Biosensors and Bioelectronics 168 (2020) 112523

Contents lists available at ScienceDirect

Biosensors and Bioelectronics

o %

ELSEVIER

journal homepage: http://www.elsevier.com/locate/bios

Check for

A designed whole-cell biosensor for live diagnosis of gut inflammation e
through nitrate sensing

Seung-Gyun Woo “", Sung-Je Moon ", Seong Keun Kim “, Tae Hyun Kim *-”, Hyun Seung Lim*,
Gun-Hwi Yeon ™", Bong Hyun Sung ", Chul-Ho Lee ¢, Seung-Goo Lee ™",

b, ¢, *** a,b,*
Jung Hwan Hwang >~ , Dae-Hee Lee ™™
2 Synthetic Biology and Bioengineering Research Center, Korea Research Institute of Bioscience and Biotechnology (KRIBB), Daejeon, 34141, Republic of Korea

b Department of Biosystems and Bioengineering, KRIBB School of Biotechnology, University of Science and Technology (UST), Daejeon, 34113, Republic of Korea
¢ Laboratory Animal Resource Center, Korea Research Institute of Bioscience and Biotechnology (KRIBB), Daejeon, 34141, Republic of Korea

ARTICLE INFO ABSTRACT

Keywords:

Whole cell biosensor
Gut inflammation
Designer probiotic
Nitrate sensing
Thiosulfate sensing
Boolean AND gate

Microbes reprogrammed using advanced genetic circuits are envisaged as emerging living diagnostics for a wide
range of diseases and play key roles in regulating gut microbiota to treat disease-associated symptoms in a non-
invasive manner. Here, we developed a designer probiotic Escherichia coli that senses and responds to nitrate, a
biomarker of gut inflammation. To this end, we first employed the NarX-NarL two-component regulatory system
in E. coli to construct a nitrate-responsive genetic circuit. Next, we optimized the nitrate biosensor for the best
performance using measures of sensitivity and specificity. We then introduced this genetic circuit into a probiotic
E. coli Nissle 1917. We demonstrated that the designed biosensor can sense elevated nitrate levels during gut
inflammation in mice with native gut microbiota. Moreover, using Boolean AND gate, we generated a genetically
encoded biosensor for simultaneous sensing of the thiosulfate and nitrate biomarkers, thus increasing the tool’s
specificity for diagnosing gut inflammation. The nitrate-responsive genetic circuit will enable new approaches for
non-invasive diagnostics of inflammation-associated diseases.

1. Introduction

Synthetic biology has provided various genetic circuits that allow
microorganisms to sense input signals and respond to them via reprog-
ramming cellular functions (Xie and Fussenegger, 2018). Recent ad-
vances in the design-build-test-learn cycle of genetic circuits have
enabled the application of engineered bacteria for living diagnostics and
therapeutics (Riglar and Silver, 2018). In particular, probiotics have
been actively serving as a chassis and have been reprogrammed through
genetic circuits to sense disease biomarkers and to deliver therapeutics
efficiently with site specificity (Singh et al., 2017). Similar to commensal
bacteria in the gut, these designer probiotics can also sense, respond to,
and control the gut environment (Hwang and Chang, 2020; Pham et al.,

2017).

The mammalian gut is home to a diverse community of commensal,
symbiotic, and even pathogenic microbes (Mimee et al., 2016) and plays
active roles in human health, including metabolism (Fischbach and
Sonnenburg, 2011), immunity (Belkaid and Hand, 2014), and the
gut-brain axis (Sampson and Mazmanian, 2015). These interactions
between the human host and microbes make the microbiota an attrac-
tive avenue for designer probiotics that can expand their functional
repertoire through genetic circuits. Because the gut environment is
mostly inaccessible, programmed probiotics can be employed as
non-invasive diagnostics to sense molecules of interest in the gut or as
therapeutics (Riglar et al., 2017). In this context, probiotic or
commensal bacteria have been engineered to sense the biomarkers of
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gut inflammation (Archer et al., 2012; Courbet et al., 2015; Daeffler
et al., 2017; McKay et al., 2018; Riglar et al., 2017).

A typical response to gut inflammation is the generation of reactive
oxygen species (ROS) and reactive nitrogen species (RNS). ROS and RNS
play important roles in the anaerobic respiration of Enterobacteria in the
intestine. Thiosulfate (5203*) and tetrathionate (S4O%’) are generated
from sulfur metabolism by sulfate-reducing bacteria (SRB) in the gut
during inflammation. When infected by pathogenic bacteria, such as
Salmonella enterica serovar Typhimurium (S. typhimurium) or Yersinia
enterocolitica, the host produces ROS to convert thiosulfate to tetrathi-
onate, which can then be used by pathogenic microbes as a terminal
electron acceptor (TEA) (Kamdar et al., 2016; Winter et al., 2010).
Enterobacteria and SRB can utilize thiosulfate as a TEA in anaerobic
respiration. Recently, as biomarkers of intestinal inflammation, thio-
sulfate and tetrathionate have been detected by genetic circuits using a
bacterial two-component regulatory system (TCS) (Daeffler et al., 2017;
Riglar et al., 2017). TCS-based genetic circuits of Shewanella species
(Daeffler et al., 2017) and S. typhimurium (Riglar et al., 2017) were
introduced into the probiotic strain Escherichia coli Nissle 1917 (EcN)
and the commensal murine E. coli NGF-1, respectively. Their functions
have been validated using the dextran sodium sulfate (DSS) mouse
model via colonization in the inflamed gut.

RNS also provide Enterobacteria with TEA for anaerobic respiration
(Simmonds and Rampton, 1993). Gut inflammation induces the
expression of nitric oxide synthase (iNOS) at high levels and increases
the production of nitric oxide (NO) (Lundberg et al., 1994; Singer et al.,
1996; Stanek et al., 2008). Genetic circuits capable of detecting and
responding to NO have been generated previously using the NO reduc-
tion and detoxification regulator NorR that activates the transcription of
NO-detoxifying flavorubredoxin (Archer et al., 2012), as well as the
nitrate-sensitive repressor NsrR that regulates the expression of genes
responsible for cell protection against NO (McKay et al., 2018). How-
ever, these studies did not include in vivo detection using the mouse
model. Moreover, NO is a transient product of RNS and is easily con-
verted to nitrate (NO3-) (Dudhgaonkar et al., 2007; Saijo et al., 2010).
Nitric oxide radicals (NOe) can react with superoxide radicals (Oqe’) to
generate peroxynitrite (ONOO™), which can then yield nitrate (Szabo
et al., 2007). Nitrate is used for the anaerobic respiration of Enter-
obacteria as TEA. Thus, we hypothesized that nitrate can be a molecule
of interest for the development of a genetic circuit that detects and re-
sponds to gut inflammation. Indeed, nitrate levels have been shown to
increase in the cecal mucus layer of mice with DSS-induced colitis
(Winter et al., 2013).

Here, we present a designer probiotic E. coli to sense and report ni-
trate concentration in a mouse model of colitis. We developed a pro-
biotic strain of EcN that is programmed to sense and respond to nitrate
using a genetic circuit containing the nitrate-dependent TCS of E. coli.
We optimized the performance of the nitrate-responsive genetic circuit
in EcN and validated its performance in mice with colitis. The engi-
neered EcN detected nitrate derived from gut inflammation and reported
it as a fluorescence signal in colon and fecal samples, thus indicating that
our designer probiotic E. coli can be used as a non-invasive diagnostic of
gut inflammation.

2. Material and methods
2.1. Bacterial strains, plasmids, and culture conditions

The bacterial strains and plasmids used in this study are listed in
Table S1. KOD Plus Neo (Toyobo) or KOD One PCR Master Mix (Toyobo)
was used for PCR amplification. The plasmids were constructed using
the Gibson assembly methods (Gibson et al., 2009). E. coli DH5a and EcN
were used for plasmid propagation and the development of genetic
circuits, respectively. Oligonucleotides were obtained from Macrogen
(Seoul, Korea) and are listed in Table S2. Sanger sequencing (Macrogen)
was used to verify the sequences of constructed plasmids. Bacterial cells
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were grown in lysogeny broth (LB) supplemented with the appropriate
antibiotics at 37 °C. All reagents used in this study were of analytical
grade and were purchased from Sigma-Aldrich.

2.2. Construction of genetic circuit

The genes encoding NarX, NarL, and Py..g promoter were amplified
from the genomic DNA of E. coli K-12 MG1655. The superfolder green
fluorescent protein (sfgfp) gene, the Biobrick ribosome binding site (RBS,
BBa_B0034), and the Anderson promoter (BBa_J23114) were amplified
from the CL-GESS plasmid (Yeom et al., 2018). RBS (BBa_B0034) was
introduced between the narX and the BBa_J23114 promoter by
annealing oligonucleotides. For the simple and efficient replacement of
BBa_J23114 with various constitutive promoters regulating the expres-
sion of narX and narL genes, we designed the primers for amplifying
BBa_J23114 flanked with prefix and suffix sequences harboring Xbal
and NotlI restriction enzyme sites. To optimize the intracellular expres-
sion of narX and narL genes, BBa_J23114 was replaced with various
constitutive promoters from the Anderson promoter library (Kelly et al.,
2009). The plasmid backbone was prepared by digesting the
pSEVA131-J23114-NPG plasmid with Xbal and NotI-HF restriction en-
zymes. The PCR-amplified Anderson promoters constructed by anneal-
ing oligonucleotides and the digested pSEVA131-J23114-NPG plasmid
were assembled using the Gibson Assembly Master Mix (New England
Biolabs, Ipswich, MA). Single point mutation of the narX variants with
H399A, H513Q, and N509D were constructed through overlap PCR.

2.3. Generation of E. coli mutant strains

The A-Red recombination method (Datsenko and Wanner, 2000) was
used to knock out the endogenous genes (narX and narL) from EcN. EcN
cells containing the pKD46 plasmid were transformed using a linear PCR
product containing a kanamycin resistance cassette and the homology
arms amplified from the template plasmid pKD4 using NarD-F and
NarD-R primers. The resulting colonies were selected on LB agar plates
with 50 pg/mL kanamycin and then confirmed through colony PCR
using NarV-F and NarV-R primers. The kanamycin resistance gene was
removed from the EcN chromosome using the pCP20 plasmid that was
then cured by growing the cells at 42 °C. The narX-narL deletion mutant
was confirmed through Sanger sequencing of the PCR products.

2.4. Performance of genetic circuit under aerobic conditions

EcN cells harboring the genetic circuits were grown in 3 mL of LB
supplemented with 100 pg/mL ampicillin at 37 °C with shaking at 200
rpm overnight. Overnight cultures were diluted 1000-fold with fresh 3
mL of M9 glycerol medium, supplemented with 100 pg/mL ampicillin,
1x M9 salts, 0.4% v/v glycerol, 0.2% w/v casamino acids, 2 mM MgSOy,
and 100 pM CaCl,, and incubated at 37 °C for 3 h with shaking at 200
rpm. After 3 h, the cell suspensions were diluted to 1:100 with the M9
medium and loaded into a well of a black-walled 96-well polystyrene
microplate to a final volume of 198 pL/well. The loaded cultures were
then incubated with 2 pL of the appropriate inducers for 6 h at 37 °C
with shaking at 800 rpm. Measurements of optical density at 600 nm
(ODgp) and fluorescence using an excitation and emission wavelength
at 488 and 515 nm, respectively, were performed using a multi-label
microplate reader (PerkinElmer, Waltham, MA, USA). To measure the
fluorescence at a single-cell level, a FACS Calibur flow cytometer (BD
Bioscience, Franklin Lakes, NJ) was used. The resulting cultures were
sampled and diluted to 1:20 with 1 mL of filter-sterilized phosphate-
buffered saline (PBS). Each diluted sample was used to acquire
approximately 10,000 events at a low flow rate with a FL1 gain of 650.
The cell populations were gated based on the distributions of forward
scatter (FSC) and side scatter (SSC) obtained from wild-type (WT) EcN
cells. The WT EcN cells were used as the negative control (no fluores-
cence), and fluorescence data obtained from gated cells were analyzed
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using the Flow Jo program (Flow Jo, LLC).
2.5. Performance of genetic circuit under anaerobic conditions

M9 mucin broth was used with some modifications (Winter et al.,
2013; Zhu et al., 2018). The EcN cells with the nitrate-responsive genetic
circuit were grown in 3 mL of M9 glycerol broth supplemented with 100
pg/mL ampicillin with shaking at 200 rpm at 37 °C overnight. The
cultured cells were diluted to 1:100 in 15 mL serum bottle containing 3
mL of M9 mucin broth, supplemented with 100 pg/mL ampicillin, 1x M9
salts, 0.5% w/v mucin from porcine stomach Type II, 0.2% w/v casa-
mino acids, 2 mM MgSO4, and 100 pM CaCl; equilibrated in anaerobic
conditions. The diluted cells were incubated anaerobically with appro-
priate inducers at 37 °C for 6 h. After 6 h, 1 mL of the cells incubated
with the inducers were centrifuged at 13,000 rpm for 3 min at 4 °C and
washed with PBS containing 1 mg/mL chloramphenicol as a trans-
lational inhibitor. After re-suspension in PBS containing 1 mg/mL
chloramphenicol, the cells were incubated at 37 °C in a water bath for 1
h to allow the maturation of fluorophores and were used as a sample for
fluorescence analysis via flow cytometry. For fluorescence measure-
ments, 50 pL of cells were diluted to 1:20 with 1 mL of PBS containing 1
mg/mL chloramphenicol and were analyzed. For the ligand specificity
analysis of the nitrate biosensor, appropriate electron acceptors were
used as described previously (Daeffler et al., 2017) including sulfate,
sulfite, dimethyl sulfoxide (DMSO), nitrate, fumarate, trimethylamine
N-oxide (TMAO), tetrathionate, and thiosulfate.

2.6. Fluorescence microscopy analysis

The bacterial cultures were mounted on a glass microscope slide and
covered with a coverslip. The prepared samples were visualized using
the 630x objective on a Zeiss LSM 5 Live confocal laser microscope (Carl
Zeiss, Germany) equipped with a green fluorescence filter (excitation
wavelength at 488 nm).

2.7. Preparation of EcN strains for in vivo study

EcN cells carrying two plasmids, pSEVA131-J23113-NPG and
PAWP89-dTomato (Addgene # 61264) (Puri et al., 2015), were inocu-
lated in 5 mL of LB liquid medium, containing 100 pg/mL ampicillin and
25 pg/mL kanamyecin, in a 50-mL culture tube at 37 °C overnight with
shaking at 200 rpm. The cultured cells were diluted 100-fold in 200 mL
of fresh LB liquid medium containing 100 pg/mL ampicillin and 25
pg/mL kanamycin in two 1-L baffled flasks and grown at 37 °C with
shaking at 200 rpm until an ODggonm 0of ~0.5 was reached. Following
incubation, the cells were pooled and pelleted by centrifugation at 3000
rpm for 20 min at 4 °C, concentrated 25-fold in 15% w/v glycerol, and
stored at —80 °C for subsequent in vivo experiments.

2.8. Establishment of the DSS colitis model

Mice were housed at a regulated temperature (20-22 °C) on a 12:12
h light:dark schedule, with free access to food and water under specific
pathogen-free conditions. All experiments were approved by the Insti-
tutional Animal Care and Use Committee of the Korea Research Institute
of Bioscience and Biotechnology (KRIBB-AEC-19229). Male mice (9- to
10-weeks old) were randomly divided into six groups (n = 5 per group),
and acute colitis was induced through 2% w/v DSS administration (MW
= 36,000-50,000; MP Biomedicals) in drinking water (ad libitum) for 5
days. To collect the fecal samples from the groups of mice housed
separately, cages were replaced before the mice were orally gavaged
with engineered EcN cells. On the final day of DSS treatment, we orally
inoculated the mice with 1 x 10° CFU of EcN cells harboring the nitrate-
responsive genetic circuit prepared in filter-sterilized PBS via intra-
gastric gavage. After 6 h of oral inoculation of EcN cells, the EcN cells
were recovered from the fecal samples collected from each cage and
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from euthanized mice by flushing luminal contents from the excised
colons with PBS. Fecal samples and colon effluents were collected for
fluorescence-based analysis via flow cytometry.

2.9. Preparation of colon and fecal samples for flow cytometry analysis

The luminal contents extracted by scraping from the colon and fecal
samples were homogenized in 1 mL of sterilized PBS containing 1 mg/
mL chloramphenicol via vortex mixing for ~5 min in 2-mL microtubes.
The homogenized samples were filtered (5 pm; Millex-SV, Millipore
Corporation, Bedford, Mass) to exclude large particles and debris. The
remaining bacterial cells in the filter membrane were also flushed with
1 mL of PBS containing 1 mg/mL chloramphenicol. The filtered fluid
was incubated at 37 °C in a water bath for 1 h to allow the maturation of
fluorophores and was then used as a sample for fluorescence analysis.
For the quantification of GFP fluorescence, cell populations were gated
using thresholds set by dTomato fluorescence and the FSC/SSC profile of
WT EcN cells. Flow cytometry was used to measure GFP-positive cells as
described previously (Daeffler et al., 2017).

2.10. Histopathology

Mouse colon tissue was fixed in 10% neutral-buffered formalin,
embedded in paraffin, and cut to 5 pm-thick sections. The colon sections
were deparaffinized, rehydrated, and stained with hematoxylin and
eosin (H&E) according to a standard protocol. Blinded scoring of tissue
injury was performed using a light microscope. Colonic damage was
determined using a histopathological scoring system as previously
described (Hwang et al., 2019).

2.11. Measurements of nitrate concentration in colon samples

Colon tissues were homogenized in cold PBS (pH 7.4) and centri-
fuged at 10,000 rpm for 20 min. The supernatant was filtered using a 10
kDa molecular weight cut-off system (Merck, NJ, USA). Tissue nitrate
was measured using a Cayman’s nitrate/nitrite colorimetric assay kit
(Cayman chemical, MI, USA) according to the manufacturer’s protocol.
Nitrate concentration was normalized against tissue weight.

2.12. In vivo detection of EcN mutants

To determine the distribution of EcN mutants, colon tissues mice that
were treated with DSS for 3 days were embedded in a frozen section
compound (Leica Microsystems, Germany), cut to 8 pm-thick sections,
and dried at 25 °C for 2 h. The frozen colon sections were fixed in 4%
paraformaldehyde and stained with 4',6-diamidino-2-phenylindole
(DAPI). The sections were washed, mounted, and imaged using a laser-
scanning confocal microscope (Nikon, NY, USA).

2.13. Designing a genetic circuit with boolean AND logic gate

For the construction of a Boolean AND logic gate in one plasmid,
bioparts composing the AND logic gates were generated from
pSEVA131-J23114-NPG, pKD182 (Addgene #90952) (Daeffler et al.,
2017), and pKD184 (Addgene #90953) plasmids as the linear fragments
(Daeffler et al., 2017) and cloned through Gibson Assembly. Single point
mutation of the thsS variant with L547T was constructed using overlap
PCR for tuning the detection thresholds of the thiosulfate biosensor as
previously described (Landry et al., 2018). For the pSEVA131-AND
plasmid, the constitutively expressed narX and narL genes in the
reverse orientation were activated in the presence of nitrate. Phos-
phorylated NarL regulator protein controls the expression of thsS
(L547T) and thsR genes in the forward orientation by modulating the
transcription of the Py.qr promoter. The expressed thsS(L547T) and thsR
genes activate the expression of the sfgfp gene under the control of the
Pphsa promoter in the presence of thiosulfate.
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2.14. Characterization of the boolean AND logic gate

The EcN strain harboring the AND logic circuit was inoculated into
LB medium. After overnight growth at 37 °C with shaking, the bacterial
cultures were used to characterize the AND logic gates induced via
appropriate combinations of sodium nitrate and/or sodium thiosulfate
pentahydrate.

2.15. Transfer function modeling and parameter estimation

All transfer function data were fit to an activating Hill equation (eq.
(1)) using the SigmaPlot package,

(high — low) x x"

+ ¥ ¢9)
oy

y=Ilow+

where y is the normalized fluorescence (Fluorescence/ODggp) mea-
surement; low is the normalized fluorescence at the basal expression
level; high is the maximum normalized fluorescence due to induction; x
is the inducer concentration; K;,z is the Hill constant (that is, the con-
centration of inducer that provokes half-maximal normalized fluores-
cence); and n is the Hill coefficient.

2.16. Statistical analysis

Data are expressed as the mean + standard deviation (SD).
3. Results and discussion
3.1. Design and development of nitrate-responsive genetic circuits

Gut nitrate levels increase during inflammation due to iNOS
expression (Winter et al., 2013). The nitrate/nitrite redox couple shows
a higher redox potential than other redox couples (DMSO/DMS,
TMAO/TMA), which confers the preferred respiratory TEA to nitrate for
E. coli growth under anaerobic conditions (Fig. 1A) (Neidhardt and
Curtiss, 1996). Instead of using previously reported regulators, NorR
(Archer et al., 2012) and NsrR (McKay et al., 2018), which could detect
NO, we built nitrate-responsive genetic circuits using nitrate reductase
(Nar) TCS, NarX-NarL (NarXL), which is involved in the anaerobic
respiration of E. coli (Rabin and Stewart, 1992; Stewart, 2003).

We first constructed a single plasmid containing both the narXL
genes and a sfGFP fluorescent reporter, which is regulated by the NarL
responsive promoter, Pyear (Fig. 1B) (Lin et al., 2007). narXL genes are
expressed by a constitutive promoter in the direction opposite to the
transcription of sfgfp gene. We generated two kinds of genetic circuits
using two backbone plasmids with different copy numbers, i.e.,
pSEVA131-J23114-NPG (pBBR1 medium copy number origin) and
PSEVA141-J23114-NPG (ColE1 high copy number origin). To examine
the performance of the two nitrate-responsive genetic circuits, WT EcN
cells containing the individual genetic circuits were grown in M9 min-
imal medium supplemented with different nitrate concentrations (0-10
mM) (Fig. 1C). EcN cells harboring pSEVA131-J23114-NPG clearly
responded to nitrate induction and showed 4-fold fluorescence increase
relative to the uninduced control (Fig. 1C, lower panel), whereas WT
EcN cells transformed with pSEVA141-J23114-NPG showed no signifi-
cant difference among all nitrate concentrations (Fig. 1C, upper panel).
Therefore, we chose the medium copy nitrate-responsive genetic circuit
for subsequent experiments.

Next, we systematically tuned the expression of narXL genes to
improve the sensitivity of the nitrate-responsive genetic circuit using
well-characterized Anderson promoters (J23113, J23117, J23114,
J23105, J23106; shown in order of increasing activity). The perfor-
mance of individual genetic circuits was evaluated using transfer func-
tion parameters and the limit of detection (LoD) (Bergstrom et al.,
2010). As the strength of the Anderson promoter increased, both LoD
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and dynamic detection range (DDR) decreased (Fig. S1 and S2). WT EcN
cells containing the nitrate-responsive genetic circuit under the control
of the weakest promoter (J23113) sensed 9.8 pM nitrate, which was
8-times lower than the LoD of the nitrate-responsive genetic circuit with
the strongest promoter (J23106) (Fig. 1D, upper panel and S1). More-
over, the DDR of the J23113-nitrate-responsive genetic circuit was
4-times higher than that of the J23106-nitrate-responsive genetic
circuit.

We then removed the endogenous narXL operon from the WT EcN
chromosome to avoid the cross-regulation of NarXL expressed in the
genetic circuit plasmids introduced into WT EcN, which resulted in the
EcNAnarXL strain. The responses of EcNAnarXL, with nitrate-responsive
genetic circuit containing Anderson promoters of different strengths, to
various nitrate concentrations were determined (Fig. 1D, lower panel
and S2). Like WT EcN, the EcNAnarXL strain showed lower LoD and
higher DDR values as the strength of the promoter decreased. The best
nitrate sensor strain of EcNAnarXL (J23113 promoter) showed an LoD of
4.9 pM, which was 2-times lower than that of WT EcN containing the
same construct, and the EcNAnarXL strain exhibited 1.25-times higher
DDR than did WT EcN (Fig. 1D, lower panel).

Finally, we generated a null mutant of NarX to confirm whether the
fluorescence output of the nitrate-responsive genetic circuits is caused
by the detection of exogenously added nitrate. NarX sensory histidine
kinase is required for activation of the NarL response transcriptional
regulator to control anaerobic respiratory gene expression in E. coli
(Cavicchioli et al., 1995). We introduced three individual point muta-
tions into NarX, which resulted in three NarX variants, namely,
NarX-H399A, NarX-H513Q, and NarX-N509D. Three nitrate-responsive
genetic circuits with NarX variants lost their responses to nitrate con-
centrations ranging from 0-10 mM (Fig. 1E, upper panel and S3),indi-
cating that the nitrate-responsive genetic circuits constructed with WT
NarX responded to the presence of nitrate by triggering the transcription
of the sfgfp gene in a phosphorylation-dependent manner. To explore the
fluorescence induction pattern of EcNAnarXL (J23113 promoter), fluo-
rescence was determined using a flow cytometer in the presence of
various nitrate concentrations (0-10 mM) (Fig. 1E). At each nitrate
concentration, the majority of individual cells showed fluorescence,
indicating that the individual cell responses reflected the
population-averaged behavior measured by the fluorometer (Fig. 1E, left
panel). In addition, we confirmed the LoD (9.8 uM) value of EcNAnarXL
(J23113 promoter) (Fig. 1E, right lower panel).

To visualize the activation of the nitrate-responsive genetic circuits,
EcNAnarXL (J23113 promoter) cells induced by 156 pM nitrate were
observed using confocal fluorescence microscopy (Fig. 1F), the results of
which were consistent with our flow cytometry analysis. As expected,
NarX-H399A null mutant showed no response to the presence of nitrate
in both flow cytometry analysis (Fig. 1E, upper panel) and confocal
fluorescence microscopy (Fig. 1F, left panel).

3.2. Sensitivity and specificity of nitrate-responsive genetic circuits

The conditions of the intestinal environment where the nitrate-
responsive genetic circuit will be implemented are very different from
the experimental conditions where they were validated. Thus, we
mimicked the intestinal environments through the addition of mucin
into the culture medium and the culture of EcNAnarXL cells under
anaerobic conditions. EcNAnarXL strain with NarX-H399A and glycerol
were used as controls for strain and medium, respectively. In the glyc-
erol medium, EcNAnarXL cells with NarXL grown in the presence of
nitrate showed 12-fold higher fluorescence than that obtained in the
absence of nitrate (Fig. 2A). In the mucin medium, 6.5-fold higher
fluorescence was observed in the presence of nitrate. EcN with NarX-
H399A showed no fluorescence activity regardless of the kind of me-
dium and nitrate concentration (Fig. 2A). These results show that the
nitrate-responsive genetic circuits work effectively under intestine-like
anaerobic conditions.
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through the yeaR promoter. (C) Comparison of dose-response curves generated from the nitrate-responsive genetic circuit under the control of the indicated origin of
replication (ColE1 high copy number or pBBR1 medium copy number) analyzed using a microplate reader (n = 3 biological repeats; error bars represent standard
deviation, SD). (D) Characterization of a set of constitutive promoters having different transcriptional strengths to express narXL genes in WT EcN and EcNAnarXL
(that is, narXL genes were knocked out in the chromosome) in response to nitrate concentrations (n = 3 biological repeats, error bars represent SD). (E) Reporter
sfGFP signal measured using flow cytometry. The responsiveness of NarXpsgoal and NarXL was analyzed. Fluorescence histograms depict the homogeneous
expression of the reporter sfgfp gene under all nitrate concentrations for NarXL. For each measurement, 10,000 events were collected with a FL1 gain of 650. WT EcN
cells do not contain fluorescent plasmid and were used as the control. Representative mean and SD values of fluorescence were quantified using flow cytometry under
increasing nitrate concentrations as indicated on the right panel of each histogram (n = 3 biological repeats; error bars represent SD). (F) Microscopic visualization of
the EcNAnarXL cells with NarXp3g9aL or NarXL in the absence (Nitrate -) and presence of nitrate (Nitrate +, 156 pM) using differential interference contrast (DIC) and
confocal fluorescence microscopy.
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To monitor the anaerobic response of the genetic circuit to nitrate at
the single-cell level, we performed flow cytometry analysis using
different nitrate concentrations (0-2.5 mM). The EcNAnarXL cells with
NarXL were grown in the medium supplemented with mucin and various
amounts of nitrate under anaerobic condition. As expected, the
EcNAnarXL strain with NarXL responded in a dose-dependent manner to
nitrate (Fig. 2B, lower panel). In addition, the LoD of the nitrate-
responsive genetic circuit was 39 pM nitrate. These results were
corroborated using confocal fluorescence microscopy (Fig. 2D, lower
panel). The EcNAnarXL strain with NarX-H399A showed no fluorescence
activity in both flow cytometry (Fig. 2B, upper panel) and confocal
microscopy (Fig. 2D, upper panel).

We then examined the specificity of the nitrate-responsive genetic
circuit against a wide range of TEAs, which are also generated from an
inflamed mammalian intestine (Simmonds and Rampton, 1993). Eight
alternative TEAs were tested, including sulfate, sulfite, dimethyl sulf-
oxide (DMSO), nitrate, fumarate, trimethylamine N-oxide (TMAO),
tetrathionate, and thiosulfate, at a concentration of 10 mM, which is
well above that expected in the gut. Among them, nitrate is known as a
TEA for the commensal bacterium E. coli, increasing E. coli’s growth
compared with other competing microbes (Winter et al., 2013). The
nitrate-responsive genetic circuit showed the highest fluorescence in-
tensity in the presence of nitrate (Fig. 2C). Other TEAs showed similar
fluorescence activity as the negative control, which indicates that the
nitrate-responsive genetic circuit did not sense any of these ligands.

anaerobic conditions using DIC and confocal
fluorescence microscopy.

3.3. Nitrate-responsive genetic circuit in DSS-induced colitis mouse model

DSS, a colitogenic compound, is used to induce the widely used co-
litis mouse model as it exhibits anticoagulant effects on the intestinal
epithelial cells of mice (Fichele and Kharbanda, 2017). In this study, gut
inflammation in mice was induced similarly, and its progress was
monitored by determining changes in the body weight, levels of
pro-inflammatory cytokine in the plasma, pathology, and histologic
scoring, which were compared with those in healthy mice (at Day 0) for
5 days (Fig. 3A). Body weight was reduced (Fig. 3B), and IL-6 levels in
the plasma were strongly increased (Fig. 3C) four days after DSS
administration. DSS administration further induced
inflammation-associated changes in the colon mucus layer (Fig. 3D and
E). Overall, we confirmed that gut inflammation was gradually wors-
ened by DSS treatment in C57BL/6 mice.

Nitrate levels reportedly increased during an inflammatory response
in the gut of DSS colitis Wistar rats (Saijo et al., 2010). A memory genetic
circuit that detects tetrathionate, another biomarker for inflammation,
responded in 129X1/SvJ mice, but not in BALB/c or C57BL/6 mice
(Riglar et al., 2017). We therefore determined the nitrate concentrations
during gut inflammation, because we employed a different rodent
model, C57BL/6, in this study. Nitrate concentrations increased gradu-
ally over time after DSS treatment, reaching a maximum of 723.38 +
107.8 uM per g of tissue on day 4, but slightly decreased to 610.29 + 83
PM per g of tissue on day 5 (Fig. 3F). The nitrate concentrations
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Fig. 3. Influence of DSS treatment on intestinal inflammation, nitrate concentrations, and normalized GFP levels. (A) Schematic representation of the experimental
design for the colitis mouse model used in this study. Male C57BL/6 mice (9- to 10-weeks old) were given water with or without 2% w/v DSS and divided into groups
according to length of DSS treatment. Disease assessment was conducted on the last day of DSS treatment (n = 5 per group). (B) Mouse body weight during the
progression of intestinal inflammation (n = 5 per group). (C) IL-6 levels in plasma samples (n = 5 per group). (D) Representative pictures of hematoxylin and eosin
(H&E)-stained colonic sections. Scale bar, 50 pm. (E) Histological score for the colon (n = 5 per group). Unless otherwise indicated, data are shown as the geometric
mean and SD. (F) Nitrate concentration in mouse colon tissues according to length of DDS treatment (Day 0-5). Dots indicate individual mice, whereas bars indicate
normalized mean nitrate concentration. (G) Normalized GFP levels in the colon samples of mice gavaged with engineered EcN strain. Mice were divided into groups
according to the length of DSS treatment (n = 5 per group). They were gavaged with 10° of EcN cells harboring the nitrate-responsive genetic circuit, and colon
samples were collected, processed, and analyzed 6 h after bacterial administration. Dots indicate individual mice, whereas bars indicate normalized mean fluo-
rescence. (H) Fluorescence microscopic visualization of colon sections of mice administered EcN strains with NarXL or NarXy3goaL. Arrows indicate administered EcN
strains constitutively expressing dTomato and the sfGFP reporter protein induced by nitrate concentrations in the inflamed large intestine. Abbreviations: M, mucosa;

L, lumen.
<
<

measured were sufficient to be sensed or responded to by the genetic
circuit under both aerobic and anaerobic conditions (Figs. 1 and 2).
Given this, we probed the ability of the nitrate-responsive genetic
circuits to sense and respond to nitrate generated from DSS colitis
C57BL/6 mouse model (Fig. 3G). To this end, we measured the fluo-
rescence intensity and observed fluorescence-activated EcN cells under
fluorescence microscopy. To distinguish our engineered EcN cells from
the native gut microbiota and particles, we used a dTomato expression
plasmid (pAWP89-dTomato) constitutively expressing dTomato. Three
days after DSS treatment, the fluorescence activity of the engineered
EcN cells increased compared with that of the control (Day 0) (Fig. 3G
and S5). Furthermore, we directly determined the fluorescence activity
of the colonized EcN cells in the mucus layer and found that they
exhibited the red fluorescence activity of dTomato and the green fluo-
rescence activity of sfGFP (Fig. 3H). The fluorescence output profiles of
the intestinal contents of DSS-induced colitis mice correlated well with
the pattern of increased nitrate levels determined from inflamed colons
(Fig. 3F and G). This confirms that the nitrate-responsive genetic circuits
are activated by a host-derived nitrate in the inflamed large intestine of
the C57BL/6 mouse model. In addition, the elevated levels of nitrate
during inflammatory response can be a biomarker for colitis. To our
knowledge, this is the first study to generate an EcN strain harboring a
nitrate-responsive genetic circuit as a biosensor for intestinal inflam-
mation in a DSS colitis mouse model. Moreover, we monitored the ni-
trate concentrations by more detained time-resolved assays and used
flow cytometry to analyze complex colon and fecal samples to determine
the sfGFP fluorescence of the EcN cells. Flow cytometry analysis allows
measurement of EcN populations at a single-cell level, which provides

o
Nitrate ATP

more information on the physiologically relevant response of the nitrate-
responsive genetic circuit in the gut environment.

3.4. Genetic circuit detects both nitrate and thiosulfate using boolean
AND logic gate

Multiple biomarkers improve the performance and robustness of
synthetic genetic circuits in clinical samples (Courbet et al., 2015; Gil-
johann and Mirkin, 2009). Thiosulfate has been detected by a genetic
circuit as a biomarker of gut inflammation (Daeffler et al., 2017). To
improve the specificity and reduce false positives for diagnosis, we
designed and engineered the genetic circuits to express the reporter gene
only when both biomarkers for RNS and ROS are present (Fig. 4A). We
constructed the orthogonal Boolean AND logic gate using the
nitrate-responsive genetic circuit we developed and the thiosulfate ge-
netic circuit previously developed with TCS composed of the ThsS-ThsR
of the marine bacterium Shewanella halifaxensis (Landry et al., 2018). To
construct and optimize the Boolean AND logic gate, we first designed a
thiosulfate biosensor in one-plasmid with a pBBR1 origin of replication
and optimized its transcriptional strength for the expression of the ThsS
(L547T)-ThsR (Fig. S4). Then, we confirmed the functionality of the
two-input AND logic gates that responded when both nitrate and thio-
sulfate are present. We analyzed their performance using the normalized
fluorescence output (Fig. 4B). The AND logic gate was repressed in
response to null-input conditions, and no significant difference was
observed between conditions with the absence of both biomarkers and
with the presence of only one biomarker (nitrate or thiosulfate). As
expected, the logic AND gate operated correctly in response to different

B Boolean AND gate

. Nitrate:
Signals Fluorescence
Thiosulfate

Sensors

50

Nitrate [uM]

Fluorescence/ODy, [a.u., x 1,000]

0 625 125 250 500 1,000
Thiosulfate [uM]

Fig. 4. Development and characterization of the Boolean AND logic gate. (A) Schematic of AND logic gate that uses nitrate and thiosulfate genetic circuits. In the
presence of nitrate, constitutively expressed NarXL proteins are phosphorylated and activates the expression of ThsS(L547T)R proteins through the yeaR promoter.
When thiosulfate is present, expressed ThsS(L547T)R proteins are phosphorylated and activate the expression of the sfGFP reporter protein via the phsA promoter. (B)
Performance of AND logic gate at various combinations of nitrate and thiosulfate. X-axis and Y-axis indicate the concentrations of thiosulfate and nitrate, respec-
tively. Color bar (lower right) indicates fluorescence/ODggo [a.u., x 1000]. Heatmap indicates responsiveness of each AND logic gate at different combinations of
nitrate and thiosulfate. Heatmap values represent the mean of two biological replicates.
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combinations of nitrate and thiosulfate as the inputs with high
fold-change between ON and OFF states. An ON/OFF ratio of 17-fold
was observed in the normalized fluorescence output between the
null-input conditions and the highest input concentrations (Fig. 4B).

In this study, inflammation mouse model through DSS administra-
tion was used to increase the thiosulfate level by H,S detoxification.
However, thiosulfate can be produced from DSS through sulfur meta-
bolism by gut microbiota. The nitrate-responsive genetic circuit we
presented here is free from thiosulfate cross-regulation and functions in
both aerobic and anaerobic conditions. These advantages resulted in the
specificity of the Boolean AND logic gate, i.e., responding only when
both nitrate and thiosulfate were present. This reduces false positive
results during diagnosis. On the off-chance that dietary nitrate elevates
the nitrate level in the large intestine, the nitrate-responsive biosensor
may yield high false positives in identifying the inflammation. However,
this can be overcome by the biosensor sensing both nitrate and thio-
sulfate simultaneously because it responds only when both nitrate and
thiosulfate are present in the colon.

4. Conclusions

Our study demonstrated that a probiotic microbe can be engineered
to sense and respond non-invasively to a biomarker of gut inflammation.
The nitrate-responsive biosensor was generated using the bacterial two-
component system, and its performance was optimized in vitro. The
probiotic microbe equipped with the nitrate-responsive biosensor can
sense elevated nitrate levels during gut inflammation in mice. Using the
Boolean AND gate, we created a genetically encoded biosensor for
simultaneous sensing of both inflammation biomarkers, nitrate and
thiosulfate, thus increasing the tool’s specificity for diagnosing gut
inflammation. The nitrate-responsive biosensors will enable new ap-
proaches for non-invasive diagnostics of inflammation-associated dis-
eases. Besides its diagnostic purpose, the nitrate biosensor could also be
used for therapeutics by replacing the reporter sfgfp gene with an anti-
inflammatory gene, thus resulting in the development of anti-
inflammatory devices based on the engineered probiotics. Further-
more, the two-input AND logic gate has numerous potentials as a non-
invasive diagnostic tool, as it specifically detects the two biomarkers
relevant to intestinal inflammation. By combining diverse synthetic
Boolean logic gates with nitrate and thiosulfate biosensors, the appli-
cability of our developed genetic circuit can be increased. However,
further studies should be conducted to improve the performance of the
AND logic gate and to characterize various experimental conditions.
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