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ABSTRACT: Transcription factor-based whole-cell biosensors
have recently become promising alternatives to conventional
analytical methods due to their advantage of simplicity, cost-
effectiveness, and environmental friendliness. In this study, we used
genetic engineering to develop a whole-cell biosensor based on the
activation of promoters by CupR via interactions with gold ions,
leading to the expression of reporter genes that yield output signals.
Altering the promoter sequences was shown to significantly
improve the performance of the biosensor strain in terms of
gold-specificity. The detection sensitivity of our engineered strains
was 42-fold higher than that of wild-type strains. The linear range
of the purposed sensor was 125—1000 nM with a limit of detection
at 46.5 nM. The effectiveness of the sensor strain was verified in
wastewater samples.
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1. INTRODUCTION

Efficient environmental monitoring requires methods for the
rapid and sensitive screening and quantification of environ-
mental pollutants, such as toxic metals. Hazardous heavy
metals from contaminated water and soils are potentially toxic.
Gold nanoparticles have proven effective as sensing tools or
medical diagnostics;' however, highly active gold ions (Au(T)
and Au(Ill)) have been shown to damage the human liver,
kidney, and nervous system.”” In this current study, we sought
to develop a simple and cost-effective approach to monitor
gold ions in industrial/electronic wastewater.

Microbial biosensors are a cost-effective alternative approach
to monitoring environmental pollutants (e.g,, heavy metals,
organic pollutants, pathogens, etc.) in minimally equipped
settings." ' For example, Styczynski et al. used the pigment
expression system to establish a whole-cell biosensor for the
visual detection of zinc ions.'' Microbial biosensors use a
natural regulatory circuit within a microorganism to trigger the
production of a measurable signal upon sensing the target
analyte.'” A wide range of output signals have been employed
in biosensors, including (1) fluorescence proteins, such as red
fluorescent protein (mRFPl), green fluorescent protein
(GFP), and cyan fluorescent protein (CFP), etc,'”'* (2)
bioluminescence, such as the luciferase and luciferase subunit
(nanoluciferase, Nluc),"*™'® and (3) pigments, such as
lycopene,'” f-carotene,'®
reduce the cost of purchasing and operating instruments, these
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output signals are commonly used to achieve reliable reading at
a low cost.

The bacteria Cupriavidus metallidurans CH34 contains
several metal resistance factors, which allow it to survive in
areas contaminated by heavy metals.”’ C. metallidurans has
been shown to perform gold biomineralization via a
precipitation process,”” and MerR family bacterial metal-
regulatory protein in C. metallidurans (CupR) selectively
responds to gold ions.”*** Previously, we developed the whole-
cell biosensors based on the activation of promoters by CupR
via interactions with gold ions, leading to the expression of a
reporter gene that yields output signals.”>*® In this study, we
used genetic engineering as a tool to systematically optimize
the promoter sequences, ribosome binding sites, and reporting
signals to improve the performance of the whole-cell biosensor
for the sensitive and selective detection of gold ions in C.
metallidurans.

2. EXPERIMENTS

2.1. Chemicals. T4 DNA ligase, fast digest enzyme, and
phusion DNA polymerase were purchased from Thermo
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Figure 1. (A) Schematic diagrams of strains used in this study. Arrows indicate the direction of transcription of promoters. RBS indicates ribosomal
binding site. Sequences of P,,c and P, promoters in C. metallidurans CH34. The predicted —10 and —35 elements are highlighted in gray. The
symmetric dyad sequences are underlined. The bold fonts represent the 3’ and 3 sites. (B) RFP intensity/ODg ratios of two CupR-regulated

promoters (PWPA and P ¢

) in the presence (1 and 10 zM) and absence of gold ions 24 h post induction. (C) Comparison of RFP intensity/

ODy ratios between three biosensors expressing various amounts of CupR proteins in the presence (1 and 10 #M) and absence of gold ions 24 h
post induction. Py,p-cupR strain was induced with 0.4% arabinose. Values were the induction folds relative to the uninduced controls. Error bars
represent the SD (standard deviation) of three independent experiments (n = 3).

Scientific (Waltham, MA). The Presto Mini Plasmid Kit and
Gel/PCR DNA Fragments Kit were purchased from Geneaid
Biotech Ltd. (New Taipei city, Taiwan). BugBuster protein
extraction reagent and furimazine were purchased from Merck
(Darmstadt, Germany) and AOBIOUS INC. (Gloucester,
MA), respectively.

2.2. Cloning and Construct Assembly. E. coli DH5a is
the host strain used to construct various strains with standard
procedures. It was inoculated in LB broth at 37 °C overnight in
a shaker (250 rpm). C. metallidurans cells were used as the host
for whole-cell biosensor and incubated at 28 °C in NaCl-free
LB (SLB) with shaking at 200 rpm. Standard protocols for
conjugation with E. coli strain S17 were used to generate C.
metallidurans CH34 strains.”” The primers, plasmids, strains,
and construct details are provided in Tables S1, S2, and S3.

2.3. Metal lon Inductions. A single colony was initially
cultured in LB broth and grown overnight at 28 °C on a
rotatory shaker at 200 rpm. The cells were then diluted (4%)
in an SLB medium. The SLB medium contains 10 g/L
tryptone (VWR life science) and S g/L yeast extract (VWR life
science). The SLB medium was supplemented with kanamycin
at 200 pg/mL (AMRESCO) and gentamicin at 15 pg/mL
(AMRESCO). The cells were diluted in the SLB medium and
incubated at 28 °C on a rotatory shaker at 200 rpm (ODggo =
0.4). Then, we added metal ions to induce the expression of
the output signals.

2.4. Measurement of Optical Density and Fluores-
cence. At the end of the reaction, 300 L of the sample was
used to determine fluorescence. The cells were centrifuged at
14 000g for 1 min and washed with 300 yL of phosphate-
buffered saline (PBS). Next, red fluorescence intensity (ex: 530
nm, em: 590 nm) and OD were recorded with a BioTek
Synergy HT instrument in a 96-well plate.

For luminescence measurements, the cells were centrifuged
at 14 000g for 1 min, and the supernatant was discarded. Fifty
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microliters of BugBuster protein extraction reagent was added
to the pellet to redissolve it and then quickly mixed with S0 uL
of BugBuster containing 100 uM substrate. The bio-
luminescence was recorded using a BioTek Synergy HT
instrument (em: 485 nm, the integration time is 0.5 ms, and
the gain value at 135).

2.5. Preparation of Wastewater Samples. Municipal
wastewater was collected from local sewage treatment factories
from a local wastewater treatment plant. Municipal wastewater
was centrifuged and filtered before ICP-MS analysis. All
measurements were accomplished using an iCAP TQ_(Thermo
Scientific). Then, wastewater was mixed with 2XSLB at a ratio
of 1:1 as our culture medium using whole-cell and cell-free
methods. HAuCl, was spiked in the medium with standard
addition methods.

3. RESULTS AND DISCUSSION

3.1. Construction of a Gold-Responsive Whole-Cell
Biosensor in C. metallidurans. We first compared the
activity of two CupR-responsive promoters (P.,,c and Pg,,4)
in terms of fluorescence intensity (RFP/ODgq,) at 24 h post
induction with gold ions (0, 1, and 10 yM). The promoter
sequence alignment of P, and P, are presented in Figure
1A. Two sensor strains containing identical plasmids were
employed for the specific detection of gold ions using the red
fluorescent protein (RFP) gene as a reporter driven by Pypc OF
Pypa- Relative to green and cyan fluorescent proteins, RFPs are
beneficial for imaging under autofluorescence conditions. The
cells carrying P.,c presented higher induction upon
incubation with gold ions (Figure 1B). We constructed a
strain with a native (PCUPR) or inducible promoter (Pg,p) to
drive the expression of CupR to indirectly estimate CupR
protein levels using RFP fluorescence as the reporter. We first
examined the promoter strength by constructing P z-RFP
and Py,p-RFP. The two promoters were activated using gold
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Figure 2. RFP intensity/ODgy, ratios of 16 mutants that were created
using altered nucleotide compositions at the 3’ and 3 operator
positions of P4 AN, TN, CN, and GN (N: A, T, C, G) in the
presence of gold ions (0, 125, 250, 500, 750, 1000 nM) in the SLB
medium 24 h post induction. Error bars represent the SD (standard
deviation) of three independent experiments (n = 3). RFP intensity
intensity/ODgy, exhibited an excellent linear correlation with the gold
ion concentration for P upa(mac) Strain in the range of 100—1000 nM
(R* = 0.931).

ions or arabinose at various concentrations, respectively
(Figure S1). Activation of the Pg,p promoter was 37-fold
stronger than that of the native P,z promoter based on the
RFP intensities. We then compared the activation of P, at
three CupR concentration levels (lowest to highest: CupR
expressed by the endogenous chromosomal locus, exogenous
expression by the P ,z-cupR, exogenous expression by the
Pgap-cupR) in the presence of 1 or 10 M gold ions and 0.4%
arabinose. We observed no significant difference in cell density
(ODgyo) due to the toxicity of the gold ions at those
concentrations. Note that the expression of RFP was
significantly higher when the expression of CupR was lower
(Figure 1C). Thus, we adopted the strain with lower CupR

expression for subsequent experiments based on high-signal
intensities.

3.2. Optimizing the Nucleotide Composition at the 3’
and 3 Operator Positions of P ,a. Audero et al. reported
that CupR homologues (CueR and GolS) are able to
selectively distinguish target binding sites by recognizin%
bases at positions 3’ and 3 of their cognate operators.”*””
They also reported C/A conserved at the 3’ position and G/T
at the 3 position (relative to the center of the operator) in E.
coli/Salmonella. Thus, we performed saturation mutagenesis to
create all possible 16 mutants at the 3’ and 3 operator
positions (Figure S2A) and recorded the fluorescence
intensity/ODyq, in the presence of gold ions (0, 125, 250,
500, 750, 1000 nM). We first examined the effect at the 3
position by comparing four groups carrying mAN, mTN,
mCN, and mGN (m: mutation sites; N: any nucleotide) using
mAG as a reference (Figure S2B—E). The mAG mutant
presented the strongest reactivity to gold ions. We found that
the increase in fluorescence intensity in the presence of gold
ions was most pronounced when the 3 position was G (Figure
S2B—E). The dose—response curves between the fluorescence
intensity/ODgyy of 16 strains and gold concentrations are
plotted in Figure 2.

It has previously been demonstrated that sequences at the 3’
and 3 operator positions can amend specificity toward
regulators.”® " Thus, we tested strains carrying mAN and
mNG in the presence of an interfering substance (e.g., Ag and
Cu) using a wild-type sequence (AT)-based biosensor as a
control. In Figures 3 and S3, the fluorescence intensity/OD
values were then respectively examined in the presence of three
metal jons (Au, Ag, and Cu). None of the biosensors
responded to Ag at tested concentrations. The strain carrying
mGG presented the strongest induction in the presence of Cu
ions. We then calculated an Au/Cu discrimination index based
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Figure 3. Red fluorescence profiles of whole-cell biosensor strains carrying mutated nucleotide composition (mAG, mTG, mCG, and mGG) at the
3’ and 3 operator positions of P, in the presence of gold, silver, and copper ions at various concentrations in the SLB medium (gold: 0, 125, 250,
500, 750, 1000 nM, silver: 0, 1, 2.5, S, 7.5, 10 #M, and copper: 0, 100, 250, 500, 750, 1000, 1250, 2500 #M). Error bars represent the SD (standard

deviation) of three independent experiments (n = 3).
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Figure 4. (A) REP intensity/ODgq ratios of strains carrying P4 or
P ¢ with or without mutations (mAG) at the 3’ and 3 operator
positions in the presence (1 and 10 uM) and absence of gold ions 24
h post induction. (B) Sequence comparison between P,,c and P4
The RFP intensity/ODyj, ratios of six strains in the presence (1 and
10 M) and absence of gold ions 24 h post induction. The values
above the bars indicate the fold induction compared to control. Error
bars represent the SD (standard deviation) of three independent
experiments (n = 3).

on the ratio of the maximum induction attained with Au and
Cu ions (Table S4). The strain carrying mAG presented in the
highest specificity to gold ions (stronger induction with gold
ion than copper ions). The mAG mutant exhibited 2.33 times

Figure 6. (A) Red fluorescent intensity and images of the purposed
whole-cell and (B) luminescence intensity and images of the cell-free
biosensors in the presence of various heavy metals at the
concentration of 10 uM, except for Cu?** and Zn?*, which were
added at a concentration of 100 uM due to their relative abundance in
environmental samples at 24 and 6 h post induction. Error bars
represent the standard deviation from triplicate measurements. The
values above the bars indicate the fold induction compared to control.

better discrimination between Cu and Au than wild-type,
which can be attributed to the interaction strength between
DNA and CupR. We, therefore, selected A at the 3’ position
and G at the 3 position for subsequent development.

3.3. Promoter, Growth Phase, and RBS Effects on
Biosensor Performance. We used two promoter sequences
with or without mutations at the 3’ and 3 positions (P,
PCHPA(mAG), Pepos Pcupc(mAG)) to verify the enhancements
of mAG and again observed increases in fluorescence intensity
resulting from the mutations at 3’ and 3 positions (Figure 4A).
In fact, two of the promoter sequences led to 2—7-fold
increases in fluorescence intensity with mAG mutations. The
P_ypc also presented higher inductions than those of P, due
to very low basal reporter gene expression, which was
consistent with our comparison of P ¢ and P,
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Figure 5. Linear relationships between the concentration of gold ions (0, 250, 400, 600, 800, 1000 nM) and the intensity of (A) red fluorescence
and (B) luminescence were plotted. LODs were 66.3 and 46.5 nM, respectively. Error bars represent the SD (standard deviation) of three

independent experiments (n = 3).
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We then investigated how promoter sequences affected the
expression of the basal reporter gene. Pairwise alignment of
Ppc and Py promoter revealed highly similar sequences
except for four nucleotides. We performed single nucleotide
substitutions, which involved exchanging the nucleotide of
promoter P ¢ with P pa- Four strains were constructed by
substituting C, G, C, and G to A, C, A, and T at positions 1, 2,
3, and 4 of P, respectively, named 1-mA, 2-mC, 3-mA, and
4-mT (Figure 4B). A subsequent comparison of four strains
with native promoters (PCUPA and PcupC) revealed that switching
these positions did not have a significant effect on the
responses to gold ions in terms of induction folds and
intensities (Figure 4B).

Considering that fluorescence intensity was enhanced in the
presence of gold ions, we sought to determine whether the
gold-induced response was affected by the growth phase. This
was achieved by following the reaction time-course of cells
during exponential and stationary growth phases (Figure S4A).
We observed a linear relationship between fluorescence
intensity/ODgqo and gold ion concentration in the range of
125—1000 nM during the exponential growth phase (at 12 h
post induction). The cells induced during the stationary phase
(at 9 h post induction) also presented a significant increase in
fluorescence. The increase in fluorescence did not vary
significantly between growth phases. This means that
sensitivity could be increased simply by extending gold ions’
exposure time, and exposure time could be shortened when
monitoring samples with a high gold ion concentration.

We then evaluated a set of RBS sequences for controlling
RFP in terms of translation initiation efficiency in C.
metallidurans. These included four previously reported RBS
sequences known to have high translation initiation efficiency
(RBS;,, RBS,,, RBS,4p and RBS_),>""* and one was
calculated using the software published by Salis et al.*
(RBS,,rpp1ca)- The detailed sequences of RBSs are listed in
Table S5. Again, we observed a strong correlation between
fluorescence intensity and gold ion concentrations in all strains.
RBS,.qp and RBS_,; presented the lowest signal intensity and
induction folds. RBS, rrp; i presented the strongest intensity;
however, the induction fold was less pronounced than that of
RBS;, (Figure SS). Thus, we adopted the RBS;, sequence as
our optimal gold-responsive platform due to its high efliciency
and low leaky expression of the reporter.

3.4. Employing Nanoluciferase as the Signal Report-
er. Bioluminescent cell-free biosensors have been applied for
environmental testing or on-site analysis with portable
devices.***° We thus sought to reduce the reaction time by
replacing RFP with a bioluminescent enzyme (Nluc). Bio-
luminescence was recorded under lysing conditions using
furimazine substrates (50 #uM) at 6 h post induction with gold
ions. As shown in Figure SB, luminescence intensity/ODggy,
exhibited an excellent linear correlation with the gold ion
concentration in the range of 250—1000 nM (R* = 0.983).
These results indicate that comparable detection sensitivity
could be achieved with shorter reaction times using a cell-free
system (Figure SA).

3.5. Selectivity of Purposed Sensor Strain toward
Heavy Metals. We also investigated potential sources of
interference by measuring selectivity for common heavy metals
in whole-cell and cell-free systems. This involved incubating
sensor cells in the exponential phase with various metal ions at
the concentration of 10 uM, except for Cu** and Zn**, which
were added at a concentration of 100 yM due to their relative
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abundance in environmental samples. We observed a
significant increase in red fluorescence intensity in the presence
of gold ions. The other metals (including Ag, Zn, Ni, Hg, Cd,
Co, Fe, Cr, Pd, and Pb) did not induce significant changes in
red fluorescence (Figure 6A). In the presence of 100 uM
copper, the luminescence increased slightly, while the other
metal ions only resulted in minor changes in luminescence,
thereby demonstrating the high specificity of the proposed
biosensors (Figure 6B).

3.6. Performance of the Proposed Sensor Strain in
Wastewater. Finally, we evaluated the purposed biosensors in
municipal wastewater collected from a local wastewater
treatment plant. Note that all samples were confirmed to be
free of gold based on ICP-MS measurements (shown in Table
S6). Table S6 lists the quantitative results for the detection of
two-spiked samples in a 50% wastewater matrix using whole-
cell and cell-free methods. As shown in Table S7, the average
recovery rates and RSD range from 82 to 118% and from 1 to
11%, respectively. Our results indicate that the purposed
whole-cell and cell-free biosensors could potentially be used to
assess the toxicity of gold-polluted wastewater samples.

4. CONCLUSIONS

In this study, we systematically investigated promoters,
ribosome binding sites, and reporter signals with the aim of
enhancing the sensitivity and selectivity of whole-cell gold
biosensors capable of high-throughput environment monitor-
ing. Specifically, we successfully enhanced the performance of
the whole-cell biosensor by the fine-tuning affinity of the
transcription factor module via alterations of the sequence of
operators. We genetically engineered the nonmodel organism
C. metallidurans for growth in extreme environments to expand
the scope and applicability of the biosensors. To overcome a
longer doubling time (e.g, slower growth), this cell-free
platform could be developed in parallel to reduce the time
required for detection.
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