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Abstract

The present study addresses existing data on the affinity and conjugation of sulfhydryl (thiol; -SH)
groups of low- and high-molecular-weight biological ligands with mercury (Hg). The
consequences of these interactions with special emphasis on pathways of Hg toxicity are
highlighted. Cysteine (Cys) is considered the primary target of Hg, and link its sensitivity with
thiol groups and cellular damage. /n7 vivo, Hg complexes play a key role in Hg metabolism. Due to
the increased affinity of Hg to SH groups in Cys residues, glutathione (GSH) is reactive. The
geometry of Hg(ll) glutathionates is less understood than that with Cys. Both Cys and GSH Hg-
conjugates are important in Hg transport. The binding of Hg to Cys mediates multiple toxic effects
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of Hg, especially inhibitory effects on enzymes and other proteins that contain free Cys residues.
In blood plasma, albumin is the main Hg-binding (Hg2*, CH3Hg*, Co,HsHg™, CgHsHg) protein.
At the Cysaa residue, Hg2* binds to albumin, whereas other metals likely are bound at the N-
terminal site and multi-metal binding sites. In addition to albumin, Hg binds to multiple Cys-
containing enzymes (including manganese-superoxide dismutase (Mn-SOD), arginase |, sorbitol
dehydrogenase, and 6-aminolevulinate dehydratase, etc.) involved in multiple processes. The
affinity of Hg for thiol groups may also underlie the pathways of Hg toxicity. In particular, Hg-SH
may contribute to apoptosis modulation by interfering with Akt/CREB, Keapl/Nrf2, NF-xB, and
mitochondrial pathways. Mercury-induced oxidative stress may ensue from Cys-Hg binding and
inhibition of Mn-SOD (Cys1gg), thioredoxin reductase (TrxR) (Cysag7) activity, as well as limiting
GSH (GS-HgCHg) and Trx (Cysgy, 35, 62, 65, 73) availability. Moreover, Hg-thiol interaction also is
crucial in the neurotoxicity of Hg by modulating the cytoskeleton and neuronal receptors, to name
a few. However, existing data on the role of Hg-SH binding in the Hg toxicity remains poorly
defined. Therefore, more research is needed to understand better the role of Hg-thiol binding in the
molecular pathways of Hg toxicology and the critical role of thiols to counteract negative effects
of Hg overload.
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1. Introduction

World Health Organization (WHO) has listed mercury (Hg) as one of the ten pollutants of
particular concern for public health [1]. Despite the Minamata Convention agreement on Hg
emission reduction, human exposure, and its adverse health effects persist [2], with global
Hg emissions increasing by 1.8%/year in 2010-2015 [3]. Southeastern Asia is considered
the main contributor to Hg emissions [4]. Small-scale gold mining and artisanal work
represent a key source of anthropogenic Hg emissions accounting for 37% of all Hg emitted
into the environment. Other significant (>10%) sources of Hg emission include coal and
fossil fuel combustion (25%) and non-ferrous metal production (10%) [5]. Wildfires also
have a critical effect on the global Hg emissions [6]. Although the projections for 2050
demonstrate a sustained trend for increased Hg emissions, it is hopeful that legislative and
technological efforts will reverse and abate this trend [7].

Adverse health effects at current Hg levels of exposure vary related to the geographic area
[8], with arctic and tropical communities being at particularly high risk of Hg overexposure
[9]. Mercury toxicity may aggravate neurological and neurodegenerative [10], metabolic
[11], renal [12], and cardiovascular diseases [13]. For elemental Hg, the brain and kidneys
are considered as the main targets [14]. The overall costs of current adverse Hg effects have
been estimated to be in the range of 23 thousand to 52 thousand EUR/kg predominantly due
to cardiovascular morbidity and mortality [15].

Multiple mechanisms of Hg toxicity underlie the wide spectrum of detrimental health effects
due to Hg exposure. Particularly, Hg was shown to cause enzyme inactivation [16], oxidative
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stress [17], inflammation, and autoimmunity [18]. However, the particular molecular
mechanisms have yet not been fully disclosed.

The high affinity of Hg-compounds to sulfhydryl (-SH) groups has been reported in
numerous studies [19]. For example, a detailed proteomic analysis of murine liver revealed
7682 Hg-reactive cysteine (Cys) residues from 5664 proteins [20]. However, data on a
particular involvement of Hg-thiol interaction in mechanisms of Hg toxicity are still
insufficient.

Therefore, we discuss in this review the present data on affinity and conjugation of SH
groups of low- and high-molecular-weight biological ligands with Hg, as well as the
outcome of such interactions with a special emphasis on pathways of Hg toxicity.

2. Forms of mercury

Exposure to Hg occurs in different forms, in principle, either as elemental (Hg®), inorganic,
or organic Hg"*. Metallic or elemental Hg (HgP) as a liquid metal has low absorption by
dermal and gastrointestinal routes [21,22]. Although it has a high vapor pressure, and at
saturation, a cubic meter of air holds 20 mg Hg at room temperature. Upon inhalation, this
colorless, odorless vapor is highly toxic [23]. Mercury vapor, which also is released from
dental amalgames, is absorbed by the lungs and mucous membranes [22,24]. Mercury vapor
is a monatomic gas, which is lipophilic and highly diffusible. It can pass through biological
barriers, including the blood-brain barrier (BBB), the placenta, and cell membranes [21].
Also, proteins for the transport of small uncharged molecules may be involved [22]. Each
Hg form has a particular type of toxicity. The specific toxicity is not only dependent upon
the chemical form but is mainly associated with specific metabolic and distribution fractions.
In inorganic salts, Hg can occur in two oxidation states: +1(1) for the mercurous cation; and
+2(11) for the mercuric cation [22]. The transitory cation is known as mercurous form, which
easily dissociates into Hg® and Hg?* [22,25]. Mercurous chloride (Hg(l) chloride; CI-Hg-
Hg-Cl), described as calomel, was a component in teething powders until about 1950 when
it was recognized to cause acrodynia and was also used as a medicinal purgative and diuretic
during the 17th and 18th centuries [26,27]. The end-product of the full oxidation of Hg is the
mercuric form with a +2-oxidation state. Hg(11) may exist both as inorganic Hg2* salt and as
organomercurials, including the widespread compounds methylmercury (MeHg, CHaHg™),
dimethylmercury ((CH3),Hg"), ethylmercury (EtHg, C,HsHg"), and phenylmercury
(CeHsHg*) [28]. The capabilities of these mercurials to bind amino acids, peptides, and
proteins result in a high number of Hg species in the living organisms. Mercury(11)-
compounds are the most reactive forms of Hg and are related to different toxic effects [23].
Although certain studies demonstrate lipophilicity of MeHg, the complexes MeHg-S-R
molecules are much less lipophilic. The compounds of organic Hg are those in which Hg?*
(highly reactive diva-lent) is covalently linked to carbon. The main source of EtHg
(H3CH,C-Hg* X~, in which X is often Cys) is thiomersal, which is used as a vaccine
preservative. Methylmercury (HsC-Hg* X) is found in dietary fish. The proposed pathways
for MeHg transportation may include mimicking the amino acid, methionine, utilizing the
large neutral amino acid transporter (LAT1) on the cell membrane [22]. As regards
thimerosal, the EtHg moiety may gain intracellular access in exchange reactions with
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endogenous thiols such as glutathione (GSH). In contrast to Hg®, which is characterized by
high lipophilicity, lipophilic diffusion across biological membranes is unlikely to be a
significant mechanism of MeHg transport /n7 vivo. At normal physiological pH in gut and
blood (near 6.8-7.4), the vast majority of MeHg is expected to be bound to thiol groups.
Methylmercury can cross the BBB, although less effective in comparison with elemental Hg
vapor, but it is readily absorbed via the gut, and it accumulates in various tissues [24]. With
their high reactivity and high mobility, organic compounds of Hg are highly neurotoxic [22].
Special attention should be paid to toxicokinetics of thiomersal (EtHg) yet recognizing that
it may be quite different from that observed for MeHg, reflective of differential mechanisms
of toxicity, including the particular patterns of thiol group binding [29].

In addition to different physicochemical properties, organic species and inorganic Hg(Il)
species are characterized by different bioavailability. Particularly, comparative analysis of
MeHg and Hg(ll) absorption rates have reported that the overall absorption of the studied
Hg compounds in humans was estimated as 12%—79% and 49%—-69%, respectively [30].
Although earlier estimated to be about 70 days, the human body half-life (t;,) of MeHg has
later been found to vary between 42.5 and 128.3 days in healthy volunteers. The shorter
estimated value for ty;» (about 40 days) and faster MeHg elimination was associated with
complete demethylation as assessed by fecal Hg content [31].

Following exposure, the ions of Hg are absorbed and aggravated in different organs such as
the placenta, brain, liver, kidneys, and intestine [32]. Notably, the accumulation patterns, as
well as the target organs, are partially different in primates compared with rodents [33].
Among various exposure routes, humans can be exposed to high Hg levels through the
ingestion of organic Hg forms in contaminated food (i.e., MeHg*). Regarding sea-food, high
MeHg™* levels are found in the muscle of large predatory saltwater and freshwater fish,
including pike, salmon, shark swordfish, and tuna [21]. The accumulation of Hg in these
tissues is related primarily to their inability to efficiently eliminate Hg, their ingestion of
other contaminated fish, and their longevity in contaminated waters [34]. After the
contaminated food ingestion, MeHg* can be absorbed easily through the gastrointestinal
tract and transported to various organs. However, it is critical to evaluate the chemical
properties and metabolism of mercuric ions along the pathways in view of the importance of
correct Hg speciation /in vivo.

3. Sulfhydryl groups and mercury

It has been reported that sulfhydryl (SH) is ubiquitous in peptides and proteins throughout
the body. Molecules with SH groups are referred to as thiols or mercaptans (from Lat.
mercurium captans, meaning ‘capturing mercury”) [35]. Proteins containing Cys residues are
abundant throughout the body, both in enzymes, organelles, and in intracellular and
extracellular membranes. Since most SH groups are important for the function or structure
of numerous proteins [36], the particular goals for Hg, have still to be fully recognized.
Many of the sulfhydryl targets are non-important. Therefore, restricted duration with low-
content exposures to Hg may induce at least toxicity. The Hg binding affinity to sulfhydryl is
higher in comparison with that of cadmium (Cd), arsenic (As), and lead (Pb) [37], being
indicative of the higher role of thiol reactivity in Hg toxicity.
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Furthermore, an Hg-S- bond is not necessarily stable /n vivo [19], as the Hg-ion may move
readily between free —SH groups according to their availability and reactivity. The process is
described by Rabenstein’s ligand exchange reaction [38]. Particularly, the exchange of R-
Hg-S-R1 with another R2-SH is extremely rapid (controlled by diffusion, first-order reaction
in the order of 108 M1 sec™1) and normally occurs when the free thiol group (R,-SH),
which will attack the -Hg-S- bond, has similar nucleophilicity to the —SH group that is
participating in the R1-S-Hg-bond (Fig. 1).

Shortly after exposure to Hg® vapor, most of the Hg is converted to mercuric ions in the
blood. And Hg2* in plasma likely binds to SH-containing proteins such as albumin [39].
Notably, the Hg content of blood rapidly decreases after Hg exposure, indicating that Hg
ions are readily being absorbed by the cells. So far, evidence suggests that Hg—albumin
complexes do not appear to be absorbed readily by target cells, such as proximal tubular
cells [40]. Apparently, the binding of Hg to plasma proteins (e.g., Hg—albumin) is reversible
and less relevant in the presence of other (small) low molecular weight thiols. This allows
Hg ions to conjugate with numerous non-protein SH-containing metabolites, that may form
transportable mercuric complexes being taken up more quickly into target cells [41].

Circulating Hg is known to be protein-bound, whereas low-molecular-weight transporters
interact only with a small fraction of the Hg ions [42]. It is known that Hg predominantly
binds inorganic and organic S (HS™, sulfide or S2-, and thiol/thiolate) and Se (HSe™,
selenide or Se2~, and selenol/selenolate) compounds, being soft nucleophiles in agreement
with Pearson’s acid-base theory. In turn, electrophilic forms of S or Se (in the *4 or ™6 redox
state) do not have a high affinity for Hg.

It was with speciation analysis of Hg in blood proteins using MALDI-TOF-MS found that
Hg is bound mainly to albumin and metallothionein (MT) in MeHg-exposed rats treated
with Se (as sodium selenite) [43]. However, the reported molecular weight values raise the
possibility of other species being involved. In corroboration with this, a recent detailed study
by Li et al. (2018) demonstrated that hemoglobin, glutathione peroxidase 3 (GPX3),
selenoprotein P (SELENOP), as well as albumin, are major Hg-binding molecules following
Hg?* exposure both in vivo (139.7-778.4 mg/L HgCl,) and in vitro (100-1000 mg/L Hg)
[43]. In the case of GPX3 and SELENOP, Hg binding may occur through selenocysteine
residues. At increasing HgCl, concentrations /n vitroto 10 mg/L, ApoA-1, ApoE, ApoA-1V,
and transferrin were also found to bind Hg [43]. Cysteine, selenocysteine (found exclusively
in the active center of selenoproteins), glutathione (GSH), albumin, hemoglobin, as well as
MT are major binding sites for Hg /n vivo. All the ligands mentioned above, except Hb and
MT, bind both Hg2* and CH3Hg™ through Cys thiols (-SH) or selenol groups (-SeH) of
selenocysteine in selenoproteins [44].

However, predicting Hg species behavior /n vivo must be pursued with caution. Feroci et al.
(2005) stated that the processes of Hg complex formation are significantly affected by
chemical constituents of biological fluids [45]. Particularly, in physiological medium rich in
chloride ions, Hg cannot exist as simple Hg2* cations, but the dominating species are
[HgCl4]?~ compounds [46], whereas in the presence of free thiols Hg predominantly binds —
SH groups even despite the higher selenol group reactivity [47].
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Mercury is bound to biological ligands through sulfur with an oxidation state of -1 and -2.
In the majority of cases, these sites are thiol groups of Cys residue as a part of a more
complex structure. The affinity of Hg to amino acids is relatively well studied. The outcomes
of such investigations have been applied in the improvement of heavy metal chelators for
detoxification therapy [48].

These data provide a basis for understanding the binding and transport kinetics of Hg by
more complex molecules. Divalent Hg ions have a high affinity to reduced mercapto-groups.
Mercury(l1) complexes with specific low-molecular-weight ligands determine Hg
distribution in the organism. Unfortunately, due to methodological limitations, the reported
constants for complexes of Hg with biological thiols are rather contradictory [49]. The latter
significantly affects the evaluation of newly formed Hg(ll) species and their pathways of
transformation.

3.1. Cysteine

Cysteine, one of the most ubiquitous and biochemically active amino acids in the body, is an
important active site for functional proteins such as receptors, signaling molecules, enzymes,
membrane transport channels, and transcription factors [50]. Cysteine is considered as the
primary target for Hg, providing a link between its reactivity with thiol groups and cellular
damage.

In Hg metabolism /n vivo, Hg-S-Cys complexes play a key role. In parallel with Hg(HL),
and HgL, forms (L-ligand (Cys), HL—protonated ligand (HCys-)), Hg and Cys may form
HgL s, Hglg4, Hgol o, Hgo(HL)LCI, HgsL»Clg species [51-53]. The HgL 3 and HgL4 species
are prevalent in solutions at a M:L ratio of 1:5 [53]. The simultaneous production of species
with 1:1 composition is still questionable. Hg(HL), and HgL, complexes are linear,
although at M:L ratio different from 1:2, the formation of species with linear, as well as tri-
and tetragonal geometry, may occur [54]. It is also notable that chloride ions may also
participate in the formation of Hg-Cys species, including HgoLoHCI, HgsLoCly, HgsL,Clg
[55].

The stability of Hg-Cys complexes is rather high. According to Stary and Kratzer (1988),
stability constant of [HgHL,]° complex is estimated as 40, whereas that for [HgL,]2™ is 42.7
(HoL = NH,-CH(CH,SH)-COOH) [56]. Mercury(11) cysteinates are more stable than similar
complexes of Cys with Zn(l1l), Pb(I1), or Cd(ll), but is less stable than copper (II) cysteinates
[57]. Lenz and Martell (1964) indicate that stability constants for metal complexes with S-
methylcysteine are estimated as 7.88 for Cu(ll), 7.20 for Hg(ll), 4.43 for Pb(ll), 4.46 for
Zn(I1), and 3.77 for Cd(ll) [57]. According to Berthon [58], the B values for M:L 1:1
compounds vary depending on the metal, being estimated as 14.21-37.8 for Hg2*, 11.39-
13.58 for Pb2*, 6.45-12.88 for Cd?*, 8.06-9.87 for Zn?*, and 11.38-19.19 for Cu*. The
respective values for M:L 1:2 complexes are estimated as 41.20-44.0, 15.90-19.30, 14.20-
21.72,17.54-19.39, and 16.0, respectively. High variability of the constants may be related
to different methods of evaluation, as well as differences in background electrolyte
characteristics and temperature (20 and 25 °C). In this particular case, the stability of Hg
cysteinates is significantly higher than that for Cd, Pb, Zn, and even Cu, being in contrast
with the earlier data by Lenz and Martell [57]. However, it should be mentioned that Cu(ll)
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ions are bound to Cu,L,, complexes (p = 14.00-45.65) with different protonation degree.
Therefore, one cannot definitely determine which cation will predominantly bind the ligand
in vivo [58], though in vitro Hg?* typically displace Cu*, Cd2* and Pb2* from thiol-
containing ligands [59].

Although the exact electronic and atomic properties determining the higher affinity of Hg2*
for thiols than Cu2*, Pb2* and Cd2* are not known, the highest softness of Hg in relation the
other elements can explain the general trend of affinity (Hg(11) > Cu(ll) > Pb(Il) [60].

Reid and Rabenstein stated that similar to Hg2*, MeHg also form complexes of linear
geometry with Cys in a wide interval of pH (<1 to >13). The stability of MeHg cysteinates
(CH3HgHL, CH3HgL) is much lower than that of similar HgZ* complexes with g = 15.38-
15.56 and 16.45-16.58 according to Lenz and Martell (1964) [57] or p = 17.41 and 26.72
according to Cardiano et al. (2011) [61], respectively. The latter may be explained by the
lack of complex formation with a M:L ratio of 1:2 in contrast to mercuric ions. Other
metallorganic Hg compounds (EtHg) also possess the ability of 1:1 ratio complex formation
with Cys [62].

Mercury(ll) ion binds amino acid through donor atom S of thiol groups and does not interact
with oxygen atoms from COOH groups [55]. In this particular case, Cys is not a chelator, as
it provides only one coordination bond. Such behavior is atypical for amino acids and may
be explained by the low affinity of Hg atoms to N~ or especially O-donor centers (Fig. 2). At
the same time, while studying L-Cysteinato(methyl)mercury(l1) monohydrate using X-ray
structure analysis, Taylor et al. (1975) noted weak intramolecular interactions between Hg
and oxygen atoms of the carboxyl group [63]. These findings are corroborated by the study
by Liem-Nguyen et al. (2017) [49]. These authors have performed density functional theory
(DFT) calculations demonstrating that electron-donor carboxyl and carbonyl groups have a
stabilizing effect on Hg(11)-LMM thiol complexes. At the same time, electron-acceptor
protonated primary amino-groups possess a destabilizing effect [49]. In turn, data obtained
by Mah and Jalilehvand (2008) have demonstrated that in alkaline solutions deprotonated
amino-group of Cys takes part in the formation of [HgL,]%~ chelate, as evidenced by a
reduced moiety of complexes with high L:M ratio [64].

Complex formation between Cys and Hg(l) is less studied than that for Hg(ll). Particularly,
the formation of Hg,Lo-type Hg (1) cysteinate is postulated by Heyrovsky et al. (1997) [65].
Addition of two Cys residues to such a complex result in changes of Hg oxidation state from
+1to +2 ([HgoLo] + 2HL = 2[HgL,] + 2e~ + 2HY).

Given the significant role of Cys in the structure and functioning of biomolecules, Hg
binding to Cys mediates multiple toxic effects of Hg, especially its inhibitory effects on
enzymes and other proteins containing free Cys residues. The biological outcome of such
interaction-based only on data on direct Hg-Cys interaction will be reviewed further.

3.2. Glutathione

Glutathione (GSH) is known as the most common compound with low molecular weight and
SH groups in mammalian cells, which is present in millimolar amounts in different cells
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[66]. The reactivity of GSH with Hg is related to Hg’s affinity for the SH group of the Cys
residue.

The reactivity between Hg(ll) and GSH ((2S)-2-Amino-4-{[(1R)-1-
[(carboxymethyl)carbamoyl]-2-sulfanylethyl]carbamoyl}buta noic acid) was studied by
several researchers [67-71]. Stoichiometric analysis and formation constant assessment
performed in these studies demonstrated that depending on metal and ligand concentration,
the M:L particles of 1:1, 1:2. 1:3, 1:4, 2:2, 3:2 composition with different protonation may
occur. According to Burford et al. (2005) based on the GSH-binding properties, all metals
may be divided into two groups: i) metals capable of binding more than one GSH molecules
(Hg, As, Sb, and Bi) with the formation of GSH rich complexes; ii) metals capable of
binding only one GSH molecule (metal-rich complexes) [72]. The formation of 1:2 and 1:3
complexes of Hg(Il) and GSH was demonstrated by Mah and Jalilehvand (2008), who
revealed a predominance of the diagonal [HgL,]*~ and trigonal [HgL3]’~ particles in the
solution [64]. The complex of [HgL4]19~ composition is present in solutions with excess
GSH, although its moiety does not exceed 30% [64].

The geometry of Hg(Il) glutathionates is less clear than that in the case of Cys. Particularly,
Fuhr and Rabenstein (1973), using the 13C NMR method, demonstrated that in a 1:2 Hg-Cys
complex, Hg(ll) atoms are coordinated with GSH only through S atoms of Cys residues.[71]
The same type of Hg(I1) binding has been mentioned by Krezel and Bal (1999) [73].
Complexes of the linear geometry are formed during the formation of -S-Hg-S or CH3Hg-S-
bonds [71,74].

Other studies stipulate that interaction between Hg(I1) and GSH may result in chelate
formation. Neville and Drakenburg (1974) have demonstrated that in Hg-GSH, complex
metal coordination occurs through the S atom of the mercapto-group as well as nitrogen
atom of glycine residue [70]. However, other authors have proposed that donor atoms of the
chelate ring are SH-group S atom as well as carbonyl group oxygen atom of the Cys residue.
Hypothetically, the particular type of coordination depends on metal:ligand ratio.
Particularly, under conditions of two- or three-fold excess of GSH, Hg(ll) binding occurs
through S atoms [47], whereas, at equimolar conditions, an additional metal-ligand bond is
formed through oxygen or nitrogen atoms. This hypothesis generally corroborates earlier
observations on the ability of Hg to form complexes with rather low coordination numbers
(2,3, 4).

The constants formation is especially important when considering the particular features of
Hg(I1) mobilization and distribution in biological systems. GSH binds Hg(ll) at pH of 1-12
forming strong complexes with Hg2* and CH3Hg* [75], is more stable than Cd(I1), Zn(11),
Pb(1l), or Sn(IV) glutathionates. The stability constants of M:L 1:1 complexes with different
protonation degree were earlier estimated as p(HgHL) = 32.49; B(CH3HgHL) = 25.24;
B(PbHL) = 17.14; B(ZnHL) = 14.76; B(CdHL) = 17.02; B((CH3)3SnL) = 14.17; B(HgL) =
35.68; B(CH3HgL) = 15.99; B(PbL) = 10.57; p(ZnL) = 8.57; B(CdL) = 10.18 [73].
Cheesman et al. (1988) proposed that despite the high stability of Hg(11)-GSH complexes,
the bonds between Hg(11) and SH groups are rather labile [47]. These data are at least partly
in agreement with Shoukry et al. (1988) [76]. The latter used polarimetric analysis to
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confirm the data obtained by 13C NMR. The values of 1:3 M:L complex formation from
Hg(SG)2 and GSH reported that the third ligand is bound more weakly than the first two.
Oram et al. (1996) proposed that the stability of Hg(I1)-GSH complexes may be
overestimated [67]. Based on the first three ionization constants of GSH the authors
provided the following production constants for Hg(11)-GSH complex: 15.80 for
[HgH3SG]**, 26.04 for [HgH3L]3*, 32.49 for [HgH,L]%*, 35.68 for [HgHL]*, 33.40 for
[Hg(H3L),]**, 42.40 for [Hg(H,L)(HsL)]3*, 52.29 for [Hg(H,L),]*, and 55.28 for [Hg(HL)
(HoSL)T. In contrast, the earlier data reported by Stricks and Kolthoff (1953) who
demonstrated higher values for complexes of the same composition (41.58 for
[Hg(H3L),]**, 41.92 for [Hg(H,L)(H3L)]3*, 40.96 for [Hg(H,L),]2*) (L-GSH) [68]. The
observed inconsistencies in the data may relate to different conditions of Hg(I1)-GSH
stability assessment. It is proposed that in the study by Stricks and Kolthoff (1953), the
potential of Hg electrode in relation to the calomel reference electrode was affected not only
by Hg?* but also other electrolytes being present in the solution [67].

In contrast to Hg(11)’s interaction with GSH, the interaction of other forms of Hg, including
Hg(l) and CH3Hg?*, has been insufficiently studied. The existing data demonstrate the
ability of MeHg to form coordinate compounds with GSH with the composition of 1:1, 1:2,
1:3, and different protonation [77,78]. According to Rabenstein (1978), the formation
constant of a completely deprotonated compound is 15.9 [79]. The formation constants for
[CH3-HgH3L]?*, [CH3HgH,L]*, [CH3HgHL] are estimated as 28.68, 25.24, and 15.99, is
an order of magnitude less than the respective complexes of HgZ* except for completely
protonated form [80]. However, the stability constants for MeHg-GSH complexes is much
higher than that for similar Pb(l1), Cd(11), and Zn(11) compounds. As in the case of Hg?*,
MeHg interacts with GSH at a wide pH interval (0.5-13). Onyido et al. (2004) demonstrate
that in an acidic medium CH3Hg™" ion forms with GSH, a particle of 2:1 composition due to
the interaction of MeHg cation with mercapto-group [77]. Increasing pH results in the
gradual cleavage of CH3Hg* with subsequent formation of CH3HgOH in the alkaline
medium (pH > 10). Despite a lack of data on Hg(l)-GSH complex formation, Miller and
Woods (1993) have shown direct interaction between monovalent Hg and oxidized
glutathione (GSSG) [81].

In contrast to Cys and other low-molecular-weight ligands, GSH is characterized by the
ability to bind several different metals (heteronuclear complexes) due to the presence of
various functional groups, as well as conformational flexibility of the molecule.
Investigation of complex formation in the systems Hg2*-M?*-GSH (M = Co, Ni)
demonstrated the formation of HJML, compounds where Hg binding (coordination number
= 2) occurs through SH-groups of two different molecules, whereas Co2* and Ni2*
(coordination number = 4) ions are bound through amino- and carboxyl-groups [82].

Multiple studies have reported that Hg exposure is associated with GSH dysregulation due to
the protective role of the latter. Specifically, prenatal Hg exposure was shown to reduce
cerebral GSH levels in mice [83]. GSH depletion has been shown to increase MeHg
accumulation in both neurons and astrocytes [84]. It is also noteworthy that the earlier
cloned Hg-resistant cell line is characterized by five times higher GSH levels in these cells in
comparison to the original parent cells [85].
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However, it is unclear whether these effects of physiological GSH-Hg antagonism may be
mediated through direct Hg-thiol interaction. In view of the findings of a detailed study by
Hansen et al. (2006) demonstrating lower susceptibility of GSH to Hg-induced oxidation in
comparison to Trx1 and Trx2 [86], one can propose that protective effect of GSH in Hg
toxicity may be more directly related to its antioxidant effect rather than Hg binding to -SH

group.

3.3. Proteins

Proteins contribute significantly to total plasma thiol levels, with albumin being the most
abundant plasma thiol donor [87,88]. Metallothionein is considered as one of the most
cysteine-rich proteins [89]. Other cysteine-rich proteins (>5% cysteine residues) include
representatives of 21 protein families, including hepcidin, G-protein-coupled receptors-
targeting proteins (e.g., oxytocin, somatostatin, interleukin-8), enzyme-coupled receptor-
targeting proteins (e.g., insulin-like growth factor, epidermal growth factor), extracellular
enzyme inhibitors, antimicrobial peptides [90].

The ability of particular proteins to bind Hg is dependent on the presence of cysteine
residues. Therefore, we propose that the ability of protein molecules to Hg binding should
be discussed in view of the structural similarity of particular Hg-binding sites. The geometry
of Hg-cysteinates is usually linear, corresponding to 1:1 and 1:2 composition of the
compounds. Trigonal or tetrahedral geometry is observed only in three-fold and higher
excess of cysteine. Given the rather high stability of 1:1 complexes, as well as non-chelate
binding of the metal ion by amino acid residues, a spatial approximation of cysteine residues
in the Hg-binding center is not required. Notably, the Hg-binging center in aloumin
molecule contains only one cysteine residue. At the same time, binding from 7 to 12 Hg(ll)
cations by metallothionein containing 20 cysteine residues is also indicative of linear
geometry. The particular characteristics of Hg binding to albumin and metallothionein
molecules are discussed lower.

3.3.1. Albumin—Albumin is considered as the most important metal transporter in the
blood [91]. In blood plasma, albumin accounts for 90% of all protein-bound Hg in the form
of Hg?*, CHzHg*, CoHsHg™, CgHsHg [92,93].

Li et al. (2007) estimated the stoichiometry and stability of aloumin complexes with various
forms of Hg, demonstrating that in the systems M — albumin (M = Hg2*, CH3Hg", CoHsHg
*, CgHsHg") metal to ligand ratio is estimated as 6:1, 4:1, 4:1, and 3:1, respectively [93].
Binding of inorganic and organic Hg occurred at two different sites, although such a high
ratio may be explained by a non-specific Hg binding to albumin after Cysz4 saturation [17].
According to Simpson (1961) and Yasutake et al. (1990), the stability constants for CHsHg™*
- HSA systems are estimated at 12-17 [94,95]. Although these values are 2—4 orders of
magnitude lower as compared to the complexes with Cys and GSH, albumin-bound Hg is
the predominant form in the blood. The latter may be explained by a higher concentration of
albumin in blood in comparison to other S-donor ligands (free Cys, etc.).

Albumin forms with Hg2* also mixed-ligand complexes with Cys at a ratio of two Cys
molecules per one Hg-HSA site. Constant stability for such complex is estimated as 9.05
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[96]. This complex is suggested to play an important role in the transport of Hg(ll) between
different tissues and blood.

Human serum albumin (HSA) contains four metal-binding sites characterized by different
structures and chemical nature of the metals bound [97].

The N-terminal site (NTS) is formed by the first three amino acid residues of
aspartic acid, alanine, and histidine. Metal-binding is carried out by histidine
residue, terminal amino group, and two nitrogen atoms of the polypeptide chain,
resulting in the coordination of metals forming square complexes (e.g., Cu(ll))
[98]. Varshney et al. (2010) noted the ability of Hg to interact with the N-
terminal site, although the authors fail to provide any data on the stability or
structure of the formed complex [99].

Metal-albumin coordination is achieved by the Cysz4 residue and the
surrounding structures. The majority of authors have postulated that Cyssy is the
main Hg-binding site on the albumin molecule [97,100]. The Cyss4 in the 1A
subdomain does not take part in disulfide bond formation, and the SH group of
the Cys residue binds Hg2* ions and other heavy metals [91]. In general, albumin
contains 35 Cys residues. However, 34 of them form 17 disulfide bridges joining
the a-helixes and forming protein domains and subdomains [101]. The only Cys
residues not taking part in -S-S- bridge formation and containing free mercapto-
group is located at position 34 (Cyssg). The same -SH group is prone to
dimerization, interaction with GSH, as well as metal binding. According to a
number of studies, Cyss, is located in the cleft between helixes 2 and 3 of the 1A
subdomain [102,103]. Although Asp38 and His39 are also located in the region,
these amino acid residues do not take part in metal ion coordination due to their
location [97]. Therefore, this site is specific for metal ions that may effectively
bind a protein through a single S bond secondary to high enthalpy. Using
fluorescence and UV-VIS spectroscopy Santos et al. (2018) studied the
geometry of albumin complexes with thiomersal (ethyl(2-
mercaptobenzoato-(2-)-0,S) mercurate (1-) sodium) [104]. Binding thimerosal
causes significant structural alterations of the polypeptide chain characterized by
an increased proportion of a-helix from 43.9 to 47.8% [105]. The binding
mechanism proposed by the authors includes binding of thiomersal to albumin
via the free Cyss4 residue, resulting in BSA-HgCoHsg adduct formation. The
process is accompanied by thiosalicylic acid (C7HgO5S) release that
electrostatically interacts with amino acids of the modified protein side-chain.

The third site of metal binding is the A site, also known as a multi-metal binding
site (MBS). MBS plays a key role in Cd2* and Zn2* binding [106,107], although
it may also take part in the transport of Ni(Il) and Cu(ll) ions. NMR studies of
the structure demonstrated that metal binding is determined by the nitrogen
atoms of Hisg7 and Hisy,7, as well as Asposg and Asngg. Metal-binding also
occurs at site B, showing an affinity for Cd(11) and Mn(Il), although its particular
location and configuration have yet to be estimated [91]. Based on the role of
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nitrogen atoms as electron donors in sites A and B, it can be proposed that they
do not significantly contribute to Hg binding.

Although the other roles of Hg-HSA conjugates apart from transport have yet to be clarified,
studies these compounds may have a direct impact on Hg toxicity. Particularly, a U-shaped
response to MeHg-albumin conjugate (MeHg-HSA) was noted in N9 microglial cells. Low
MeHg-HAS treatment resulted in increased cell viability and proliferation as well as reduced
expression of proinflammatory TNFa and IL1B, whereas high-concentrations caused the
opposite effects. ERK/MAPKSs and STAT3 pathway activation appear to underly both effects
[108]. In addition, exposure to MeHg resulted in a remarkable elevation of MeHg-HSA
adduct transport from plasma to CSF preceding brain damage, suggestive of efficient
mechanisms for Hg transport into the brain [109].

3.4. Metallothioneins

Metallothioneins represent a family of Cys-rich proteins being capable of binding divalent
metals [110]. Mammalian MTs have a molecular mass of 6—7 kDa containing 61-62 amino
acids with 20 Cys residues [89], although aromatic His and Tyr are absent. One MT
molecule may transport up to 7 divalent or 12 monovalent metals [111]. Four MT isoforms
have been identified in mammals with MT1 and MT2 is the most widespread [112].

Leiva-Presa et al. (2004) have stated that stoichiometry, stereochemistry, and folding of Hg-
binding MTs are determined by solution pH, counterion nature (chloride or perchlorate), as
well as the period of time between addition of Hg(l1) salts to the protein solution [113].

Structural NMR studies revealed two sites of where metal-binding occurs: N-terminal a.-
domain and C-terminal p-domain [114]. These sites are located in domains separated by the
Cys-free part of the polypeptide chain. The first one possesses a high affinity to zinc (Zn)
and binds four Zn2* ions, whereas the second one is specific for Cd and binds three Cd%*
ions [111].

Taking into account certain similarities in the properties of Cd (11) and Hg(ll), it is
reasonable to propose that this site may be responsible for Hg binding. According to Mufioz
