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ABSTRACT: Arsenite [As(III)] is a toxic substance widely ArsRcssy-LUxR _ [~ ArsR-LuxR
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present on Earth, and the development of low-cost and simple
microbial-based As(III) sensors has been attracting attention.
Recently, we discovered that the protein LuxR, which contains
multiple cysteine residues with high affinity for As(III), forms an
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insoluble structure upon binding to As(III) and exhibits OFF- 1 l KR T ) e
switching properties as a quorum sensing transcriptional activator. 4@’ :‘—- %

Based on this property, the LuxR sensor operates on a new Ll l_l :
principle distinct from conventional whole-cell As(III) sensors; . |:L=—DDD
however, its sensitivity remains a challenge. In this study, we aimed ‘
to improve the sensitivity of the whole-cell OFF-type As(III) R S
sensor by increasing the frequency of intracellular interactions

between the sensor protein and As(III). We utilized the super-

repressor properties of ArsR, a transcriptional repressor of the As(III)-metabolizing ars operon, achieved by replacing C34 in its
As(I1I)-binding domain with Y. By linking ArsRc,,y with the OFF-type As(III) sensor protein LuxR, we constructed a single plasmid
to create a portable ArsRis,y-LuxR sensor protein. By suppressing the expression of ArsB, an As(III) efflux transporter encoded in
the ars operon, using ArsRc,4y, we successfully enhanced the sensitivity of the OFF-type As(III) response.

B INTRODUCTION metabolism ars system in bacteria have been developed for
As(II1) detection. In this system, the transcriptional repressor
ArsR, which regulates the expression of the ars operon, binds
to As(III), causing it to dissociate from the operator sequence
pArs, thereby lifting transcriptional repression.'”~"* By placing
visually detectable reporters like f-galactosidase or GFP genes
downstream of pArs, this sensor system enables As(III)
detection.'”™*° As(III) is known to have a high binding
affinity with the thiol groups of cystein.”"** ArsR contains an
As(III)-binding domain with three cysteine residues (C32,
C34, and C37), and when As(III) binds to these cysteines,
ArsR undergoes a significant conformational change, dissociat-
ing from pArs to lift transcriptional repression.”*>** Using
this system for whole-cell sensors has been common due to its
established methodology.

We recently discovered that LuxR, a quorum-sensing
regulator in Vibrio species with multiple cysteines,” ™"’
aggregates in response to As(111), switching its function even

Arsenite [As(III)] is toxic, but its toxicity varies depending on
its chemical form, with inorganic As(III) being particularly
harmful. As(III) naturally exists in various parts of the world,
and it has been reported that over 140 million people drink
arsenic-contaminated water daily.' Long-term exposure to
As(IIT) leads to arsenicosis, various skin diseases, and cancer.
The World Health Organization (WHO) has set a safety
standard for As(III) concentration at 10 ppb (133.5 nM),
making it extremely important to monitor and detect As(1II) in
the environment.” Traditionally, when investigating As(III)
contamination in the environment, expensive analytical
instruments such as atomic absorption spectroscopy (AAS),
gas chromatography—mass spectrometry (GC—MS), and
inductively coupled plasma—mass spectrometry (ICP—MS)
are commonly used for As(IIT) detection.” > These devices are
highly sensitive, but their high cost and the specialized
expertise required for operation and analysis limit their general

applicability.

Recently, whole-cell biosensors have been developed for Received: December 30, 2024
detecting environmental contaminants due to their robustness, Revised:  March 24, 2025
eco-friendliness, and cost-effectiveness.’™ In contrast to Accepted: March 25, 2025

traditional physical and chemical sensors, cellular sensors are Published: April 3, 2025

renewable, highly selective, easy to manufacture, and cost-
efficient.'®"! Whole-cell sensors that utilize the As(III)
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Figure 1. Enhanced sensitivity of LuxR sensor to arsenite (As(III)) in the ArsB-deficient mutant strain. (a) Schematic model of LuxR aggregation-
induced transcriptional OFF-switch in response to intracellular As(III) levels. LuxR is a transcriptional activator of the lux promoter (pLux) in
response to its ligand, AHL (indicated as blue molecules bound to LuxR). AHL acts as a quorum signal to activate the reporter gene (sfgfp)
expression under pLux regulation. ArsR is a transcriptional repressor that regulates the expression of the ars operon by binding to the ars operator
(arsO). Upon As(III) binding (red circles) to the cysteine residues (C32, C34, and C37; highlighted in yellow) in ArsR, the repressor dissociates
from arsO, allowing expression of the ars operon. The ars operon encodes ArsB, a membrane protein responsible for As(III) efflux. In the wild-type
MG16S5 strain (left), ArsB expression facilitates As(III) metabolism, whereas in the arsB-deficient JW3469 strain (right), As(III) metabolism is
impaired, leading to enhanced sensitivity. (b) Dose-dependent response of LuxR to As(III). Black circles indicate MG165S strains expressing the
LuxR sensor; yellow circles indicate JW3469 strains expressing the LuxR sensor; and gray circles indicate MG1655 strains expressing only the
vector. The cultured cells were collected after 12 h treated with 10 uM AHL and appropriate As(III) concentrations. Each data point represents the

average of three independent experiments, with error bars showing standard deviations.

though it has no direct functional relationship with As(III)
metabolism.”® We reported that this phenomenon could be
used to develop a novel whole-cell sensor with a completely
different operational principle than conventional ones. LuxR
has nine cysteines, which cause aggregation when the As(III)
concentration in the medium exceeds 133.5 uM, resulting in
the loss of transcriptional activation function of LuxR and a
functional switch due to aggregation.28

Although this As(IlI)-induced LuxR aggregation-based
functional switch sensor had a novel operational principle
distinct from conventional As(IIl)-induced ArsR conforma-
tional change sensors, it was limited by its high response
threshold of 133.5 uM for extracellular As(III) concentration.
To address this limitation, LuxR aggregation must be triggered
at a lower extracellular As(III) concentration than 133.5 uM.
By effectively promoting the binding reaction between As(III)
and LuxR within the cell, it is possible to achieve LuxR
aggregation and functional switching at even lower extracellular
As(III) concentrations, thereby enhancing the sensitivity of the
As(III) sensor.

In this study, we developed a novel whole-cell As(III) sensor
with high sensitivity to lower concentrations of As(IIl) by
suppressing the expression of the As(IIl) exporter ArsB

encoded in the ars operon using a super-repressor mutant
ArsRcyyy. This report further investigates the factors that
contributed to this enhanced sensitivity and identifies cellular
conditions that effectively promote the reaction between the
sensor protein and As(1II).

Bl RESULTS AND DISCUSSION

Sensitivity Enhancement of the LuxR Sensor through
an arsB-Deficient Strain. ArsB, which promotes As(IIl)
efflux in Escherichia coli, is encoded in the As(III) metabolism-
related ars operon, and its expression is regulated by ArsR.*’
We hypothesized that by constantly suppressing the expression
of ArsB to inhibit the efflux of As(III) taken up by the cells, it
would be possible to enhance the sensitivity of the LuxR-based
whole-cell As(III) sensor we have already developed (Figure
1a). To test this, we expressed LuxR in the arsB-deficient strain
JW3469 from the KEIO collection® and measured its response
to As(III) added to the medium by placing superfolder green
fluorescent protein (sfGFP) downstream of pLux and
monitoring fluorescence intensity.

Compared to the wild-type MG16S5S strain, which harboring
ArsB, the sensitivity of the whole-cell As(II) sensor was
enhanced, showing an OFF-type As(III) response curve with a
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Figure 2. Response of ArsR-fused LuxR sensors to As(III). (a) Model of intracellular arsenic metabolism regulation by ArsR-LuxR and ArsRcs.y-
LuxR. In MG165S$ strains expressing ArsR-LuxR (left), the ArsR bound to As(III) induces the expression of ArsB encoded in the ars operon,
allowing As(III) to be metabolized. In contrast, in MG16SS strains expressing ArsRes4y-LuxR with the C34Y mutation (right), the super-repressor
activity of ArsRc,4y prevents operon expression, inhibiting As(IIl) efflux by ArsB. (b) Dose-dependent response to As(III) of ArsR-LuxR and
ArsReay-LuxR. MG16SS strains expressing ArsR-LuxR sensors (red circles) and those expressing ArsRcy,-LuxR sensors (blue circles) were
analyzed. Each strain was cotransformed with the reporter plasmids pLux-sfgfp (to evaluate the As(III)-dependent transcriptional activation by
LuxR) and pArs-mCherry (to assess the As(III)-dependent transcriptional repression by ArsR or ArsR¢y,y). SfGFP fluorescence induced by pLux-
sfgfp is shown. Each plot represents the average of three independent experiments, and error bars indicate standard deviations. (c) Dose-dependent
response to As(III) of ArsR-LuxR (red) and ArsRc34y-LuxR (blue). mCherry fluorescence induced by pArs-mCherry is shown. Each plot represents
the average of three independent experiments, and error bars indicate standard deviations. (d) The GFP/mCherry ratio as a function of
extracellular As(III) concentration in strains expressing ArsR-LuxR (red) and ArsRcy4-LuxR (blue).
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Figure 3. Intracellular As(IIT) levels in response to extracellular As(III) concentrations for ArsR¢y4y-LuxR in MG165S and ArsR-LuxR in MG165S.
(a) ODgy dose-responsive changes to As(III). The colors of the plots correspond to those in Figure 2. Asterisk (*) indicates the point at which
growth inhibition in ArsRessy-LuxR strain. Each plot represents the average of three independent experiments, and error bars indicate standard
deviations. (b) Intracellular As(III) levels of ArsRey,y-LuxR in MG165S as a function of extracellular As(III) concentration, measured by ICP—MS.
Each plot represents the average of three independent experiments, and error bars indicate standard deviations. (c) Intracellular As(III) levels of
ArsR-LuxR in MG16S5 as a function of extracellular As(III) concentration, measured by ICP—MS. Each plot represents the average of three
independent experiments, and error bars indicate standard deviations. (d) Dose-dependent response to extracellular As(III) for ArsRcy4-LuxR in
MG165S (blue circles) and ArsR-LuxR in MG1655 (red circles) (left panel). The graph (right panel) shows the arsenic response of each strain as

intracellular arsenic levels, calculated from the ICP—MS results.

minimum As(III)-responsive fluorescence output value of 5 X
10 at a 13.35 uM As(III) concentration, 1 order of magnitude
lower (Figure 1b). No decrease in ODgy, was observed at
As(IIT) concentrations up to 13.35 uM (Figure S1). From
these results, it was found that the JW3469 strain lacking ArsB
expression was unable to excrete As(IIl), and, as we expected,
the sensitivity of the whole-cell As(III) sensor utilizing LuxR
was enhanced. This indicates that the deletion of the As(III)
efflux factor ArsB effectively increases the sensitivity of the
whole-cell sensor by enhancing the frequency of interactions
between the ligand (As(III)) and the sensor protein LuxR.
LuxR Aggregation-Based Functional Switch As(lll)
Sensor Fused with the As(lll) Metabolism Regulator
ArsR. To enable high-sensitivity As(III) response using LuxR,
which exhibits aggregation properties in the presence of
As(I1I), the arsB gene must be knocked out in the genome of
each E. coli strain. While genome recombination has become
simpler, a plasmid expression system that can easily induce the

14202

same phenomenon across different strains is very appealing
from the perspective of portability of genetic information. We
considered recreating the effect of arsB deletion by using a
plasmid expression system for ArsR, focusing on the super-
repressor ability conferred by mutations in the As(III)-binding
domain of ArsR (Figure 2a). ArsR has three cysteines (C32,
C34, and C37) in its As(III)-binding domain, and studies by
Rosen and colleagues have shown that substituting any of these
with other amino acids prevents ArsR from dissociating from
DNA in the presence of As(Ill), thereby inhibiting the
expression of the ars operon.”” We introduced the C34Y
mutation used in their study into ArsR. Additionally, ArsR has
three other cysteines that could serve as potential As(III)-
induced aggregation linkage points, so we fused LuxR with
ArsR34y, expecting enhanced aggregation due to an increase in
linkage points compared to LuxR alone. We constructed an
ArsRy4-LuxR fusion sensor with both As(III) sensing and
As(III) metabolism regulatory capabilities.

https://doi.org/10.1021/acsomega.4c11704
ACS Omega 2025, 10, 14199-14208
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First, we examined whether ArsR-LuxR, with wild-type ArsR
fused, exhibits As(III) response similar to that of LuxR alone,
and whether ArsRcy,y-LuxR, expected to have super-repressor
activity, shows an As(III) response similar to that of the arsB-
deficient strain (Figure 1b). We introduced both the sensor
plasmid and reporter plasmids with sfGFP placed downstream
of pLux and with mCherry placed downstream of pArs into the
MG16S5S strain and measured fluorescence intensity. The
MG16SS strain expressing the ArsR-LuxR sensor (hereafter
referred to as the ArsR-LuxR strain) exhibited an OFF-type
output, with fluorescence output reaching its minimum at an
extracellular As(III) concentration of 133.5 uM (Figure 2b
red). This trend was consistent with that observed for the
MGI165S strain expressing the LuxR-only sensor (Figure 1b,
black). In contrast, the MGI16SS strain expressing the
ArsRcs,y-LuxR sensor (hereafter referred to as the ArsRgyqy-
LuxR strain) exhibited an OFF-type output, with fluorescence
output reaching its minimum at an extracellular As(III)
concentration of 13.35 yM (Figure 2b blue). This trend was
similar to that observed for the JW3469 strain expressing LuxR
(Figure 1b yellow).

When the transcriptional repression ability of ArsR was
evaluated by introducing the pArs-mCherry plasmid as a
reporter, mCherry expression was gradually observed from an
extracellular As(III) concentration of 0.1335 uM in the ArsR-
LuxR strain, reaching a plateau at 13.35 uM, indicating that
ArsR dissociated from DNA in response to As(III) (Figure 2c
red). On the other hand, no mCherry expression was observed
at any As(III) concentration in the ArsRcy,y-LuxR strain,
indicating that ArsR;4y did not dissociate from DNA (Figure
2c blue). These results strongly suggest that ArsRc4y acts as a
super-repressor, suppressing the expression of operons,
including arsB.

To evaluate the sensitivity differences between ArsR-LuxR
strain and ArsRcy,y-LuxR strain, we analyzed the ratio of GFP
fluorescence to mCherry fluorescence (GFP/mCherry ratio) as
a function of extracellular As(III) concentration. The GFP/
mCherry ratio for ArsR-LuxR strain showed a gradual decrease
with increasing As(III) concentration, indicating that the
sensor operates effectively at higher As(III) levels. In contrast,
the GFP/mCherry ratio for ArsRcys-LuxR strain showed a
sharp decline at lower As(II) concentrations, reaching its
maximum sensitivity at approximately 13.35 uM. This
difference suggests that ArsR¢s4y promotes intracellular As(IIT)
accumulation by suppressing ArsB expression, enabling the
sensor to respond to lower As(III) concentrations.

By constructing a single plasmid-based expression system
combining ArsRc3,y and LuxR, we successfully transformed a
different strain, BW25113, into a highly sensitive OFF-type
As(IIT) sensor with ease (Figure S2). This approach enables a
straightforward method to enhance the sensitivity of OFF-type
As(IIT) responses without the need to create arsB-deficient
strains for each host.

Reasons Contributing to the Increased Sensitivity
Brought About by the Super-Repressor ArsRcssy. The
ArsRyy-LuxR strain exhibited the minimum As(III)-respon-
sive fluorescence output at an extracellular As(III) concen-
tration of 13.35 uM, which was 1 order of magnitude lower
than that of the ArsR-LuxR strain (Figure 2b). To investigate
the reason for this phenomenon, we examined it from the
perspective of intracellular As(III) concentrations. Specifically,
we hypothesized that the suppression of ArsB expression in the
ArsReyy-LuxR strain inhibited the efflux of intracellularly

accumulated As(III), thereby enhancing sensitivity. To test this
hypothesis, intracellular As(III) concentrations at various
extracellular As(III) concentrations were measured using
ICP—-MS.

In E. coli expressing ArsRcy,y-LuxR, no significant effect on
growth was observed at extracellular As(III) concentrations up
to 13.35 uM. However, at concentrations exceeding this
threshold, growth inhibition was observed, as evidenced by a
decrease in ODyy, values (indicated by the asterisk in Figure
3a). Within this range, intracellular As(III) levels increased
linearly with extracellular As(III) concentration, eventually
reaching approximately 20 ag/cell (indicated by the asterisk in
Figure 3b). In contrast, the ArsR-LuxR strain showed no
growth inhibition at extracellular As(III) concentrations up to
133.5 puM (Figure 3a red). As the extracellular As(III)
concentration increased to 133.5 uM, intracellular As(III)
levels also increased linearly (Figure 3c). However, as the
As(III) concentration increased further, intracellular As(III)
levels gradually plateaued at approximately 30—35 ag/cell
(Figure 3¢).

The results from both strains revealed that the amount of
arsenic a single E. coli cell can uptake ranges from 20 to 35 ag/
cell. For the first time, we successfully provided an empirical
measurement of the upper limit of arsenic uptake by E. coli
cells before reaching the threshold of arsenic toxicity tolerance.
Interestingly, despite ArsB expression, the ArsR-LuxR strain
exhibited approximately 1.5 times higher As(III) uptake per
cell than the ArsRcy,y-LuxR strain, where ArsB expression was
suppressed. This discrepancy is likely attributable to the C34Y
mutation in the As(III)-binding domain of ArsRcy,y-LuxR,
which inhibits As(III) binding to the ArsR region. Con-
sequently, the intracellular As(III) levels in the ArsR¢;,y-LuxR
strain were lower than those in the ArsR-LuxR strain.

Next, we replotted the response output of each strain at each
extracellular As(III) concentration (Figure 3c left) against the
intracellular As(II) levels measured by ICP—MS on the
horizontal axis (Figure 3c right). The results showed an
inflection point around 4 ag/cell in the ArsR¢;4-LuxR strain,
where the response output to As(III) gradually decreased,
showing an OFF-type curve (Figure 3c right, blue). In contrast,
the ArsR-LuxR strain showed a sharp decrease in response
output when the intracellular As(III) level exceeded 20 ag
(Figure 3c right, red). Ultimately, both strains exhibited the
minimum response output within the range of 25—30 ag of
intracellular As(IIT) (Figure 3c).

In summary, when plotted against extracellular As(III)
concentrations, the As(III) concentration at which each strain
exhibited the minimum response output differed by an order of
magnitude. However, when the horizontal axis was converted
to intracellular As(III) concentrations, the amount of As(III)
per cell corresponding to the minimum output was consistent
for both strains, at 25—30 ag/cell. Although the shapes of the
intracellular As(III) response curves leading to the minimum
fluorescence output differed between the two strains, the
reason for this difference remains unverified and cannot be
addressed at this time. Nonetheless, these results suggest that
the upper limit of As(III) uptake per cell is 25—30 ag/cell. The
intracellular arsenic concentration obtained in this study, when
converted based on the assumption that the volume of a single
E. coli cell is 1 fL,, was found to be 0.334—0.400 mM. This
concentration is extremely high compared to the typical
concentrations of intracellular ions and metals. Furthermore,
the enhanced sensitivity observed in the ArsRc3,-LuxR strain,
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Figure 4. Reduction in the effective concentration of ArsR-LuxR and ArsRc,y-LuxR by As(III). Western blot analysis showed that the band of
ArsR-LuxR and ArsR¢3,y-LuxR in the soluble fraction (S) for the total fraction (T) was reduced at an As(III) concentration of 133.5 or 13.35 uM.
The cultured cells were collected after 12 h treated with 10 uM AHL and appropriate As(III) concentrations. After cell lysis, the lysates were
separated by 10% SDS-PAGE, and ArsR-LuxR and ArsRcs,y-LuxR were detected using a 6X His mAb-HRP conjugate.
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Figure 5. As(IIl)-dependent aggregation of the sensor ArsR-LuxR and ArsRcs,y-LuxR proteins. Fluorescence correlation spectroscopy (FCS)
analysis of sfGFP fused ArsR-LuxR, ArsR¢34y-LuxR, and sfGFP monomers in the supernatants of lysates. sfGFP monomers were used as a control
that does not respond to As(III). (a) Counts per molecule (CPM) of sfGFP-ArsR-LuxR, sfGFP-ArsR¢s4y-LuxR, and sfGFP. CPM values were
normalized to those of sfGFP monomers. (b) Diffusion coefficients of sfGFP-ArsR-LuxR, sfGFP-ArsR¢s,y-LuxR, and sfGFP. For diffusion
coefficients, a single-component analysis was performed for GFP monomers, while a two-component analysis was conducted for other samples,
followed by the calculation of the weighted average. The three plots above each bar in (a,b) represent the results of three independent experiments.

which is unable to excrete As(III), is considered to be due to
reaching this upper limit at an extracellular As(III)
concentration of 13.35 yM.

Molecular State of Both Sensor Proteins in the
Presence of As(lll). The LuxR sensor we previously reported
was an insoluble-type sensor, in which more than half of the
expressed LuxR protein precipitated by reacting with As(III)
under conditions of 133.5 uM As(III) concentration.”® Since
the ArsR-LuxR and the enhanced-sensitivity ArsRej,y-LuxR
developed in this study also showed OFF As(IIl) response
outputs at 133.5 and 13.35 uM As(Ill) concentrations,
respectively, it is expected that these molecules exhibit
aggregation-type behavior. We investigated the molecular
states of both sensor proteins at each As(III) concentration
by Western blotting (Figure 4).

After culturing E. coli in the presence of As(III), the cells
were lysed. The lysate was centrifuged to separate it into a
supernatant fraction and a pellet fraction. The lysate before
centrifugation was designated as the total fraction. Each
fraction—the total fraction and the supernatant fraction after
centrifugation—was analyzed by SDS-PAGE, and the sensor
protein in each fraction was detected by Western blot using an
anti-His tag antibody. As a result, both ArsR-LuxR and
ArsRcyy-LuxR showed nearly identical band intensities in the
total fraction and supernatant fraction under As(III)-free
conditions, indicating that all expressed proteins were present
as soluble proteins. In contrast, under As(III)-added
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conditions of 133.5 and 13.35 uM, the amount of soluble
protein in both sensor proteins decreased relative to the total
fraction (Figure 4).

Next, we demonstrated the aggregation of LuxR in response
to As(III) using fluorescence correlation spectroscopy (FCS),
which detects aggregates through changing the fluorescent
brightness in addition to the diffusion coeflicient of fluorescent
molecules.”’ ~** The FCS results were evaluated based on two
values: counts per molecule (CPM) and the diffusion
coeflicient. Since CPM represents the brightness of fluorescent
single particles, it directly shows the aggregates. First, the
sfGFP monomers showed no significant difference in CPM
values between As(III)-added and nonadded conditions
(Figure Sa). Next, in As(IlI)-free conditions, both sfGFP-
ArsR-LuxR and sfGFP-ArsRc34-LuxR showed the same CPM
values as the stGFP monomers, suggesting that they exist as
monomers. However, upon As(II) addition, the CPM for
both sfGFP-ArsR-LuxR and sfGFP-ArsR¢;,y-LuxR increased
by approximately 1.4 times (Figure Sa). Next, the diffusion
coefficient of sfGFP monomers was 55 and 60 um?/s,
regardless of As(II) addition, as a negative control. With
As(III) addition, the diffusion coefficient decreased to
approximately 0.4 times for sfGFP-ArsR-LuxR (24 um?/s)
and approximately 0.5 times for sfGFP-ArsRcyy-LuxR (27
um?/s) compared to As(IIl)-free conditions. This result
confirms that the addition of As(III) promoted an increase
in the molecular weight of ArsR-LuxR and ArsRcjsy-LuxR.
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CPM and diffusion coefficient values indicated that As(III)-
promoted aggregates of these proteins may be included in the
soluble cell lysates. In fact, both the whole fraction and the
insoluble fraction, which contained these aggregates, exhibited
significant noise, making accurate measurements by FCS
difficult. Therefore, in this study, we conducted analyses using
the supernatant (soluble) fraction obtained by centrifugation
to remove these aggregates. Furthermore, even in the soluble
fraction after centrifugation, FCS analysis detected compo-
nents with significantly larger molecular sizes under As(III)
treatment conditions compared to the monomer. This suggests
that some level of aggregation also occurs within the soluble
fraction. Since the aggregates were found in the soluble
fraction after centrifugation, this strongly suggests that large
aggregates with high molecular weights could be formed inside
the cell. Therefore, As(III) may induce the aggregation of
ArsR-LuxR and ArsRc3,-LuxR in the cells.

B CONCLUSION

In this study, we developed a novel sensor system by
engineering a single plasmid capable of expressing both
LuxR, an As(III) aggregation-based sensor previously reported,
and the intracellular As(III) metabolism regulator ArsR, for
portable introduction into various E. coli strains. When
expressed in the E. coli MG1655 strain, the super-repressor
mutant ArsRcjy-LuxR suppressed the expression of the
As(III) efflux protein ArsB, enabling the intracellular As(III)
concentration to reach its upper limit even at an extracellular
As(III) concentration of 13.35 uM, which is 1 order of
magnitude lower than previously observed concentrations.
This induced LuxR aggregation, successfully demonstrating the
upper limit of As(III) uptake that E. coli cells can tolerate
before exhibiting As(IIl) toxicity. Additionally, it was found
that both ArsR-LuxR and ArsR¢34y-LuxR formed aggregates in
response to As(III), thereby switching the transcriptional
activation function of LuxR. In our previous report, it was
merely shown that LuxR forms precipitates in the insoluble
fraction in the presence of As(III). However, the present study
revealed that LuxR exists as aggregates within the soluble
fraction. The ArsRcy-LuxR sensor system provides a novel
mechanism for highly sensitive detection of As(III), function-
ing as a trigger for LuxR aggregation that leads to a functional
switch.

The behavior of this aggregation-based sensor parallels
findings from Lindquist and colleagues, who demonstrated that
protein aggregation can drive functional switches, as observed
in their studies on yeast prions. Specifically, they reported that
the yeast prion [PSI*] generates phenotypic diversity through
nonsense codon read-through, facilitating adaptation to
environmental changes and promoting the evolution of new
traits.”> Notably, yeast prion Sup3$ oligomers in the [PSI*]
yeast strain enable epigenetic phenotypic switches. This
phenomenon is analogous to the LuxR aggregation observed
in our study, where aggregation facilitates the functional switch
of transcriptional activation.

However, unlike the amyloid oligomers of the yeast prion
Sup3S, the LuxR aggregation induced by As(IIl) is
characterized by disordered, amorphous aggregation. Due to
this nature, even when ArsRcs,y aggregates, it does not
dissociate from the DNA operator sequence pArs. This
observation suggests that the functional switching ability of
ArsRc;,y may be lower than that of amyloid-based aggregation
systems like Sup3S.

Furthermore, as Lindquist and colleagues proposed that
[PSI*]-mediated epigenetic changes could contribute to
evolutionary processes, our study suggests that the ArsRcsy-
LuxR aggregation-based sensor may provide an adaptive
mechanism, enabling cells to rapidly switch functions in
response to As(IIl) concentrations. The insights gained from
the aggregation-based sensor developed in this study extend
beyond the development of microbial As(III) sensors, offering
potential contributions to the understanding of intracellular
functional switch mechanisms and their application in
designing adaptive systems for environmental stress conditions.

B MATERIAL AND METHODS

Bacterial Strains, Media, and Growth Conditions. E.
coli strains MG16S5S was used throughout this work, JW3469
and BW25113 were also used for analysis, and XL10-Gold
(Kan) (Stratagene, La Jolla, CA) was used for cloning JW3469
stain was single-gene knockout mutant and it requested for
distribution from NBRP E. coli strain. In all experiments, E. coli
strains were incubated in LB medium (2.0% (w/v) LB Borth,
Lennox, Nacalai Tesque, Kyoto, Japan) or on LB agar plates
(2.0% (w/v) LB, 1.5% (w/v) agar; Nacalai Tesque) at 37 °C.
Antibiotics were added in the following concentrations: 100
mg/mL of ampicillin (Nacalai Tesque) to maintain the pUC19
based vector and/or 30 mg/mL chloramphenicol (Nacalai
Tesque) to maintain the pAC-based vector (pLux-sfgfp-
HSVtk-aph, referred to as pLux-sfgfp28’36) and/or 20 mg/mL
streptomycin (Nacalai Tesque) to maintain the pCDF-base
vector (pArs-mCherry-SmR) and/or kanamycin (Nacalai
Tesque) to maintain JW3469 strain30. The AHL (N-(3-
oxohexanoyl)-L-homoserine lactone; acyl homoserine lactone)
used in this study and was purchased from Sigma-Aldrich. This
stock solution (10 mM) was prepared by dissolving
appropriate amounts of the compounds in ethyl acetate
(Nacalai Tesque) that was acidified with glacial acetic acid
(0.01% (v/v); Nacalai Tesque) and was stored at —20 °C. The
As(II) used in this study was Arsenic Standard Solution (As
1000 mg/L, composition: As,O; and NaOH in water pH 5.0
with HCl, Fujifilm Wako Pure Chemical Corporation, Osaka,
Japan).

Plasmid Construction. The LuxR reading frame fused
with a histidine hexamer at the C-terminus was inserted into
the Xhol/BamHI cleavage site of the pUC-based vector,
controlled by the BBa J23116 promoter from the Anderson
promoter collection (http://parts.igem.org/Promoters/
Catalog/Anderson), yielding pUC19-PJ23116-LuxR36. The
ArsR-LuxR construct was generated by amplifying the full-
length arsR gene sequence, excluding the stop codon, from the
genome of E. coli MG16SS using primers containing Xhol and
Spel restriction enzyme sites at their ends. The luxR gene,
excluding the start codon, was positioned downstream, and the
two genes were joined using the Spel restriction enzyme site as
a linker sequence. The amplified arsR gene was cloned into the
pUC19-PJ23116-LuxR plasmid. Using ArsR-LuxR as a
template, the C34Y mutation was introduced into the arsR
region to produce the ArsRcy,y-LuxR construct.

Analysis of LuxR, ArsR-LuxR and ArsRcs4y-LuxR
Response to As(lll) Using sfGFP and mCherry as the
Reporter. For the quantitative assay, MG165S harboring
pLux-sfgfp, pArs-mCherry and LuxR, ArsR-LuxR or ArsRcysy-
LuxR were first grown overnight from single colonies in LB
medium. Then, 1% cultures were inoculated into 500 uL of LB
medium that included appropriate antibiotics, 10 yM AHL and
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varying concentrations of As(III) (0—133.5 uM) in 96-well
deep-well plates. These cultures were shaken at 37 °C for 12 h.
The 20 mL cultures were diluted 10-fold into saline (0.9% (w/
v) NaCl; Nacalai Tesque) in 96 shallow-well plates. Cell
density (ODgyo) and fluorescence intensity (excitation: 485
nm, emission: 535 nm for sfGFP, excitation: 535 nm, emission:
615 nm for mCherry) were measured using FilterMax FS
(Molecular Devices, Sunnyvale, CA, USA) for Figures 1, 2 and
S2. Cell density (ODgy) was measured on a Spectra Max
(MOLECULAR DEVICE, San Jose, CA, USA), and
fluorescence intensity (excitation: 485 nm, emission: 510
nm) was measured using Fluoroskan Ascent (Thermo
Scientific, Waltham, MA, USA) for Figure 3. The GFP/
mCherry ratio was calculated by dividing the fluorescence
intensity of GFP by that of mCherry for each sample.

Determination of Arsenic Concentration. The resultant
plasmids were introduced into MG1655 harboring pLux-sfgfp.
The transformants were incubated overnight in 2 mL of LB
medium. A 100 pL aliquot of the culture was added to 10 mL
of fresh LB medium that included appropriate antibiotics, 10
#M AHL and varying concentrations of As(III) (0—133.5
#M), and incubated at 37 °C for 12 h with shaking. After the
incubation, the cells at a concentration of 10'° were washed
with and resuspended in 0.9% sodium chloride (99.999%,
Sigma-Aldrich, St. Louis, MO) solution and centrifuged at
3000g for S min at 4 °C to collect the cell pellet. The cell pellet
was incinerated with 200 uL of concentrated nitric acid (60%,
Fujifilm Wako Pure Chemical Corporation) by heating on a
hot plate, and then diluted with Milli-Q water (Millipore,
Tokyo, Japan) for elemental analysis by using ICP—MS
(Agilent 8800 ICP—MS/MS; Agilent Technologies, Tokyo,
Japan). The signal intensity of arsenic was monitored at m/z
75 with an integration time of 0.1 s, and the arsenic
concentration was calculated using a standard calibration
method with yttrium (Y) monitored at m/z 89 as the internal
standard.

Preparation for Cell Lysates. The resultant plasmids
were introduced into MG1655 harboring pLux-sfgfp. The
transformants were incubated overnight in 2 mL of LB
medium. A 100 xL aliquot of the culture was added to 10 mL
of fresh LB medium that included appropriate antibiotics, 10
UM AHL and varying concentrations of As(III) (0—133.5
uM), and shaken at 37 °C for 12 h. Subsequently, the cells
were centrifuged at 3000g for S min at 4 °C to collect the
resultant cell pellet. The cells were washed with wash buffer 20
mM HEPES, pH 7.6, 500 mM NaCl,10% (v/v) glycerol) and
centrifuged at 3000¢g for 5 min at 4 °C. The cells were
resuspended to a concentration of 10" cells/mL in sonication
lysis buffer (20 mM HEPES, pH 7.6, 500 mM NaCl,10% (v/v)
glycerol, 0.1 mg/mL lysozyme, and supplemented with 1 tablet
cOmplete Mini EDTA-free Protease Inhibitor Cocktail per 10
mL (Roche Diagnostics, Mannheim, Germany)). The cell
suspension was sonicated for 10 min at 4 °C or below
(QSONICA, Amplitude 40, Process Time 20 min (Pulse-ON
2 s, Pulse-OFF 7 s) .

Western Blot Analysis of Sensor Proteins. A histidine
hexamer was fused in frame to the C-terminus of the reading
frames of sensor proteins. The lysate was rigorously
centrifuged (20,817g for 30 min at 4 °C), and the supernatant
was taken as a soluble fraction. The total and soluble fraction
thus obtained was diluted with 2X SDS sample buffer (0.1 M
Tris, pH 6.8, 4% (w/v) SDS, 20% (v/v) glycerol, 12% (v/v)
mercaptoethanol, and 0.036% (w/v) bromophenol blue), and

boiled for S min. Total 20 ug protein obtained from each
sample was loaded on an acrylamide gel (10% (w/v)). The
protein in the gel was then transferred to a PVDF membrane
for 1 h at 100 mA. The membrane was incubated for 1 h in
TBS-T (20 mM Tris HCI, 0.8% NaCl, and 0.2% Tween 20)
containing 5% skim milk and washed 3 times with TBS-T
solution. The membrane was incubated for 1 h in 4 mL of
TBS-T containing 5% skim milk with 0.1% (v/v) 6His mAb-
HRP Conjugate (Clontech, Takara Bio, Shiga, Japan) at room
temperature. The membrane was then washed three times in
TBS-T. Finally, the bound antibody was detected using
chemiluminescence (ImmunoStar LD, Fujifilm Wako Pure
Chemical Corporation).

Fluorescence Correlation Spectroscopy Analysis.
Fluorescence correlation spectroscopy measurements were
performed using an LSM 510 META + ConfoCor 3 system
with a C-Apochromat 40 X 1.2NA Korr. UV—vis-IR water
immersion objective (Carl Zeiss, Jena, Germany),*n"q’7 The
confocal pinhole diameter was adjusted to 66 ym. Emission
signals were detected using avalanche photodiodes through a
beam splitter 405/488 nm (HFT405/288) and a 505—610 nm
band-pass filter. Each cell lysate was rigorously centrifuged
(20,817g for 25 min at 4 °C), and the supernatant was
recovered as a soluble fraction. Fluorescence signals of the
samples were recorded on Lab-Tek 8-well chamber slides
(Thermo Fisher) at 25 °C. As a control that does not respond
to As(III), the soluble fraction of lysate from E. coli expressing
sfGFP monomers. Curve fitting analysis for acquired
autocorrelation function was performed using ZEN 2.3 SP1
software (Carl Zeiss) using a model for multiple components
of 3D diffusion with a one-component exponential decay as the
following eq 1

G(r) =1+

m -1
T T ||1 T
1+ exp| —— ||— El1+ —
1-T Xp( TT]]N Z { T~]

—1/2
T
{1 + 2—]
S (1)

where G(7) is a fluorescence autocorrelation function from
which the time (7); F; and 7, are the fraction and diffusion time
of 3D diffusion component i, respectively; N is the average
number of fluorescent molecules in the detection confocal
volume defined by the beam waist w,, and the axial radius z; s
is the structure parameter representing the ratio of wy to zg; m
is the number of components (m = 1 or 2); T is the
exponential decay fraction; and 7 is the relaxation time of the
exponential decay. After adjustment of pinhole positions, the
diffusion time and structure parameter were determined using
an ATTO488 solution as a standard fluorescent dye. G(7) of
the samples in aqueous solutions were acquired for 300 s. The
diffusion coeflicient of the samples was calculated based on
that of ATTO488 in solution and its diffusion coefficient (400
um?/s). CPM was calculated as the mean photon count rates
were divided by N. The represented CPM values of the
samples were normalized to those of sfGFP monomers.
Regarding the diffusion coeflicients, a single-component
analysis was performed for sfGFP monomers, while a two-
component analysis was conducted for other samples, followed
by the calculation of the weighted average.
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Figure S1. As(III) dose-responsive ODgg. The strain
expressing the LuxR sensor in MG1655 is shown with
black circles, the strain expressing the LuxR sensor in
JW3469 is shown with yellow circles, and the MG1655
strain expressing only the vector is shown with gray
circles. Each plot represents the average of three
independent experiments, and error bars represent
standard deviations. Figure S2 Response of ArsR-LuxR
and ArsRcy,y-LuxR sensors to As(IIl) in BW25113
strain. Upper: dose-dependent response to As(III) of
ArsR-LuxR (red circles) or ArsRcs,y-LuxR (blue circles)
in BW25113 strains were analyzed. Each strain was
cotransformed with the reporter plasmids pLux-sfgfp to
evaluate the As(III)-dependent transcriptional activation
by LuxR. Each plot represents the average of three
independent experiments, and error bars indicate
standard deviations. Lower: ODyy, dose-responsive
changes to As(III). * indicates the point at which
growth inhibition in ArsRcj4-LuxR strain. Each plot
represents the average of three independent experi-
ments, and error bars indicate standard deviations
(PDF)
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