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A highly sensitive and specific Hg-whole-cell biosensor was
developed from a non-selective variant of the Au sensor GolS and
its regulatory pathway. The performance of this analytical tool was
validated under laboratory and field-like conditions. This biosensor
can be easyly applied in cost-effective and portable
semiquantitative devises to report Hg contamination in water.

Mercury (Hg) is listed among the top ten chemicals of major
worldwide concern.>2 Human activities such as mining,
industrialization and improper deposition of electric and electronic
waste, have increased the mobilization of this harmful and
persistent element into the environment, especially in aquatic
environments where it accumulates.3> Prolonged exposure to Hg
irreversibly damages the brain, kidney and other vital organs, and
has teratogenic effects due to disturbance of fetal neurological
development.® The most commonly used methods to quantify Hg
(AAS, ICP) are highly sensitive but require expensive
instrumentation, trained personnel and complex procedures.? This
hinders routinely checking outside big cities, particularly in
developing countries where controls on waste disposal are usually
relaxed. Besides, these methodologies detect the total amount of
Hg present in the samples without discriminating its bioavailability,
the actual risk factor. Whole-cell biosensors (WCBs), genetically
modified microorganisms coupling metal-sensor capacity to the
production of a measurable output signal, provide information
about bioavailability and emerge as a cost-effective, likely portable
alternative to the current analytical methodologies.” 10 In a typical
biosensor platform, the main determinant of specificity and
sensitivity is the sensor protein, whereas, the dynamic and
operational ranges* depend mainly on the proper design of the
genetic circuit controlling reporter expression.”. 8 11 The central
component of all reported Hg-WCBs is MerR, the cytoplasmic Hg?*
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sensor/regulator protein that directs inorganic or organic mercury
detoxification in bacteria.2 Although MerR is remarkable sensitive
to Hg?* it lacks specificity because it can also respond to other
harmful metal ions such as cadmium (Cd), gold (Au) or zinc (Zn).13-15
Despite the application of synthetic biology tools to increase the
sensitivity or the dynamic range of MerR-based WCBs 1620, the
specificity has not yet been improved, hindering their application to
environmental sample analysis.

Previously, we built a broad-spectrum WCB capable of detecting
water-soluble Hg with a sensitivity of 4.4 nM (eq to 0.9 ppb), as well
as other toxic metals.?! This analytical tool was based on GolS77, a
non-specific variant of the MerR-like Salmonella GolS, and its highly
efficient regulatory circuit, all assembled into a modular fluorescent
biosensor platform. GolS77 carries a single S77C mutation. This
adds a third ligand for metal coordination and allow this native Au*
sensor/regulator protein to respond also to Hg?* and other divalent
metals.?% 22 The biosensor platform consists of: a) the
sensor/transduction module, in this case, the chromosomally-
encoded and self-regulated GolS77 regulator, and b) the reporter
module, a plasmid carrying the Aequorea victoria’s green
fluorescent protein coding gene, gfp, under the transcriptional
control of the GolS-dependent go/B promoter (see Fig. 1A). When
Hg?* (or other inducer ion) reaches the bacterial cytoplasm, it
interacts with GolS77 triggering its activation, which in turn induces
its own expression as well as the expression of the fluorescent
reporter.2! This positive regulatory loop improves the dynamic
range of this biosensor platform by decreasing background
fluorescence in the absence of the inducer metals, a common
problem observed in other WCBs.8 19,23

To increase GolS77 specificity toward Hg, we replaced its metal-
binding loop (MBL), the region directing metal specificity in GolS 2%
24, for the equivalent region of two non-specific Hg-sensors: the
MerR proteins from either Pseudomonas aeruginosa Tn-501
transposon or Bacillus megaterium (see ESI for details). We specially
chose these well-characterized MerR homologues because they
differ in both primary sequences and structure, even at the MBL.%>
26 Notice also that the MBL of both sensors are one residue longer
than the GolS77 MBL (Fig. S1A, ESI). The designed sensors were
named GolS77-LRT or GolS77-LRB as they have the MBL from either
Tn-501 or B. megaterium MerR sensors, respectively. The genes
coding for GolS77-LRT or GolS77-LRB were initially introduced into
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Fig. 1. The GolS77-LRT based WCB specifically detects Hg. (A) Schematic
representation of the Hg-specific biosensor platform operating inside
the EC chassis. The GolS77-LRT or the GolS77 coding gene, gol/S*, and
the GolT Au-transporter, golT, are co-transcribed from the GolS-
dependent PgolTS promoter. The plasmidic reporter construction Pgo/B-
gfp also depends on GolS (see details on Fig. S1 legend). The genes
flanking the inserted golT-golS*-CmR locus in the chromosome are
indicated. The GolS77-LRT induction pathway is described in the text. (B)
Response of the fluorescent GolS77-LRT and GolS77 based WCB after 4 h
incubation in the presence of Hg or Au® ions. Details on the procedures
are provided as ESI. Normalized fluorescence of the WCB in the absence
of metal was calculated in 590 £ 68. This mean value was taken here as
an induction coefficient (IC) of 1. Final optical density at 600 nm (OD
600) of each culture was included to evidence toxic effects. The data
represent the mean + SD of the IC or OD values obtained for four
independent measurements done in triplicates.

Induction coefficient
OD 600

the chromosome of a wild-type S. Typhimurium (STM) strain-the
native GolS bacterial chassis?’- carrying the GolS-dependent pPB-
GFP reporter plasmid (Fig. S1B, ESI).

To test the ability of the synthetic GolS77-LRT or GolS77-LRB
sensors to respond specifically to Hg, we measured the
fluorescence emitted by the cells after 4 h incubation in the
presence of increasing concentrations of Hg, Au, Pb, Cd or Co salts
(see ESI for details). The strain expressing the GolS77 sensor was
included as control.5¢ As shown in Fig. S2 (ESI), the output signal
increased with HgCl, concentration in all cases, reaching similar
levels at 1 uM HgCl,. By contrast, only the GolS77-LRT reporter
strain exhibited negligible activation by Au, at least at
concentrations below 10 uM. Even at 20 uM HAuCl,, a
concentration that significantly affects bacterial growth, GolS77-LRT
dependent induction reached only 20% of the values obtained in
response to HgCl,. As anticipated, Cd, Pb or Co ions did not
significantly induce the reporter expression in any of the analysed
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strains (Fig S3, ESI). These data indicate that only coordination of .
Hg?* at the GolS77-LRT metal binding site (Rig>IS1A) divesCC01323D
productive conformational changes at the dimmer structure to
activate transcription of the target promoters. The Hg-selectivity of
the GolS77-LRT sensor can also be detected either in overnight
cultures or in agar plates exposed to blue light, and correlates with
the accumulation of the sensor protein in cell extracts (Fig. S4, ESI).
These experiments also corroborate the proper functioning of the
biosensor platform. To our knowledge, this is the first
demonstration that the metal preference of a sensor protein can
be tuned on-demand without significantly affecting its sensitivity,
even for a metal ion that is not the native inducer of the system.

The excellent performance of GolS77-LRT to report Hg in the STM
chassis prompted us to integrate this sensor/transduction module
into the biosensor platform residing in a laboratory Escherichia coli
(EC) strain3%s (Fig. 1A). As we previously reported 2% 23, optimal
metal-detection using GolS-based EC biosensors requires self-
regulation and the integration of the sensor coding gene into the
bacterial chromosome, like in STM. Thus, we replaced in the
chromosome of an engineered EC gol/T-golS77 strain available in
our laboratory, the go/S77 gene with the GolS77-LRT coding gene
(see ESI for details). This strain also carries the pPB-GFP reporter
plasmid (Fig. 1A). The response of the GolS77-LRT based WCB to
HgCl, or HAuCl, was tested, using the parental GolS77-based
biosensor as control (Fig. 1B). Final OD 600 was recorded in parallel
to evidence toxic effects at high metal concentrations. As notice,
maximal induction levels attained by both GolS77-LRT and GolS77-
based EC biosensors were lower than in STM, the innate bacterial
chassis (compared Fig. 1B and S2, ESI). This chassis-dependent
effect has been previously noticed by us as well as by other authors
21,23,2830 and could be attributed to differences in envelope
permeability or intracellular metal handling. Surprisingly, in the EC
chassis, the Hg-specificity of the GolS77-LRT sensor was
significantly improved, as a consequence of a marked decrease in
its response to Au compared with the GolS77-based WCB (Fig 1B).
Furthermore, the calculated Hg/Au discrimination index for the
GolS77-LRT sensor, that is the ratio between maximal induction
attained with either metal, increased from 5 in STM, to 23 in the EC
chassis.

Complete dose/response curves were done to better evaluated the
response of the GolS77-LRT based WCB to HgCl, (Fig 2). The data
was fitted to a three-parameter Hill equation to estimate the limit
of Hg determination (LOD) as well as the dynamic and operational
ranges of this analytical tool (see ESI for details). As shown in figure
2, the Hg-WCB tolerated up to 5 uM (~1000 pg L or ppb) HgCl,
without losing fluorescence or cell viability (Fig 2). Due to a very low
leaky expression of the reporter construction (emitted fluorescence
of ~200 RFU), a property of GolS-dependent platforms 223, the
designed WCB detects Hg with high sensitivity. The calculated LOD
value was 20.4 nM Hg?*, equivalent to 4.1 ug L' or ppb. This is
higher than the estimated sensitivity of the non-specific GolS77-
based or MerR-based biosensors 1% 20, 21,3135 byt low enough to
detect Hg contamination in water according to recommendations of
the WHO?3 and other control agencies. The Hg-WCB exhibited also a
remarkably wide dynamic range (k value in Fig. 2) with a ~300-fold
increase at hight HgCl, concentrations and a linear response
between 20 and 364 nM (eq. to 4-73 ppb) HgCl,. Half maximal
activation (Ky value in Fig. 2) was observed at 83 nM (16.7 ppb)
HgCl,. Comparing with other reported MerR-based biosensors 15 20
3135 the GolS77-LRT based WCB does not require any sample
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dilution or addition of external substrates, and has one of the
widest operational and dynamic ranges.

108 r25
i ] H E n i‘ ; B "N g -
£ 2.0
ko)
£ 102
3 R2= 0.977 r1.5 8
O _ ©
- k (N-fold)= 297.8 + 18.2 a
S n=3.72 + 0.26 1.0 ©
é 104 Ky= 83 £ 5 nM
£ a= 0.0039 + 0.0003 Los
LOD=20.4 nM
14 . T 0
10 102 103 104

Hg concentration (nM)

Fig. 2. The GolS77-LRT based WCB detects Hg in a wide range of
concentrations. Emitted fluorescence and final OD 600 were measured
in cells incubated during 4 hours with HgCl, (from 1 nM to 5 uM) and
used to calculated the induction coefficient (IC) values. The mean of the
IC values (circles) obtained at each concentration for five independent
experiments done in triplicates was fitted to the Hill Function (solid blue
line). The values of the relevant Hill function parameters (k, n, Ky, and a),
and the calculated R? and LOD values are also indicated. More details
are provided in ESI. For OD 600 measurements (squares), the mean + SD
is indicated.

Based in these data and the lack of response to either Cd or Pb,
other common water contaminants (Fig S5, ESI), we validate the use
of the GolS77-LRT based WCB to specifically report and quantify
bioavailable Hg in aqueous samples. First, we performed Hg
determinations in water from different origins that were artificially
contaminated with toxic metals (see ESI for details). We included in
these assays: (i) ultrapure Milli-Q®, (ii) drinking water from the
laboratory tap, or (iii) untreated high-salt, As-rich groundwater from
a town nearby the highly populated and industrialized city of
Rosario from the Argentine pampean plain. This region is known to
be contaminated with arsenic and other trace metals/oids, but
usually does not contain Hg.3” Incubation of the Hg-WCB with water
supplemented with HgCl, or different amounts of Cd, Pb or Au salts
for 4 h provided similar values of fluorescence than those obtained
when these metals were added directly to the bacterial cultures
(compared Fig S6 (ESI) with Fig. 1B and S5). This served to validate
the testing protocol. As expected from the Hg specificity of the
designed WCB, no significant differences were observed in water
samples supplemented only with Hg or with any of the Hg/Cd,
Hg/Pb or Hg/Au mixtures (lower panel in Fig. S6, ESI).

Thinking in the future integration of this robust analytical tool into
portable devices to perform on-site determinations, we tested the
performance of the designed WCB to report Hg in water under
field-like conditions, that is, at room temperature (25 2C) and
without shacking. In order to optimize the amount of biosensor
bacteria needed to improve determinations under these conditions
and perceive the output signal at short times, we dispensed
different bacterial loads to Hg-contaminated groundwater. At
different incubation times, the microplates were exposed to a blue-
LED illumination in a dark room and photographed, but also
introduced into a microplate reader to quantify the output signal
and OD 600 (see ESI and Fig. S7 for details). Thus, we obtained both
semiquantitative and quantitative information in parallel. As
expected, fluorescence increased with time (Fig. 3). After 2 h of

This journal is © The Royal Society of Chemistry 20xx
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incubation, only the mixtures containing 1 x 108 CFU exhibited. o,
significant induction of the reporter (Fig. 3AphMNeverttseless the 323D
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Fig. 3. Determination of bioavailable Hg in contaminated groundwater
using the designed Hg-WCB under field-like conditions. (A) 5 x107
(triangles) or 1 x108 (circles) CFU of the Hg-WCB were mixed with
groundwater supplemented with increasing amounts of HgCl, and
incubated for 2 (white), 4 (grey) and 6 (black) hours at room
temperature without shaking. These data also appear in Fig. S7B. (B) 1
x108 CFU of the Hg-WCB were mixed with groundwater supplemented
with either 9 or 19 ppb Hg?*(eq to 45 and 100 nM). When indicated, 5
UM of CdCl, (Cd), Pb(NOs), (Pb) and/or AuHCl, (Au) were also added.
Emitted fluorescence and OD 600 were recorded at the indicated time
to calculate the Normalized Fluorescence. The data represent the mean
+ SD of four independent experiments done in triplicates.

fluorescence was still difficult to perceive with a naked eye (Fig.
S8A, ESI). At 4 h, samples containing 27.8 ppb HgCl, and either 1 x
108 or 5 x 107 CFU showed an output signal that correlates well with
the amount of metal added to the groundwater (Fig. 3A). From this
data, LOD values of 4.7 and 5 ppb, respectively, were estimated.
The increase in fluorescence of these samples can be easily
perceived using a blue-LED transilluminator (Fig. S8, ESI). After 6 h
of incubation, the output signal produced by samples containing
either 1 x 108 or 5 x 107 CFU increased by a factor of at least two
(Fig. 3A). At this time point, the increase in fluorescence was also
similar in wells containing 2 x 107 CFU (Fig S8, ESI). In samples
supplemented with lower amounts of the WCB, Hg-induced
fluorescence was clearly perceived at longer incubation times (Fig.
S7, ESl). However, irrespective of the bacterial load applied to the
samples and the time required to achieve significant levels of the
output signal, the sensitivity in Hg detection and the operational
range of the WCB was preserved in all cases.

J. Name., 2013, 00, 1-3 | 3
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Further validation of the Hg-WCB performance was done on
groundwater containing either 9 or 19 ppb HgCl, and supplemented
in addition with CdCl,, PbNO3 and/or HAuCl, as indicated in Fig. 3B.
These samples were inoculated either with 1 x 102 or 5 x 107 CFU
and incubated at 2, 4 and 6 h, before fluorescence determination.
As expected, bioavailable Hg was efficiently detected using the
designed analytical tool, even in samples containing high amounts
of other toxic metals (Fig. 3B).

The above results demonstrated the excellent performance of the
GolS77-LRT-based WCB to report bioavailable Hg in water from 4 to
>1000 ppb, even under conditions that a non-trained user could
employed to perform on-site determinations or in a laboratory with
minimal facilities. These properties also support the future
integration of this robust analytical tool into portable devices for
performing on-site Hg-screening in likely contaminated areas,
contributing to increase the frequency of controls and prevent
potential risks.
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¥ The dynamic range of the biosensor is the ratio between the
highest and the lowest output signals measured. The operational
range is the range of metal concentrations over which the biosensor
exhibits a noticeable change in the output signal.

§ Once inside the cytoplasm, Au3* is rapidly reduced to Au*.38

§§ In the wild-type STM strain, the GolS77 senses Hg?* or Au* but
not to other divalent metals.??

§8§ This innocuous bacteria lacks the GolS regulatory circuit.?’
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