsrA
binding sites in the glgC 5" UTR are well-documented'®??; CsrA is
the only known protein or RNA that binds the glgC 5’ UTR; and
previous literature has shown that CsrA represses the gigC tran-
script with the greatest fold-strength in vivo compared to other 5’
UTR sequences (15- to 20-fold, compared to 2- to 5-fold for other
confirmed and putative targets”). CsrA preferentially binds the
glgC 5" UTR at two primary GGA-motif sites: one in the stem loop,
and one in the native ribosome binding site. There are also
secondary binding sites in a GGA-motif directly upstream of
the hairpin, and an AGAGA motif directly downstream of
the hairpin'*'®, We selected the glgC -61 to -1 sequence relative to
the native translation start site for the engineered 5’ UTR scaffold,
as it is the minimal sequence containing the hairpin and all CsrA
binding sites (Fig. 1B). We added the five nucleotide “TTGGT”
spacer to the 3’ end of the UTR sequence to provide future
ribosome binding site tunability. We selected to append five
nucleotides as it the maximum base pair length that did not dis-
rupt the predicted native secondary structure of the GGA Motif-
containing stem loop, as per ViennaRNA secondary structure
predictions. (Supp Fig. S1). As our gene of interest, we selected
gfpmut3 for detection via fluorescent screening. We placed this

fusion transcript under the Pcon12 promoter, a weak constitutive
promoter previously used in studying bacterial post-
transcriptional networks®. Next, we placed the wild-type CsrB
sequence under the P j,co promoter to be inducible via isopropyl
B-D-1-thiogalactopyranoside (IPTG). Specifically, the Pyj,co pro-
moter is controlled by the Lacl regulatory protein derived from
the native lacl sequence of the K-12 MG1655 strain of E. coli, as
previously established in work by Lutz and colleagues®. These
two genetic components were expressed on a single ColE1 origin
of replication plasmid (Fig. 1B). We expected that upon induction,
the CsrB sRNA would sequester CsrA away from the glgC 5’ UTR-
gfpmut3 fusion transcript, allowing for translation and generating
a fluorescent signal.

We observed a rapid fluorescent signal accumulation within
20 minutes and saturation within 40-60 minutes post-induction
(Fig. 1C). We also tested the tunability of the system by titrating CsrB
expression at different IPTG induction concentrations, and found the
system provides tunability between 10-1000 uM IPTG. Additionally,
the titratability of the cBUFFER systems is comparable to that of a
Pliaco, IPTG-inducible transcriptional BUFFER Gate (Supplementary
Fig. S2). Importantly, no growth defects were observed for the induced
samples compared to the uninduced samples (Supplementary Fig-
ure S3), demonstrating that the conditions selected for CsrB expression
do not disrupt cell viability or growth due to sequestration of CsrA.

To confirm that CsrA is responsible for interacting with the
engineered glgC 5’ UTR sequence and repressing translation, we tested
cBUFFER in a csrA:kan strain and found that there was minimal acti-
vation of the Buffer Gate upon CsrB induction (Supplementary Fig. S4).
Additionally, we mutated the CsrA binding sites in the engineered gligC
5" UTR to inhibit function and tested this mutant construct in wild-type
E. coli, as well as in the csrA:kan strain. In both strains, we did not
observe any change in expression between the induced and uninduced
samples (Supplementary Figure S4). These results supported that the
interaction behind cBUFFER is driven by CsrA repressing translation of
the gfpmut3 mRNA transcript through interactions with the engi-
neered 5" UTR.

This preliminary design yielded approximately 8-fold activation
when comparing the relative signal between the uninduced and
induced states. While promising, we wanted to improve the activation
in cBUFFER. Additionally, in some cases fluorescent signal would
decrease after beyond three hours. We thought this was due to the fact
the CsrB sRNAs were being degraded by RNase E. To reduce this, we
evaluated two mutations to the RNase E degradation site in the CsrB
SRNA, previously shown to reduce RNase E activity on CsrB?. The first
mutation, termed Al, is a deletion of the second and third nucleotides
in the RNase E binding site. The second mutation, A3, deleted the fifth
and sixth nucleotides in the RNase E binding site. When integrated into
cBUFFER, we observed a 10-fold increase in GFP signal activation for
the Al mutant, and a 20-fold increase for the A3 mutant (Fig. 1E).
Moving forward we elected to use the A3 mutant, as it maximized
signal amplification (Fig. 1F). The A3 mutant CsrB showed slower
activation compared to the WT CsrB sequence, which could have been
due to changes in secondary structure folding from to the mutations in
the RNAse E binding region. Overall, this circuit still achieved full
activation within 90-120 minutes post-induction. The premise of using
an inducible CsrB-CsrA-5’UTR as part of a basic translational reporter
of transcripts that are regulated by CsrA was previously demonstrated
in our work in the context of the native 5 UTR plus 100 nucleotides of
the coding sequence of several potential native CsrA targets>'°. This
work extends this basic premise into the synthetic realm by developing
a fully cognate 5" UTR sequence that contains a minimal CsrA-binding
region as well as a tunable RBS handle through the 5-nucleotide spacer
that can be used to regulate any synthetic target by CsrA. Additionally,
we identified an optimized CsrB sRNA sequence to maximize its ability
to sequester CsrA.
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Fig. 2 | Expanding tunability of the cBUFFER through RBS strength and CsrB-
CsrA affinity modulation. A Workflow for tuning cBUFFER expression. To tune
CsrA-CsrB affinity, mutant CsrB sequences containing mutations to known CsrA
binding sites were tested. To vary RBS strength, all 1024 five nucleotide space
sequences were computationally screened, resulting in 4 additional optimized
sequences. B Time course of cBUFFER systems with variable CsrB sRNAs; WT CsrB

(Blue), High-affinity CsrB (Dark Blue), and Low-affinity mutant CsrB L2 (Light Blue).
C Time course of cBUFFER systems with variable RBS strengths derived from the
computational screen. D Relative fluorescence for all combinations of RBS-CsrB
cBUFFER systems, two hours post-induction. Samples were grown in biological
triplicate, and data presented are the mean values +/- the standard deviation,
represented as the error bars.

Tuning CsrA-CsrB Affinity and RBS strength to expand tunability
of gene expression in cBUFFER

After validating and optimizing cBUFFER, we sought to expand the
tunability beyond CsrB titration through IPTG. In evaluating the

tunable nodes of our system, we identified that we could tune the
interactions between CsrA and CsrB, as well as the RBS strength of our
target genes in cBUFFER (Fig. 2A). We replaced the original CsrB sSRNA
sequence with engineered CsrB mutants previously established in our
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lab* that altered the in vivo affinity between CsrA and CsrB. We
selected five CsrB sequences that previously demonstrated a range of
0.7 to 3.5-fold change CsrB-CsrA affinity relative to the wild-type CsrB-
CsrA interaction. Of the five CsrB sRNAs tested, we chose to use the
CsrB L2 and H11** which achieved a 0.5-fold and 1.4-fold change in
signal activation, relative to the original cBUFFER (Fig. 2B). It is worth
noting that, when tested, the remaining CsrB mutants demonstrated
either minimal difference in signal change relative to the original
cBUFFER or introduced significant growth defects (Supplementary
Figure S5).

Next, we evaluated the ability to tune RBS strength by varying the
5-nt spacer sequence at the 3’ end of the engineered UTR. To do so, we
first considered all remaining possible combinations of five nucleotide
sequences from AAAAA to TTTTT, which yielded 1023 possible spacers
(4° combinations or 1024, excluding the original TTGGT). Next, we
eliminated any spacers containing the GGA motif to not introduce new
potential CsrA binding sites, leaving us with 974 spacer candidates.
These were screened for predicted RBS strength via the Salis RBS
Calculator 2.0%. Then eliminated sequences that had translation rates
of approximately zero, yielding 959 candidates. From this subset, we
evaluated predicted secondary structure of each engineered 5" UTR,
the glgC 5’ UTR plus 5 nucleotide spacer, using RNAfold from Vien-
naRNA (http://rna.tbi.univie.ac.at/cgi-bin/RNAWebSuite/RNAfold.cgi).
We selected only the candidates that did not change in secondary
structure compared to that of the wild type glgC 5’ UTR sequence. This
yielded a final subset of 65 sequences; we picked and experimentally
screened four sequences that maximize the range of predicted RBS
strengths (Fig. 2C). Three of the four constructs tested generated
measurable GFP expression in cBUFFER that correlated with predicted
RBS strength (Fig. 2C). One of the four spacers did not generate
detectable GFP signal (Supp. Fig. S6). Importantly, each working con-
struct demonstrated similar fold-activation upon induction as
observed in the original cBUFFER, reinforcing that these new spacers
do not affect CsrA regulation in the 5’ UTR (Fig. 2C, Supplementary
Figure S6). Finally, we combined the cBUFFER Gates with the mutant
CsrB sRNAs with those containing the new spacers to create a total of12
iterations of the cBUFFER Gate that achieve a 15-fold range of tunable
expression (Fig. 2D, Supplementary Figure S7. Moving forward, indu-
cer concentration, RBS strength, and CsrA-CsrB affinity can now all be
utilized to tune target gene expression from the cBUFFER constructs.

Evaluating multi-gene regulation in cBUFFER

Next, we investigated the capabilities of cBUFFER to regulate genes
beyond gfpmut3. To start, we replaced gfpmut3 in cBUFFER (Fig. 1),
with mcherry and eyfp and observed consistent activation upon
induction for each of these new target genes (Fig. 3A). Next, we eval-
uated if cBUFFER could regulate all three genes simultaneously on
separate plasmids within the same organism. Each 5’ UTR-fluorescent
protein fusion plasmid was transformed into the same strain, and we
observed that cBUFFER successfully regulated all three targets simul-
taneously with similar signal activation to that of each individual target
(Fig. 3B). These results demonstrate that the native CsrA expressed is
sufficient to regulate up to three synthetic targets simultaneously, and
still perform required cellular functions.

We then sought to establish if cBUFFER could regulate three genes
on a single transcript. To test this, we constructed a synthetic operon
containing gfpmut3, mcherry, and eyfp each containing the engineered
5 UTR sequence (Fig. 3C). Using the synthetic operon, we observed
signal activation for each gene in the operon upon CsrB induction
(Fig. 3D). All three genes reached the same level of activation in the
synthetic operon to that of both the individual and triple plasmid
approach. We then evaluated if we could tune the individual expres-
sion of each gene within the operon. This was done by implementing
the engineered 5" UTRs containing the various RBS spacers established

above. We replaced the original engineered 5 UTR (14K RBS)
upstream of gfpmut3 with the 5 UTR containing the weakest strength
RBS (3K RBS). We also replaced the 5" UTR upstream of mcherry with
the engineered 5’ UTR containing the intermediate strength RBS (10 K
RBS). Upon induction of CsrB, we observed a proportional reduction in
signal for GFP and mCherry that corresponded with the 5 UTR RBS
strength upstream of each gene (Fig. 3D). The EYFP signal remained
consistent to that observed in the previous experiments. These data
confirm that the design rules for RBS tunability established in the
single cBUFFER cases transfer to multi-target and synthetic operon
designs. Moreover, individual gene expression can be predictively
tuned independently within a synthetic operon.

Integrating non-canonical CsrA-regulated 5" UTR creates a Csr-
regulated NOT Gate (cNOT) and higher order multi-input

Logic Gates

With cBUFFER established, we then sought to develop a Csr-regulated
NOT Gate (cNOT), which would allow for repression of a target gene
upon induction of CsrB. This would allow for this Csr-based regulation
to achieve both single Boolean Logic Gates, expanding the potential for
additional complexity in future gate designs. To this end, we applied the
use of a natively occurring 5UTR of an mRNA sequence that is activated
for translation upon CsrA binding and therefore translation is atte-
nuated by sequestering CsrA via CsrB. Specifically, we focused on the
studied ymdA 5’ UTR transcript, which exhibits CsrA-dependent trans-
lation activation®. The ymdA 5’ UTR consists of two GGA motifs and the
RBS contained within a hairpin structure. When CsrA binds to the ymdA
hairpin, the hairpin structurally rearranges to release the RBS, allowing
for translation initiation (Fig. 4A). Therefore, available of free CsrA
activates expression of the target gene. To evaluate if this 5 UTR
sequence could be inserted into the synthetic gate design and invert the
logic of the system, we replaced the gigC sequence (naturally bound by
CsrA to repress translation of its adjacent mRNA) with the -58 to -1 ymdA
5 UTR sequence (Fig. 4B). In our new design, we observed a rapid
reduction in GFP signal upon induction of CsrB, which ultimately
reached a 6-fold reduction in signal after 2 hours. With this new 5 UTR
sequence, we established a Csr-regulated NOT Gate or the cNOT system.
Importantly, the only difference between cBUFFER and cNOT was the
58nt sequence of the 5 UTR region; the remaining structure of the
plasmid remained unchanged.

Next, we investigated if cNOT could be deployed in parallel with
cBUFFER to achieve concurrent bi-directional regulatory outcomes. To
do this, we placed GFP under control of cNOT Gate and mCherry under
control of cBUFFER on separate plasmids to first evaluate whether
orthogonal logics could be controlled within a single cell (Fig. 4D). We
observed 4-fold activation of mCherry signal and 3-fold repression of
GFP signal after induction (Fig. 4D, E), demonstrating that our gates
can be used in parallel to achieve diverging regulatory outcomes dri-
ven by the CsrA-5’ UTR interaction. Creating a diverging regulator on a
single synthetic operon emphasizes the capabilities specific to this
network, modulation of the 5UTR region of the gene of interest can
diverge behavior. We therefore placed the cNOT and cBUFFER 5’ UTRs
and target genes on a single synthetic operon, such that CsrA could
regulate both targets on a single sequence to achieve diverging out-
comes (Fig. 4G). Using this approach, the inducible CsrB can exert
control of orthogonal logics without any additional regulatory ele-
ments introduced to the system, and we observed a 10-fold reduction
in GFP signal and 8-fold increase in mCherry signal 2 hours after CsrB
induction via IPTG (Fig. 4H, I).

With cBUFFER and cNOT established, we expanded the cap-
abilities of this approach to two-input Boolean Logic Gates, specifically
the OR, NOR, AND, and NAND Gates by leveraging the cBUFFER and
cNOT system architectures and placing CsrB under multiple reg-
ulators. First, we constructed a Csr-regulated OR Gate, termed cOR, by
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placing the CsrB sRNA under TetR and Lacl regulation, while keeping
the engineered gigC 5 UTR sequence the same. Similar to the Lacl
regulator protein, TetR is natively derived from the K-12 strain of
E. coli®, and used in combination with the P re;0 promoter previously
established®*. We expected to observe signal activation in the presence
of either anhydrotetracycline (aTc) or IPTG, or both compounds
(Fig. 5A). These expected results were confirmed with the cOR system
achieving approximately 8-fold activation. We also constructed a Csr-
regulated NOR Gate, cNOR, by integrating the engineered ymdA 5
UTR, maintaining identical architecture with flipped logical outcomes
by changing only the 5 UTR. We expected cNOR to follow the inverse
logic of cOR, a loss of signal in the presence of either aTc or IPTG or
both compounds. Again, our expected results were confirmed in vivo,
as the Csr-regulated NOR Gate achieved a 2-fold reduction upon CsrB
induction (Fig. 5B).

Next, we designed Csr-regulated AND and NAND Gates, termed
cAND and cNAND, in similar fashion to the cOR and cNOR Gates. For
these two Gates however, we instead placed CsrB expression under
AraC and TetR regulation. As a note, the AraC regulator protein was
derived from K-12 E. coli established by Johnson and colleagues®’. The
Arac regulator is used in with the Pgap promoter, with sequences
derived from previous works (*° and BioBrick part BBa_l0500). We

constructed these gates such that CsrB was downstream of the P,..gap
and P tec0 promoters in series, predicting that CsrB could only be
expressed when both L-arabinose (L-ara) and aTc were present. In the
absence of one or the other, RNA Polymerase would be sterically
hindered from binding to the transcription start site directly down-
stream of the P e.0 promoter. We expected cAND to achieve signal
activation only when L-ara and aTc were both present. In vivo, cAND
achieved 5-fold signal activation when L-ara and aTc were present
(Fig. 5C). We note there is residual activation when a single inducer is
present. For cNAND, we expected loss of signal only in the presence of
L-ara and aTc, and we observe a 2-fold reduction in signal only when
L-ara and aTc were present (Fig. 5D). Collectively, these results
demonstrate that Csr-regulated control can achieve higher order
bacterial computation through two-input logic.

Employing distinct capabilities of the Csr Network to build
unique genetic circuits

To further evaluate the complexity of circuitry that could be achieved
using the re-purposed native Csr Network, we evaluated the ability to
nest Csr-regulated two-input logic gates. To test this, we utilized the
cOR Gate in tandem with a salicylic acid-inducible eyfp gene, to which
we appended the engineered glgC sequence upstream of the nahR
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lation de-activation of target. C Time course of the cNOT fluorescence for induced
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and uninduced cultures. D Diagram of the preliminary bi-directional regulator -
CsrA regulates mcherry via cBUFFER and gfpmut3 via cNOT. E Time course of
relative fluorescence for GFP and mCherry in the bi-directional using wild type
CsrB. F Fold change of each fluorescent target two hours post-induction. G Genetic
circuit diagram of bi-directional regulatory on a single operon. H Time course
single operon bi-directional regulator. I Relative fold change of GFP and mCherry
signal from the single synthetic operon bi-directional regulator two hours post-
induction. Samples were grown in biological triplicate, and data presented are the
mean values +/- the standard deviation, represented as the error bars.

regulator gene from the Marionette collection® (Fig. SE). A CsrB and
salicylic acid-dependent AND Gate was nested inside our cOR system
where eyfp could only be induced in the presence of salicylic acid (Sal)
and CsrB. Additionally, CsrB expression depended on either aTc or
IPTG induction. Using this nested system, we saw a 4-fold activation in
GFP signal from the cOR Gate, and 20-fold increase in EYFP signal only
when CsrB and Sal were present (Fig. 5F, G), ultimately creating a three-
input, two-output system capable of achieving complex bacterial
computation dependent upon the rewired Csr components.

Lastly, we created a genetic pulse construct using the Csr-based
regulation. To do so, we leveraged the full native Csr cascade by using
the cBUFFER system in tandem with a vanillic acid-inducible® CsrD
construct (Fig. 5H). In this circuit, CsrB sequesters CsrA away until
sufficient CsrD is produced to drive degradation of the CsrB sRNA,

which allows for CsrA to re-establish repression of the gfpmut3 tran-
script. By inducing the CsrB sRNA and CsrD protein simultaneously, we
demonstrate a Csr-regulated genetic pulse, in which GFP signal was
activated then reduced by leveraging all components of the Csr Net-
work. (Fig. 5I). Additionally, no degradation tag was required on the
gfpmut3 gene. These gates highlight the unique regulatory capabilities
offered by utilizing the Csr Network as a scaffold for post-
transcriptional engineering as well as highlight the complexity in
bacterial computation that can be achieved through this approach.

Transporting the Csr buffer gate into bacteria containing
homologous Csr network

The Csr Network is conserved across Gammaproteobacteria and many
other classes of bacteria, particularly through the conservation of
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diagram of Csr-regulated genetic pulse. I Time course of genetic pulse system
under different induction conditions. Samples were grown in biological triplicate,
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CsrA/RsmA homologous protein'?, We therefore wanted to evaluate
the modularity of the system and its transferability into organisms
beyond E. coli MG1655. We also sought to re-establish similar reg-
ulatory capabilities by leveraging the conserved CsrA homologs. We
first selected Shewanella oneidensis MR-1 as the bacteria possess
unique bioprocessing capabilities of industrial relevance®** and con-
tains a CsrA homolog. While some interactions of the homologous Csr
network in S. oneidensis have been identified, elucidating complete
biochemical mechanisms in this species is an ongoing study in the
field®. Therefore, if we could recapitulate Csr Buffer Gate activity in
S. oneidensis MR-1, we suspect that similar patterns would be observed
in species with more well-studied Csr Networks. To ensure maximum
compatibility, we replaced the original Pcon» constitutive promoter
with ones from the Anderson Library Promoters due to their wide
species versatility** %, To not alter the stoichiometry between intra-
cellular CsrA and the target mRNA transcript level, we screened several
promoters and found that J23107 established the most similar
response (Supplementary Figure S8). Importantly, we established that
this system is tunable across multiple organisms after transforming
our cBUFFER construct into MR-1 and demonstrating GFP tunability
upon IPTG induction conditions in MR-1 (Fig. 6a). cBUFFER in MR-1 had
a similar response function to a comparable Py,.o-regulated Buffer
Gate and did not exhibit any CsrB-induction dependent growth defects
(Supplementary Figure S9). As a note, the Lacl regulator protein
derived from E. coli MG1655 was used as the regulator in both the
cBUFFER and transcriptionally regulated gates. We then validated that

cBUFFER in MR-1 was in fact CsrA-regulation dependent. To do so, we
sequentially mutated the confirmed GGA motif CsrA binding sites in
the engineered 5’ UTR sequence (Fig. 6b) and screened the response of
each mutant. We observed a reduction in regulatory effect with each
consecutive binding site mutated. When all sites were mutated, we did
not observe any change in GFP fluorescence between the induced and
uninduced conditions, reinforcing the homologous CsrA protein reg-
ulatory mechanisms are conserved between E. coli and MR-1, and the
CsrA from S. oneidensis can recognize non-native targets in a pre-
dictable fashion (Fig. 6c).

With cBUFFER established in S. oneidensis MR-1, we tested the
system in Escherichia coli Nissle 1917 (EcN), and Pseudomonas putida
KT2440 (KT2440), two gram-negative microbes that are as of
industrial relevance for their therapeutic and bioprocessing
applications®***°, Both species also contain CsrA homologs*. We also
tested cBUFFER in Bacillus subtilis PY79 (PY79) given that it is a
genetically tractable gram-positive bacterium with a CsrA homologue
characterized to regulate mRNA transcripts in a similar fashion*
Industrial applications of B. subtilis focus on metabolite, and enzyme
production as well as in bioremediation applications*>*, Of the three
organisms, we observed significant cBUFFER activation upon induc-
tion in Escherichia coli Nissle 1917, and Bacillus subtilis PY79, but not in
Pseudomonas putida KT2440 (Fig. 6e). Moreover, we observed com-
parable fold-changes to that of a lacl-gfpmut3 transcriptionally regu-
lated Buffer Gate in EcN and PY79 (Supplementary Figure S10),
demonstrating that this post-transcriptional regulatory approach can
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provide similar regulatory capabilities as previously established tran-
scriptional tools®®**°. Interestingly, we did not see activation of cBUF-
FER in Pseudomonas putida KT2440 despite its similarity to E. coli,
while we saw activation in Bacillus subtilis PY79, which is more distant
genetically (Fig. 6d). Importantly, the MG1655-derived Lacl regulator
and Pyj,co promoter from Lutz and colleagues* were used together in
EcN and KT2400 for both cBUFFER and transcriptionally regulated
gates. In PY79, the MG1655-derived Lacl regulator was used with
the Pg,c promoter, as done in previous work®, for both sets of
BUFFER Gates.

We suspect that similar patterns will be observed in additional
organisms, as the GGA binding motif has been established for other
E. coli, Pseudomonas, and Bacillus species***. Overall, these results
establish that synthetic Csr-regulated systems established in E. coli,
with even minimal optimization, may be portable to bacteria con-
taining homologous Csr systems and reconstituted by leveraging the
conserved functions of the native CsrA proteins.

Discussion

In this work, we put forth an approach for engineered post-
transcriptional genetic control by co-opting components of a global
bacterial RNA regulatory network. Using the Csr Network provided the
opportunity to engineer multiple regulatory handles, specifically via
the CsrA and CsrD proteins and the CsrB sRNA. All components have
well-defined interactions within the native Csr Network; making it a

prime example to serve as a scaffold for engineered control. The
components in the system inherently function together, consequently
the system is natively optimized to function well in an integrated
manner; this might represent an inherent advantage over de novo-
designed synthetic systems. By first modulating CsrB expression, we
were able to rewire CsrA to create single-input Boolean Logic Gates
that utilize cognate-engineered 5’ UTRs. Then, by integrating all tun-
able parts of the Csr Network in concert, we demonstrate Csr-
controlled higher order bacterial computation. Lastly, we port some of
these interactions to other bacteria that possess a homologous
network.

The Csr-regulated Buffer Gate, cBUFFER, provides tunability
through three main levers: (i) inducer concentration, (ii) RBS strength,
and (iii) CsrB-CsrA affinity CsrB. As CsrA natively represses and acti-
vates mRNA transcripts, we co-opted those regulatory interactions to
define the identity of each logic gate based on the cognate 5 UTR
sequence (Figs.1and 4). To actuate the synthetic regulatory outcomes
for each logic gate, we relied on the CsrB sRNA, which we showed
could be precisely tuned (Fig. 2). By placing the CsrB sRNA actuator
under the control of a single promoter and utilizing a combinatorial
library of 5 UTRs to control bacterial computation, we endow this
system with two key advantages: access to a wider number of con-
stitutive promoter libraries, and a reduction in required synthetic parts
as circuit complexity increases. Through CsrD, we were able to add an
additional layer of regulation, in which we can modulate regulator
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expression, specifically by degrading the CsrB sRNA. Importantly, we
were easily able to build this complex regulation without having to re-
optimize each interaction between components. This feature results
from co-opting a native process: the system is already optimized to
work together inherently. This novelty allows for rational design of
more complex regulation without requiring the optimization of mul-
tiple nested promoter and repressor pairs, which as the system com-
plexity increases so does the risk of circuit failure®. It is worth noting,
that other sRNAs have been characterized to co-regulate CsrA along
with CsrB'®*; however, despite the possibility that these can add
complexity to these designer circuits, this was not explored as part of
this work.

Many transcriptional NOT Gates require nested repressor ele-
ments, such as those established in Wang et al.* in which a Lac reg-
ulatory system controls a lambda cl repressor that represses a Py
promoter regulating GFP. cNOT achieves regulation by the gene of
interest being directly activated through CsrA via the engineered
ymdA 5 UTR and is repressed by sequestration of CsrA from the
system, without additional inverter components. Only recently have
transcriptional NOT Gates were developed that do not require
inverters through several rounds of mutagenic screening®’. Yet, using
these native posttranscriptional regulating building blocks, we can
build complex regulated logics that require less parts. First, inverting
the logic within a two input Csr-regulated Gate (e.g., from OR to NOR)
only requires exchanging the engineered 5 UTR sequence. This
means circuit architecture is identical between each respective gate
pair (e.g., OR and NOR) and does not require additional regulatory
proteins. The identical circuit architecture is achieved by eliminating
the need for additional nested repressors, and results in overall cir-
cuit compression. Beyond two-input gates, there are several instan-
ces, in which repurposing native Csr regulation creates efficient and
complex genetic circuits. Since regulation in the Csr Network has
multiple well-defined protein-RNA interactions, there are multiple
instances to design circuits with increased complexity without hav-
ing to completely re-engineer the system or combine multiple inde-
pendent components. As a key example, our scheme allows for
diverging regulatory outcomes within a single operon (Fig. 4G-I) by
changing only the engineered UTR upstream of each target gene.
This design provides unique opportunities to regulate pathways in a
single synthetic operon, whereby individual logic can be controlled
individually via UTR engineering. A potential application of these
types of design is two-stage fermentation for value-added chemical
production. In the first stage, pathways that drive biomass accumu-
lation are upregulated. Once the culture receives a specific environ-
mental signal, the second stage begins, shutting off all biomass and
upregulating the specific metabolic pathway for the desired
molecule®®. The bi-directional regulator in this work would allow for
consolidation of both pathways to be regulated by native levels of
CsrA and activated through a single synthetic actuator in CsrB. This
highlights the benefits of native and synthetic components working
synergistically with each other.

Building on our logical complexity, we were able to nest an AND
Gate inside of a cOR system by fusing the engineered gigC 5 UTR
directly upstream of a salicylic acid-inducible regulator nahR, such that
that activation required both CsrB expression and salicylic acid
induction (Fig. SE-G). This created a Csr-derived construct to recog-
nize three input signals and process two separate outputs, in our case
GFPmut3 and EYFP. Moreover, the Sal-based AND Gate achieved circuit
compression by only requiring four synthetic parts, while a traditional
Cello-based AND Gate still requires 6 parts, and a nested OR-AND
system would require an even larger number of proteins. Additionally,
the Csr-regulated circuits reduces total nucleotides required to
achieve the same function as other similar genetic circuits. Using less
nucleotides overall can facilitate the need for less cellular burden and
for less resources required, such as free nucleotides.

Demonstrating that Csr-regulated genetic circuits can be inte-
grated with established transcriptionally regulated systems is a pro-
mising foundation for developing complex genetic circuits (Fig. 5SE-G).
In future versions of Csr-regulated system, developing orthogonal
CsrA-RNA binding motifs would be valuable for increasing circuit
complexity. In the current version of Csr-regulated genetic circuits,
once CsrB expression is induced, the downstream regulatory functions
are executed. Using multiple orthogonal systems would avoid that
limitation and allow for more complex layering of genetic circuits so
that users could precisely control both expression and regulatory
outcome for each gene independently. This technology could be useful
in metabolic engineering applications. Lastly, implementing degrada-
tion of the CsrB RNA by the CsrD protein provides the ability to return
the system to its original state by controlling the reduction of cellular
concentrations of CsrB, providing access to high-order bacterial
computation. Integrating CsrD provides the ability to “undo” the reg-
ulatory effect of CsrB and adds another tunable element to the system.
This sets the stage for even more complex bacterial computation such
as IMPLY, NIMPLY, XOR, or XNOR functions. By co-opting the process
of CsrD-driven degradation of CsrB, we can create a Csr-based pulse-
generating circuit (Fig. 5SH, I). The native interactions between CsrD and
CsrB allow for both activation, and subsequent deactivation, with a
fold-activation response similar to previously established tran-
scriptionally regulated pulse-generating circuits®*’. Moving forward, it
may be useful to further explore the tunability between CsrD and CsrB
interactions to see how modulating those interacts affects the
response of the pulse-generating circuit. Additionally, our current
system utilizes two inputs, while previous works have leveraged one-
input incoherent feedforward loops®*. In future versions of the Csr-
regulated pulse-generating circuit, it may be beneficial to develop a
system that relies on a single input to reduce the number of synthetic
components required, as well as ensure simultaneous induction of
CsrB and CsrD. These results support the notion that an engineered Csr
system is capable of high-level bacterial computation with streamlined
circuit design and more modular engineering handles.

As the Csr Network is conserved across most Gammaproteo-
bacteria as well as other classes of bacteria, there are many potential
organisms of industrial relevance that could utilize this regulatory
scheme®. In our work, we demonstrated the Csr-regulated Buffer Gate
can be recapitulated in S. oneidensis MR-1, E. coli Nissle 1917 (EcN), and B.
subtilis (Fig. 6e) and achieve similar levels of fold-regulation to their
transcriptional Buffer Gate counterparts (Supplementary Figure S10).
Importantly, we utilized the engineered 5' UTR sequence as well as the
CsrB sRNA sequenced from E. coli and still were able to establish reg-
ulation, which alludes to the fact that the natively expressed CsrA
homolog in each organism can interact with the non-native transcripts.
This is particularly interesting for B. subtilis, as no CsrB sSRNA homolog
has been experimentally validated. Additionally, through our muta-
tional analysis (Fig. 6¢) we demonstrated that the CsrA homolog in S.
oneidensis appears to follow the same regulatory mechanism of the
engineered 5" UTR to that of the CsrA native to E. coli. This highlights
that this scheme opens a much larger design space throughout and
across bacterial species. This may become relevant when moving into
organisms where few promoters are characterized as few inducible
promoters are required to actuate complex logic. Additionally, as these
systems rely on native components from a well-conserved network,
they may be less likely to fail when ported to another organism, a major
concern in de novo engineered bacterial circuits®>~ As such, this work
effectively recapitulates adaptation of post-transcriptional Buffer Gates
on heterologous targets across multiple industrially relevant species.

Methods

Bacterial strains and growth conditions

All strains of E. coli used in the single- and multi-input gate are derived
from K-12 MG1655. The DH5a strain was used for all plasmid cloning.
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S. oneidensis MR-1, P. putida KT2440, E. coli Nissle 1917, and B. subtilis
PY79 were used for the experiments that ported the Csr-regulated
Buffer Gate into other bacterial species. The full genotype of each
strain used in this work can be found in the Supplementary Materials
and Methods. E. coli strains used in the single- and multi-input gate
were cultured in LB Medium (Miller) (BD Biosciences) supplemented
with 100 pg/mL Carbenicillin, and/or 50 pg/mL Kanamycin, and
or/ 34 pg/mL Chloramphenicol, as necessary. Seed cultures were
grown overnight at 37 °C in an orbital shaking incubator (New Bruns-
wick Scientific /126). Cultures were prepared by inoculating 5 mL sam-
ples of LB plus the appropriate antibiotics with a single colony of the
respective E. coli strain grown on LB Agar (Fisher Bioreagents) +
appropriate antibiotics. Single- and multi-input gate experiments,
overnight cultures were diluted 1:100 into 30 mL LB + antibiotics and
grown in the 37 °C shaking incubator. Samples were also grown in the
37 °C shaking incubator. All samples were induced with variable con-
centrations of isopropyl B-D-1-thiogalactopyranoside (IPTG), anhy-
drotetracycline (aTc), or L-arabinose (L-ara). Stocks of IPTG and were
prepared in UltraPure™ Distilled Water (invitrogen), and stocks of aTc
were prepared in a 1:1 mixture of UltraPure™ Distilled Water and
OmniPur 200 Proof Ethyl Alcohol (Calbiochem, Sigma-Aldrich).
Information growth conditions for S. oneidensis MR-1, P. putida
KT2440, E. coli Nissle 1917, and B. subtilis PY79 can be found in the
supplemental materials and methods.

Plasmid construction

All plasmids used in this study are provided in Supplementary Table S1.
All plasmids were constructed using Gibson Assembly. Oligonucleo-
tide primers and gBlocks were purchased from Integrated DNA Tech-
nologies (IDT) and are provided in Supplementary Table S2. Gibson
assembly primers were designed as follows: annealing region was
designed to include 15-25 nucleotides (nt) of homology to the parent
plasmid. The Gibson overhang region was at least 16 nucleotides in
length. Primers were designed to minimize GC content, and the
homodimer AG energy was greater than -18 kcal/mol, as estimated by
the IDT OligoAnalyzer (https://www.idtdna.com/calc/analyzer). Plas-
mids were verified for sequencing by Sanger Sequencing (University of
Texas GSAF core) and Plasmidsaurus (https://www.plasmidsaurus.
com/). Plasmids derived from previous work was sequence confirmed
and analyzed by both Plasmidsaurus and Plannotate (McGuffie,M,.
and Barrick,).E. 2021 NAR http://plannotate.barricklab.org/)*. It is
important to note that the pMPI11 plasmid was a generous gift from the
lab of Professor Brian Pfleger at the University of Wisconsin-Madison
and was used for CRISPR-Cas9-based genome editing of E. coli fol-
lowing previously established protocols®*. Additionally, the pCG004
plasmid was a generous gift from Professor Aditya Kunjapur from the
University of Delaware and was a parent plasmid for cloning the Csr-
regulated Buffer Gate into a B. subtilis-compatible vector.

Strain construction

The MG1655 AcsrBAcsrCAcsrD E. coli strain was constructed following
the CRISPR-Cas9 protocol previously developed®**. To summarize,
the method uses a 2-plasmid system; the first plasmid (sgRNA-
csrD) contains a constitutively expressed sgRNA that targets the
genomic region of csrD, the second (pMP11) contains a con-
stitutively expressed S. pyogenes Cas9 protein, an L-arabinose-
inducible lambda-red recombinase system, an aTc-inducible
sgRNA that targets the first plasmid, and a temperature sensi-
tive origin of replication. The csrD gRNA sequence was selected
using the CRISPR gRNA Design webtool from Atum (atum.bio).
The knockout was made as follows: pMP11 was electroporated
(Supplemental Materials and Methods) into an MG1655
AcsrBAcsrC strain of E. coli from Sowa et al. 2017 and electro-
competent cells were prepared as follows: an overnight starter

culture was diluted 1:100 into 50 mL of LB + carbenicillin and
grown at 30 °C in the shaking incubator. After 1hour, 2.5mL of
20% L-arabinose was added to the culture, for a final concentra-
tion of 1% L-arabinose, to induce the lambda-red genes. Once the
cells reached an ODgoo of 0.5, they were put on ice, and spun
down at ~2000xg for 10 minutes at 4 °C and the supernatant was
discarded. The cells were washed with 45mL of 10% glycerol
solution and spun down again at the same conditions. The wash
steps were repeated with 25mL and 10 mL of the 10% glycerol
solution. The final pellet was resuspended in 500 pL of 10% gly-
cerol and aliquoted into 50 pL samples. An aliquot of competent
cells was mixed with 100 ng of purified pgRNA plasmid and 1 pL of
a 60 nt oligo that contains 30 nt upstream of the csrD gene and
30 nt downstream of csrD. Plasmid and oligo were electroporated
and cells were recovered in 900 pL of SOB (Supplemental Mate-
rials and Methods) for 3 hours at 30 °C and plated on LB Agar
plates with appropriate antibiotics. Single colonies were selected
the next day and analyzed via cPCR for successful gene knockout.
Successful knockouts were grown in an overnight starter culture
at 30 °C with aTc to cure the pgRNA-csrD plasmid. The following
day, the cells were grown on LB Agar + antibiotics plate and
screened for successful pgRNA curing. Once the pgRNA was
cured, single colonies were struck on LB Agar plates and grown
overnight at 42°C to cure out pMP11. Individual colonies were
screened for curing of pMP11 by streaking colonies on LB Agar
and LB Agar + Carbenicillin plates and grown at 30 °C overnight.

Single- and Multi-Input Gate Fluorescence Assays

The response of the Csr-regulated single- and multi-input gates was
tested in biological triplicate, and each gate was analyzed using cul-
tures grown in 250 mL flasks. To prepare samples, overnight cultures
single colonies of the E. coli strain containing the Csr-regulated Logic
Gate plasmid were inoculated into a 5 mL of LB plus the appropriate
antibiotic and grown overnight at 37 °C in a shaking incubator. The
next day, the overnight culture was diluted 1:100 in 30 mL of LB plus
the respective antibiotic. Samples were grown in a shaking incubator at
37 °C. After two hours of growth, which corresponded to an ODggo
between 0.18-0.35, samples were induced with IPTG, aTc, or
L-arabinose. For the single-input logic gate experiments, samples were
induced with 30 pL of 500 mM IPTG for a final concentration of
500 pM IPTG. For multi-input gate experiments, samples were induced
with 30 pL of 500 mM IPTG and 30 pL of 100 pg/mL aTc or 30 pL of
100 pg/mL aTc and 30 pL of 20% L-arabinose. After induction fluor-
escence and ODgoo Were tracked over time using a BioTek Cytation3
plate reader. At each timepoint, 50 pL of cell culture was diluted into
150 pL of 1x PBS, then fluorescence and ODgoo Were measured. 50 pL of
LB was used as a blank. To measure gfpmut3 fluorescence, excitation
and emission wavelengths of 488 nm and 515 nm with a gain of 80.
Mcherry fluorescence was measured using excitation and emission
wavelengths of 585 nm and 613 nm with a gain of 85. eypf fluorescence
was measured using an excitation and emission wavelengths of
500 nm and 530 nm with a gain of 70. OD¢oo Was measuring absor-
bance using a wavelength of 600 nm.

Calculating fluorescence expression (FI/ODgg0)

Fluorescence was calculated by dividing the normalized sample
fluorescence, calculated by subtracting the fluorescence of cultures
containing an empty plasmid from the raw fluorescence of the sample
cultures, by the normalized ODgoo (FI/OD) of each sample The full
equation to calculate FI/ODg¢qg is as follows:

Raw Sample Fluorescence (au.u) — Control Sample (a.u.)
Abs. (600nm)of Sample — Abs.(600nm)of media

Fl/OD=
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Calculating relative expression units (REU)

Relative Expression Units (REU) was implemented primarily when
comparing system activation between two different regulatory con-
structs, such as in Supplementary Figure S2 or when comparing rela-
tive expression for multiple proteins. REU is calculated by dividing the
Fluorescence normalized by ODgoq (FI/OD) measured from the sam-
ples grown in the testing strain (either MGI1655 or MGI1655
AcsrBAcsrCAcsrD) by that of the FI/OD of the samples grown in a csrA
knockdown strain (csrA::kan). As a note, csrA cannot be fully knocked
out from the genome, but inserting the kan cassette reduced CsrA
activity by 87%. The full Eq. (1) to calculate REU is as follows:

Fluorescence(a.u.)
ODyq (Abs at 600 nm)

Fluorescence(a.u.) : .. .
0Dy (Abs at 600 rmy ©f Sample in csrA:: kan strain

of sample in testing strain
REU =

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Sequences for plasmids used in this study are provided in the Sup-
plementary Information. Materials generated in this study are available
upon request. Source data are provided with this paper.
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