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ARTICLE INFO ABSTRACT
Keywords: Heavy metals, particularly mercury, rank as some of the most hazardous systemic toxicants
Genetically encoded mercury indicator known to cause multiple organ damage, even at lower levels of exposure. Its detection in the

Heavy metals

Green fluorescent NMT indicator
Metallothionein

Fluorescence response

environment and in the live cells is an actual task. Here, we engineered a novel genetically
encoded fluorescent NMT indicator for mercury ions by inserting the metallothionein II domain
from rat liver into the bright green-yellow fluorescent protein mNeonGreen, followed by directed
molecular evolution of the resulting sensor prototype in bacteria. In solution, the NMT indicator
was 1.7-fold brighter than the standard eGFP fluorescent protein and responded to the addition of
even 10718-1071° M mercury ions by quenching fluorescence with a 5-fold fluorescence response
and extremely high affinity to mercury ions characterized by the K4 value of 0.50 + 0.05 aM. We
also characterized the selectivity of the NMT indicator to other metal cations. In cultured
mammalian cells, the NMT indicator detected even an extracellular concentration of 0.1 fM
mercury ions and achieved a 5.9-fold change in AF/F fluorescence intensity.

1. Introduction

Heavy metal ions are one of the most serious contributors to environmental pollution because they are highly toxic and non-
degradable substances that tend to accumulate in living organisms [1]. By definition, heavy metals (HM) are chemical elements
with atomic numbers greater than 20 and atomic density greater than 5 g cm ™3, and they also exhibit typical metallic properties [2].
Heavy metals can be divided into two categories: essential and nonessential [3]. Essential heavy metals are necessary for living or-
ganisms to carry out fundamental biological processes such as growth, metabolism, and development of various organs. Copper
(Cut/cu®h), iron (Fe?"), manganese (Mn?"/Mn>*/Mn*"), cobalt (Co®"), zinc (Zn?"), and nickel (Ni?") ions are classified as essential
heavy metals due to their vital roles in biological organisms, such as coordinating cofactors that are structurally and functionally
important to enzymes and other proteins. Nonessential heavy metals such as mercury (Hg2+), cadmium (Cd2+), lead (Pb2+), and
chromium (Cr®*) ions are not required by living organisms, even in trace amounts for any of the metabolic processes. These metals,
together with the semi-metal arsenic (As in the oxidation states IIl and V), are among the most toxic metals, as exposure to even small
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amounts of these metals in concentrations such as 107°-1071° M can cause cancer, as well as gastrointestinal, respiratory, cardio-
vascular, reproductive, renal, hematopoietic and neurological disorders in humans [4]. Consequently, the detection of heavy metal
ions in the environment and in the cells of living organisms is a very urgent task.

Genetically encoded sensors based on fluorescent proteins are used for detection of heavy metal ions both in living cells and in
various solutions. However, genetically encoded sensors for lead and chromium ions have not been developed so far. The FRET in-
dicator SenALiB (Sensor for Arsenic Linked Blackfoot disease), containing arsenic-binding protein (ArsR) as an As>" sensing element
inserted between a FRET pair of cyan (ECFP) and yellow (Venus) fluorescent proteins (FPs), detected up to 11 % change in the FRET
ratio at 540/485 nm upon binding by As®"in live HEK cells [5]. A FRET indicator Cd-FRET-2 for Cd2* ions with a fluorescence response
of 30 % was also constructed, in which four cysteine residues that could form a tetrahedral metal binding site (Cys)4 were introduced at
the dimerization interface of two Citrine and Cerulean FPs [6]. Two sensors for the detection of Hg2+ ions engineered based on eGFP
[7] and IFP [8] were previously reported. The eGFP205C indicator, which features a single 205C mutation, exhibited a 30-40 %
reduction in fluorescence in response to the addition of Hg?* ions, with a detection threshold for mercury as low as approximately 2 nM
[7]1. However, its practical use has been demonstrated solely in E. coli cells. The infrared fluorescent protein IFP responded by
quenching fluorescence to the addition of Hg?* ions with the detection limit in vitro of less than 50 nM, but the disadvantage of such an
indicator was that mercury ions compete with biliverdin for binding to IFP as well as interference from other free thiol-containing
compounds, such as glutathione [8]. Such indicator reacted to mercury ions upon sequential addition of mercury ions and bili-
verdin or their simultaneous addition, but not in the state previously bound to biliverdin.

In the present work, we engineered a genetically encoded fluorescent indicator for mercury ions (Hg?*"), named the NMT indicator,
by inserting the metallothionein II domain from rat liver into the bright green-yellow fluorescent protein mNeonGreen followed by
several rounds of directed molecular evolution. Upon exposure to mercury ions, the NMT indicator exhibited fluorescence quenching
with a 5-fold response in solution and a 5.9-fold response in the cytosol of HeLa cells. In mammalian cells, it was possible to detect
mercury ion concentrations as low as 1 fM. The NMT indicator also responded to cadmium ions, showing a 1.5-fold fluorescence
quenching, albeit with significantly lower affinity. Furthermore, we systematically characterized the specificity of the NMT indicator
towards various metal ions, including heavy metals.

2. Methods
2.1. Synthesis of the metallothionein II alpha-domain gene, molecular cloning, and library preparation

The metallothionein II alpha-domain gene was synthesized de novo by polymerase chain reaction (PCR) with overlapping primers
(Table S1). The gene was cloned at the BgllI/EcoRI restriction sites into the pBAD/HisB plasmid and transformed into Mach1 cells.
Libraries with randomized linkers were obtained by overlapping fragment PCR [9] using primers (Table S1). Libraries were cloned at
Bglll/EcoRI restriction sites into pBAD/HisB plasmid and transformed into BW25113 cells.

Random libraries were obtained by PCR in the presence of manganese ions under conditions of 2-3 mutations per 1000 base pairs.
The libraries were cloned at BglII/EcoRI restriction sites into pBAD/HisB plasmid and transformed into BW25113 cells.

2.2. Screening of libraries

Bacterial libraries were first analyzed on Petri dishes under a Leica fluorescence stereomicroscope. Green fluorescence was ac-
quired using excitation at 480/40 nm and emission at 535/40 nm filters. The brightest colonies were selected for further expression in
liquid media and assessment of crude bacterial lysates. Respectively, selected colonies were inoculated with 5 ml of LB medium
containing ampicillin (100 pg/mL) and protein expression inducer arabinose (0.004 %) and grown overnight at 37 °C with continuous
shaking at 220 rpm. Cells were precipitated at 3500 rpm for 12 min, the precipitate was frozen, and 150 pl of B-Per extraction reagent
containing lysozyme (1 pg/mL) and benzonase (1.25 units/mL) was added. We incubated mixtures at 37°C for 20 min at 220 rpm. The
cell lysate was separated from the cells by centrifugation at 20000g for 2 min. Then, for each clone we prepared 200 pl of buffer A (50
mM Tris-HCI, 100 mM NacCl, 100 mM NacCl, 1 mM MgCI2, 10 mM NTA, pH 7.2) and 200 pl of buffer B (50 mM Tris-HCl, 100 mM NaCl,
1 mM MgCl2, 10 mM Hg-NTA, pH 7. 2) and recorded green fluorescence (Ex 490 and Em 510-570 nm) on a plate reader (background
fluorescence). Then, 10 pl of lysate was added into a 96-well plate in 200 pl of buffer A and 200 pl of buffer B, and green fluorescence
(Ex 490 and Em 510-570 nm) was recorded on a plate reader. The AF/F values were calculated using the formula AF/F = —[(InTa-
Tback1)/(Iag-NTA-Tback2)-11.

2.3. Purification and characterization of proteins in vitro

To characterize the spectral properties in vitro, proteins were purified from 250 ml of LB medium containing ampicillin (100 pg/
ml) and protein expression inducer arabinose (0.004 %) and grown overnight at 37°C, 220 rpm. Cells were precipitated at 5000 g for
10 min. The precipitate was then resuspended in 10 ml of 30 mM MOPS, 0.5 mM TCEP, 10 mM imidazole, pH 7.20. Cells were dis-
rupted by sonication for 4 min at 30 % power. The cell lysate was separated from the cells by centrifugation at 18000g for 10 min. The
protein was then bound to 500 pl of Ni-NTA resin (1:1 suspension) for 1 h at 4°C. After washing the resin 3 times with 5 ml of 30 mM
MOPS, 0.5 mM TCEP, 10 mM imidazole, pH 7.20, we performed protein elution in 400 pl in 400 mM imidazole, 30 mM MOPS, 0.5 mM
TCEP, pH 7.20 buffer. Proteins were dialyzed first at 4°C for 24 h opposite 1 L of 30 mM MOPS, 0.5 mM TCEP, 100 uM NTA, pH 7.20
buffer, and then 24 h at 4°C opposite 1 L of 30 mM MOPS, 0.5 mM TCEP, pH 7.20 buffer.
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To determine the values of dissociation constants (Kq) with mercury ions, green fluorescence of the sensor (0.5 pM final concen-
tration) was recorded after incubation at room temperature for 20-30 min in buffers of 50 mM Tris-HCl, 100 mM NaCl, 100 mM NacCl,
1 mM MgCI2, 10 mM NTA, pH 7. 2 and buffers of 50 mM Tris-HCl, 100 mM NaCl, 1 mM MgCl2, 1 mM MgCl2, 10 mM Hg-NTA, pH 7.2,
mixed in ratios of 10:0, 199999:1, 99999:1, 19999:1, 9999:1, 1999:1, 999:1, 999:1, 199:1, 99:1, 9:1, 8:2, 7:3, 6:4, 5:5, 4:6, 3:7, 2:8,
1:9, and 0:10 (NTA is nitrilotriacetic acid). Free mercury ion concentration was calculated using the formula: [Hg2+]free = Kq*
[HgNTA]/[NTA], where Kgq (HgNTA) = 2.51*10~ > M. For the ratio [HgNTA]:[NTA] = 10:0, we used another equation: [Hg*t] free =
/Kq + [HgNTA], where Kq (HgNTA) = 2.51*10 > M. Kd values and Hill coefficients for mercury ion binding by sensors were
IHLIIH, where I is the fluorescence intensity at
Ky [Hg** ]

a particular mercury concentration, and I ;4 is the fluorescence intensity at saturating mercury ion concentrations.

calculated by nonlinear regression of experimental points by the Hill equation: I = gy
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Fig. 1. Structure of the initial indicator libraries and amino acid sequence alignment of the initial library with randomized linkers and the final NMT
mercury indicator. (a) MT, linkers, and cpmNeonGreen (or mNeonGreen parts) are shown in brown, blue, and green, respectively. In MT38-cpN,
MT40-cpN and NT46-cpN L1 = XX, L2 = XXX; in NMT L1 = XXX, L2 = XXX. (b) Residues from fluorescent part buried in p-can are highlighted
with green. Residues that are forming chromophore are underlined. Mutations in NMT related to the original library are highlighted in red. Linkers

between fluorescent and mercury-binding parts are highlighted in blue. (For interpretation of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)
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To determine the values of dissociation constants (Kd) with cadmium ions, green fluorescence of the sensor (0.5 pM final con-
centration) was recorded after incubation at room temperature for 20-30 min in buffers 50 MM Tris-HCl, 100 mM NacCl, 1 mM MgCl,,
10 mM NTA, pH 7.2 and 50 MM Tris-HCl, 100 mM NacCl, 1 mM MgCl,, 10 mM Cd-NTA, pH 7.2, mixed in ratios of 10:0, 9999:1, 1999:1,
999:1, 199:1, 99:1, 49:1, 32:1, 19:1, 13:1, 11.5:1, 9:1, 5:5 u 0:10. Free cadmium ion concentration was calculated using the formula:
[Cd**]free = Kq*[CANTA]/[NTA], where K4 (CANTA) = 2.88%*107'° M. For the ratio [CANTA]:[NTA] = 10:0, we used another

equation: {Cd“}fr = /Kq * [CANTA], where K4 (CANTA) = 2.88*107 1% M. K4 values and Hill coefficients for cadmium ion binding by
ee

[CLT", where I is the fluo-
Ky +[ca]

rescence intensity at a particular cadmium concentration, and Iq, is the fluorescence intensity at saturating cadmium ion
concentrations.

To test the selectivity of NMT sensor to different metal ions, fluorescence of purified protein (0.5 pM final concentration) incubated
at room temperature for 5-10 min in buffer 50 mM Tris-HCI, 100 mM NaCl, 1 mM MgCl2, 10 mM Mt-NTA (where Mt is Sr, Mg, Cd, Pb,
Ni, Zn, K, Mn, Ca, Ce, Fe, Cu or Hg) was compared with the fluorescence of protein in 50 mM Tris-HCl, 100 mM NaCl, 1 mM MgCI2, 10
mM NTA buffer. Green fluorescence (488/12 nm and 535/12 nm) was recorded on a plate reader. The values of AF/F were calculated
according to the formula: AF/F=(Iy.nTA-Iback1)/(INTA-Tback2)-1 1 AF/F = —[(IntA-Iback1)/(Ime-NTA-Iback2)-1] for directed and inverted
phenotypes respectively.

sensors were calculated by nonlinear regression of experimental points by the Hill equation: I = Ingy

2.4. Statistical processing of the results
Figures show the mean values + standard error.

2.5. Cell culture and transfection

HeLa Kyoto cells were maintained in Dulbecco’s Modified Eagle Medium (DMEM) (GIBCO) supplemented with 10 % fetal bovine
serum (FBS) (Sigma), 2 mM GlutaMax-I (GIBCO), 50 U/ml penicillin, and 50 pg/ml streptomycin (GIBCO). Plasmids for transfection
were prepared using a Plasmid Miniprep purification kit (Evrogen, Russia). Transfection was performed using TurboFectTM (Thermo
Fisher Scientific, USA) according to the manufacturer’s protocol.

2.6. Mammalian live-cell imaging

HeLa Kyoto cell cultures were imaged 48 h after transfection equipped with an inverted Nikon Eclipse Ti microscope, a 75 W
mercury-xenon lamp (Hamamatsu, Japan), a 60 x oil immersion objective (Nikon, Japan), a 16-bit QuantEM 512SC electron-
multiplying CCD (Photometrics, USA), and a cage incubator (Okolab, Italy). For time-lapse imaging experiments, cells were visual-
ized before and after the addition of 2.5 pM ionomycin, and 0.01, 0.1, 0.5, 1 or 10 mM Hg-NTA to induce fluorescence signal for Hg2+-
bound indicators.

3. Results
3.1. Development of NMT sensor

To develop an indicator for the detection of mercury ions, we chose to employ the cysteine-rich domain of metallothionein II (MT-
II) from rat liver as a sensing domain [10]. The metallothionein isoform II from rat liver is composed of 61 amino acids, including 20
cysteines [11]. This protein consists of two domains: residues 1 to 29 (denoted p domain, and having 9 cysteines) and residues 30 to 61
(denoted o domain, with 11 cysteines) [12]. The a domain can bind four ions of heavy metals cooperatively [13]. First, we de novo
synthesized the a domain of MT II from custom oligonucleotides and generated libraries with the randomized linkers, which were
subsequently expressed and analyzed on crude bacterial extracts (Fig. 1a). We applied two molecular design strategies to generate
indicator prototypes. First, a circularly permutated version of the mNeonGreen protein (cpmNeonGreen) was inserted into three
different sites of the MT II a domain in loops near cysteine residues after amino acids 38, 40 and 46 (MT38-cpN, MT40-cpN and
MT46-cpN). cpmNeonGreen was taken from a calcium indicator variant of NCaMP19-11 previously designed in our laboratory (un-
published data). The amino acids in the linkers (L1 = XX, L2 = XXX) between the MT II a domain and cpmNeonGreen proteins were
randomized using site-directed mutagenesis (Fig. 1a). Second, we swapped the calcium-binding domain in the NCaMP7 calcium in-
dicator with the MT II a domain [14]. The amino acids in the linkers (L1 = XXX, L2 = XXX) between the MT II o domain and
mNeonGreen parts were varied (Fig. 1a).

For each bacterial library, the brightest colonies (typically 2-3 colonies per plate) were selected from about 20,000 colonies on
Petri dishes, and the fluorescence response of the selected mutants to the addition of 5 nM of mercury ions was further tested on
bacterial lysates in a 96-well format using a fluorescent plate reader. As a result of screening MT38-cpN, MT40-cpN, MT46-cpN, and
NMT libraries, we obtained the best clone with a 1.9-fold negative fluorescence response for the NMT library. The responses were
lower for other MT38-cpN, MT40-cpN, and MT46-cpN libraries, and we did not proceed with their optimization further.

The best clone was chosen as a template for several additional rounds of random mutagenesis of the entire biosensors’ gene. The
generated random libraries with a mutation rate of 1-3 base pairs per gene were screened as described above for libraries with
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randomized amino acid linkers. We carried out 5 rounds of random mutagenesis and selected a variant characterized by a 3.5-fold
fluorescence response (1.8-fold larger compared to the original precursor). Alignment of the amino acid sequence of NMT with the
original rational library revealed that in addition to six mutations in the linkers, the sensors contained four additional mutations, two
in the fluorescent part and two in the MT II part (Fig. 1b). In conclusion, swapping the calcium-binding domain in the NCaMP7
biosensor with the a domain of MT II was a successful approach to engineering a fluorescent mercury indicator with a negative
fluorescence response.

3.2. Characterization of the specificity and the spectral and biophysical properties of the NMT indicator in vitro

First, we characterized the specificity of the NMT indicator to different metal ions, including heavy metals, namely Hg?*, Cd?™,
Fe3t, cu®t, Mn?*, Ni%*, Pb%*, Zn?", Ce®*, and physiologically important alkaline earth and alkali metals, namely sr?*, ca®™, Mg2+,
and K in physiological solution at constant ionic strength. We chose to use the concentration of the Mt-NTA (where Mt is metal, NTA is
nitrilotriacetic acid) at 10 mM, which corresponds to the free metal ion concentration from 1 nM for Fe>* to 186 pM for Mg?™". In the
case of K™ ions, the concentration was 10 mM because it did not form a complex with NTA. The negative fluorescence response of the
NMT indicator was observed with the addition of mercury, cadmium, iron, and copper ions (Fig. 2a). The most significant fluorescence
changes of —3.2-fold were detected in the presence of mercury ions, which elicited a double fluorescence change than that of cadmium
ions (—1.6-fold for Cd*") and 4.3- and 9.7-fold fluorescence changes than those for iron (—0.75-fold) and copper (—0.32-fold) ions,
respectively, indicating its higher sensitivity to mercury ions. In turn, the NMT indicator demonstrated either no response or a low
positive response to the addition of other tested metal cations (the positive response was 2.3-29-fold lower than the negative response
to mercury ions). Hence, the NMT indicator showed pronounced selectivity for mercury ions over other metal cations, indicating its
potential as an optical molecular probe for detecting Hg?" in various environmental and biological samples.

Then, we proceeded with the characterization of the spectral and biophysical properties of the NMT indicator purified from E. coli
bacteria in the mercury-bound state. It exhibited absorption/excitation/emission maxima at 506/508/521 nm, respectively (Fig. 2b
and Table 1). The molecular brightness, defined as the product of the extinction coefficient (determined by the alkaline denaturation
method) by the quantum yield, was 166 % or 1.7-fold higher than that for the meGFP protein, the standard in the field of FPs (Table 1).

Next, we compared the affinity of the NMT indicator to mercury and cadmium ions. Titration of the NMT indicator with mercury
and cadmium ions revealed the Kq values of 0.50 + 0.05 aM and 289 + 112 fM, respectively (Fig. 2¢). Correspondingly, affinity to
mercury ions is 578,000-fold higher than to cadmium ions. In addition, the NMT indicator binds more cooperatively with mercury ions
than cadmium ions because the Hill coefficient values for mercury and cadmium ions are 0.93 + 0.07 and 0.40 + 0.06, respectively
(Table 1). The maximally achievable AF/F contrast for mercury ion binding exceeds that for cadmium ion binding by a factor of 3.3
(—5.0 £ 0.1 and —1.5 + 0.2 for mercury and cadmium ions, respectively; Table 1). Hence, the NMT indicator is specific to mercury
ions in terms of better affinity, contrast, and binding cooperativity.

Thus, we have evaluated the selectivity of the NMT indicator to different metal ions and demonstrated its high sensitivity and
specificity to mercury ions. Also, we characterized the spectral properties of the NMT indicator, its molecular brightness, affinity, and
dynamic range.
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Fig. 2. Physicochemical and spectral properties of the NMT indicator in solution. (a) Selectivity of the NMT indicator to different metal ions. The
fluorescence of proteins incubated at room temperature in buffer B: 50 mM Tris-HCl, 100 mM NaCl, 100 mM NacCl, 1 mM MgCl,, 10 mM Mt-NTA, pH
7.2 (where Mt is Sr, Mg, Cd, Fe, Cu, Pb, Ni, Zn, K, Mn, Ca, Ce, or Hg; NTA is nitrilotriacetic acid) was compared with the fluorescence of proteins in
buffer A: 50 mM Tris-HCl, 100 mM NaCl, 1 mM MgCl,, 10 mM NTA, pH 7.2. AF/F in the presence of all metal ions was statistically different from
AF/F in the presence of Hg>": p < 0.0001, ****, (b) Absorption, excitation and fluorescence spectra in 30 mM MOPS, 0.5 mM TCEP, pH 7.20 buffer.
(c) Equilibrium binding curves of mercury or cadmium ions by the NMT indicator. Buffers A and B (0 mM Tris-HCI, 100 mM NaCl, 100 mM NacCl, 1
mM MgCl,, 10 mM Hg-NTA, pH 7.2) were mixed in different ratios to vary the concentration of free mercury ions in the range of 0-5 nM. Buffers A
and C (50 mM Tris-HCl, 100 mM NaCl, 1 mM MgCl,, 10 mM Cd-NTA, pH 7.2) were mixed in different ratios to vary the concentration of free
cadmium ions in the range of 0-1700 nM. Normalized fluorescence (Fnorm) was calculated as Fnorm = 1-(F-Fmin)/(Fmax-Fmin), where F, Fmax
and Fmin are current, maximal and minimal fluorescence values respectively.



O.M. Subach et al.

Heliyon 10 (2024) e32814

Table 1
Properties of the purified NMT indicator in solution.
NMT eGFP205C [7] IFP [8]
Abs/Ex/Em Maxima, nm 506/508/521 ~400/510 684/708
Exctinction coefficient, mM~'em ™! * 89 +2 ND 92
Quantum yield ” 0.73 £ 0.06 ND 0.07
Brightness vs meGFP, % © 166 ND 16
AF/F 5.0 £ 0.1 ~0.3-1.3 >20
AF/F in cytosol of HeLa cells 59+ 1.1 ND 4
Kq ¢ Hg>" 0.50 + 0.05 aM [0.93 + 0.07] ~100 nM 150 nM or 2.3 pM
Hg2+ in HeLa 293 + 3 aM [1.89 + 0.04] ND ND
cazt 287600 + 111780 aM [0.40 + 0.06] ND ND

ND, not determined.

@ Extinction coefficients were determined in 1 M NaOH solution, assuming the absorption of the GFP chromophore under these conditions to be

44,000 M lem ™.

> Quantum yield was determined at an excitation light wavelength of 470 nm, relative to meGFP with quantum yield of 0.70.

¢ Brightness was determined as the product of quantum yield by extinction coefficient normalized to meGFP brightness equal to 100 %, assuming

that the quantum yield and extinction coefficient for meGFP are 0.70 and 56 mM~'cm

4 Hill coefficient is indicated in square brackets.
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Fig. 3. Visualization of mercury ion concentration changes in HeLa cells with the NMT indicator using confocal fluorescence microscopy. (a)
Confocal images of HeLa cells expressing NES-NMT before and after addition of 2.5 pM ionomycin and 10 mM HgNTA, 5 mM Tris-HCI, pH 7.40.
Scale bar, 10 pm. (b) Time dependence of the AF/F green fluorescence change in the indicated region of the cell cytosol before and after addition of
10 mM Hg-NTA and 2.5 pM ionomycin at the time indicated by the arrow. (c) Averaged AF/F response of the NMT indicator in the cytosol of HeLa
cells to the addition of 10 mM Hg-NTA and 2.5 pM ionomycin calculated from 2 cultures, 6 cells. (d) Titration of the NMT indicator expressed in the
cytosol of HeLa cells with 0.01 mM Hg?*-10mM NTA, 0.1 mM Hg?*-10mM NTA, 0.5 mM Hg?*-10mM NTA, 1 mM Hg?*-10mM NTA and 10 mM
Hg”—lOmM NTA. The curve was plotted based on data from 5 cultures, 50 cells. Normalized fluorescence (Fnorm) was calculated as Fnorm = 1-(F-
Fmin)/(Fmax-Fmin), where F, Fmax and Fmin are current, maximal and minimal fluorescence values respectively. (For interpretation of the ref-
erences to colour in this figure legend, the reader is referred to the Web version of this article.)



O.M. Subach et al. Heliyon 10 (2024) 32814
3.3. Properties of NMT indicator in the cytosol of mammalian cells

To characterize the properties of the NMT indicator in mammalian cells, we transiently expressed the NMT indicator in the cytosol
of HeLa Kyoto cells and visualized its response to the addition of the mercury ions. We transiently transfected HeLa Kyoto cells with
PAAV-CAG-NES-NMT plasmid (NES stands for nuclei-exclusion signal). 48 h after transfection, we observed bright green fluorescence
of the NMT indicator, which was evenly distributed in the cytosol of the cells, using confocal fluorescence microscopy (Fig. 3a). To
check the cytotoxicity of the NMT indicator, we expressed the NMT indicator and GFP in two independent cultures each (about
3-5*10° cells per ml). In addition, the transfection reagent was added to two cultures without DNA. Using staining with the trypan blue
dye, we showed that cultures with the expressed NMT indicator, GFP, and with the transfection reagent contained 97 + 1, 80 + 24, and
73 + 4 % of live cells, respectively. Hence, the NMT indicator is not cytotoxic for cells.

Then, we visualized changes in mercury ion concentration in the cytosol with addition to cells of 2.5 pM ionomycin and various
concentrations of HgNTA (corresponding to 2.5 aM - 5 nM concentration of free mercury ions). We observed a decrease in green
fluorescence of the NMT indicator (Fig. 3a and b) with the maximal averaged AF/F response equal to —5.9 + 1.1 (Fig. 3c) and the Ky
value of 0.29 + 0.01 fM (Fig. 3d). Since the K4 value in solution is about 600-fold less than in mammalian cells, we can suggest that
there is a gradient between the extracellular and intracellular concentration of mercury ion and 600-fold less mercury ions enter the
cell. Similarly, an approximately 500-fold reduction in hydrogen peroxide concentration across the plasma membrane compared to the
extracellular concentration was previously found [15]. Therefore, the NMT indicator can be used to monitor changes in the con-
centration of mercury ions in the cytosol of mammalian cells.

4. Discussion

In this paper, we describe the development of a novel green fluorescent NMT indicator for mercury ions. It was engineered by
inserting the cysteine-rich metallothionein I domain into mNeonGreen bright green FP followed by a variation of linkers and directed
molecular evolution. The NMT indicator has excellent properties both in vitro and in mammalian cells. The NMT indicator exhibited a
1.7-fold increase in brightness compared to the eGFP standard green FP and responded with extremely high sensitivity and specificity
to mercury ions by the decrease of green fluorescence with a 5.0-fold fluorescence response. In addition, the NMT indicator robustly
detected even tenths of femtomolar concentration of mercury ions in the cytosol of mammalian cells, demonstrating a 5.9-fold AF/F
fluorescence response.

Previously two biosensors, eGFP205C [7] and IFP [8], for detection of mercury ions were published. The NMT indicator out-
performs these sensors in sensitivity because its affinity to mercury ions is lower than affinities of eGFP205C and IFP by a factor of
about 10!, Also, the fluorescence response of the NMT indicator to mercury ions is 4-17-fold higher than that of eGFP205C. Moreover,
the molecular brightness of eGFP205C and its behavior in mammalian cells have not been determined [7]. Compared to the IFP sensor,
the molecular brightness of the NMT indicator is 10-fold higher [8]. In addition, the reaction of IFP with mercury ions depends on the
presence of the biliverdin cofactor. There is no binding of IFP with mercury ions and no change in IFP fluorescence if biliverdin is added
to IFP before mercury ions. On the contrary, the NMT fluorescence does not require the presence of any cofactors and its reaction with
mercury ions has no such limitations.

We can suggest the mechanism of molecular interactions of the mercury ions with the NMT indicator. It is known that the a-domain
of the MTII (which is a part of the NMT indicator) contains eleven cysteine residues and can bind four metal ions [10]. We think that
the NMT indicator binds four mercury ions, and each of them is tetrahedrally coordinated by four thiols of cysteines. Mercury ion
binding can lead to a change in the conformation of the mercury-binding part and affect the chromophore in the fluorescent part,
resulting in a decrease in green fluorescence.

5. Conclusion

Here, we engineered the NMT green genetically encoded mercury indicator that is superior to those developed previously in terms
of higher affinity, brightness, fluorescence response, and cofactor independence.
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