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Biosynthesis of Indigo Dyes and Their Application in Green
Chemical and Visual Biosensing for Heavy Metals
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ABSTRACT: Fermentative production of natural colorants using microbial strains has emerged as a cost-effective and sustainable
alternative to chemical synthesis. Visual pigments are used as signal outputs in colorimetric bacterial biosensors, a promising method
for monitoring environmental pollutants. In this study, we engineered four self-sufficient indigo-forming enzymes, including HbpAv,
bFMO, cEMO, and rFPMO, in a model bacterium E. coli. TrxA-bFMO was chosen for its strong ability to produce indigo under T7
lac and mer promoters’ regulation. The choice of bacterial hosts, the supplementation of substrate L-tryptophan, and ventilation were
crucial factors affecting indigo production. The indigo reporter validated the biosensors for Hg(II), Pb(II), As(I1I), and Cd(II). The
biosensors reported Hg(II) as low as 14.1 nM, Pb(II) as low as 1.5 nM, and As(III) as low as 4.5 nM but increased to 25 uM for
Cd(11). The detection ranges for Hg(II), Pb(II), As(III), and Cd(1I) were quantified from 14.1 to 225 nM, 1.5 to 24.4 nM, 4.5 to
73.2 nM, and 25 to 200 uM, respectively. The sensitivity, responsive concentration range, and selectivity are comparable to j-
galactosidase and luciferase reporter enzymes. This study suggests that engineered enzymes for indigo production have great
potential for green chemical synthesis. Additionally, heterologous biosynthesis of indigo production can lead to the development of
novel, low-cost, and mini-equipment bacterial biosensors with zero background noise for visual monitoring of pollutant heavy metals.

1. INTRODUCTION

Whole-cell biosensors have garnered increasing attention in

caused by various chemicals."® Outstanding from them, heavy
metal biosensors are known for their high specificity.”
Microorganisms can adjust their intracellular concentrations
of metal ions to adapt to environmental changes and maintain
cellular homeostasis. It is achieved through the help of metal-
responsive transcriptional regulators, which play essential roles
in metal uptake, pumping out, sequestration, and transformation
to a less toxic status.” These regulators are responsible for
controlling the expression of genes related to resistance. The
metalloregulators have become popular biological parts in

recent decades, mainly within synthetic biology." These
genetically engineered microorganisms, usually bacteria, can
detect and report specific compounds or analytes by emitting a
detectable signal through various reporter systems. These highly
effective and economical bacterial biosensors provide qualitative
and quantitative information about the environment they are
introduced to in an in situ manner.”

A cellular biosensor is a two-stage processor that can be
divided into two modules. The first is the sensory module, which
recognizes and transduces external signals into intracellular
transcriptional signals. The second is the actuating module,
which executes physiological responses.” Furthermore, various
exquisitely designed genetic circuits were used to amplify the
biosensing signal.”® Versatile bacterial biosensors have been
developed successfully to detect and report reactive oxygen
species, DNA damage, protein damage, and membrane damage
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synthetic biology due to their sensory and regulatory functions.
Two critical families, MerR and SmtB/ArsR, exhibit remarkable

Received: April 15, 2024
Revised:  July 10, 2024
Accepted: July 12, 2024
Published: July 24, 2024

https://doi.org/10.1021/acsomega.4c03613
ACS Omega 2024, 9, 33868—33881


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yan+Guo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shun-Yu+Hu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Can+Wu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Chao-Xian+Gao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Chang-Ye+Hui"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.4c03613&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c03613?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c03613?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c03613?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c03613?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c03613?fig=abs1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c03613?fig=abs1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c03613?fig=abs1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c03613?fig=abs1&ref=pdf
https://pubs.acs.org/toc/acsodf/9/31?ref=pdf
https://pubs.acs.org/toc/acsodf/9/31?ref=pdf
https://pubs.acs.org/toc/acsodf/9/31?ref=pdf
https://pubs.acs.org/toc/acsodf/9/31?ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsomega.4c03613?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://acsopenscience.org/researchers/open-access/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/

ACS Omega

http://pubs.acs.org/journal/acsodf

Derived from various plants,
especially /satis tinctoria

Since 4000 BC 1500 AD

) o]
3-Hydroxyindole @
N
H

000 04

Indigofera tinctoria

Derived mainly from
Indigofera tinctoria

1900 AD when?

Chemical synthesis Cell factories

Petrochemical Microbial cell
industry factories

dimerisation E

- ¢

OT+ diow )0‘9‘” | Oxygenase D
> \
i ThaA
- I —— \
L-trypto;;han Indole

Oxygenase

3-Hydroxyindole

Concentration of Hg(ll)

Figure 1. Indigo production history and its metabolic engineering (Public domain images sourced from the Internet, not subject to copyright
restrictions). (a) The timeline of the processes involved in the production of indigo. (b) Metabolic engineering of indigo could have potential

applications in whole-cell visual biosensing.

sensitivity and selectivity toward metal ions.” These families can
regulate heavy metals and metalloids, including the highly toxic
ones such as Pb, Hg, Cd, and As. Heavy metal biosensors have
been developed using these families to address the widespread
problem of heavy metal contamination.®"°
Fluorescent proteins and enzymes like f-galactosidase and
luciferase are widely used as reporters in heavy metal whole-cell
biosensors that are fluorescent, colorimetric, or biolumines-
ent."'~"? Colorimetric biosensors have always been considered
cost-effective biological devices with minimum requirements."*
It is now possible to create various natural colorants in chassis
cells through synthetic biology and metabolic engineering.ls’16
As visible reporters, natural pigments offer significant advan-
tages, such as simple visual examination and spectrophotometric
analysis, which enable qualitative and quantitative measure-
ment.'”'® Researchers have developed bacterial biosensors
using various pigments such as water-insoluble violacein,
pyocyanin, p-carotene, and water-soluble indigoidine and
anthocyanin. These pigments are generated from gene clusters
like vioABCDE, phzMS, crtEBIY, bpsA-pcpS, and 3GT-ANS. Such
biosensors detect heavy metal ions such as Hg(II), Pb(II), and
Cd(11).""~** Pigment-based bacterial biosensors are a promising

solution for field tests due to their substrate-free nature, small
equipment requirements, and signal amplification properties.l’23
Biotechnological advances possibly enable the production of
more pigments in bacterial chassis cells as a novel, green
chemical and visual indicator for bacterial biosensing.

Indigo, an ancient dye, remains highly demanded, especially
in the denim industry.”* Indigo was initially sourced from plants,
but it has been synthesized from petroleum using a chemical
process (as shown in Figure 1a) and has replaced most plant-
based production.”® Since the early 1980s, researchers have
explored the production of indigo by fermentation after
identifying bacterial strains capable of synthesizing indigo.*®
Although various bacterial strains and enzymes have been
identified as being able to produce indigo, a large-scale industrial
biotechnological process still needs to be developed for
producing indigo.”” The demand for a biotechnological indigo
production process has become more urgent, and modern
enzyme and strain engineering techniques make it more
feasible.”®

Indigo-forming enzymes convert indole via an oxygenation
reaction.”” The redox enzymes that have been identified can be
classified into three different enzyme classes based on the
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cofactor used for performing the oxygenation of indole. These
enzyme classes include nonheme iron oxygenases, heme-
containing oxygenases, and flavin-dependent monooxyge-
nases.”” In the current study, four self-sufficient indigo-forming
enzymes were chosen from identified oxygenases and
engineered under the control of Hg(1l)-responsive MerR in
the model bacterium E. coli. In Figure 1b, it is shown that E. coli
breaks down L-tryptophan into indole using endogenous
tryptophanase TnaA.”' The produced indole is then converted
into indigo using recombinant redox enzymes. The redox
enzyme that is most effective in Hg(II) whole-cell biosensing
will be selected and further tested for its efficacy in biosensing
Pb(I1), As(III), and CA(IL).

Self-sufficient oxygenases were engineered in this study
instead of indigo-forming oxygenases that are part of a
multicomponent system. We somewhat compared the four
candidate enzymes and observed significant variations in their
indigo productivity, indicating their diverse capabilities for
producing indigo in E. coli. Our research suggests that
engineered oxygenases have great potential for the green
chemical synthesis of indigo. Compared to previously developed
visual signals, such as violacein and pyocyanin, indigo produces a
charming, noncytotoxic sky-blue color. Additionally, the
production of indigo is triggered by a single enzyme, making it
an ideal pigment reporter for developing biosensors. Heavy
metals-responsive indigo production allows the synthetic
bacterium to function as a visual biosensor.

2. MATERIALS AND METHODS

2.1. Bacterial Strains, Recombinant Constructs, and
Reagents. Various indigo-producing enzymes have been
identified in microorganisms with the rapid development of
metagenome mining, mainly in bacteria. Four oxygenases are
chosen from them, engineered in this study, and listed in Table
1. The amino acid and DNA sequences of indigo-forming
enzymes after E. coli encoding optimization are listed in Table
SL.

Table 1. Indigo-Forming Enzymes used in this Study

enzymes name origin ref

2-hydroxybiphenyl-3- HbpAv  Pseudomonas azelaica 32
monooxygenase variant HBP1

flavin-containing bFMO  Methylophaga sp. strain 33
monooxygenase SK1

flavin-containing cFMO Corynebacterium 34
monooxygenase glutamicum

two-component flavoprotein rFPMO  Rhodococcus strain 35
monooxygenases ATCC 21145

The following Table 2 displays the bacterial hosts and
recombinant constructs. The bacterial cultures were grown in
Luria—Bertani (LB) broth containing 1% tryptone, 0.5% yeast
extract, and 1% sodium chloride. If required, the cultures were
supplemented with 50 yg/mL ampicillin. All metal salts, such as
mercuric chloride, lead nitrate, sodium arsenite, and cadmium
chloride, were of analytical grade and were dissolved in purified
water at 1 mM as a stock solution. All of the reagents used were
obtained from Sigma-Aldrich unless specified otherwise.

2.2. Assembly of Recombinant Constructs. The strategy
used for the plasmid construction and bacterial transformation is
shown in Figure S1. Encoding genes for four indigo-producing
enzymes, including HbpAv, bFMO, cEMO, and rFPMO were
artificially synthesized and cloned into pET-21a using Ndel-Sacl

sites, to generate pET-HbpAv, pET-bFMO, pET-cFMO, and
pET-rFPMO, respectively. The Ncol-Sacl fragments containing
the bFMO and cFMO encoding sequences were amplified by
PCR and inserted into pET-32a to generate pET-TrxA-bFMO
and pET-TrxA-cFMO, respectively. The plasmids pPmer,
pPpbr, pPars, and pCadR10-DV contain natural Hg(II),
redesigned Pb(II), redesigned As(III), and redesigned Cd(II)
sensory elements. These elements were amplified by PCR and
inserted into pET-21a-derived vectors as BglII-Xbal fragments.
The result is a variety of biosensing constructs, including pHg-
bFMO, pPb-bFMO, pCd-bFMO, and pHg-rFPMO. All sensory
elements of heavy metals and metalloids are listed in Table S2.
The TrxA fused oxygenase-encoding genes were PCR amplified
from pET-32a-derived vectors and inserted into pPmer, pPpbr,
pPars, and pCadR10-DV using Ndel and Sacl sites, generating
five biosensing constructs: pHg-TrxA-bFMO, pHg-TrxA-
cFMO, pPb-TrxA-bFMO, pAs-TrxA-bFMO, and pCd-TrxA-
bFMO.

2.3. Recombination Expression and Validation of
Indigo-Producing Enzymes in E. coli. The pET-derived
plasmids were freshly transformed into E. coli BL21(DE3).
Single colonies were selected and activated overnight at 37 °C.
The activated cultures were then diluted 1:100 in fresh LB broth
and cultured at 37 °C with shaking at 250 rpm for 3 h before
being induced with 0.5 mM isopropyl $-p-1-thiogalactopyrano-
side (IPTG) for 4 h. Then, the bacteria were collected by
centrifugation, treated with ultrasonication as described
previously,”” and subjected to 10% SDS-PAGE.

The heavy metal biosensing constructs were freshly trans-
formed into E. coli TOP10. Recombinant bacteria in the early
stage of logarithmic growth were exposed to target metals, such
as Hg(1I) at 450 nM, Cd(II) at SO uM, and Pb(II) at SO uM,
with shaking at 250 rpm for 12 h.

After IPTG or heavy metals induction, the bacterial culture
was measured for density at 600 nm in 100 L. Then, 900 yL of
the culture was centrifuged at 12000 rpm for 2 min. The
bacterial pellets were dehydrated with ethanol, extracted with
200 uL DMSO, and vortexed extensively. The DMSO phases
were scanned using visible light, and the absorbances at 620 nm
were recorded in 100 yL using a microplate reader (BioTek
Epoch, USA).

2.4. Validation of Indigo’s Visual Reporting Potential
Using Hg(ll) Whole-Cell Biosensing. The vector pHg-TrxA-
bEMO was transformed into E. coli TOP10 to create a biosensor
for Hg(II). We first selected single colonies for the time-dose—
response assay and activated them overnight at 37 °C. Next, we
diluted the overnight incubated cultures by a factor of 1:100 in
fresh LB broth. We then induced the cultures with varying
concentrations of Hg(II) in a gradient of 0, 56.3, and 450 nM.
Finally, we cultured the induced cells at 37 °C with shaking at
250 rpm for 13 h. At 1-h intervals, 1 mL aliquots of cultures were
sampled to determine bacterial density and indigo-derived
signal.

Overnight activated TOP10/pHg-TrxA-bFMO was diluted at
a 1:100 ratio into fresh LB medium. Induction groups with
varying Hg(II) concentrations were obtained using a 2-fold
dilution method in a dose—response assay. It resulted in
exposure groups with 0, 14.1, 28.1, 56.3, 112.5, 225, 450, and
900 nM Hg(II) concentrations. Various metal ions were
supplemented in induction groups at S uM in a selectivity
assay. Following a 12-h incubation at 37 °C with shaking at 250
rpm, bacterial density and indigo-derived color signal were
measured as described above.
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Table 2. Bacterial Strains and Plasmids Used in this Study

strains and

plasmids genotypes or description reference
E. colistrains
TOP10 F~ ®80lacZAMI1S AlacX74 recAl Tiangen
BL21(DE3) F ompT hsdSg (rg my") gal dem (DE3) Tiangen
DHSa F~ ¢80 lacZAM1S A(lacZYA-argF) Tiangen
Rosseta(DE3) F-ompT hsdSg (ry mg~) gal dem (DE3) pRARE Tiangen
Plasmids
pET-21a Amp®, T7 promoter, lac operator Merck
pET-32a Amp®, T7 promoter, lac operator, TrxA tag Merck
pPmer pET-21a derivative containing natural merR and Pmer divergent promoter region cloned into Bg/II and Xbal sites 11
pPpbr pET-21a derivative containing a redesigned lead sensory element from Klebsiella pneumoniae CG43 plasmid pLVPK this study
pPars pET-21a derivative containing a redesigned arsenic sensory element from Escherichia coli K12 chromosomal ars operon cloned into  this study
BglIl and Xbal sites
pCadR10-DV The vioABCE gene cluster fused downstream of a redesigned cadmium sensory element from Halomonas caseinilytica JCM 14802 36
pET-HbpAv pET-21a derivative containing the HbpAv coding gene this study
pET-bEMO pET-21a derivative containing the bFMO coding gene this study
pET-cEMO pET-21a derivative containing the cFMO coding gene this study
pET-rFPMO pET-21a derivative containing the rFPMO coding gene this study
pET-TrxA- pET-32a derivative containing the fused TrxA-bFMO coding gene this study
bEMO
pET-TrxA- pET-32a derivative containing the fused TrxA-cFMO coding gene this study
cFMO
pHg-bEMO pPmer derivative containing the bBFMO coding gene under transcriptional control of Hg(II) sensory element this study
pPb-bFMO pPb-vioABCE derivative containing the bBFMO coding gene under transcriptional control of Pb(II) sensory element this study
pCd-bFMO pCadR10-DV derivative containing the bFMO coding gene under transcriptional control of Cd(II) sensory element this study
le—jIg—TrxA- pPmer derivative containing the fused TrxA-bFMO coding gene under transcriptional control of Hg(II) sensory element this study
FMO
pHg-TrxA- pPmer derivative containing the fused TrxA-cFMO coding gene under transcriptional control of Hg(II) sensory element This study
cFMO
pHg-rFFPMO pPmer derivative containing the fFPMO coding gene under transcriptional control of Hg(II) sensory element this study
pl;b—TrxA— pPb-vioABCE derivative containing the fused TrxA-bFMO coding gene under transcriptional control of Pb(II) sensory element this study
FMO
pjk\)s-TrxA— pPars derivative containing the fused TrxA-bFMO coding gene under transcriptional control of As(III) sensory element this study
FMO
p%d-TrxA— pCadR10-DV derivative containing the fused TrxA-bFMO coding gene under transcriptional control of Cd(II) sensory element this study
FMO

2.5. Optimization of Hg(ll) Whole-Cell Biosensing
System. The Hg(II) biosensing construct pHg-TrxA-bFMO
was transformed into four E. coli hosts, including TOP10,
BL21(DE3), DHSa, and Rosseta(DE3). The resultant en-
gineered bacteria were picked up, activated overnight, and
exposed to increased Hg(II) concentrations in a 2-fold dilution
method at 250 rpm. Bacterial density and indigo-derived color
signal were measured as described above after a 12-h incubation
at 37 °C.

After being activated overnight, TOP10/pHg-TrxA-bFMO
was diluted 1:100 into a fresh LB medium. The culture was
supplemented with excessive up to 1 mM L-tryptophan, which
was noncytotoxic, and increased Hg(Il) concentrations were
induced in a 2-fold dilution. After a 12-h incubation at 37 °C
with shaking at 250 rpm, bacterial density and indigo-derived
color signal were measured as described above.

The TOP10/pHg-TrxA-bFMO was activated overnight. It
was then diluted at a ratio of 1:100 into a fresh LB medium. The
medium was supplemented with 1 mM L-tryptophan and
induced with increased Hg(II) concentrations. The mixture was
shaken at 150 rpm and incubated for 12 h at 37 °C. Finally, the
bacterial density and indigo-derived color signal were measured
as described previously.

2.6. Validation of Indigo’s Visual Reporting Potential
Using Different Biosensing Models. The plasmids pPb-
TrxA-bFMO, pAs-TrxA-bFMO, and pCd-TrxA-bFMO were

transformed into E. coli TOP10 strains to create biosensors for
Pb(II), As(III), and Cd(II), respectively. Overnight activated
biosensor cells were diluted 1:100 in fresh LB medium with 1
mM L-tryptophan. In a time—dose—response assay, TOP10/
pPb-TrxA-bFMO was induced with 0, 14.4, and 1550 nM Pb(II)
for 8 h, TOP10/pAs-TrxA-bFMO was induced with 0, 18.3, and
4680 nM As(I1I) for 13 h, and TOP10/pCd-TrxA-bFMO was
induced with 0, 25, and 100 uM Cd(II) for 13 h. All were shaken
at 150 rpm. At 1-h intervals, 1 mL aliquots of cultures were
sampled to determine bacterial density and indigo-derived signal
as described above.

In a dose—response assay, TOP10/pPb-TrxA-bFMO was
exposed to 0—100 #M Pb(II) for 6 h, TOP10/pAs-TrxA-bFMO
was exposed to 0—150 M As(III) for 12 h, and TOP10/pCd-
TrxA-bFMO was exposed to 0—400 uM Cd(II) for 12 h. All the
groups were added with 1 mM L-tryptophan and were agitated at
a speed of 150 rpm.

In a selectivity assay, TOP10/pPb-TrxA-bFMO and TOP10/
pAs-TrxA-bFMO were exposed to various metal ions at S uM for
6 and 12 h, respectively. All cultures were shaken at 150 rpm and
supplemented with 1 mM L-tryptophan. After the induction, the
bacterial density and the color signal derived from indigo were
measured as described above.
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Figure 2. Heterologous expression of various oxygenases and their capacities in catalyzing the biosynthesis of indigo. (a) Recombinant production of
four oxygenases in E. coli and (b) analysis of soluble expression. Lane M was loaded with protein molecular weight markers. Lanes 1—5 showed
uninduced culture, IPTG-induced culture, induced culture broken by ultrasonication, the supernatant after ultrasonication, and the precipitation after
ultrasonication. (c) Indigo biosynthesis in various engineered E. coli. The photos show the induced culture (above) and the DMSO extraction phase
(below). Absorbance at 620 nm was measured in eight groups with at least three replicates. (d) Visible light scan of indigo biosynthesized in Hg(II)-
induced recombinant bacteria. (e) The LC—MS chromatogram of DMSO containing indigo. It displayed primary (above) and secondary (below)

mass spectra.
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Figure 3. MerR-triggered indigo biosynthesis enables a visual biosensor toward Hg(II). (a) Molecular mechanism of TrxA-bFMO expression
responsive to Hg(II). The time—dose—response relationship of TOP10/pHg-TrxA-bFMO was studied by determining bacterial density (b) and
indigo absorbance (c) at 1-h intervals. The dose—response curve of TOP10/pHg-TrxA-bFMO was drawn by measuring bacterial density (d) and
indigo absorbance (e) with increased concentrations of Hg(II) exposure. The asterisk indicates p < 0.0S against the background by t-Student analysis
(n = 3). (f) Response of TOP10/pHg-TrxA-bFMO to various metal ions at 5 yM.

3. RESULTS AND DISCUSSION

.1. Indigo Biosynthesis in E. coli Expressing Self-
Sufficient Oxygenases. In recent years, scientists have
discovered several enzymes that produce indigo in micro-
organisms, primarily bacteria.”” Some oxygenases that produce

indigo are self-sufficient and may be expressed recombinantly in
E. coli. Four enzymes, namely HbpAv from Pseudomonas azelaic
HBP1, bFMO from Methylophaga sp. strain SK1, cFMO from
Corynebacterium glutamicum, and rFPMO from Rhodococcus
strain ATCC 211485, were selected for the study. The genes
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Figure 4. Optimizing biosensing conditions using an indigo-based Hg(II) biosensor. The host effect on bacterial growth (a) and indigo production (b)
was investigated after induced with increased concentrations of Hg(II). The impact of extra substrate supplementation on bacterial growth (c) and
indigo production (d) was investigated after exposing TOP10/pHg-TrxA-bFMO to increased concentrations of Hg(II). Bacterial growth (e) and
indigo production (f) in TOP10/pHg-TrxA-bFMO were studied under varying ventilation conditions. The asterisk indicates p < 0.05 against the
background by t-Student analysis (n = 3).

encoding these enzymes were artificially synthesized and most recombinant oxygenases were wrongly folded, insoluble,
optimized for bacterial coding. They were then cloned and lacked biological activity.
downstream of the T7 lac promoter (Figure 1a).

According to the data presented in Figure 1b, the HbpAv
expression was deficient. On the other hand, rTFPMO was highly
expressed and was predominantly present in a soluble form. enzymes. However, the enhancement of soluble expression was
However, despite the high expression of bFMO and cFMO, insignificant. Additionally, TrxA-cFMO expression decreased.

The TrxA partner, commonly used to increase the yield and

solubility of recombinant proteins,”® was fused with the two
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responsive to Pb(II). The time—dose—response relationship of TOP10/pPb-TrxA-bFMO was investigated by determining bacterial density (b) and
indigo absorbance (c) at 1-h intervals. The concentration-dependent response of TOP10/pPb-TrxA-bFMO was evaluated by measuring bacterial
density (d) and indigo absorbance (e) upon increasing concentrations of Pb(II) exposure. The asterisk indicates p < 0.0S against the background by t-
Student analysis (n = 3). (f) Response of TOP10/pPb-TrxA-bFMO to various metal ions at S M.

Various microbial origins have been shown to use L-
tryptophan as a substrate to biosynthesize indigo via these
four oxygenases.”” > We first validated and compared their
capacities in E. coli under the strong T7 lac promoter as a part of
our study. Based on the findings depicted in Figure 1c, it was
observed that pigment biosynthesis was not possible with

33875

recombinant HbpAv and ¢FMO. Even when TrxA was fused
with ¢FMO, indigo production was not successful. However,
recombinant bFMO and rFPMO successfully produced water-
insoluble blue pigment. While the soluble expression of bFMO
was lower than that of rTFPMO, bFMO showed significantly
more efficient pigment synthesis catalyzing than rFPMO. The
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Figure 6. Indigo biosynthesis regulated by ArsR has been developed as a visual biosensor for detecting As(III). (a) The molecular mechanism behind
the expression of TrxA-bFMO in response to As(III). The time—dose—response relationship of TOP10/pAs-TrxA-bFMO was studied by measuring
bacterial density (b) and indigo absorbance (c) every hour. The dose—response curve of TOP10/pAs-TrxA-bFMO was drawn by measuring bacterial
density (d) and indigo absorbance (e) with increased concentrations of As(III) exposure. The asterisk indicates p < 0.0S against the background by t-
Student analysis (n = 3). (f) Response of TOP10/pAs-TrxA-bFMO to different S #M metal ions.

bFMO is a homodimeric protein of 54 kDa.** Recombinant E.
coli expressing bFMO produced up to 160 mg/L of indigo in
tryptophan medium after 12 h of cultivation.” Its pigment-
forming capacity was further increased when fused with the

TrxA partner.

33876

Previous research has demonstrated that augmenting the
expression of enzymes alone is insufficient to boost pigment
biosynthesis.”"”>” Then, we engineered several promising
oxygenases under weak, heavy metals-responsive promoters,
including mer, cad, or pbr promoters. However, only the
expression of TrxA-bFMO responding to the Hg(II)-responsive
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background by t-Student analysis (n = 3).

mer promoter synthesized blue pigment visible to the naked eye
(Figure 1c). The TrxA-bFMO was then used as a novel
biosensing module in the following studies.

Figure 2d displays the visible light scan of the blue pigment
triggered by Hg(II). The highest absorbance was observed at
around 620 nm, similar to the indigo standard from Sigma-
Aldrich (Figure S2). The LC—MS test (Figure 2e) revealed that
the blue pigment was indigo. Besides indigo, another peak
appeared with a comparable retention time of 6.83 min, later
identified as indirubin, a common byproduct generated during
indole biotransformation.*® Furthermore, indigo was stable in
acidic conditions under low temperatures (Figure S3).

3.2. Hg(ll)-Responsive Indigo Biosynthesis Enables
Engineered E. coli Whole-Cell Biosensors. The TrxA-

33877

bEMO encoding element as an actuator module was genetically
connected with a natural Hg(II) regulatory element® as a
sensory module to validate the visual biosensing potential of
indigo. Dimer metalloregulator MerR can bind with Hg(II) and
trigger the downstream reporter gene transcription (Figure 3a).
The biosensor cells were slightly negatively affected by increased
Hg(II) concentrations, as shown in Figure 3b. Figure 3c
demonstrated an apparent time-dose—response relationship,
and the signal amplification of enzymatic catalysis was apparent.
No more indigo accumulation was observed after an 11-h
induction in the high-dose group. No background noise was
observed in the 0 nM Hg(II) group. However, high background
fluorescent intensity was consistently observed in MerR-based
fluorescent biosensors.”'' No growth inhibition was observed
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after overnight incubation with Hg(II) exposure below 450 nm
(Figure 3d). The maximum indigo output was also observed at
that dose (Figure 3e). At 56.3 nM, a sudden appearance of
indigo was visible to the naked eye (Figure 3e). However, a slow
and gradual synthesis of pigments usually occurred in other
pigment-based reporters, such as deoxyviolacein, indigoidine,
and carotenoid.'”*"** Thanks to the signal amplification of
pigment biosynthesis, indigo-based Hg(II) biosensors have a
lower detection limit than most fluorescent biosensors.” The
detection range for Hg(II) was quantified between 56.3 and 450
nM using indigo-based biosensors (Figure 3e) with an excellent
selectivity (Figure 3f), which can potentially become a
qualitative sensor that indicates whether Hg(II) exceeds the
limit value.

3.3. Optimization of Biosensing Conditions Improves
the Performance of Hg(ll) Bacterial Biosensors. The
optimization of fermentation conditions, including microbial
hosts, adequate substrates, and air exchange state, is crucial for
indigo production.”” The different genetic backgrounds of
bacterial hosts contribute to producing different amounts of
pigments.'”** Although the growth of TOP10 was the weakest
among four E. coli hosts (Figure 4a), the indigo production was
significant and comparable to that of wildly used protein
expression host BL21(DE3). However, the indigo output of the
latter fell immediately at above 225 nM Hg(II) (Figure 4b). It is
worth noting that TOP10 gave the most sensitive and visual
response to Hg(II) at a concentration of 56.3 nM. Surprisingly,
the production of indigo in DHSa was significantly lower than in
other bacterial strains and only slightly visible to the naked eye at
a concentration of 225 nM. Therefore, it can be concluded that
bacterial genetic makeup significantly impacts indigo biosyn-
thesis.

Extra substrate supplements positively affect pigment
production during high-density fermentation but have little to
no effect under conventional laboratory conditions.”"* We
observed that adding 1 mM L-tryptophan did not harm bacterial
growth, as shown in Figure 4c. However, it increased the
sensitivity to Hg(II) response to 28.1 nM. Interestingly, the
maximum indigo absorbance at 620 nm was about 1.5 regardless
of L-tryptophan addition. However, indigo output fell rapidly in
the L-tryptophan supplement group upon exposure to above 450
nM Hg(1I) (Figure 4d).

Overventilation had a detrimental impact on the production
of colorants in genetically modified bacteria.'® Therefore, we
decreased the rotation rate from 250 to 150 rpm. As the Hg(II)
concentration increased, the cultures darkened due to intra-
cellular indigo accumulation, increasing ODy,, values (Figure
4e). As depicted in Figure 4f, the maximum absorbance of indigo
at 620 nm increased to 1.7. The minimum concentration of
Hg(1I) that elicited a visual response decreased further to 14.1
nM. After optimizing the biosensing conditions, the quantitative
range of Hg(1I) detection extended from 14.1 to 225 nM.

3.4. Indigo Biosynthesis Triggered by Other Metal-
loregulators in a Dose-Dependent Manner. Microorgan-
isms can adapt to changes in their environment and maintain
cellular balance by regulating the concentrations of metal ions
inside their cells. This regulation is usually achieved through
transcriptional control by metal-responsive regulators such as
PbrR, ArsR, and CadR.” These regulators have been used to
develop synthetic bacteria for the detection and bioremediation
of Pb(II), As(1II), and Cd(II).**** In the following study, we
validated the indigo reporter module’s visual biosensing

potential by engineering it under the control of the three
sensory elements above.

The TrxA-bFMO genetic module was placed downstream of a
redesigned PbrR-based sensory element (Figure Sa). The Pb(II)
concentration had no noticeable effect on bacterial growth.
There was a slight increase in the values of ODgg, due to the
darkening of the culture, as shown in Figure Sb. No production
of indigo background was detected. However, fluorescent
biosensors using the PbrR regulator observed a certain
background level. 5% The blue color signal remained stable
following a 6-h Pb(II) induction in a time and dose-dependent
manner (Figure Sc). No cytotoxicity was observed until 100 uM
Pb(1I) (Figure Sd). Still, the indigo output was stable since 24.4
nM (Figure Se). The developed biosensors were capable of
detecting Pb(II) at concentrations as low as 1.5 nM, which is
more sensitive than fluorescent whole-cell biosensors.***” The
biosensors could quantify Pb(II) detection, ranged from 1.5 to
24.4 nM, and showed excellent specificity toward Pb(H) (Flgure
5f), meeting various environmental test requlrements

The arsenic-responsive biosensor genetic circuit was con-
structed as Figure 6a. In addition to the accumulation of indigo,
the concentration of As(III) did not affect bacterial growth
(Figure 6b). No indigo background production was detected,
outperforming reported biosensors.”"*® The blue color signal
remained stable after 8 h of As(III) induction in a dose and time-
dependent manner, as shown in Figure 6¢. No cytotoxicity was
observed up to 150 uM As(III) (Figure 6d). At the same time,
the indigo output remained stable since 73.2 nM (Figure 6e).
The biosensors developed could detect As(III) at concen-
trations as low as 4.5 nM and quantify As(III) from 4.5 to 73.2
nM, which is more sensitive than fluorescent biosensors.”” The
response to group 15 antimony is a congenital deficiency of
ArsR,*” also observed in this sensor (Figure 6f). Available whole-
cell biosensors employing natural ArsR and its variants failed to
distinguish As(III) from Sb(III) efficiently.”’ However, the
molecular evolution of ArsR and its congenital promoter had the
potential to improve biosensing selectivity toward As(III).*”>

A genetic circuit for the detection of cadmium was
constructed, as shown in Figure 7a. No cytotoxic Cd(II)
concentrations were used (Figure 7b). A high background
output of biosensing signals was consistently observed in CadR-
based biosensors.”” However, no leaked indigo synthesis was
observed in the control group. The time—dose—response
relationship was demonstrated (Figure 7c). A slight ODgq
value increased due to intracellular indigo accumulation upon
exposure to 50 yuM Cd(II) above (Figure 7d). Compared to
fluorescent and pigment-based biosensors,' ">® the dose—
response relationship has shifted back at concentrations
between 25 and 200 M. It is speculated that promoters with
different activities induce different levels of indigo synthase
expression, but the optimization of indigo synthesis always
occurs at an appropriate indigo synthase level.

Instrumental techniques are crucial for detecting heavy metal
pollution, but for speciation, the high barriers to instrumental
methods make it challenging to popularize them.** Various cell-
based biosensors emerging with the rapid development of
synthetic biology specifically respond to bioavailable heavy
metals, which are toxic to organisms."> Many studies indicate
that whole-cell biosensors are a powerful supplement to
traditional instrumental ways."”'® The emergence of colori-
metric whole-cell biosensors further lowers their application
threshold.”® The development of colorful reporters facilitates
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the design of versatile biological devices to monitor environ-
mental contaminations using green analytical chemistry.

4. CONCLUSION

This study has successfully developed a novel green chemical,
visual reporter for bacterial biosensing with zero background
noise based on an engineered indigo biosynthesis module. We
have created a visual monitoring method for metal pollutants by
engineering four self-sufficient indigo-forming enzymes in E. coli.
TrxA-bFMO was chosen for its robust ability to produce indigo
under IPTG and Hg(II) induction.

We optimized indigo production by selecting better bacterial
hosts, supplementing L-tryptophan, and optimizing ventilation
conditions. These indigo biosensors have demonstrated
susceptible detection of Hg(1l), Pb(II), As(IlI), and Cd(II)
with detection limits of 14.1 nM, 1.5 nM, 4.5 nM, and 25 uM,
respectively. These biosensors’ sensitivity, responsive concen-
tration range, and selectivity are superior to fluorescent reporter
enzymes. However, indigo-based biosensors are a cost-effective
and mini-equipment requirement.

Furthermore, this research investigated the potential of
heterologous biosynthesis of indigo. This exploration opens
new possibilities for environmentally friendly chemical synthesis
and is a foundation for developing innovative bacterial
biosensors to monitor pollutants visually. The biosensors’
ability to respond to different heavy metals highlights the
potential of engineered enzymes for producing natural pigments
like indigo.

This study contributes significant scientific knowledge to
green chemistry synthesis and biosensing, providing a new
biotechnological tool for environmental pollutant monitoring.
Further optimization of biosensor performance and exploration
of real-world applications in ecological tracking will be pursued
in future work.
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