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Bacterial biosensors are simple, cost-effective and efficient analytical
tools for detecting bioavailable heavy metals in the environment.
This work presents the design, construction and calibration of a
novel whole-cell fluorescent biosensory device that, simultaneously
and with high sensitivity, reports the presence of toxic mercury, lead,
cadmium and/or gold ions in aqueous samples. This bio-reporter can
be easily applied as an immediate alerting tool for detecting the
presence of harmful pollutants in drinking water.

Mobilization and dissemination of toxic heavy metals into the
environment has increased in the last few centuries mainly as a
consequence of industrialization and improper waste disposal,
particularly in regions where these anthropogenic activities are
poorly controlled. Their harmfulness derives from their high
reactivity damaging cellular components.” Besides acute intoxica-
tion, long-term exposure causes different and varying degrees of
illness in humans and affects biodiversity,>* being a matter of
world-wide concern. In particular, the World Health Organization
(WHO) has positioned lead (Pb), mercury (Hg) and cadmium (Cd)
among the top ten more dangerous chemicals to human health
when present in drinking water.® Thus, there is a need for tools that
allow a rapid and economical screening of these intoxicants in the
environment. In this sense, biosensors emerge as appealing low-cost
alternatives to spectroscopic methods such as ICP and AAS, the
analytical techniques routinely used worldwide to identify and
quantify these pollutants.”® Whole-cell metal biosensors are micro-
organisms, usually bacteria, genetically engineered to couple metal
detection by a sensor protein with an output that can be easily
recorded. Most designed metal-responsive biosensors are based on
bacterial metal stress signal/transduction pathways.”'° Their main
advantage is their ability to report only the fraction of the metal that
is readily available to interact with the biota (bioavailable), providing
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direct estimation of toxicity, in contrast to other analytical
techniques that quantify the total amount of metal present in
the sample.”® In addition, bacterial biosensors can be easily
applied to the construction of portable detection instruments to
perform on site monitoring."*

We have previously employed the regulatory circuit controlling
gold resistance in Salmonella enterica to generate the first whole-cell
biosensor to selectively detect bioavailable gold (Au) with high
sensitivity.” In this device, GolS, a sensor/regulatory protein of the
MerR family, detects soluble, cytoplasmic Au(1)i activating its own
expression as well as the expression of the reporter protein, Aequorea
victoria’s green fluorescent protein (GFP), whose gene was in a
plasmid, encoded under the control of the GolS-dependent golB
promoter. The optimized performance and the modular design of
the Au biosensor platform™'® allow the modification of its modules
to generate new analytical tools for risk assessment. In this sense, we
modified the metal binding site of the GolS sensor to expand the
spectrum of uncomplexed metal ions detected.'®"” Surprisingly, with
single amino acid substitution at position 77 (GolSs;,¢, see the inset
in Fig. 1A) we were able to generate a variant that also responds to
Hg() without decreasing its ability to detect Au ions."® Furthermore,
in a Salmonella strain lacking the main Zn(u) exporter ZntA, this
variant also activates the expression of its target genes in the
presence of other divalent metal ions such as Zn(u), Pb(u) and
Cd(u). The ability of GolSs;,¢ to respond to such a variety of metal
ions is rather an exception, as all characterized sensor proteins detect
only one or just a group of metal ions with the same charge and/or
similar coordination chemistry, and no one is able to respond
simultaneously to the harmful Hg, Pb and Cd ions."

We used the GolSg;,¢ variant to obtain an efficient whole-
cell biosensor for the detection of a broad-spectrum of toxic
heavy metals. First, we validated the fluorescent biosensor
platform for reporting the presence of different metal ions in
the culture medium in the original gol-resident S. enterica sv.
Typhimurium 14028 strain. A 14028s derivative carrying the
golSs77c gene replacing the wild-type golS copy in the chromo-
some and deleted in the zntA gene was transformed with the
GolS-dependent pPB-GFP reporter plasmid® (Fig. 1A). Then, the
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Fig.1 The GolSsy;c-based biosensor platform. (A) The sensor protein
GolSs77c is expressed from its chromosomally encoded gene in an operon
with golT encoding the Pig-type Au(l) transporter (STM14_0413-STM14_0412).
Upon detecting the inducer metal ion (the input signal) at the bacterial
cytoplasm, the sensor GolSs7;c activates its own expression as well as the
expression of GFP encoded in the reporter pPB-GFP plasmid providing the
fluorescence output. The inset schematizes the metal binding domain in
the native GolS and in the GolSs7;¢ variant. The S—C replacement is highlighted.
(B) Genetic organization of the site chosen for the insertion of the golTSs7,--cat
locus in the E. coli chromosome. Co-expression of GolT improves biosensor
performance for Au detection in the E. coli chassis.®

cells were grown in SM9 minimal medium until the mid-
exponential phase followed by a 3 h incubation with increasing
concentrations of different metal ions to evaluate the sensor’s
response (see ESIt for details). Emitted fluorescence increased
more than 170-fold in the presence of Au, Hg, Pb or Cd salts. Cu
or Zn rendered less than 3- or 7-fold increase in fluorescence
(Fig. S1A, ESIY), while no statistically significant induction was
observed in the presence of Ni ions, which was expected not to
be detected by the sensor protein. Similar results were obtained
in rich culture media (data not shown). The response of the
Salmonella biosensor to the toxic metals could also be evidenced
by diffusion assays in agar plates or by fluorescence microscopy
even when these metal ions are present in mixtures (Fig. S1B,
ESIt and data not shown).

The biosensor platform was transferred to a laboratory Escherichia
coli strain, a bacterium widely used as a microbial chassis in whole-
cell biosensor designing.® To optimize metal determinations, the
sensor protein has to be expressed from a single chromosomal
copy and under the control of its own promoter. This guarantees
negligible GolSs;7¢ levels under non-inducing conditions, essential
to attain a maximal metal discrimination index.” Because E. coli
lacks the gol locus,” a single copy of the engineered golT-g0ISs;7c
Salmonella operon, including the native GolS-dependent golTS pro-
moter, was introduced into the chromosome of the deleted E. coli
MC1061 strain of the zntA gene (Fig. 1B). Details of the constructions
of the strain are provided as ESL{ The transgenic E. coli cells were
transformed with the pPB-GFP reporter plasmid (Fig. 1A) to evaluate
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Fig. 2 Dose-response curves of the E. coli GolSs7;c-based biosensor to
different metal ions. The response to KAU(CN), (Au), HgCl, (Hg), Pb(NOs),
(Pb), and CdCl, (Cd); ZnCl; (Zn) or CuSO4 (Cu) was plotted against the final
concentration of metal in the SM9 culture medium. Induction coefficient,
IC, is the ratio between the normalized fluorescence measured in the
presence versus the absence of a metal. The data represent the mean 4+ SD
of at least five independent measurements done in triplicate.

the response to different metal salts. As shown in Fig. 2, fluorescence
greatly increased in the presence of Au, Hg, Pb or Cd salts added to
the culture medium, but not in the presence of Cu or Zn ions. When
the dose-response curves obtained for the different metals in the
E. coli and the Salmonella chassis are compared, we observed a
similar pattern of induction, although the levels of maximal activa-
tion achieved were significantly lower in E. coli than in the original
host, particularly for Pb(u), Cd(n) or Zn(u) ions (Fig. 2 and Fig. S1,
ESIt), probably reflecting differences in permeability or handling of
these metals between the tested bacterial species.

The dose-response curve for each of the inducer metal (Au, Hg,
Pb and Cd) was fitted to a derived transfer function (see ESIt
for details). The curves and the calculated parameters are shown in
Fig. S2 and Table S1 (ESIt), respectively. We use these data and the
equations detailed in the ESIf to estimate the limit of determina-
tion (LOD) and the concentration at which maximal induction is
reached (CMI) for each metal. The E. coli GolSg,,c-based biosensor
detected Au(1) with high sensitivity (LOD = 42.7 nM or 8.4 ug L),
similar to the previously reported values for the GolS-based Au
biosensor.’ Fluorescence increased up to 1.5 uM KAu(CN),, concen-
tration at which the CMI is reached (Fig. S2 and Table S1, ESIt).
The designed biosensor platform also detected Hg or Pb ions
with calculated LOD values of 4.4 nM (0.9 pg L") or 39.6 nM
(8.2 pg L1, respectively, values that are near or below the safety
levels in drinking water (1-6 pug L™ " for Hg and 10-15 ug L™ for Pb)
recommended by WHO® and other governmental protection agen-
cies worldwide. CMI was obtained at 0.15 pM Hg(u) or 0.29 pM
Pb(n). Cd(u) was detected with a sensitivity estimated in 283.9 nM
(31.9 ug LY, reaching the CMI at 2.5 uM CdCl,. Higher concen-
trations induced a sharp decrease in fluorescence, probably
because of metal toxicity (Fig. S2, ESIT). Although the toxic effects
of Cd and Pb were apparently less severe in Salmonella, no
substantial differences were observed in sensitivity and the global
performance of the designed biosensor platform for detecting Au,
Hg, Pb or Cd ions between the two microbial chassis tested (Fig. S2
and S3, Tables S1 and S2, ESI¥).
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The above results highlight the high sensitivity of the E. coli
GolSsy7c-based fluorescent biosensor for detecting bioavailable
Hg, Pb or Cd ions in liquid samples under laboratory conditions.
Thus, we propose that this non-selective biosensor can be
applied as a primary warning tool for reporting the presence of
these pollutants in water samples. In order to test this, a
contaminated aqueous environment was mimicked by adding
known concentrations of different metal ions to drinking water
samples (taken directly from the tap) using two different proto-
cols. In the first, we supplemented tap water with different
mixtures of inducer (Au, Hg, Pb, Cd) or non-inducer (Zn, Cu)
metal salts (Fig. 3). In the second, we supplement tap water with
a fixed concentration of Au, Hg, Pb or Cd and with varying
amounts of one or the other inducer metals (Fig. S4, ESIT). The
artificially contaminated water samples were mixed in a 1:1
ratio with a mid-log phase culture of the biosensor bacteria, and
incubated for 3 more hours under the same conditions (see ESIt
for details). The increase in fluorescence observed for the
samples supplemented with only one metal was almost identical
to the response observed when the same amount of metal in a
small volume (1:100 ratio) was added to the culture medium
(Fig. 2, 3 and Fig. S4, ESI}), validating the testing protocols
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Fig. 3 Analysis of artificially contaminated tap water samples using the
E. coli GolSs77c-based biosensor. Tap water was supplemented with the
indicated metal salts to reach a concentration in the final mixture of 80 nM
KAU(CN); (Au), 8 nM HgCl, (Hg), 80 nM Pb(NO3), (Pb), 500 nM CdCl, (Cd);
20 uM CuSOy4 (Cu) or 80 puM ZnCl, (Zn). The concentration of inducer
metals to be tested was selected from the dose—response curves of Fig. 2
in order to produce less than 20% change in fluorescence, so they do not
saturate the detection system when the four inducer metals are combined
in a sample. The data represent the mean + SD of IC values from at least
four independent measurements done in triplicate.
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employed. In samples supplemented with more than one metal,
the response was clearly additive and correlated well with the
total amount of inducer metals present in the sample (Fig. 3 and
Fig. S4, ESIt). In fact, no interference between these metals was
observed at least when they are present at sub-saturating con-
centrations in the mixtures. Besides, the levels of emitted
fluorescence were poorly affected by the presence of metals that
do not act as inducers (Cu and/or Zn), even when these pollu-
tants were added in excess (Fig. 3). The ability of the biosensors
to report metal pollution in water was also validated by qualita-
tive assays such as those shown in Fig. S1, ESIT (data not shown).

We have previously shown that the low capability of GolS to
respond to Cu or Ag ions resides in its metal binding loop and
that an engineered GolS mutant with the loop of the Cu/Ag/Au
sensor CueR (GolS;) induces its reporter genes also in the
presence of these metal ions.'®'” To expand the spectrum of
toxic metals detected, we further engineered GolSs;yc, replacing
its metal binding loop (between C112 and C120) by the loop of
CueR (Fig. S5A, ESIT). The reporter gene in the strain with this new
GolS variant, GolSs;»¢:1, was induced more than 70- or 45-fold in
the presence of either 100 uM CuSO, or 10 M AgNO;, respectively
(Fig. S5B, ESIt), while conserving the original GolSs;,c-based
biosensor response to Au or Hg ions. This highlights the versatility
of the GolS-based biosensor platform in the development of new
and efficient metal biodetection tools.

The above results demonstrate the capability of the GolSg;;c
based platform to report simultaneously and with high sensitivity the
presence of bioavailable Hg, Pb, Cd and/or Au in aqueous samples,
integrating signal detection into a single and easily quantifiable
output, and serve as a proof of concept for its practical application in
monitoring heavy metal pollution. Without the identification of the
pollutant, this device can be employed as an immediate screening
tool to alert about the presence of harmful heavy metals in a sample,
bypassing the need for an array of different biosensors.>">* Besides,
this broad-spectrum metal biosensor can be applied alone or in
combination with biosensors designed to detect other pollutants
in the construction of portable analytical tools or instruments to
perform on-site determinations."*™*?
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