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1 | INTRODUCTION

1,2,3

Abstract

Sulforaphane (SFN), a defense secondary metabolite, can be used to predict
the health status of plants and also has pharmacological effects, including anti-
cancer, antioxidant, and anti-inflammatory properties. The detection of SFN is
therefore of great significance for the prevention and treatment of diseases. In
this study, a “turn off” whole-cell biosensor that can rapidly and robustly respond
to the presence of SFN was constructed based on the orthogonal genetic compo-
nents (hrpR, hrpS, and Py, ) of Pseudomonas syringae (PS). The final optimized
biosensor, p114(30R-30S), was able to inhibit 91.7% of the fluorescence inten-
sity in the presence of 100-uM SFN. Subsequently, a HrpRS-regulated OFF-ON
genetic switch was designed by reconstituting a reverse o’° promoter on the >*-
Pypr promoter sequence; this was coupled with dual-color reporter genes to
construct a “turn off-on” whole-cell SFN biosensor. The Py, p variant increased
the expression of green fluorescence a factor of 11.9 and reduced the expression
of red fluorescence by 85.8% compared with the system in the absence of SFN.
Thus, a robust switching of signal output from “turn off” to “turn on” was real-
ized. In addition, the biosensor showed good linearity in the SFN concentration
ranges of 0.1-10 uM (R? = 0.99429) and 10-100 uM (R? = 0.99465) and a detection
limit of ~0.1 uM.

KEYWORDS
dual-color sensor, genetic switch, promoter modification, sulforaphane detection, whole-cell
biosensor

HrpR and HrpS (HrpRS); this triggers the Type III secre-
tion system (TTSS) to inject toxic effector proteins into

Gram-negative bacilli activate o>*-dependent transcription
at the Py,,; promoter via the enhancer-binding proteins

Abbreviations: LB, Luria—Bertani; PS, Pseudomonas syringae; RBS,
ribosome binding site; SFN, sulforaphane; TTSS, Type III secretion
system.

© 2022 International Union of Biochemistry and Molecular Biology, Inc.

the cells of the host plant in order to exert a virulent
effect or induce a hypersensitive response in nonhost
plants.'** The hrp gene cluster (hrpR, hrpS, hrpV, hrpG,
and hrpL) sequentially activate the expression of the com-
ponents of the TTSS in a programmed manner. Based on
the properties of the hrp gene cluster, synthetic biologists
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construct amplifiers, logic gates, and gene regulatory cas-
cades that control and reprogram the signal processing
pathways in cells in order to realize advanced intracellular
and extracellular control functions.”® However, until now,
the ligands that directly regulate the orthogonal compo-
nents (i.e., hrpRS, hrpV, and Py,,,; ) and the sensing genetic
circuits associated with these components have not been
identified.

Studies have shown that sulforaphane (SFN) can cova-
lently modify cysteine at position 209 of HrpS to inhibit
the activity of HrpS.” SFN is a defense secondary metabo-
lite with high chemical reactivity and biological activity;
it is produced by the hydrolysis of glucosinolates by
myrosinases under the loss of cellular integrity or other
environmental stimuli.'*!" This process allows plants to
grow healthily despite exposure to natural environments
that are overloaded with microorganisms; it is thus consid-
ered to be a primary cause of insect resistance in plants.'>!
SEN is not only associated with insect resistance in plants,
but also is linked with anticancer,'*!> antioxidant,'®!” anti-
inflammatory,'®!° and antibacterial’>?' properties; it is
also known to improve resistance to neurodegenerative
diseases in mammals.””> As a breakdown product of glu-
cosinolates, tissues contain basal levels of SFN in the
absence of cell damage, but SFN concentrations dramat-
ically increase on the occurrence of tissue damage or
cell death.'*** The change in SFN concentrations thus,
indicates the health status of plant cells. Currently, SFN
concentrations are determined primarily using analytical
techniques that involve complex sample processing proce-
dures, which can lead to inaccurate results.?*2° Therefore,
it is urgent to construct sensing genetic circuits that can
respond to SFN with high ease of use, low cost, and high
sensitivity, based on the characteristics of hrpRS and Py,

Whole-cell biosensors have been rapidly developed in
the fields of environment detection, health monitoring,
and biosynthesis because they are robust, ecofriendly,
and cost effective; these whole-cell biosensors permit the
detection of SFN.?"?® “Turn off” whole-cell biosensors
frequently lack sensitivity and have problems related to
difficult visualization due to their working mechanism.
In order overcome these issues, synthetic biologists have
implemented a series of OFF-ON genetic switches, which
are based on native switches that switch the output “turn
off” to “turn on,” so as to reprogram the cell behavior.?*-*
The most characteristic switch is the toggle switch, which
consists of any two repressible promoters arranged in a
mutually inhibitory network.?'~* Since this requires addi-
tional regulatory systems and ligand induction, it is not
feasible to utilize such bistable logic switches for the pre-
cise monitoring of small molecules.’® Another type of
genetic switch is based on site-specific recombinases that
can cut and rejoin DNA at specific recombination sites;

this results in repeated switching between two steady
states.’’*° Due to the heritability and accumulative effect
of recombinases on the recombination switching of pro-
moter DNA, recombinase-based logic switches tend to
result in a higher background.*’ It is therefore necessary
to develop a logic switch directly regulated by transcription
factors.

An HrpRS-regulated toggle switch was designed based
on the reconstitution of a reverse ¢’ promoter on the
054-Ph,,pL promoter sequence. This was coupled with a
dual-color reporter system to construct “turn off-on”
biosensors. When the SFN is absent, the HrpRS occupies
the space on the —12 and —24 sites of the o>* pro-
moter, which results in the excitation of red fluorescence
(mRFP1). When the SFN is present, the SFN binds to
the HrpS protein to detach HrpRS complex from the —12
and —24 sites of the o>* promoter, exposing the —10 and
—35 sites of the ¢’° promoter, which can be identified
by high-affinity RNA polymerase, resulting in the exci-
tation of green fluorescence (GFP) and the inhibition of
the red fluorescence. The switching of the toggle switch is
thus achieved by controlling the presence (or absence) of
HrpRS. The genetic switch we designed can be modularly
applied to other sensing circuits or dynamic regulatory net-
works in order to promote the development of synthetic
biology.

To this end, in this work we developed an SFN-
responsive “turn off-on” whole-cell biosensor. First, we
constructed a “turn off” SFN biosensor based on the
HrpRS/Pp,,,;, regulatory system. With the addition of the
inducer SFN, the activity of the red fluorescence was
inhibited. The p114(30R-30S) variant was found to have a
fluorescence inhibition efficiency of 91.7% upon addition of
100-uM SFN. Next, we induced a series of mutations in the
054-PhrpL promoter sequence to design an OFF-ON genetic
switch. Consequently, we obtained an SFN-inducible “turn
off-on” whole-cell biosensor variant Py, with a 11.9-
fold increase in the induction ratio of green fluorescence
when 100-uM SFN was added. The limit of detection of
the Py,,rp variants was 0.1 uM. This represents the first
reported whole-cell biosensor that can be used to detect
SFN.

2 | MATERIALS AND METHODS

2.1 | Bacterial strains, growth conditions,
and reagents

Plasmid cloning and biosensor characterization were per-
formed in the Escherichia coli DH5a and E. coli TOP10
strains. Bacteria were cultured in a Luria—Bertani (LB)
(tryptone 10 g/L, yeast extract 5 g/L, NaCl 10 g/L) medium
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under aerobic conditions; the solid medium was supple-
mented with 15 g/L agar on the basis of the LB broth. Dur-
ing cloning and incubation, kana antibiotics (50 ug/mL)
and ampicillin (100 ug/mL) were used as selectable mark-
ers. Pick a single colony from freshly streaked plates and
inoculate them into 15 ml universal tubes containing 5 mL
of fresh LB broth and inoculate overnight in a shaker
(200 rpm) at 37°C. SFN and the other chemicals used
(3-butenyl, 4-pentenyl, methyl isothiocyanate; isopropyl
isothiocyanate, phenethyl isothiocyanate, benzyl isothio-
cyanate, 4-pentenenitrile, 3-phenylpropionitrile, goitrin,
and indole-3-carbinol) were of analytical grade and were
obtained from Sigma-Aldrich.

2.2 | Construction of the sensing and
reporting modules for the SFN-responsive
biosensors

The plasmids and primers used in this study are described
in detail in the Supplementary Information (see Tables
S1 and S2). The detailed sequences of genetic parts are
presented in Table S3. The plasmids used for the SFN
sensing module were all constructed using pSB4A3 as
the backbone, whereas the construction of the reporting
module was based on pSB3K3. Molecular cloning exper-
iments such as polymerase chain reaction (PCR), DNA
purification, homologous recombination, transformation,
colony PCR, and plasmid extraction were performed. The
target gene hrpR (containing the ribosome binding site
[RBS] B0O030(RBS30)), hrpS (containing the RBS30 and
the terminator B0O015), and the promoter Py, sequences
are all biosynthesized by Goldwisdom.com. The construc-
tion of the sensing module was undertaken using the
following procedure. Vector pSB4A3 was linearized using
the primer pair Sfix-F and Pfix-R. The genes hrpR (con-
taining the RBS30) and hrpS (containing the RBS30 and
B0015) were amplified from the synthetic plasmid carry-
ing the hrpRS gene using the primer pairs R30-hrpR-F
and hrpR-R30-R and R30-hrpS-F and hrpS-R, respec-
tively. Using the amplified hrpR fragment as a template
and J109-FF and hrpR-R30-R as a primer pair, a second
amplification was then performed to obtain a J109-RBS30-
hrpR fragment containing a constitutive promoter. A third
amplification was subsequently performed using J109-
RBS30-hrpR as a template and J109-SF and hrpR-R30-R
as a primer pair in order to obtain the TYB-J109-RBS30-
hrpR fragment containing a homologous arm. Via overlap
extension PCR (OE-PCR), the TYB-J109-RBS30-hrpR and
hrpS fragments were overlapped and spliced to obtain
TJ109-R30-hrpRS, which was then homologously recom-
bined with the linearized pSB4A3 vector to generate a
pRL109(30R-30S) plasmid. The construction of other sens-

ing modules followed a similar procedure to that reported
above.

For the reporting module, the fragments of hrpL and
mrfpl (containing the RBS30 and B0015) were amplified
from the synthetic plasmid carrying the promoter hrpL
gene and the existing plasmid carrying mrfpl using the
primer pairs hrpL-F and hrpL-R and R30 mRFP1-F and
mRFPI1B15-R, respectively. Linearization of the backbone
pSB3K3 was performed using the primer pair Sfix-F and
Pfix-R. The mrfpl gene was fused downstream of the
inducible promoter Py, via fusion PCR, and it was then
homologously recombined with the linearized pSB3K3
vector to generate a pRLhrpL-mRFP1 plasmid.

2.3 | Modification of sensing modules for
response to SFN

To modulate the intracellular receptor density, a response
to SFN was engineered in the biosensor. The pathway used
is PCR, replacing the constitutive promoter and RBS that
directly activate HrpRS expression. The specific method
used here was as follows: first, using the primer pairs
RC-hrpR-F and hrpR-RC-R, RC-hrpS-F, and hrpS-R were
used to amplify the RC-hrpR (containing the RBS) and
RC-hrpS (containing the RBS and BO0015), respectively,
from the synthetic plasmid carrying the hrpRS gene. Then,
using the RC-hrpR fragment as a template and JC-FF
and hrpR-RC-R as a primer pair, a second amplification
was performed to obtain a JC-RC-hrpR fragment con-
taining the corresponding constitutive promoter and RBS.
Finally, a third amplification was performed using JC-RC-
hrpR as a template and JC-SF and hrpR-RC-R as a primer
pair to obtain the TYB-JC-RBS-hrpR fragment containing
the homologous arm. By OE-PCR, the TYB-JC-RBS-hrpR
and RC-hrpS fragments were overlapped and spliced to
obtain TJc-RC-hrpR-RC-hrpS, which was then homolo-
gously recombined with the linearized pSB4A3 vector to
generate the pRLC(CR-CS) plasmid. The construction of
other engineered biosensors followed a similar procedure
to that described above.

2.4 | Construction of logical toggle
biological switches

The gfp gene (containing the RBS30 and B0015) was ampli-
fied from the existing plasmid that carries the gfp gene
using the primer pair R30GFP-F and GFPB15-R. Following
a PCR product purification, it was homologously recom-
bined with linearized pRLhrpL-mRFP1 (obtained using
the pFix-F and sFix-R primer pair) to generate 30GFP-
PhrpLWT-30 mRFP1, referred to here as PhrpLWT. The
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mRFP1 gene is under the control of the Py,,; promoter,
and the —10 and —35 sites of the ¢’ promoter are formed
via site-directed mutation of the promoter; this is in the
opposite direction to that controlling the mRFP1 gene
expression. Linearized 30GFP-t-PhrpLWT-30 mRFP1 (con-
taining the mutation sites) was amplified using PhrpLWT
as a template and PhrpLA-F and PhrpLA-R as a primer
pair. Subsequently, the digestive enzyme Dpn I was added
in a 37°C water bath for 30 min and the transformation
was carried out. All variants were generated via similar
methods and all biosensors took the same name as their
respective promoters.

2.5 | Fluorescence measurements and
data analysis

Single colonies of the E. coli TOPIO strain containing the
validated double plasmid were incubated overnight at 37°C
in 2 mL of LB supplemented with 50 ug/mL of kanamycin
and 100 ug/mL of ampicillin in 24-well deep-well plates
(Canvic, China). The absorbance at 600 nm, ODyg, was
then measured using a microplate reader (BioTek Instru-
ments, Winooski, VT, USA), and the overnight cultures
were subsequently diluted to ODgyy ~ 0.02 in the LB
medium supplemented with 50 ug/mL of kanamycin and
100 ug/mL of ampicillin. One hundred ninety-eight micro-
liters of the diluted overnight culture was transferred to
black 96-well plates (Fluotrac 200; Greiner, Germany). Two
microliters of SFN of different concentrations (all samples
in triplicate) was added to the above dilution culture. The
plates were incubated in the microplate thermostat shaker
(MBI100-4A, China) at 37°C and 1000 rpm for 6 h. The
ODgqo and fluorescence (excitation at 584 nm and emis-
sion at 620 nm or excitation at 485 nm and emission at
520 nm, sensitivity = 100%) were read using the microplate
reader. The signal output of the different biosensors for
a range of SFN concentrations was evaluated considering
Fluo/ODyg, (Fluorescence/ODg).

The time-dependent specificity response experiments
of the biosensors and the fluorescence changes of the
switches were also performed on black 96-well plates. To
measure the changes in the fluorescence of the cell cul-
tures, 2 mL of the culture samples was collected after
6 h of incubation with the addition of the inducer. Cells
were harvested via centrifugation at 12,000xg for 1 min,
washed 3 times with 1 mL of phosphate-buffered saline
solution (pH 7.4) and finally cell pellets were harvested via
centrifugation at 12,000xg for 1 min.

The background fluorescence was determined using
blank wells that contained only the LB medium; this read-
ing was subtracted from the readings obtained from the

other wells. The fluorescence inhibition efficiency of the
SFN-responsive biosensor was calculated according to:

RFU (SFN) — RFU (control)

X 100%
RFU (control)

Fluorescence inhibition efficiency =

where RFU (SFN) and RFU (control) denote the average
reading of Fluo/ODgq, from the triplicates in wells con-
taining the bacteria biosensor in the presence or absence of
SFN, respectively. The fold-change in relative fluorescence
was calculated according to:

Fluo/ODgyq (+ inducer)
Fluo/ODg (— inducer)

fold-change in relative fluorescence =

where Fluo/ODgyy ( + inducer) and Fluo/ODgyy ( —
inducer) represent the fluorescence in the presence and
absence of the inducer, respectively, after the specified
incubation period.

2.6 | Real sample analysis

Fresh broccoli (Cruciferous, Brassica) was purchased from
a local market and chopped with a knife. 2.0 g (accu-
rate to 0.0001 g) of chopped broccoli was weighed into a
50 mL centrifuge tube and 10.0 mL of pH = 3.0 hydrochlo-
ric acid aqueous solution was added and mixed well,
and then it was placed in a 35°C water bath for 30 min.
After cooling to room temperature, 20 mL of ethyl acetate
was added and vortexed for 1 min, then centrifuged at
5000xg for 5 min at 4°C. The organic layer was concen-
trated to dryness in a rotary evaporator at 45°C. Dissolved
with 1 ml of dimethy sulfoxide and filtered through a
0.45 um membrane filter, then diluted 25-fold for high
performance liquid chromatography (Waters, USA) anal-
ysis. Chromatographic conditions: Column: C;g column
(5 um, 250 mm X 4.6 mm; Waters); Column temperature:
35°C; mobile phase: acetonitrile/water (20/80, v/v); flow
rate: 0.8 ml/min; detection wavelength: 245 nm; injection
volume: 2 uL.

Samples were diluted to the appropriate concentration
with dimethyl sulfoxide. Various concentrations (0, 5, 10,
20, 40, and 80 uM, all samples in triplicate) of SFN were
added to the samples. The bacteria were grown overnight
in LB medium supplemented with 50 ug/mL of kanamycin
and 100 ug/mL of ampicillin, and the overnight cul-
tures were then diluted with LB medium (50 ug/mL of
kanamycin and 100 ug/mL of ampicillin) to ODggo ~ 0.02.
The inducers were added to 200 uL aliquots of bacterial
culture in 96-well plates and incubated at 37°C for 6 h. The
SFEN concentration in the samples was then estimated on
the basis of the standard curve equation.
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FIGURE 1 Feasibility analysis of the whole-cell biosensors based on the response of HrpRS to SFN. (A) The construction of a genetic

circuit for SFN-responsive biosensors. The strength of constitutive promoters decreases sequentially from top to bottom. (B) The fluorescence
of biosensors containing different activity promoters (controls: pSB3K3 and pSB4A3 vector backbones). (C) The fluorescence inhibition
efficiency of biosensors in response to 100-uM SFN. (D) The fluorescence output and fluorescence inhibition efficiency of the p114(30R-30S)
and p115(30R-308S) biosensors in response to SFN (in concentrations from 0 to 100 uM). The green and gray triangles represent the

fluorescence output and fluorescence inhibition efficiency of J115, respectively, and the red and black squares represent the fluorescence

output and fluorescence inhibition efficiency of J114. Error bars represent the standard deviation from the arithmetic mean (n = 3).

3 | RESULTS AND DISCUSSION
3.1 | Construction of biosensors with a
red fluorescence readout

The detection of SFN provides a reference for the pre-
vention of diseases and insect-related problems in plants.
In order to efficiently detect SFN, we developed a “turn
off” SFN whole-cell biosensor based on the properties of
hrpRS and hrpL (Figure 1A). The engineered biosensor
consists of two parts: a sensing module and a reporting
module. The sensing module expresses the proteins HrpR
and HrpS, which combined to form a heterohexameric
complex to function. The complex can then bind to an
inducible promoter, Py, which activates the expression
of the reporting module. For use as a reporting module, we
designed a system based on a red fluorescent protein where
the HrpRS complex activates the expression of mRFP1.

The key transcription factor, HrpRS, was driven under
the control of a constitutive promoter. In the presence of
the inducer SFN, HrpRS dissociates from its cognate pro-
moter, Pp,,,,r, and the reporter gene was thus inhibited. The
same result can also be achieved via the HrpV protein; an
inhibitor of Py, directly interacts with HrpS to inhibit
the activity of HrpRS. However, because the expression of
HrpV needs to be induced by other regulatory systems, this
increases the bacterial growth burden and also delays the
regulatory effect.”*!

Six SFN-responsive whole-cell biosensors with hrpRS
sensing modules driven by six constitutive promoters of
varying transcriptional strengths were constructed and
examined for fluorescence changes in the presence of
100-uM SFN. It was found that the signal output first
increased and then decreased with increasing promoter
activity, regardless of the presence or absence of SFN
(Figure 1B). The J115 (p115(30R-30S)) had the highest
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signal output (18389) among the six biosensors in the
absence of SFN, while the J114 (p114(30R-30S)) exhibited
the highest inhibition efficiency (91.7%) when exposed to
100-uM SEN (Figures 1B and C). The biosensor driven by
the high activity promoter J101 performed poorly both in
the fluorescence output and inhibition efficiency; this may
be due to the high concentration of SFN and the strong
activity promoter exacerbating the cellular burden (Figure
S1). The performance of the strains p114(30R-30S) and
p115(30R-30S) was subsequently examined under a range
of SFN concentrations. As shown in Figure 1D, the fluores-
cence output of pl114(30R-30S) at each concentration was
lower than that of p115(30R-30S), but the inhibition effi-
ciency was significantly better in the case of p114(30R-30S)
relative to that of p115(30R-30S). We hypothesize that the
expression of HrpRS driven by the weaker promoter J114
was small, so the signal output was lower, and the fluo-
rescence was thus more easily inhibited. Bacterial growth
was significantly inhibited in the presence of high concen-
trations of SFN (Figure S1); SFN at concentrations higher
than 100 uM could not be used due to the toxic effects of the
SEN on cell growth and viability. The above results indi-
cate that the coupling of the hrpRS sensing module and
the mRFP1 reporting module successfully detects SFN, and
the expression level of the HrpRS was closely related to the
performance of the biosensors.

3.2 | Effects of the translation level of
HrpRS on the SFN biosensors

The transcription factor HrpS effectively inhibits the
expression of fluorescence of the proteins by binding
to the SFN, and the fluorescence inhibition efficiency
improved with increasing SFN concentrations. However,
high concentrations of SFN burdened the bacterial growth.
Controlling the expression level of HrpRS by balancing
the promoter activity and the strength of the RBS in the
sensing module represents an effective strategy to fur-
ther increase the fluorescence output and fluorescence
inhibition efficiency without damaging the bacteria.

To obtain a stronger signal output and higher fluo-
rescence inhibition efficiency, we constructed a series of
variants with the RBS sequences of different translation
strengths in front of the hrpR and hrpS genes.’ First, we
replaced the RBS30 (B0030) with the weaker RBS (B0031,
B0032, and B0033) to construct pl15(CR-CS) variants. It
can be seen that under the same promoter and the same
concentration of SFN, the fluorescence decreased with
reduced expression of HrpR and the performance of the
p115(30R-32S) biosensor was significantly better relative
to the other variants (Figure 2A). The biosensors per-
formed better when the expression of hrpS was lower

than that of hrpR. This further indicates that the expres-
sion level of the HrpS was related to the performance
of the biosensors. The fluorescence output and fluores-
cence inhibition efficiency of the engineered biosensors
p115(30R-32S) and p114(30R-30S) induced by a range of
SFN concentrations were then analyzed. The fluorescence
of p114(30R-30S) was stronger than that of p115(30R-32S),
but the fluorescence inhibition efficiency was smaller in
the case of p114(30R-30S) compared with that of p115(30R-
32S). The fluorescence inhibition efficiency of p115(30R-
32S) was three times greater than that of p114(30R-30S)
when induced by 10-uM SFN; the inhibition efficiency
reached approximately 80% with the addition of 40-uM
SFN (Figure 2B). When different strengths of the RBS
were coupled with strong promoters (such as J106 or
J101), we found that the expression level of HrpR largely
determined the fluorescence intensity of the biosensor,
whereas the HrpS expression level determined the fluo-
rescence inhibition efficiency (Figures S1S2 and S3). The
fluorescence intensity was negatively correlated with the
fluorescence inhibition efficiency. Systematic tests were
performed on the promoters and RBS and compared with
previous reports; we inferred that a single strategy of engi-
neering modification, such as the enhancing promoter
activity or improving the RBS strength, was not sufficient
to obtain sufficient sensing performance; thus we con-
sider the relationship between promoter activity and RBS
strength.

3.3 | Dose-dependent response to SFN

To examine the dose-dependent responses of the best-
performing variants (p114(30R-30S) and p115(30R-32S)) to
SFN, the two biosensors were stimulated at a range of
SFN concentrations (0, 0.1, 0.3125, 0.625, 1.25, 2.5, 5, 10,
20, 40, 80, and 100 uM). The results were shown in
Figure 3. The p114(30R-30S) variants showed a larger sig-
nal output range than the p115(30R-32S) variants, but the
p115(30R-32S) exhibited a higher fluorescence inhibition
efficiency in response to low concentrations of SFN; the
inhibition efficiency of p115(30R-32S) was 10.6% in the
presence of 0.1-uM SFN (Figures 3A and B). A good dose-
dependent induction response of the biosensors for SFN
occurred at two different ranges of concentration. A lin-
ear relationship between the inhibition efficiency of the
p114(30R-30S) variant and the concentration was found in
the range of 0.1-12.47 uM (R? = 0.99619) and 12.47-100 uM
(R? = 0.99235) (Figure 3C), and the pl115(30R-32S) vari-
ant was found to show a linear relationship between the
inhibition efficiency and concentration in the concentra-
tion ranges 0.1-7.38 uM (R? = 0.99449) and 7.38-100 uM
(R? = 0.90412) (Figure 3D).
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34 |

Dynamics and specificity of the

SFN-responsive biosensor

For biosensors that are stimulated by SFN, the response
time and specificity are important factors that should be

considered for possible applications. The bacterial cul-
tures were exposed to 100-uM SFN for different incubation
periods (from O to 12 h). Figures 4A and B show the
time-dependent analysis of the biosensors p114(30R-30S)
and pl115(30R-32S). The fluorescence inhibition efficiency
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Response dynamics and specificity of SFN-induced bacterial biosensors. (A) The inhibition efficiency and fold-change in the

relative fluorescence of the p114(30R-30S) biosensor in response to 100-uM SFN over the time period 0-12 h. (B) The inhibition efficiency and
fold-change in the relative fluorescence of the p115(30R-32S) biosensor in response to 100-uM SFN over the time range 0-12 h. (C) The

selectivity of the p114(30R-30S) biosensor detection of SFN and other kinds of secondary metabolites (the concentration of all metabolites

considered was 100 uM). The errors bars shown in the figures were obtained from three experiments (n = 3)

of pl14(30R-30S) was higher than that of p115(30R-32S)
within 6 h, and the fluorescence inhibition efficiency of
the p114(30R-30S) reached approximately 11% in 1 h, far
exceeding the inhibition efficiency of p115(30R-32S) (3.6%).
The inhibition efficiency of the two variants was found
to reach approximately 70% within 4 h. Meanwhile, the
fold-change in the relative fluorescence of p114(30R-30S)
was steeper than that of pl115(30R-32S) over 6 h. This
result indicates that the response of p114(30R-30S) to SFN
is faster than that of p115(30R-32S). The response of the
biosensors reached their maximal values at around 6 h;
this maximum was followed by a gradual decreased in
inhibition efficiency after 7 h. We thus, infer that the
partial decomposition of SFN may occur and the HrpS
bound to it was thus released, which in turn coupled
with the HrpR to activate the expression of mRFP1. It
was observed that the greater the concentration of SFN to
which the bacterial cultures were exposed, the greater the
fold-change in the relative fluorescence (Figure S4). Due
to the instability of SFN, the time-dependent experiments
were only carried out for durations up to 12 h and were
not exposed to light during the experiments. As shown
in Figure 4C, pl14(30R-30S) exhibits a specific response
to SFN without obvious fluorescence inhibition due to
other kinds of secondary metabolites. This result indicate
that the developed biosensor has an excellent selectivity
to SFN.

3.5 | Design and characterization of logic
toggle biological switches

The conserved regions of the o>*-dependent promoter hrpL
are distributed at the —12 and —24 sites upstream of the
transcription start site. To design a genetic switch that
robustly switches the signal output from “turn off” to “turn

on”, we reversely formed the —10 (TATAAT or GATACT)
and —35 (TTTACA or TTGACA) sites of a constitutive
promoter regulated by the housekeeping factor ¢”° via site-
directed mutation on the 0’54-PhrpL and coupled this with
a dual-color reporter gene to construct a “turn off-on”
SEFN whole-cell biosensor that can realize the conversion
of the fluorescence color from red to green (Figure 5A).
The expression of the HrpRS can be regulated either by a
constitutive promoter or coupled with other gene circuits
capable of acting as a sensor, enabling the detection of a
variety of small molecules (Figure 5B).

As shown in Figure 5C, we constructed a series of vari-
ants under the principle of introducing minimal mutations
in the genetic sequence. These variants and the wild-type
promoter were analyzed under 100-uM SFN induction.
Our results showed that the mutated variants exhibited
a significant increase in their green fluorescence output
compared with the wild-type when exposed to 100-uM
SFN, whereas the red fluorescence output of the mutated
variants was lower than that of the wild-type in the absence
of SFN (Figure 6A). This suggests the feasibility of design-
ing logic toggle switches via site-directed mutation of the
promoter. Comparing variants with different mutations at
the same position (Pp,r4 and Ppprp, Pryprc and Ppyprp,
and P,,;r and Pp,,1 ), we see that the stronger the consti-
tutive promoter activity, the lower the green fluorescence
intensity (Figure 6A). The variant Py, p showed the high-
est green fluorescence output compared with the other
variants, but it showed a low level of induced fold-change
due to high background fluorescence (Figures 6A and
S5a). The Py, p variant with its medium inducible activity
showed a11.9-fold induced change, and its red fluorescence
output and inhibition efficiency were lower than the wild-
type only (Figures 6A and S5b). This result indicated that
the binding of the transcription factor HrpRS to the o>* pro-
moter and the binding of the RNA polymerase to the ¢’°
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PhrpLA  :---TGCCAGETTACAAATAGAAATAACTGATTGATACATAAAGATATTTTAAAATGTGAA---ACAAA
PhrpLB  :---TGCCAGETGACAAATAGAAATAACTGATTGATACATAAAGATATTTTAAAATGTGAA---ACAAA
PhrpLC  :---TGCCAGCTITTACATAGAAATAACTGATTGATATAATAAGATATTTTAAAATGTGAA---ACAAA
PhrpLD :---TGCCAGCTETTACATAGAAATAACTGATTGAGATACTAAGATATTTTAAAATGTGAA---ACAAA
PhrpLE :---TGCCAGCTTGETTACAGAAATAACTGATTGATTGATACTGATATTTTAAAATGTGAA---ACAAA
PhrpLF  :---TGCCAGCTTGAAAATATTGACAACTGATTGATTTATAAATATAATTTAAAATGTGAA---ACAAA
PhrpLG  :---TGCCAGCTTGAAAATATTGACAACTGATTGATTTATAAAGATACTTTAAAATGTGAA---ACAAA
FIGURE 5 Design of logic toggle biological switches. (A) A schematic depicting the operation of the logic toggle switches. The

constitutive promoter (J114) is placed upstream of the HrpRS recombinase-encoding sequence in one plasmid. The second plasmid encodes a

fluorescent reporter switch composed of two fluorescent protein genes (mRFPI and GFP) and an inducible promoter (P, ) containing a

constitutively active promoter. (B) Activation of the HrpRS recombinase-encoding sequence can be either induced by constitutive promoters
(J109, 1117, J114, J115, J106, or J101) or other responsive systems. (C) Construction of the logic toggle switches by site-directed mutagenesis in
the wild-type promoter (Py,,; ) to form the —10 (underlined and shaded in yellow) and —35 sites (shaded in green) of the constitutive promoters

promoter should be in equilibrium in order to ensure good
fluorescence changes.

We selected the Py, p variant for further study. To inves-
tigate the thresholds of the detection, we examined the
fluorescence signal output in terms of analyte concentra-
tion. As depicted in Figures 6B and C, the changes in the
fluorescence of either GFP or mRFP1 in response to differ-
ent concentrations of SFN represent good dose-response
curves. The increase in the fluorescence intensity of GFP
and the decrease in the fluorescence intensity of mRFP1
were detected at SFN concentrations as low as 0.1 uM.
Figure 6D shows the switch from red to green fluorescence
as a function of increasing SFN concentration.

3.6 | Performance characterization of the
“turn off-on” SFN whole-cell biosensor

To test the linearity and the response time of the variant
Py,prp to SEN, the cell cultures were induced at a range of
SFEN concentrations (from 0 to 100 uM) and were exposed
to 100-uM SFN for different incubation periods (from 0 to
12 h). The Py, variant exhibited linear relationships in
the concentration ranges of 0.1-10 uM (R? = 0.99429) and
10 to 100 uM (R? = 0.99465) (Figure 7A). For an SFN con-
centration of 100 uM, the Py,,; g biosensor showed a more

than twofold increase in green fluorescence within 2 h,
while its red fluorescence showed a significant inhibition
at 2 h (Figure 7B). This indicates that the Py,,,; 5 biosensor
has a very fast response. The performance of the pro-
posed biosensor was compared with that of other reported
SFN detection methods, and the results were presented in
Table 1.

There are ways to further improve the performance of
the biosensors considered here to achieve faster switching
of fluorescence signals. Enhancing the degradation rate of
mRFP1 is an effective strategy to improve the fluorescence
inhibition efficiency. This can be achieved by adding flu-
orescence quenchers or adding a protein degradation tag
to the mRFPI1 coding sequence. We therefore hypothesize
that logic toggle biological switches created by engineering
a promoter to realize a dual-color fluorescence conver-
sion or even coupling with other response systems will
become a powerful methodology to realize the detection
of multiple small molecules.

3.7 | Real sample analysis

For the analysis of SFN in broccoli samples with Py, 5,
fresh broccoli purchased from local market was used as
the samples and extracted SFN from it. The SFN content in
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FIGURE 7 Performance characterization of our proposed “Turn off-on” whole-cell biosensor in response to SFN. (A) The linear fit for the
Py, biosensor for SFN concentrations from 0.1 to 100 uM. (B) The fluorescence intensity of the Py, 5 biosensor in response to 100-uM SFN
over 0-12 h (black squares: GFP and gray circles: mRFP1). The error bars represent the standard deviation from the arithmetic mean (n = 3)

the original broccoli extract was found to be 1.002 mg/gvia  and Y = 3552log,(x) — 9430 (in the range 10.332-100 uM)
HPLC (Figure S6 and Table SI). The SFN concentrations (Figure 7A). As shown in Table 2, the recovery of the
of the broccoli samples were calculated using the expres- SFN measured by the Py, g biosensor was in the range of
sion: Y = 202log,(x) + 1857 (in the range 0.1-10.332 uM)  97.8-102.3%, showing good agreement with the actual SFN
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TABLE 1 Comparison of the constructed biosensor with other SFN determination methods
Method Linear range Detection limit Recovery Visualization References
HPLC 2.5-100 ug/ml 0.4419 pg/ml 98.15-100.39% N 42
LC-MS/MS 8-1000 ug/kg 3 ug/kg - N 25
10-1250 g/kg
UPLC-MS/MS 30-2000 ng/ml - 101.3-105.6% N 43
GC - - - N a“
GC-MS - - - N 4
gNPs-Pdop-Gr/GCE 0.05-50 uM 10 nM 78.76-97.89% N <k
101.76-106.12%
HrpRS/Py,,, -mRFP1/GFP 0.1-100 uM 0.1 uM 97.8-102.3% Red turn Green This work
TABLE 2 Accuracy and reliability of the constructed biosensor for practical samples
Sample HPLC (uM) Add SFN (uM) Fluo/0D600* Estimated (uM) Recovery
Broccoli extract 1.131 0 1886 + 37 1.108 -
1.131 5 2379 + 59 5.996 97.8%
1131 10 2912 + 84 11.112 99.8%
1.131 20 6215 + 126 21.185 100.3%
1131 40 9575+ 72 40.814 99.2%
1.131 80 13,213 + 341 82.998 102.3%
2Mean Fluo/ODyq, (Ex: 584 nm; Em: 620 nm) value + standard deviation (n = 3).
concentration present in the samples. These results indi- FUNDING

cated that the biosensor exhibited strong anti-interference
and good stability in determining the SFN concentra-
tion in broccoli. Thus, the constructed biosensor shows
potential for use in the practical determination of SFN
concentrations in diverse cruciferous plants.

4 | CONCLUSION

In summary, in this work we have developed a “turn off”
whole-cell SFN biosensor based on the HrpRS and its cog-
nate promoter 054-PhrpL. When induced with 100-uM SFN,
the fluorescence inhibition efficiency can reach 91.7%. The
fluorescence inhibition efficiency was further improved
when exposed to lower SFN concentrations via control
of the constitutive promoter and the RBS. The detection
limit of this biosensor was cat. 0.1 uM. Subsequently, an
SFN-responsive “turn off-on” whole-cell biosensor was
constructed by designing an OFF-ON-type switch. Upon
the addition of SFN, the fluorescence color was switched
from red to green, realizing a 11.9-fold increase in the flu-
orescence intensity of GFP and fluorescence inhibition
efficiency of 84.1% for mRFP1 compared with the sys-
tem without the analyte. By controlling the presence or
absence of HrpRS, it is possible to achieve robust switching
between bistable states; thus, this logic toggle switch has
the potential to be applied in a modular manner to gene
regulatory networks to control signal output.
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