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Abstract

Mercury ion (Hg?") is a universal pollutant and its detection is
crucial for public healthcare. In this study, we developed a
novel fluorescent biosensor by construction of a protein fusion
between the mercury-sensing transcription factor MerR and
enhanced yellow fluorescent protein (EYFP). Hg?*-induced
conformational change of MerR was transduced into
fluorescence signal. Fluorescence intensity of the biosensor
protein decreased with increasing concentrations of Hg?* and
a linear response was obtained in the range of 0.5-40 nM. The
limit of detection was 0.5 nM, which was much lower than the
maximum allowed level in water. The biosensor specificity
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was highly dependent on type and concentration of metal ion.
The biosensor exhibited high specificity in a mixture of metal
ions at 0.5 nM concentration. However, the interference effect
was more pronounced at 40 nM concentration of metal ions.
The measurement was completed in less than 1 Min with no
need for sample preparation or preincubation steps. The
biosensor achieved accurate and reliable detection in the
spiked drinking water sample, as validated by the inductively
coupled plasma optical emission spectrometry. © 2019
International Union of Biochemistry and Molecular Biology, Inc. Volume 66,
Number 5, Pages 731-737, 2019

1. Introduction

Mercury (Hg) is a widespread environmental pollutant exhibit-
ing toxicity on human neural and internal secretion systems
[1, 2]. Hg in the environment exists in elemental, inorganic, and
organic forms. Elemental Hg (HgO) is slightly water soluble,
whereas inorganic Hg ion (Hg?") is more water soluble and
readily absorbed by gastrointestinal tract [3, 4]. Contaminated
drinking water is the major source of exposure to heavy metals
[5]. Therefore, the most frequently analyzed material is water
samples [6]. According to the United States Environmental
Protection Agency (US EPA) standards, the maximum allowable
level of Hg in drinking water is 10 nM [7]. Cold vapor atomic ab-
sorption spectrometry [8, 9], inductively coupled plasma mass
spectrometry [10-12], and cold vapor atomic fluorescence
spectroscopy [13, 14] are the commonly used methods for Hg
analysis. However, novel methods enabling shorter analysis
time, direct sample analysis, and low instrumentation costs are
needed. As reviewed elsewhere [15, 16], several fluorescent,
colorimetric, and electrochemical biosensors were constructed
for Hg detection. Hg-specific oligonucleotides [17, 18], pep-
tide nucleic acid [19], specific monoclonal antibody [20], and
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metallothionein [21] were used as biorecognition components
of Hg biosensors.

Discovery of green fluorescent protein (GFP) [22] and devel-
opment of color-shifted GFP variants [23] enabled researchers
to design genetically encoded fluorescent protein-based biosen-
sors [24, 25]. Autofluorescent property, a unique chromophore
hidden in the g-barrel scaffold, high stability and small size
are some superior features of GFP family proteins [26, 27].
Genetically encoded fluorescent biosensors are powerful tools
to monitor heavy metals [28]. Two classes of biosensors can be
designed for this purpose: (i) single fluorescent protein-based
biosensors and (ii) conformation-based biosensors. Single
fluorescent protein-based biosensors rely on the intrinsic flu-
orescence change in GFP or its engineered variants. There
are successful examples of single fluorescent protein-based
metal biosensors. For instance, the GFP mutant harboring
two cysteines at positions 145 and 205 showed a fluorescence
quenching in the presence of micromolar concentrations of Ph?*
[29]. A similar fluorescence quenching-based Hg?* biosensor
was obtained by introducing cysteine residue at position 205 of
GFP [30]. The histidine to cysteine mutation at position 148 cre-
ated a GFP variant with enhanced fluorescence response upon
addition of Hg?* [31]. Blocking of the chromophore conjugation
by Hg?* provided a turn-off infrared fluorescent protein probe
[32]. Metal-binding site was engineered into flavin-binding flu-
orescent protein to obtain a probe for Hg?* [33]. A novel Hg?*
sensor was developed by genetic incorporation of unnatural
amino acid into the chromophore of circularly permutated
GFP [34].

Conformation-based single fluorescent protein sensors are
different in that a specific ligand binding domain is attached or
inserted into the fluorescent protein. Ligand-induced confor-
mational change is transduced into fluorescence signal, which
is sensitive to chromophore local environment. The copper
regulatory protein Acel was inserted into yellow fluorescent
protein (EYFP), and the fusion protein was used as a fluorescent
reporter for Cu* [35]. Similarly, Zn?* sensor was designed by
attaching the Zn?* binding domain of Zap1 transcription factor
to the circularly permutated GFP [36].

MerR is the Hg-sensing transcription factor that regulates
expression of detoxification genes [37-39]. Upon Hg?* binding,
MerR undergoes extensive conformational changes that lead to
the assembly of Hg?* binding site. Conformational repositioning
of three Hg?*-ligating cysteine residues provides the selectivity
for Hg?* [40]. The selective binding property of MerR was
used to design fluorescent biosensor [41], as well as surface
plasmon resonance sensor that could monitor Hg?*-induced
dissociation of MerR from DNA [42]. MerR was immobilized
onto gold electrode and the capacitance change was monitored
at different concentrations of Hg* [43].

In this study, we report the first conformation-based
fluorescent protein biosensor for simple, fast, and sensitive
detection of Hg?*. We attached MerR to the N-terminal of EYFP
and obtained MerR:EYFP chimera biosensor. The purified
biosensor protein was successfully applied to detect Hg?*
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in drinking water, as validated by the inductively coupled
plasma optical emission spectrometry (ICP-OES). The biosensor
was characterized in terms of detection limit, linear range,
specificity, and accuracy.

2. Materials and Methods

2.1. Materials

Isopropyl-g-p-thiogalactopyranoside (IPTG), Taq DNA poly-
merase, DNA ligase, and Pierce Unstained Protein MW Marker
were purchased from ThermoScientific (Rockford, IL, USA).
Restriction enzymes were purchased from New England Bio-
labs (Beverly, MA, USA). HisTrap FF crude column (5 mL) was
purchased from GE Healthcare (Chicago, IL, USA). Oligonu-
cleotide primers for PCR were obtained from Metabion Interna-
tional AG (Martinsried, Germany). All other chemicals were of
analytical grade and purchased from Sigma-Aldrich (St. Louis,
MO, USA) or Carl Roth GmbH (Karlsruhe, Germany). The plas-
mid encoding EYFP was a kind gift from Prof. Dr. Constantinos
E. Vorgias from National & Kapodistrian University of Athens.

2.2. Construction of the plasmid encoding MerR:EYFP
chimera protein
In order to generate MerR:EYFP construct, the two gene
fragments were fused by using overlap extension PCR [44].
Fusion PCR was achieved in three separate rounds with the
specific primers given in Supp. Table S1. The overlapping
primers 3 and 4 included a DNA sequence encoding 5-amino
acid linker (GGSGG) [45]. In the first round, the gene encoding
MerR (GenBank: AP008226.1) was amplified from genomic
DNA of Thermus thermophilus HB8 by using primers 1 and 3.
In the second round, the gene encoding EYFP was amplified
from the plasmid by using primers 2 and 4. In the final PCR
round, the gel-purified fragments were fused by using primers
1 and 2. Fusion PCR was performed as follows: 95 °C for 3 Min;
30 cycles of 95 °C for 45 Sec, 58 °C for 45 Sec, and 72 °C
for 1 Min 15 Sec; followed by a final extension for 10 Min.
The fusion PCR product was cloned between Notl and Xhol
restriction sites of pET21a(+) vector (Novagen, Madison, WI,
USA).

2.3. Recombinant production and purification of the
biosensor protein

The plasmid encoding MerR:EYFP biosensor protein was trans-
formed into chemically competent Escherichia coli T7-Rosetta
cells (Novagen). Protein expression was induced by 0.5 mM
IPTG at 20 °C. Following incubation under dark conditions for
18 H at 200 rpm, the cells were harvested and resuspended in
50 mM potassium phosphate buffer containing 300 mM NaCl
and 5 mM imidazole (pH 7.8). The cells were homogenized us-
ing ultrasonic homogenizer VCX 500 (Sonics & Materials, Inc.,
Newtown, CT, USA). The biosensor protein was purified using
the HisTrapFF crude column connected to AKTAprime plus
chromatography system (GE Healthcare). Protein concentra-
tion was determined by Bradford’s method [46], and the purity
was monitored by SDS-PAGE in 12.5% gel [47]. The purified
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protein was stored in 50 mM potassium phosphate buffer (pH
7.8) containing 300 mM NaCl and 5 mM imidazole. Immediately
before fluorescence measurements, buffer exchange in 50 mM
HEPES pH 7.5 containing 150 mM NaCl was performed by
ultrafiltration (Amicon Ultra-15 Centrifugal Filter Units, 10000
NMWL; Merck Millipore, Darmstadt, Germany).

2.4. Fluorescence measurements for Hg?+ detection
Fluorescence measurements were performed with Cary Eclipse
spectrofluorimeter (Agilent Technologies, California, CA, USA)
equipped with magnetic stirrer and temperature control unit.
All solutions were freshly prepared with ultra-pure water
(18 M) and filtered through 0.22 uM syringe filter. Biosensor
protein (0.1 mg) was added to 2 mL of 50 mM HEPES buffer (pH
7.5) in a 2-mL quartz cuvette of 1-cm path length. Increasing
concentrations of Hg?* (0-40 nM) were added to the cuvette,
and the change in fluorescence intensity was immediately
measured without further incubation. Fluorescence emission
at 527 nm was monitored at the excitation wavelength of
512 nm. The excitation and the emission slits were set at 5 nm.
All measurements were performed at 25 °C.

In order to investigate the interference of other metal ions,
the measurements were performed with Mg?+, Fe?*, Ag*, Ni?*,
Cu?*, Zn?*, Mn?*, Pb%*, Cd** separately, or the mixture of
them.

2.5. Sample analysis

The bottled drinking water was obtained from a local market.
The water sample was centrifuged at 10,060 g for 10 Min
and filtered through 0.22 uM syringe filter. HgCl, solution
was prepared in 50 mM HEPES buffer (pH 7.0) and the water
sample was spiked with HgCl, solution to reach the desired final
concentration. Fluorescence measurements were performed as
described above and the recovery percentage was calculated.
In order to validate the biosensor performance, the water
sample was spiked with 40 nM Hg?* and analyzed by standard
ICP-OES. ICP-OES analysis was performed according to the EPA
method 6010C using ICP-OES Optima 7000 DV (PerkinElmer,
Waltham, MA, USA) at Dokuz Eylul University, Turkey.

3. Results and Discussion

3.1. Purification of the biosensor protein

The biosensor protein was constructed by fusing MerR to the N-
terminal of EYFP, and then expressed in E. coli cells. SDS-PAGE
analysis showed that the His-tagged MerR:EYFP biosensor
protein was obtained with high purity (>90%) and appeared
at the expected molecular weight of ~45 kDa (Supp. Fig. S1).
Purification yield of the overexpressed MerR:EYFP biosensor
protein was 30 mg per 1 L of culture.

3.2. Sensitivity of the biosensor

We constructed a protein chimera biosensor employing MerR
protein as the Hg>* sensing element and EYFP as the fluores-
cent reporter. The peptide linker was inserted between fusion
partners in order to enhance flexibility and provide rotational
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freedom between MerR and EYFP. As revealed by molecular
dynamics studies [48], Hg?* induces conformational change in
MerR. Thus, the detection strategy was based on transducing
Hg?* binding and conformational change events into a fluores-
cence signal. Treatment of MerR:EYFP chimera biosensor with
increasing concentrations of Hg?* caused a decrease in fluores-
cence intensity (Fig. 1). The percentage change in fluorescence
intensity was calculated as AI = 100 x Iy — I)/Iy, where I,
and I representing the fluorescence intensity before and after
addition of Hg?*, respectively. The fluorescence change was
plotted against the concentration of Hg>*. As shown in Fig. 2,
a linear detection range of 0.5-40 nM was obtained. When the
biosensor protein was incubated with higher Hg?* concentra-
tions in the range of 40-200 nM, the saturation in the biosensor
response was observed (Supp. Fig. S2). The biosensor achieved
high sensitivity with a limit of detection (LOD) of 0.5 nM, which
was 20-fold lower than the US EPA limit in drinking water.

To ensure that the decrease in fluorescence intensity is
not related to self-quenching of the fluorescence protein, EYFP
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Three-dimensional structure of MerR:EYFP protein
chimera predicted by I-TASSER. The three cysteine
residues (Cys 79, Cys 122, and Cys 128), which
assembly a specific binding site for Hg?+ are
indicated in blue color.

FIG.3

was similarly treated with increasing concentrations of Hg?*.
For this aim, EYFP was cloned, produced and purified from E.
coli as described for recombinant production of MerR:EYFP. As
shown in Supp. Fig. S3, no significant fluorescence change was
observed upon treatment of EYFP with Hg?* in the concentra-
tion range of 0.5-40 nM. This finding supports that the three
coordinated cysteine residues of MerR form the main binding
element of MerR:EYFP chimera biosensor. Thus, Hg?-induced
conformational change is responsible for local environmen-
tal change around the chromophore of EYFP. For further
confirmation, I-TASSER (Iterative Threading ASSEmbly Refine-
ment) protein modeling program [49] was used to predict the
three dimensional structure of MerR:EYFP protein chimera.
The C-score indicates confidence of the predicted model and
should be between —5 and 2 values. Accordingly, the C-score
of the predicted model of MerR:EYFP was —2.17. As shown in
Fig. 3, the predicted model revealed the presence of charac-
teristic B-barrel structure surrounding the fluorophore, as well
as the three accessible Hg?*-ligating cysteine residues. The
predicted protein structure supports the experimental results
obtained from fluorescence measurements.

As summarized in Table 1, MerR:EYFP chimera biosensor
showed higher sensitivity when compared with four of the
previously reported single fluorescent protein biosensors
[30-34]. Although the LOD values of GFP mutant biosensor
[31] and MerR:EYFP chimera biosensor were same, the highest
detectable Hg** concentration was more than 10-fold higher
for MerR:EYFP. Metal-binding peptides have also been used
to design Hg sensors, albeit with a lower sensitivity than
MerR:EYFP chimera biosensor. Incorporation of two pyrene
(Py) fluorophores into the tetrapeptide has allowed a detection
limit of 31.2 nM [51]. A complex between the peptide dH3w and
Zn?* has been used as a probe with a detection limit of 56 nM
[52].
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Comparison of linear range and detection limits (LOD)

TABLE 1 of single fluorescent protein-based Hg?* biosensors
Biosensor construct Linear range LOD  Reference
GFP mutant n.d. ~2 nM [30]
GFP mutant 0.5-3.0 nM 0.5 nM [31]
Infrared fluorescent 0-300 nM and <50 nM [32]

protein (IFP) 600-2400 nM
Flavin-binding 0.1-3.0 uM 0.1 uM [33]

fluorescent protein

(FbFP) mutant
Circularly permuted n.d. 0.8 uM [34]

GFP variant
MerR:EYFP protein 0.5-40 nM 0.5 nM This study

chimera

The results showed that construction of a chimera of
MerR and EYFP was a successful strategy to improve detection
properties. To the best of our knowledge, MerR:EYFP chimera
biosensor is the first conformation-based fluorescent protein
biosensor for detection of Hg?. Single fluorescent protein
biosensor response relies on direct interaction between analyte
and chromophore of fluorescent protein. For this purpose,
fluorescent protein mutants need to be produced by protein
design [53]. Conformation-based biosensors provide more
versatility than fluorescent protein variants, as various ligand
binding proteins can be simply attached to fluorescent proteins
[54]. Moreover, combination of natural ligand binding proteins
with fluorescent proteins allows large dynamic range [55].

In consistent with this study, we similarly obtained a larger
dynamic range compared with that of GFP mutant [31].

During fluorescence measurements, the concentration of
the biosensor protein was adjusted to 0.05 mg/mL. When the
biosensor concentration was above 0.05 mg/mlL, the fluores-
cence was over range and interfered with the measurement.
At protein concentrations below 0.05 mg/ml., early saturation
was observed and a very narrow dynamic range was obtained.

The principle of MerR:EYFP chimera biosensor is based
on conformational change of MerR and monitoring the fluo-
rescence quenching of EYFP. MerR was used as the sensing
component because of its well-characterized conformational
switch [40]. As explained elsewhere [24], ligand binding to the
sensing protein domain is communicated to the fluorescent
protein as a local distortion in its structure. As a result of
structural distortion, the fluorescence can be quenched or the
equilibrium between the protonated and unprotonated forms
of the chromophore can be altered.

3.3. Specificity of the biosensor

To validate the specificity of the biosensor, fluorescence mea-
surements were performed in the presence of nine potential
interfering metal ions. As shown in Fig. 4 and Supp. Table

Protein Chimera Biosensor for Detection of Hg?*
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was treated with 0.5 nM of Mg?*, Fe?t, Ag*+, Ni?t,
Cu?*, Zn?*, Mn?*, Pb?*, and Cd?* . The
fluorescence signal was compared with the signal
obtained for 0.5 nM Hg?*.

S2, MerR:EYFP biosensor exhibited a 12-fold higher response
to Hg?* compared with the nearest competitor Cu?*. When a
mixture of all interfering metal ions was used, the response to
Hg?* was still fourfold higher. The response to 0.5 nM of Mg?*,
Fe?*, Ag*, Ni?*, Zn?*, Mn?*, Pb?*, and Cd?* was negligible.
When the biosensor protein was treated with double mixtures
of 0.5 nM Hg?* and each interfering metal ion, a significant
interference effect of Ni>* Cu?*, Zn?*, and Pb?* was observed
(Supp. Fig. S4).

The specificity of the biosensor was also tested against
40 nM of interfering metal ions. As shown in Supp. Fig. S5
and Supp. Table S3, the biosensor could generate the highest
response against Hg?*. However, the interference effect was
more pronounced.

The observed interference effect of other metal ions
could be attributed to the presence of metal-binding His-tag,
which was used for purification of MerR:EYFP protein. As
observed before [56], the His-tag may bring metal ions closer
to chromophore and cause quenching. As studied extensively
[57-59], the complexes between histidine and metal ions have
different characteristics. In case of MerR:EYFP, we observed
different interference effects depending on the metal ion type
and concentration. For instance, double mixture of 0.5 nM of
Zn?* and Hg?* resulted in the highest response compared with
that of 0.5 nM Hg?* (Supp. Fig. S4). However, the biosensor
response to 40 nM Zn?* was about fourfold lower compared
with Hg?* (Supp. Fig. S5 and Supp. Table S3). In contrast, Ni’*
had a significant interference effect in both cases. Interestingly,
MerR:EYFP biosensor exhibited almost the same response
against 0.5 nM Hg?* when the biosensor was tested in the
presence of 0.5 nM of all interfering metal ions (Supp. Fig. S4).

Biotechnology and Applied Biochemistry

Determination of Hg?* in spiked drinking water

TABLE2  gample
Spiked Found RSD (%) Recovery (%)
(nM) (nM) (n=15) (n=15)
0.50 0.53 2.5 105.8
10.0 10.2 5.2 101.5
20.0 22.7 0.4 113.5
35.0 35.7 2.5 101.9
40.0 40.8 2.8 102.0

The results showed that MerR:EYFP biosensor was highly
specific to Hg?>* over other competing ions at 0.5 nM concen-
tration. The specificity of the biosensor can be attributed to
three cysteines residues of MerR, which assembly a specific
binding site and a rare trigonal coordination environment for
Hg?* [40, 50]. However, the His-tag on the specificity of the
biosensor should also be considered.

3.4. Analytical performance

Drinking water was spiked with Hg?* at a concentration range
of 0.5-40 nM. The fluorescence response of MerR:EYFP biosen-
sor was measured and Hg?* concentration was calculated ac-
cording to the standard curve equation: y = 2.3416x + 4.4354.
As shown in Table 2, the recovery values ranged from 101.5%
to 113.5%, and the relative standard deviations (RSD%, n = 5)
were in the range of 0.4-5.2. Although the results indicate
that MerR:EYFP biosensor is promising for real water sample
analysis with good reproducibility and reliability, the biosensor
performance should also be tested in industrial water samples
with high concentrations of ions and organic substances. A
whole-cell bacterial biosensor using GFP gene as the reporter
has been previously reported [60]. MerR:EYFP biosensor
should also be compared with whole-cell Hg biosensors for use
in environmental samples.

3.5. Stability of the biosensor

As the biosensor is a fluorescent protein fusion of MerR,

its stability could be affected by several factors. As shown
before [61], storage stability depends on relative position of
fluorescent protein and fusion partner, linker length and design.
In case of MerR:EYFP fusion, we could not detect the Hg?*-
induced fluorescence signal change after incubation of the
biosensor protein at 4 °C for 2 weeks (data not shown). Detailed
biophysical characterization as well as further protein design
studies are needed to optimize the stability of MerR:EYFP
biosensor.

3.6. Validation of the biosensor by ICP-OES

The reliability of MerR:EYFP biosensor was further evaluated
by comparison with a standard method. For this aim, drinking
water was spiked with 40 nM Hg?* and analyzed by ICP-OES.
For comparison, the same sample was treated with MerR:EYFP
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Comparison of analysis results obtained by

TABLE 3 MerR:EYFP biosensor and inductively coupled plasma
optical emission spectrometry (ICP-OES)
Found by
MerR:EYFP
chimera Found by
Sample biosensor ICP-OES
Drinking water spiked 40.8 £ 2.8 nM 40.0 £ 0.5 nM

with 40 nM Hg?*

biosensor, and Hg?* concentration was calculated according
to the standard curve. As shown in Table 3, the developed

biosensor provided a reliable result that was comparable to
that obtained by ICP-OES.

4. Conclusions

We developed a novel genetically encoded fluorescent biosen-
sor for Hg?*, which was constructed by fusing a specific
Hg?*-binding protein (MerR) and fluorescent protein (EYFP).
The biosensor achieved subnanomolar sensitivity (0.5 nM),
which was 20-fold lower than the maximum acceptable limit.
High specificity over 0.5 nM of other metal ions was achieved
by using MerR, a highly specific protein that undergoes con-
formational changes to assembly the Hg?* binding site. As
indicated by specificity tests, further studies are needed to
explain the differences in interference of other metal ions.
The His-tag could be removed to enhance the specificity at
higher concentrations of metal ions. Compared with ICP-OES
and other standard methods requiring sample preparation, the
developed MerR:EYFP biosensor allowed direct sample anal-
ysis. Moreover, the biosensor provided a very short analysis
time (less than 1 Min). Matrix effect was evaluated by testing
the biosensor in drinking water samples. The good recovery
percentage of the spiked samples indicated low susceptibility
to matrix effect. The biosensor exhibited good recovery per-
centage and reliability, as validated by the ICP-OES method.
Thus, MerR:EYFP biosensor shows potential as a simple and
sensitive tool for monitoring Hg?* in real water samples. Future
structural studies would be helpful to reveal the mechanism of
conformational change and biosensor response of MerR:EYFP
chimera.
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