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ABSTRACT

Monomethylmercury (CH;Hg" and its complexes; hereafter referred to as MeHg)
in the intracellular environment is known to be predominantly bonded to thiol-containing
biomolecules but the identities of these target biomolecules remain unknown. Some
evidence suggests that binding with glutathione acts as a detoxification mechanism for
MeHg, while binding with -cysteine permits MeHg transport across the blood—brain
barrier resulting in neurotoxicity. However, the occurrence of these complexes in
biological tissues has not been confirmed analytically, and little is known about their
kinetic stability. In this thesis, methylmercury -cysteinate (CH3;HgCys) and
methylmercury [ -glutathionate (CH3;HgGlu) were synthesized and structurally
characterized by proton nuclear magnetic resonance (‘H NMR), electrospray ionization
mass spectrometry (ESI-MS), and X-ray crystallography. A new analytical method was
developed combining high performance liquid chromatography with inductively coupled
plasma mass spectrometry (HPLC-ICPMS). The method was capable of separating and
analyzing CH;HgCys and CH3;HgGlu complexes, as well as CH3HgX and inorganic HgX
(X = H,0, OH’, or CI'), with detection limits at the sub-micromolar levels. Using a new
enzymatic hydrolysis method to isolate MeHg species in biological tissues, the HPLC-
ICPMS method was successfully applied for the determination of MeHg speciation in the
muscle tissue of dogfish (Squalus acanthius). These results provide the first analytical
evidence for the presence and dominance of CH3HgCys in fish muscle. The analytical
method was also used to study the kinetic stability of CH;HgCys and CH3;HgGlu under a

range of environmental and intracellular conditions. In general, CH3;HgGlu was more
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stable than CH3HgCys under light exposure or darkness. The stability of both compounds
decreases dramatically with increasing ionic strength (I). Half-life of CH;HgCys
decreases from 34.1 h (I =0.01 M) to 5.9 h (I = 0. 5 M) and the half-life of CH;HgGlu
decreases from 259 h (I =0.01 M) to 35.9 h (I = 0. 5 M). Suggesting major differences in
their cycling in freshwater (I < 0.01M), seawater (I = 0.7M) and body fluids (I = 0.16 M).
The analytical technique and the findings from this thesis research provide a new
analytical framework for the study of MeHg speciation in natural waters, and the

metallomics of MeHg in biological systems.
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Chapter 1. Introduction

1.1 Objectives

At the time when this project started (2004), there was no analytical technique
available for the determination of monomethylmercury (CH3;Hg and its complexes;
hereafter MeHg) speciation in environmental or biological samples. This thesis research
aims to develop the first analytical method that is capable of determining MeHg
speciation, particularly determining various MeHg-thiol complexes, and apply it for the
study of MeHg-thiol complexes in natural waters and metallomics of MeHg in biological

systems. The specific objectives are to:

(1) synthesize and characterize methylmercury cysteinate (CH;HgCys) and

methylmercury glutathionate (CH3;HgGlu) compounds;

(i1)) develop an analytical method to speciate CH;HgCys and CH3;HgGlu

complexes with detection limits at the sub-micromolar levels;

(i11) apply this new method to speciate MeHg complexes in biological tissues;

and,

(iv) study the kinetic stability of CH3;HgCys and CH3;HgGlu under various

conditions.

1.2 Mercury in the Environment
Mercury, historically called quicksilver, is a chemical element with the symbol
Hg. Hg is a peculiar element in that it is grouped as a transition metal (group 12 with

200.59 a.m.u.), but is liquid at 25 °C. Mercury itself has low vapor pressure (1.7x10°



atm; 25 °C) and depending on which chemical form of Hg is present, it can demonstrate
different properties; for example, volatility (e.g., elemental Hg, (CHs),Hg), non-polar
behavior (e.g., CH3;HgCl, CH3;CH,HgCl), and polar behavior (e.g., Hg(NOs),,
CH;HgOH, CH3;HgSR; SR = organic thiols). Hg exhibits valences of 0, +1 and +2. The
mercurous ions (Hg,”") are unstable under environmental conditions as they readily
disproportionate into oxidation states Hg(0) and Hg(II) (Schuster, 1991). The formation
of Hg(Il)-complexes, which show thermodynamic stability up to four-coordinate species
(Hoffmeyer et al., 2006), is of importance in natural systems due to their high stability
(Gilmour and Riedel, 1995; Schuster, 1991).

Hg is a global contaminant (Clarkson, 1992), and its mobility, bioaccumulation
and biomagnification are highly dependent on speciation and redox conditions in the
environment (Stumm and Morgan, 1996). The ultimate concern of Hg in the environment
is, however, its impact on human health. The impact of Hg on humans was lighted with
the discovery of Minamata disease in Japan during the mid-1950s (Harada, 1995). Both
inorganic Hg and MeHg have severe health effects in humans, but it is MeHg that is the
main species involved in bioaccumulation and biomagnification in the food web with

exposure caused primarily via dietary fish consumption (Bergquist and Blum, 2007).

1.3 Methylation of Mercury

Due to bioavailability and toxicity, MeHg is the most concerning Hg species as it
is a known neurotoxin causing reproductive, immunosuppressive, and neurobehavioral
risks to biota (NRC (National Research Council), 2000) and the Minamata Disease in

humans (Harada, 1995). MeHg is indeed one of the most common contaminants in fish



and marine mammals due to its biomagnification along the food chain (Watras et al.,
1998). Methylation of inorganic Hg in nature is thought to occur primarily via one of two
microbial pathways: via sulfate reducing bacteria (SRB) (Compeau and Bartha, 1987;
Compeau and Bartha, 1985; Ekstrom et al., 2003; Watras et al., 2005), and via reaction
with methylcobalamin (Craig and Moreton, 1985; Craig and Morton, 1978).

Microbiological methylation of Hg by SRB occurs preferentially in oxic-anoxic
transition zones, such as the deeper layer of a water column or surface layer of aquatic
sediments where sulfate reduction takes place (Compeau and Bartha, 1984; Compeau and
Bartha, 1985; Olson and Cooper, 1976; Stets et al., 2004). Other factors favoring the
microbial Hg methylation process are higher temperature, lower pH, higher organic
matter content and appropriate sulfate (200-500 pM) concentrations (Gilmour et al.,
1992), while sulfide appears to limit the production of MeHg in saline sediments
(Baeyens et al., 2003; Craig, 2003).

MeHg can also be formed readily by the reaction of inorganic Hg with
methylcobalamin (CH3B);), a naturally occurring coenzyme of vitamin B, (Eq. 1.1). The
reaction involves the transfer of the methyl anion from Co®" to Hg*", which is rendered
catalytic by the enzymatic regeneration of CH3;B;, by microorganisms (Chemaly, 2002;
Craig and Morton, 1978; Imura et al., 1971). Methylcobalamin has been identified in
some acetogens (e.g., Clostridium thermoaceticum) (Chemaly, 2002) and methanogens

(e.g., Methanobacterium thermoautotrophicum) (Stets et al., 2004).



Eq.1.1

The formed CH3Hg+ can react further with CH3B;; to produce dimethylmercury,
+

(CHj3);Hg (Eq. 1.2), but this reaction is much slower than the formation of CH3;Hg

(Chemaly, 2002; Craig and Morton, 1978; Imura et al., 1971):

=+ (CHy),Hg

HO Eq 1.2

HO



MeHg may also be formed from abiotic Hg methylation processes in the aquatic
environment (Weber, 1993). Examples include Hg methylation in the presence of humic
substances (Hintelmann et al., 1997; Lee et al., 1985; Nagase et al., 1984) and in some
cases fulvic acid appears to be more effective (Nagase et al., 1984), though detailed
mechanisms are not fully understood.

Figure 1.1 illustrates major processes and species involved in the cycling of
inorganic Hg and MeHg in the aquatic environment. Hg is present in the atmosphere in
various species such as elemental mercury (Hg") which is the dominant Hg species in the
atmosphere, reactive and particulate Hg(II), together with small amount of (CH3),Hg and
MeHg. Atmospheric deposition is often the major source of Hg to the aquatic
environment, particularly in remote areas. In the aquatic environment, Hg is found to be
mainly bound to aquatic particles, most of which eventually settles as bottom sediments.
A small and highly variable proportion of the total Hg remains in the water column and is
present as Hg", inorganic Hg(IT) and MeHg. The partitioning of Hg between the solid and
aqueous phases is subject to continuous change in response to dynamic environmental
conditions and microbial activities. Aquatic organisms can take up Hg, particularly

MeHg, and biomagnify it throughout the food web.

1.4 Methylmercury Speciation
Similarly, to inorganic Hg, MeHg is not one single chemical species but includes
a variety of different CH;Hg complexes. Indeed, there are no free CHsHg" ions in

aqueous solution; instead, they are present as aqua complexes CH;Hg(H,0)," with a
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Figure 1.1 - Biogeochemical cycle of Hg. 1. biological uptake; 2. biotic demethylation;
3. abiotic demethylation; 4. absorption to the solid phase; 5. . desorption; 6.
dissolution of solid phase; 7. excretion from organisms; 8. gas exchange; 9.

wet and dry deposition; 10. physical processes. Modified from Craig (Craig,
2003)



covalent bond between Hg and O atoms (Stumm and Morgan, 1996). For simplicity,

however, this aqua complex will be represented by CH3Hg" throughout this thesis.

CH;Hg" ions behave as a soft Lewis acid and have a strong preference for the
addition of one ligand (Stumm and Morgan, 1996; Zhang et al., 2004). They can undergo
rapid coordination reactions with S-, P-, O-, N-, and halogen-containing ligands; the rate
of the formation of CI', Br’, and OH" complexes is extremely fast (Raycheba and Geier,
1979; Schwarzenbach and Schellenberg, 1965). The general reaction takes the following

form:

L + CH;Hg" = CH3HgL (Eq. 1.3)
where L™ is a complexing ligand.

Some of the common CH3;Hg" complexes are shown in Fig. 1.1. The stability
constants for some CH3;Hg" complexes are listed in Table 1.1. It should be noted although
Table 1.1 the best available dataset are far from definitive, as great uncertainties exist in
their stoichiometries and formation constants due to the lack of appropriate analytical
techniques for speciating various complexes under environmentally relevant conditions
(Dyrssen and Wedborg, 1991; Zhang et al., 2004).

Dyrssen and Wedborg (1991) did a theoretical calculation for the sulfur-Hg(II)
system in natural waters. Their calculations show that CH3;HgCl will dominate at low
concentration of H,S and/or thiols (RSH) in acidic, low salinity water, but an increase in
sulfide or thiol concentration, or an increase of the pH to neutral or slightly alkaline
conditions will result in a total dominance of CH3HgSH and CH3sHgSRin the system.

Recently Zhang et al. (2004) reported the presence of 5-150 nmol thiols in

sediment porewaters of three contrasting wetlands in Canada. Their thermodynamic



calculations using constants listed in Table 1.1 suggested that MeHg across the sediment-
water interface was dominated by thiol and sulfide complexes; the concentrations of
CH3;HgOH and CH3;HgCIl complexes were negligible. Since previous studies on the
cycling and bioavailability of CH;Hg" were centered only on CH;HgOH and CH3;HgCl
complexes, they argued that there is a need to investigate the role of MeHg-thiol

complexes.

1.5 Methylmercury-Thiols in the Metallomics of Methylmercury

1.5.1 Metallomics

Metal (including metalloid) ions have long been known to interact strongly with
biomolecules, some are essential (e.g., Fe, Zn, Cu, Se, Ni) for the health of biota and
others are non-essential. The absence of essential metals can result in deficiency
syndrome, whereas elevated concentrations of both essential and non-essential metals
may result in toxic effects, including carcinotoxicity (e.g., As, Cr, Pt), immunotoxicity
(e.g., Au, Co, Cr, Ni, Pt), embryotoxicity (e.g., Hg), or neurotoxicity (e.g., Al, Hg, Mn)
(Szpunar, 2004). The molecular basis of many of the metal-dependent biochemical
processes remain elusive and the mechanisms by which the metal is stored or
incorporated as a cofactor in a cell are often unknown (Szpunar, 2004). The function of a
metal is determined by the complexation with a bioligand and its contribution to protein
stability through its presence in the centre of large molecules, often with enzymatic
activity. The activity of intracellular metal ions is controlled by several families of

proteins, either detoxifying,



Table 1.1 - Formation constants of CH;Hg™ and its complexes (Dyrssen and Wedborg,

1991; Schwarzenbach and Schellenberg, 1965; Stumm and Morgan, 1996;

Zhang et al., 2004): (*)1=0.1 M at 20 °C, (*)I=1Mat 25 °C, and (V) I=0

M at 25 °C
Reaction Log K
Hg™ + CH; = CH3Hg" ~50%
CHyqq = CHy + H' ~ -47%*
Hg™" + CHyq = CH;Hg ™ +H” ~3%
CH;Hg" + CH5 = (CH3),Hg ~37%*
CHy(aq + HgCl, = CH3HgCl + H' + CI -5.2%
CH;Hg" + CI' = CH;3HgCl 5.25%
CH;Hg" + H,0 = CH;HgOH + H" -4.63%
2CH;Hg" + H,0 = (CH;Hg),OH" + H" 2117
CH;Hg" + OH = CH3;HgOH 9.37°
CH;Hg"™ + CO5* = CH3;HgCO5 6.1%
CH;Hg" + SO4* = CH3HgSO, 0.94*
CH;Hg" + S* = CH;HgS 21.04*
CH;Hg" + CH3HgOH = (CH;Hg),OH 6.1%
CH;Hg" + CH3;HgS = (CH3Hg),S 16.34*
HgS(s)+ CHy = CH;HgS + H' ~ -26%
CH;Hg"+ HS = CH;HgS + H" 7.0Y
2CH;Hg + HS = (CH;Hg),S + H 23.52"
3CH;Hg + HS = (CH;Hg);S™+ H' 30.52"
CH;Hg" + CSH” = CH3HgCys 16.90
CH;Hg" + CSH* + H" = CH;HgHCys 26.07"
CH;Hg" + GSH* = CH;HgCys* 16.66"
CH;Hg" + GSH* + H" = CH;HgHCys" 26.357
CH;Hg" + GSH* + 2H" = CH3HgH,Cys 30.017




protecting or simply involving in cell cycle (Finney and O’Halloran, 2003).

To highlight the importance of metal ions in biochemistry, a new term
“metallomics” was proposed in 2004 and considered to be at the same level of scientific
significance as genomics and proteomics (Haraguchi, 2004). The metallomic information
consists of the identities of the individual metal species (qualitative metallomics), their
concentrations (quantitative metallomics) (Szpunar, 2004) and their interactions with
biomolecules. Chemical speciation of metal ions (e.g., their oxidation state and molecular
environment) is crucial in metallomics research, because the bio-availabilities,
essentialities and toxicities of metal ions depend on their chemical forms (Hasegawa et

al., 2005).

1.5.2 Cysteine and Glutathione in Metallomics of Methylmercury

Sulthydryl amino acids, thiol-containing proteins and enzymes are abundant in
biological systems and play important roles in intracellular activities by controlling or
detoxifiying metal ions. From a MeHg metallomics point of view, the most important
thiols are cysteine (CSH) and glutathione (GSH). CSH availability is the rate-limiting
factor in GSH synthesis (Bannai and Tateishi, 1986). GSH is a major antioxidant in
mammalian cell systems, constituting approximately 90% of the intracellular non-protein
thiols (Shanker and Aschner, 2001). In human blood, the sulfthydryl (mainly GSH and
CSH) concentration is about 0.5mM in the plasma and 12-20 mM in the red blood cell

(Rabenstein, 1978).
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In aqueous solution, both CSH and GSH undergo acid dissociation reactions as
illustrated in Fig. 1.2 and 1.3, respectively. The acid dissociation constants are shown in

Tables 1.2 and 1.3.

K Kis
SH OH SH o SH o)
NH; NH; NH,
K, Kiz
(o] [e]
s 0 =—— s o
Kias
NH; NH,
+

Figure 1.2 - Microscopic ionization scheme for cysteine. Modified from Canle (Canle et

al., 2006)

Table 1.2 — Microscopic acid dissociation constants of CSH (I= ~0.01 M, T= 25 °C)

(Clement and Hartz, 1971; Reid and Rabenstein, 1981)

PKi 1.92+0.14
pKi2 8.45+0.05
pKi3 8.68 +0.15
pKi23 10.2+0.11
pKisn 9.99+0.17
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Figure 1.3 - Microscopic ionization scheme for glutathione. Modified from (Rabenstein, 1973)
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Table 1.3 — Microscopic acid dissociation constants of GSH (I= 0.3-0.4 M, T= 25 °C)

(Rabenstein, 1973).

pK, 2.09 + 0.05
pK, 3.12+0.05
pKi2 3.36+0.10
PKa 2.33+0.01
pKi2s 8.93 + 0.04
PKi24 9.13 + 0.04
pKoss 9.28 +0.10
pKi243 9.08 +0.02

It has been generally established that CH3;HgCys is the complex that is
responsible for MeHg transport across the placenta and the blood-brain barrier (BBB)
(Aschner et al., 1994; Clarkson, 1992). CH3HgCys is thought to be transported across
BBB by the L-type large neutral amino acid transporters (LAT1 and 2) (Aschner et al.,
1994; Bridges and Zalups, 2006; Simmons-Willis et al., 2002). The uptake of CH;HgCys
by LATI1 and 2 is likely due to molecular mimicry of CH3;HgCys with the amino acid
methionine (Bridges and Zalups, 2006; Clarkson, 1993; Simmons-Willis et al., 2002),
although recent studies suggest that such mimicry occurs only in the La region of the
molecules (Fig. 1.4) (Hoffmeyer et al., 2006). Kinetic analysis of transport indicated that
the apparent affinities, Michaelis constant (K,), of CH3HgCys uptake by LAT1 and 2 (98
+ 8 and 64 + 8 uM respectively) were comparable with those for methionine (99 + 9 and

161 £ 11 uM), whereas the maximal velocities (Vmax) Were higher for CH;HgCys (286 +
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12 and 75 + 11 pmol/oocyte per 15 min) than for methionine (97 + 16 and 54 + 12
pmol/oocyte per 15 min), indicating that CH3;HgCys may be a better substrate than the

endogenous amino acid (Simmons-Willis et al., 2002).

Figure 1.4 — Molecular structures of a) CH;HgCys and b) methionine (Hoffmeyer et al., 2006)

The L system of carries is the major route of entry of large neutral amino acids
into brain endothelial cells from blood (Keper et al., 1992). Since the carrier proteins are
polar, the diffusion of neutral MeHg complexes such as CH3;HgCI is not favored. Figure
1.5 illustrates the speciation change between MeHg complexes and their transport across

BBB.
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3 4
CH,HgCl «—— CHHg-SH-R' «—— CH HgCys

Gastric
Intestinal ;
CH.Hg"

Figure 1.5 — LAT1 carrying CH3HgCys into the blood-brain barrier: 1) CH3HgCys is
transported via system L; 2) small amount of CH3;HgCl may also be
transported via diffusion; 3) and 4) rapid exchange of CH;Hg  between
chlorides and —SH groups. Modified from (Aschner and Aschner, 1990)

On the other hand, other thiols such as GSH could potentially be used to detoxify
MeHg (Arnold et al., 1983; Rabenstein, 1978). A number of reports have implicated a
crucial role for GSH in modulating MeHg neurotoxicity (Dringen et al., 2000). A
significant correlation between GSH levels and MeHg toxicity has been established in a
MeHg-resistant cell line (Gachhui et al., 1991; Shanker and Aschner, 2001).

Despite all the experimental and theoretical work, there has been no analytical
tool for identifying and quantifying CH3;HgCys and CH3HgGlu in biological materials,

which is one of the major focuses of this thesis (Chapters 2-4).
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1.5.3 Lability of MeHg Complexes with Thiols

CH;Hg-SR complexes are extremely stable thermodynamically with formation
constants in the 10"°-10°° range (Stumm and Morgan, 1996; Zhang et al., 2004). CH;Hg"
demonstrates thermodynamic stability up to three-coordinate species (Hoffmeyer et al.,
2006); yet NMR studies have shown the cation in these complexes is labile in the
presence of free thiols (Rabenstein and Reid, 1984). The average lifetime of the CH;Hg"
complexed by intramolecular GSH is estimated to be less than 0.01s in intact
erythrocytes, which indicates exchange of CH;Hg' between thiol ligands to be rapid in
the cell (Rabenstein et al., 1982). Its lability is indicated as well by the observations on
nuclear magnetic resonance (NMR) spectra in biological systems such as human
erythrocytes and hemoglobin (Arnold et al., 1985; Rabenstein et al., 1982).

The rapid displacement of a complexed thiol ligand by a free thiol ligand was
suggested to occur via an associative mechanism . In the case of CH3;HgCys and

CH;3HgGlu (charge is neglected for simplicity):

S-R
CH3;Hg-S-R + S-R> — H;C-Hg — CH;Hg-S-R’+S-R (1.4)

NS-R’

S-R and S-R’ refer to the sulfur atom in GSH and CSH, respectively.

It has been proposed by Geier (Geier and Erni, 1973) and then confirmed by

Rabenstein and Reid (1984) that, when the formation constant (Ky) of CH3;HgX is larger
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than that of CH3;HgY, the forward reaction rate constant & of the following reaction is
slower than that of the backward reaction rate constant (k;), and that k_; increases with
increasing in K¢ of CH;HgY (Eq. 1.5):

k

-1

+
For example, when X= "‘SCH,CH(NH;)CO, and Y= 'SCH,CO; , K cusmgx =

15.99 < K¢, cusngy = 16.93 (Arnold and Canty, 1983), and it has been shown that &

1.6x10% L/ mol s > k.;=4.6x10° L/ mol s (Rabenstein and Reid, 1984),

A second reaction pathway involves "direct exchange":

CH;HgX + CH;Hg*Y <——> CH;HgY + CH;Hg*X (Eq. 1.6)

It is unlikely that the pathway described in (eq. 1.6) is important in the toxicology
of MeHg since it does not result in the transfer to free ligands. Considering the abundance
of sulthydryl groups, the associative pathway as shown in Eq. 1.4 is probably the

predominant exchange pathway in biological systems (Rabenstein and Evans, 1978).

1.6 Kinetic Stability of Methylmercury-Thiol Complexes

Although the thermodynamic stabilities, as measured by the formation constants,
of some MeHg-thiol complexes have been determined experimentally or based on

theoretical calculations (see Table 1.1), the kinetic stability of MeHg-thiols in intra- and
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extra-cellular environments is unknown. Existing studies are almost exclusively focused
on photolytic or microbial demethylation of MeHg in the form of CH3;HgCl and/or
CH3;HgOH (Ahmed and Stoeppler, 1986; Ahmed and Stoeppler, 1987; Fitzgerald et al.,
2007; Hammerschmidt and Filtzgerald, 2006; Sellers et al., 1996; Yu and Yan, 2003).
These studies have shown that both CH;HgOH and CH3;HgCl are generally stable at
circumneutral pH (6-8) (Ahmed and Stoeppler, 1987; Leermakers et al., 1990; Yu and
Yan, 2003), low temperature 4 °C (Lanses et al., 1990), low concentration (0.4 — 0.6 nM)
(Leermakers et al., 1990; Yu and Yan, 2003), high ionic strength (sea water) (Compeau
and Bartha, 1983), and under the dark (Ahmed and Stoeppler, 1987; Yu and Yan, 2003).
The decomposition products may include inorganic Hg”" and elemental Hg(0), probably
via a Hg(I) intermediate which undergoes disproportionation (Egs. 1.7 and 1.8) (Ahmed
and Stoeppler, 1987; Christmann and Ingle, 1976; Inoko, 1981; Lo and Wai, 1975; Olson,

1977; Tossell, 1998; Yu and Yan, 2003):

CH3HgCl + Av+ H" = CH, + HgCl" (Eq. 1.7)

2HgCl = HgCl, + Hg" (Eq. 1.8)

It remains unknown whether the same decomposition reaction can be applied to

MeHg-thiol complexes, which will be the focus of Chapter 5 of this thesis.
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1.7 Analytical Techniques
1.7.1 Analytical Techniques for the Determination of Total Mercury

Concentration

Major developments have been made in recent decades for the determination of
total Hg concentration in natural waters and biological tissues; detection limits at
picomolar levels can now been performed in many laboratories based on cold vapor
atomic absorption spectrometry (CV-AAS) (Ahmed and Stoeppler, 1986; Park and Do,
2008; Shabani et al., 2004), cold vapor atomic fluorescence spectrometry (CV-AFS)
(Bloom et al., 1995; EPA Method 1631, 2002; Logar et al., 2000), and inductively
coupled plasma mass spectrometry (ICP-MS) (Allibone et al., 1999; Brown et al., 1995;
Fatemian et al., 1999).

The CV-AFS is probably the most sensitive technique for the determination of
total Hg at ultra-trace levels; detection limit as low as 0.2 pM can be commonly achieved.
In brief, the cold Hg vapor is generated by the addition of an excess amount of BrCl
which oxidizes all the Hg in the sample to Hg(II), followed by titration of the remaining
BrCl by hydroxylamine, and reduction of Hg(II) to Hg(0) by SnCl, or NaBH4 (Chen et
al., 2002; EPA Method 1631, 2002). Essentially 100% of Hg in the form of Hg’ gas
reaches the spectrophotometer and the fluorescence can be readily measured after
excitation; scattering of light from water vapor and oxygen can be completely eliminated
(EPA Method 1631, 2002).

Although ICP-MS generally has lower sensitivity than CV-AFS, it has the
capability of determining various stable isotopes of Hg, which renders it particularly

useful when studying Hg methylation and transformation pathways using Hg enriched
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isotopes (Christopher et al., 2001; Heumann, 2004; Martin-Doimeadios et al., 2002;
Smith, 1993). Recently, multicollector ICP-MS (MC-ICP-MS) has been shown to be
capable of determining isotopic fractionation of Hg in nature (Bergquist and Blum, 2007,

Evans et al., 2001; Foucher and Hintelmann, 2006).

1.7.2 Analytical Techniques for the Determination of Total

Methylmercury Concentration

Since MeHg is the major exposure pathway for Hg in higher trophic animals and
humans, it has long been recognized that knowing the total Hg concentration is not
sufficient to infer the toxicity of Hg; there is a need to differentiate the concentration of
MeHg from the total Hg concentration. The first analytical method for determining the
MeHg concentration was reported by Westoo (Westoo, 1966) and was based on gas
chromatography (GC) following benzene extraction. Since then, a variety of analytical
methods have become available, some of them are summarized in Table 1.4.

These methods in general consist of a separation step to isolate MeHg from other
Hg species (i.e., inorganic Hg, other organomercuric species) followed by analysis using
various detectors. Common separation techniques include GC (e.g., Cela-Torrijos (1996);
Forsyth and Marshal (1983); Xu et al. (2005)), HPLC (e.g., Harrington (2000); Percy et
al. (2007); Rai et al. (2002)(Harrington, 2000; Percy et al., 2007; Rai et al., 2002), and
capillary electrophoresis (CE) (e.g., Li et al. (2007); Schramel et al. (1998). The detectors
can be electron capture detection (ECD), atomic absorption spectrometry (AAS), atomic

fluorescence spectrometry (AFS), or mass spectrometry (MS).
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GC-ECD was the first analytical method for total MeHg analysis (Westoo, 1966);
however, one of the drawbacks of this technique is that the halogen-bearing compounds
co-extracted with MeHg interfere with the determination because of the non-specificity
of the ECD (Cai et al.,, 1996). An improvement was to volatize MeHg by aqueous
ethylation with sodium tetraecthylborate (NaBEts), followed by purge and trapping and
separation by GC, and then detection by either AAS (Fischer et al., 1993) or AFS
(Bloom, 1989; Cai et al., 2000; Logar et al., 2002). Several variations of this procedure
have been applied for the determination of total MeHg in fish (Cappon and Smith, 1978;
Davis et al., 2007; Forsyth et al., 2004; Logar et al., 2000; Velez et al., 2007; Wagemann
et al., 1998), sediment (Cappon and Smith, 1978; Leermakers et al., 2005), human urine
(Cappon and Smith, 1978), hair and blood (Gibi¢ar et al., 2007) samples.

HPLC coupled with different detection methods has been recently considered as
the most promising technique for speciating MeHg from other forms of Hg. The majority
of HPLC methods reported in the literature are based on reversed phase separations (e.g.,
with C8 and C18 columns) (Blanco et al., 2000; Harrington, 2000; Harrington and
Catterick, 1997; Percy et al., 2007; Rai et al., 2002), though cation-exchange columns
have also been used (Vallant et al., 2007). When using reversed phase HPLC, the mobile
phase usually contains an organic modifier (e.g., CSH, 2-mercaptoethanol), a chelating or
ion pair reagent in order to improve chromatographic separation and/or to avoid
adsorption of mercurial species to the stationary phase, and in some cases, a pH buffer. A
number of protocols described in Table 1.4 are not sensitive enough to detect MeHg in

uncontaminated samples.
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Pre- or post-column derivatization is commonly involved in the analysis of MeHg
by HPLC or GC. Solid phase micro-extraction (SPME) has been employed as a
derivatization process to increase the volatility of Hg species prior to GC separation
(Davis et al., 2007, Leermakers et al., 2005; Parkinson et al., 2004). Pre-column
ethylation derivatization, as mentioned above, is the most common process currently
practiced in GC separation of MeHg (Bloom, 1989; Ebdon et al., 2002; Gibicar et al.,
2007; Horvat et al., 1993; Shade and Hudson, 2005). Cold vapor (CV) post-column
derivatization on GC has significant use for MeHg determination (Fischer et al., 1993;
Gardfeldt et al., 2003; Logar et al., 2002) when it is used as the separation device and
AAS or AFS is used as detector.

Post-column online derivatization is the most common technique used in HPLC to
produce Hg cold vapor after column separation (Foltin et al., 1996; Rio-Segade and
Bendicho, 1999); CV pre-column derivatization using thiol compounds has been reported
(Sarzanini et al., 1992) for MeHg analysis using HPLC.

Capillary electrophoresis (CE) is a relatively new and still developing technique
for the determination of MeHg; CE typically involves complexation with various thiols
and other chelating agents (e.g., CSH), though direct analysis without complexation has
also been reported (Kuban et al., 2007; Li et al., 2005b).

When comparing various separation techniques for MeHg analysis, HPLC has the
advantage of not requiring conversion of Hg to volatile derivatives prior to separation, as
is necessary in GC. However, HPLC techniques have the disadvantage of having higher
detection limits compared to GC (see Table 1.4) (Boszke, 2005). Compared with GC or

HPLC methods, CE shows several advantages, including high resolving power, rapid and
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efficient separations, minimal reagent consumption and the possibility of separations with
only minor disturbances of the existing equilibrium between the different species (Silva

da Rocha et al., 2001).
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Table 1.4 - Summary of the major analytical methods for the determination of total MeHg concentration in environmental and

biological samples.

Separation Detector  Analyte Stationary
Technique Phase

Mobile Phase

Derivatization Detection Limit

References

GC AAS MeHg; Hg  Cryogenic, OV-

3

AFS MeHg; Hg; DB-1; OV-3,
EtHg Cryogenic

MS MeHg OV-3, HP-1;
MXT silcosteel

ECD MeHg AT-5 and HP-1

MIP-AES MeHg; Hg  Multicapillary

He

He, Ar

He, Ar

Ethylation

Ethylation

SPME;
Ethylation

Ethylation

4-167 pg

0.6-13pg

0.1-58pg

10 - 80 ng mL"

Hg=0.5 pg
MeHg=0.6 pg

(Fischer et al., 1993;
Logar et al., 2000;
Sanchez-Uria and Sanz-
Medel, 1998)

(Bloom, 1989; Cai et
al., 1996; Devai et al.,
2001; Ebdon et al.,
2002; Gardfeldt et al.,
2003; Gibiéar et al.,
2007; Hintelmann and
Evans, 1997; Logar et
al., 2002; Ortiz et al.,
2002; Sanchez-Uria and
Sanz-Medel, 1998;
Shade and Hudson,
2005)

(Davis et al., 2007;
Hintelmann and
Nguyen, 2005; Karlsson
and Skyllber, 2003;
Martin-Doimeadios et
al., 2002; Sanchez-Uria
and Sanz-Medel, 1998)

(Cela-Torrijos et al.,
1996; Westoo, 1966;
Westoo, 1967)

(Botana et al., 2002)



Table 1.4 - (continued)

Separation Detector ~ Analyte Stationary Mobile Phase Derivatization Detection Limit  References
Technique Phase
HPLC ICP-MS MeHg; Hg  Kromasil 100- 10 mM TBABr 16-400ng L™ (Boszke, 2005;
5Cs and 60% methanol Harrington, 2000;
Spherisorb S5 Harrington and
ODS2 Catterick, 1997)
CV-AAS MeHg; Hg Novapak C18 60% methanol CvV 20x10°- 1.0 ng (Boszke, 2005;
0.01 M TBABr 0.025 Harrington, 2000;
M NacCl Rio-Segade and
Bendicho, 1999;
Sanchez-Uria and
Sanz-Medel, 1998)
ICP-MS MeHg, Spherisorb 5% methanol/water Hg=3-5pg (Boszke, 2005;
Hg(Il), ODS-2; 0.06 M NH4Ac and MeHg= 1pg-11ng Castillo et al., 2006;
EtHg, a-chrom Cig, 0.1% w/v CSH, EtHg= 4pg-8ng Harrington, 2000;
PhHg SphereClone 5 pH 6.8 PhHg=1.8pg Qvarnstrom and
um ODS2 Frech, 2002; Rai et
al., 2002; Wan et al.,
1997; Wilken and
Falter, 1998)
ICP-MS MeHg; Hg  Hamilton PRP- 50 M pyridine,0.5% MeHg=1.0 pg (Vallant et al., 2007)
X200 CSH and 5% Hg(I)=1.6 pg
methanol, at pH 2
ICP-MS  MeHg; Hg  Novapak C18 0.06 M' NH,Ac, (Boszke, 2005;
5% v/v methanol, Harrington, 2000;
0.1% v/v ME Morton et al., 2002)
ICP-AES  MeHg; Hg  Gemini RP, 50 mM phosphate- MeHg=30ng (Boszke, 2005;
Hamilton PRP-1  buffer; Hg(II)=24ng Harrington, 2000;

10 mM CSH at pH 7.5

Percy et al., 2007)
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Table 1.4 - (continued)

Separation Detector ~ Analyte Stationary Mobile Phase Derivatization Detection Limit References
Technique Phase
HPLC API-MS MeHg, Kromasil 100- 0.01% v/v ME in Not determined (Harrington et al.,
Hg(ID), 5Cs methanol: water (1:1 1998)
Ethyl-Hg, v/v)
PhHg
PB/EI-MS MeHg, Cis 60% methanol and MeHg=0.75ng (Krishna et al., 2007)
Hg(II) and 0.01% ME; pH 5.5 Hg(1I)=0.077ng,
PhHg PhHg=0.051ng
uv MeHg chromspher RP-  30% methanol 0.10 - 25ng (Boszke, 2005;
18 0.1mM ME, pH5.2 Hintelmann et al.,
(NH4Ac) 1993)
uv MeHg, Hg, Separon SIX, 5% MeOH, dithizone MeHg= 1.1 ng (Foltin et al., 1996)
PhHg 95% water (5SmM solution MeHg=2.2 ng
H,S0,) PhHg= 6.2 ng
5mM NaBr, pH2
uv MeHg, Hg, Xterra C18 (35+35+30, v/v/v) dithizone MeHg=0.12ng (Hashemi-
PhHg column Methanol/THF/0.1 M solution Hg=0.14ng Moghaddam and
sodium acetate buffer PhHg=0.16ng Saber-Tehrani, 2008)
+ 166uM EDTA
AFS MeHg Nucleosil ODS 5% MeOH Post-UV 0.015-0.1ug (Boszke, 2005;
Cisg 95% water (0.01% Harrington, 2000;
ME Ramalhosa et al.,
pH5 2001; Sanchez-Uria
and Sanz-Medel,
1998)
CE uv Hg, MeHg, HP 3D 100 mM sodium 10 - 88 ng (Gaspar and Pager,
EtHg, borate, 2002; Pager and
PhHg pH 8.35 Gaspar, 2002)
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Table 1.4 - (continued)

Mobile Phase

Derivatization Detection Limit

References

Separation Detector ~ Analyte Stationary
Technique Phase
CE ICP-MS  Hg, MeHg,
EtHg
AFS Hg, MeHg
AAS Hg, MeHg,
PhHg

25 mM sodium
tetraborate, pH 9.3

30 mM boric acid, 8%
methanol, pH 9.4

100 mM boric acid,
10% methanol, pH 8.3

2x107-20ng

3-9.5ng

3ng

(Boszke, 2005; Silva
da Rocha et al.,
2000a; Silva da
Rocha et al., 2000b;
Silva da Rocha et al.,
2001)

(Li et al., 2005a)

Abbreviations: SPME, solid phase microextraction; PB/EI-MS, particle beam/electron ionization-mass spectrometry; API-MS.
Atmospheric Pressure Ionization Mass Spectrometry; UV, ultra violet; TBABr, tetrabutylammonium bromide; NH4Ac, ammonium
acetate; ME, 2-mercaptoethanol; THF, tetrahydrofuran acetic acid; EDTA, ethylenediaminetetraacetic acid, EtHg, ethylmercury;

PhHg, phenyl mercury
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1.7.3 Analytical Techniques for the Determination of Methylmercury
Speciation

All the methods described in Table 1.4 are aimed at separating MeHg from
inorganic Hg or other organomercuric species (e.g., dimethylmercury). In other words,
they measure total MeHg concentration, but are not capable of determining individual
MeHg species. As discussed earlier, it is unlikely that MeHg occur as free CHHg"
cations, be it in biota or in the environment, and be present as complexes with various
inorganic (e.g., OH’, CI', HS") and organic (e.g., thiols, humic and fulvic acids) ligands
(Zhang et al., 2004). These different groups of MeHg complexes have different chemical
reactivities, bioavailabilities, and toxicities. Therefore, analysis of total MeHg may not be
sufficient to infer the cycling and toxicity of MeHg in the environment or in biological
systems. Analytical techniques that are capable of separating and analyzing individual
MeHg species are thus needed.

By comparing the Hg Lj; X-ray absorption near-edge structure (XANES) of
swordfish muscle (Xiphias gladiu) spectrum to several standards, including Hg, CH;HgCl
and MeHg complexed with thiols spectra, Harris et al.(Harris et al., 2003) concluded that
the MeHg in the fish muscle was predominantly in the form of MeHg-thiol complexes; it
remains, however, unknown to which thiols the MeHg ions are bonded, as XANES can
only identify the local Hg-S environment. Hintelmann and Simmons (Hintelmann and
Simmons, 2003) were the first to use electrospray ionization (ESI-MS) to study MeHg
speciation in aqueous solutions. They were able to differentiate polynuclear complexes of
CH;Hg" such as [(CH3Hg),OH]" and [(CH3Hg);0]", but with limited applicability due to

higher detection limits comparing to HPLC. (Krupp et al., 2008) were successful in



hyphenating HPLC with ICP-MS and ESI-MS to determine several MeHg species
(CH3HgCys and CH3HgGlu) in aqueous solutions spiked with laboratory standards, but
were not able to determine MeHg speciation in real-world plant samples due to the

inability to extract the mentioned compounds from the samples.

1.8 Organization of this Thesis

To address the objectives of the research, this thesis is organized in six chapters.
Chapter 1, the present chapter, provides a general introduction on MeHg and issues
relevant to the research. Since no MeHg-thiol complexes are commercially available,
they have to be first synthesized in the laboratory. Chapter 2 reports the synthesis and
characterization of CH3;HgCys and CH3HgGlu. The synthesized compounds were then
used as the standards, along with commercially available CH;HgCl and inorganic Hg, in
the development of a HPLC-ICPMS method for MeHg speciation which is described in
Chapter 3. Chapter 4 describes the application of the new speciation method for the study
of MeHg speciation in a fish muscle sample after enzymatic hydrolysis, which provided
the first analytical evidence of the presence and dominance of CH3HgCys in biological
samples. Chapter 5 describes the application of the speciation method for the study of the
kinetic stability of CH3;HgCys and CH3;HgGlu in aqueous solutions under various
conditions. Chapter 6 summarizes the conclusions from the thesis, as well as the lessons
learned and future perspectives. Additional information is included in the appendices.

Chapters 3 and 4 formed the basis of the following article, which was recently
published: Lemes M. and Wang F. 2009. Methylmercury speciation in fish muscle by

HPLC-ICP-MS following enzymatic hydrolysis. Journal of Analytical Atomic
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Spectrometry 24: 663—668. Manuscripts are being prepared from other chapters of the

thesis.
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Chapter 2. Syntheses and Characterization of

Methylmercury Cysteinate and Glutathionate

This chapter describes the synthesis of methylmercury cysteinate (CH3HgCys)
and methylmercury glutathione (CH3;HgGlu) and their characterization by elemental

analysis, '"H NMR, X-ray crystallography, and ESI-MS.

2.1 Syntheses of Methylmercury Cysteinate and Glutathionate

CH;HgCys was synthesized by mixing equimolar concentrations of CH;HgOH
(Alfa Aesar, 95%) with CSH (Sigma, >98%) in ultra-pure deionized water (MilliQ-
Element; “ultra-pure water” hereafter) following a procedure similar to Taylor et al.
(Taylor et al., 1975) under an ultra pure Ar (99.999%) atmosphere. In brief, CH;HgOH (2
mmol) and CSH (2 mmol) were mixed in 150 mL of H,O in a 250-mL round bottom
flask and stirred for 3 hr at pH = 6.5 at room temperature. The volume of the solution was
then reduced to ~20 mL in a rotary evaporator (Biichi Rotavapor) and the mixture was
left to crystallize under an Ar atmosphere. The crystalline product was then filtered
through a 0.2-um pore-size hydrophilic polypropylene membrane (Pall). The yield was
~96%. The crystallization process was rapid (within 24 hr). Fig. 2.1a shows a picture of
the CH3HgCys crystals obtained after crystallization.

CH;HgGlu was synthesized following a similar procedure as that of CH;HgCys
as described above, with the exception that GSH was used instead of CSH; see Fig. 1.3,
in Chapter 1 (Rabenstein, 1973). The initial product was gel-like at 4 °C that became

liquid at room temperature. Following a similar procedure and after adding acetone to the
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product, Neville and Drakenberg (Neville and Drakenberg, 1974) obtained a “syrupy
residue”. By adding benzene instead of acetone and letting it evaporating at room

temperature under Ar, we were able to obtain a white, amorphous powder after two

weeks with a yield of 89% (Fig. 2.1b).

Figure 2.1 — Pictures showing a) Crystalline CH;HgCys (after being aged for two
month), and b) Amorphous CH3;HgGlu. Picture a was taken by a regular
camera, whereas picture a was taken by scanning electron microscopy at

the Department of Geological Sciences, University of Manitoba.

2.2 Elemental Analyses of the Compounds

Elemental analysis was done at Guelph Chemical Laboratories Ltd., Ontario,
Canada. For the CH3HgCys, the theoretical values are: C, 14.25; H, 2.67; N, 4.15; O,
9.49; S, 9.51; Hg, 59.92%, and the found values were: C, 13.94; H, 2.92; N, 4.14; O,
9.78; S, 9.30; Hg, 60.02%. For the CH3HgGlu, the theoretical values are: C, 25.30; H,
3.67; N, 8.05; O, 18.39; S, 6.14; Hg, 38.43%, and the found values were: C, 24.90; H,

3.69; N, 7.88; O, 18.90; S, 5.88; Hg, 38.25%.
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2.3 Nuclear Magnetic Resonance (NMR) Characterization of the

Compounds

'H NMR spectra were recorded on an AMX 500 NMR spectrometer (Bruker) at a
probe temperature of 298 K. The synthesized CH;HgCys and CH3HgGlu were dissolved
in D,O (~ 5 uM) for the measurement. Spectra were recorded at a pulse width of 90°,
relaxation delay of 3 s, scan number of 128, and a spectral width 8620.69 Hz (17 ppm).
The proton chemical shifts were reported in ppm (d) relative to the internal
tetramethylsilane (TMS, 8=0.0) standard. The data were collected by Dr. K. Marat and
Mr. T. Wolowiec at the Department of Chemistry, University of Manitoba.

Figure 2.2 shows the 'H NMR spectra of CH3;HgCys and CH;HgGlu. For
comparison, that of CH3HgCl is also shown. In both cases, a sharp central resonance line
(6 = 0.62 ppm for CH3HgCys, and 0.64 ppm for CH3;HgGlu) was flanked symmetrically
by two less intense satellite lines (& = 0.79 ppm and 0.45 ppm for CH3;HgCys, and & =
0.82 and 0.47 for CH;HgGlu). The satellites lines are due to the methyl groups bonded to
'""Hg which has a nuclear spin of % and a natural abundance 16.87%, whereas the central
resonance is due to methyl groups bonded to all other isotopes of Hg. When compared
with CH3HgCl (Fig. 2.2a), binding between MeHg and CSH or GSH resulted in the
central resonance of the methyl group protons that are directly attached to Hg being
shifted to a higher field (Fig. 2.2b and c). The coupling constant J('*’Hg-'H) was
calculated to be 213.7 Hz for CH3HgCl, 172.5 Hz for CH3HgCys, and 172.6 Hz for
CH3HgGlu, comparing very well with those reported for the aqueous solution of

CH3;HgOH (260-203 Hz for pH = 1.0 - 13.0), and mixed aqueous solutions of CH;HgOH
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with CSH (178 — 173 Hz for pH = 1.0 — 13.0) and with GSH (175 — 170 Hz for pH = 1.0

—13.0) (Rabenstein and Fairhurst, 1975).

. CH3Hg—
a Hyg
~ g
J U0 Y
———
} 2
~ CH3;Hg-
b 0
/Hg\'s o
NH3*
i CH3Hg-
C ’)LDH

it '&ﬁlul e I

& 8 z = i E

Figure 2.2 - "H NMR spectra of a) CH;HgCl (in CD;OD), b) CH;HgCys (in D,0), and c)
CH;3HgGlu (in D,0). The resonance lines at 3.3 ppm in (a) and 4.65 ppm in (b)
and (c) were due to the residual protons present in the solvent CD;0D and D,0,

respectively
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2.4 Refined Crystal Structure of CH3;HgCys

Since the CH3HgGlu synthesized was amorphous, X-ray crystallography was
done only for CH3;HgCys. A prismatic CH3HgCys crystal (0.06 x 0.06 x 0.24 mm) was
mounted on a Bruker 4-circle single-crystal diffractometer equipped with an APEX CCD
area detector using graphite-monochromated Mo Ko ( A = 0.71073 A) radiation. The
crystal-glass-fiber end was dipped in epoxy and the crystal coated prior to data collection.
In excess of a hemisphere of data intensity, was collected (293 K) to 60° 20 using a frame
width of 0.2° and a frame time of 15 seconds, at a crystal-to-detector distance of 5 cm.
Integration of the intensity data was carried out using the SAINT program, along with
standard corrections (for Lorentz, polarization and background effects). A total of 17091
reflections were integrated, corrected for absorption effects using the SADABS program,
and identical reflections (at different ¥ angles) combined using the XPREP program, to
give a total of 8685 reflections in the Ewald sphere. The rapid data collection (<24 hr)
and the epoxy coating on the crystal prevented any measurable deterioration, and a time-
decay correction was not employed. This contrasts with 12% intensity loss experienced
by Taylor et al. (Taylor et al., 1975) for the standard reflections measured during their
data collection. Systematically absent reflections are consistent with space group
P212121, with 2573 unique data with a Laue (mm) merging of 3.4% (Friedel pairs were
not merged). Scattering curves for neutral atoms, together with anomalous dispersion
corrections, were taken from International Tables for X-ray Crystallography (Wilson,
1992). The Bruker SHELXTL program was used for the refinement of the crystal

structure with initial coordinates of all non-hydrogen atoms taken from Taylor et al.
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(1975). Least-squares refinement (based on Fo2 and all 2573 data) for a model involving
anisotropic displacement of all non-hydrogen atoms converged to an R1 index of 3.4%
(2308 observed unique reflections |Fo| > 46F) and wR2 index of 8.3% for all data. The
absolute structural configuration was clearly established [Flack parameter = 0.004(14)].
Residual peaks in the difference-Fourier map conforming to sensible H positions were
inserted into the model and allowed to refine with the following constraints for
chemically equivalent H atoms: (1) the donor-atom — H distances were restrained to
equal the observed electron density maxima (as opposed to the internuclear distance) as
suggested by the software, and (2) the isotropic displacement parameters were restrained
to be equal. The program PLATON was used for molecular geometry and drawing (Spek,
2005). The analysis was done by Mr. M Cooper at Department of Geological Sciences,
University of Manitoba. The crystal structure of CH3HgCys was first established by
Taylor (1975) and is refined here. An ORTEP plot of the molecular structure is shown in
Fig. 2.3. Selected bond distances and angles are collected in Table 2.1.

The unit cell parameters obtained by least-squares refinement of 5983 reflections
(I> 1001 ; to 55° 20) are a = 6.3857(4), b = 26.0567(14), and ¢ = 5.2863(3) A and agree
well with those reported by Taylor (1975). Taylor et al. (1975) were not able to resolve
the hydrogen locations in the molecule, however with our refined model, we can clearly
depict the locations of all the protons in the molecule (Fig. 2.3). The amine group is
found to be protonated (-NH;"), whereas the carboxyl group is deprotonated (-COO’),
which is in agreement with the I.R. results of Taylor et al. (1975). The angle of C-Hg-S
was also found to be 178.8° which is more linear than that previously reported by Taylor

(1975).
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Table 2.1 - Intramolecular and intermolecular bond distances and angles of

CH;HgCys
Distance (A) Angle (°)
This study  Taylor et al. This study Taylor et al.
(1975) (1975).

Hg-C(4)a [2.084(10) 2.10(4) C(4)a-Hg-S 178.8(3) 177.6 (0.9)
Hg-S 2.358(2) 2362 (12) |Hg-S-C() 100.8(2) 100.4 (0.9)
S-C(1) 1.823(9) 1.81 (3) S—C(1)-C(2) 114.8(5) 113.7(1.1)
C(1)-C2) [1.506(9) 1.48 (4) C(1)-C(2)-C@3) 114.2(5) 116.1(1.3)
C(2)-C@3) [1.539(8) 1.53 (3) C(1)-C(2)-N 110.7(5) 115.0(1.3)
C2)-N 1.489(8) 1.53 (4) C3)-C(2)-N 109.5(5) 105.7 (1.1)

C3)-0(1) [1.242(7) 124(3) C2)-C@3)-0(1) | 117.6(5) 123.0(1.3)
C(3)-0(2) [1.256(7) 1.33(3) C2)-C(3)-0@2) | 115.8(5) 112.7(1.3)
Hg-0(2) [2.860(5)  2.85(2) O(1)-C(3)-0(2) | 126.5(5) 124.0(1.3)
S-Hg-0(2) 84.5(1)  84.9(0.4)
C(4)a - Hg - O(2) 95.53)  95.7(0.9)

0(3)-0()b | 2.759(7) 2.73(3) 0(3) - H(10) - O()b|  145(9)
0(3)-0Q)c | 2.738(6) 2.73(3) 0(3)- H(11)-0Q2)c | 164(9)
N-0(3) 2.713(7) 3.42 (3) N - H(1) - 0(3) 162(8)

H(10)...0(1)b|  1.90(6)
H(11)...0Q2)c| 1.78(3)

H(1)..03) | 1.85@3)
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The most significant difference between the structure reported here and that of
Taylor et al. (1975) is in the geometry of the carboxylate group. It was postulated by
Taylor et al. that the difference in the [C(3)—O(2) = 1.33(3) and C(3)—O(1) = 1.24(3)
A] distances associated with the carboxyl C(3) position may be related to a possible weak
intramolecular bonding interaction between the Hg atom and the O(2) oxygen atom of the
carboxylate group [Hg....0(2) = 2.85(2) A]. We saw similar observations (within 1
standard error) distances within our carboxylate group [C(3)—O(2) = 1.256(7) and
C(3)—O(1) = 1.242(7) A], and a similar Hg....O(2) separation of 2.860(5) A. A
comparison of the hydrogen bonding supplied by the solvent water molecule [H(10)—
O(3)—H(11)], to the O(1) and O(2) sites, reveals a slightly “linear” and shorter hydrogen
bond to the O(2) anion of the nearby carboxylate group (Table 2.1). For our structure, the
slightly longer C(3)—O(2) distance in combination with the slightly stronger
H(11)...0(2) hydrogen bond, would serve to maintain the overall bonding requirements
at the O(2) oxygen relative to a similar converse argument made for the O(1) oxygen. As
such, for our structure there is no need for any additional bonding to O(2) via the Hg

atom in order to satisfy the bonding requirements of the O(2) anion.
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Figure 2.3 - Refined molecular structure of CH3;HgCys

2.5 Mass Spectra and Fragmentation Patterns of the Compounds

The mass spectra of the compounds were recorded on an API 2000 (Applied
Biosystems), a Quattro-LC (Micromass), and a G6140A QQQ LC-MS (Agilent)
electrospray ionization mass spectrometer. All three systems gave similar fragmentation
patterns of CH3HgCys and CH3HgGlu under both positive and negative scan modes using
an infusion pump. Only the spectra obtained from the Agilent system are shown below.

For the analysis, the synthesized CH3;HgCys and CH3;HgGlu standards were

dissolved in a small amount of ultra-pure water and diluted to 5 uM with CH3OH before
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being injected into ESI source with a micro-syringe. Infusion experiments of CH3;HgCys
and CH3HgGlu utilized the built-in Harvard syringe pump operating at a flow rate of 30
uL min™'. Typical spectra of CH;HgCys and CH;HgGlu under the scan mode showed a
stable [M-H] parent ion and some of their fragments (Fig 2.4a and 2.4b), respectively.

The number of fragments and/or cluster depends on the operating parameters (e.g., cone

voltage).
Marcos Lenes
METHYL HG CYTEINE B1 112 (3.946) Cm (112:120-14:48) Scan ES-
33627 1.76¢6
100
m/z=336 [CH;HgCys-H]
013 m/z=249 [CH}HgS]_ 33437
247.10
N 33326
%
246.06
AN
33228
w13 33824
25115
7
269.15
2099 26M
0 T f T \L\ ety " T T ; T T T T T T f T L\)\‘ T T T T ™ m/z
230 240 250 260 270 280 290 300 310 320 330 340 350 360

Figure 2.4a — CH3HgCys (m/z=336) and its fragment CH3HgS (m/z=249) analyzed in the

negative mode (cone voltage=-30V)
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| m/z=249 [CH3HgS]

m/z=813 [CH;Hg(Glu),-NH;]

m/z=506 [CH;HgGlu-NH]

m/z=377 [CH;Hg+CysGly-OH]
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Figure 2.4b — CH;HgGlu (m/z=522) and its fragments CH3;HgS (m/z=249),
CH;Hg+CysGly-OH (m/z=377), CH;Hg+CysGly (m/z=393), CH;HgGlu-
NH; (m/z=508), and a cluster CH3;Hg(Glu), (m/z=813) analyzed in the

negative mode (cone voltage= -80V)

2.5.1 CH3HgCys and its Fragmentation Pattern

Figure 2.5 shows ESI-MS spectra of the synthesized CH;HgCys and its
fragmentation pattern using the negative-ion mode at varying cone voltages. At a low
cone voltage of 15 V, the deprotonated parent CH;HgCys ion ([CH3;HgCys-H]; m/z =
336 for **’Hg) dominated the spectrum, with a minor fragment peak at m/z= 249
corresponding to [CH3;HgS] and a cluster peak at m/z=674 [CH3;Hg(Cys),-2H]".
Increasing the cone voltage resulted in a decrease in the intensity of the parent peak and

an increase in the [CH3;HgS] peak. When the cone voltage was further increased to >45
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V, a new fragment peak appeared at m/z = 234 which we believe was [Hg'S]". As Hg(I)
is redox sensitive, the gas phase reduction of Hg(Il) to Hg(I) is possible during the ESI
process at high cone voltages (Henderson and Mclndoe, 2005). Indeed, gas phase
reduction of other easily reduced metal ions such as Cu(Il) at high cone voltages has been
widely observed in the presence of various ligands including amino acids (Henderson and

Mclndoe, 2005; Vaisar et al., 1996). No other Hg-containing fragments were evident.

100

—e— m/z= 234 [HgS]-
90 —A— m/z= 249 [CH,HgS]-

%0 - —&— m/z= 336 [CH,HgCys-H]-

70
60
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Figure 2.5 - CH3HgCys and its fragmentation pattern using the negative-ion mode at

varying cone voltages

The fragmentation pattern of CH3;HgCys at varying cone voltages was also
demonstrated under the positive-ion mode (Fig. 2.6). The predominant peak was at m/z =

338 which corresponds to [(CH;HgCys+H]" at low cone voltage (< +20V), with a minor
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fragment peaks at m/z = 234 [CH;HgOH]", m/z = 321 [CH3HgCys-NH3]", and also two
clusters corresponding to m/z = 360 [CH;HgCys]"-Na and m/z = 552 [(CH3Hg),Cys-2H]".
The fragments at m/z = 234 [CH;HgOH] and m/z= 321 [CH3;HgCys-NH;]" had the
highest intensity at a cone voltage of +20V and decreased with increasing cone voltage.
On the other hand upon increasing the cone voltage the [CH;HgOH]" and [CH3;HgCys-
NH;]" fragments were further fragmented, giving rise to the m/z=217 [CH3;Hg]" which
peaked at a cone voltage of +60V (Fig. 2.6). At the same time, the cluster m/z= 382
[CH3HgCys] -2Na increased (Na' is a common ions among others in ESI-MS systems).
Hg”" (m/z=202) was produced at high cone voltages only (greater than +100V),

contributing to about 6% of the intensity at these higher voltages.

100
—v— m/z=202 [Hg]
90 4 —O— m/z=217 [CH;Hg]
—A— m/z=234 [CH;HgOH]
80 —e— m/z=321 [CH,HgCys-NH,]
o —— m/z=338 [CH,HgCys+H]

—m— m/z=360 [CHBHgny»H] ! Na
—0— m/z=382 [CH,HgCys+H] .2Na

60

Relative Intensity (%)

20 40 60 80 100 120 140 160 180 200 220 240 260 280 300

Cone Voltage (V)

Figure 2.6 - CH3;HgCys and its fragmentation pattern using the positive-ion mode at

varying cone voltages
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The presence of the parent CH3HgCys and its fragments under both positive and
negative ion modes suggests that the synthesized CH3;HgCys was with a 1:1
stoichiometric ratio between MeHg and CSH. In other words, Hg in the CH3;HgCys has a
coordination number of 2: one bonded to the carbon atom of the methyl group and the
other to the sulphur atom of CSH (see Fig. 2.3). Given that the amino group in CSH may
also bind with Hg and that Hg could have a coordination number up to 4 (Hoffmeyer et
al., 2006), CH3HgCys complexes with other stoichiometric ratios are possible under
different molar ratios of MeHg and CSH, such as (CH3;Hg),Cys (where one MeHg binds
to S and one to the carboxylate group), CH3;Hg(Cys),, and CH3Hg(Cys); (Canty et al.,
1994; Hoffmeyer et al., 2006), but were not observed in this study.

The presence of [CH3HgS] and [Hg'S] fragments and the absence of CH;Hg"
fragment in the mass spectra indicate that the Hg-S bonding is stronger than the Hg-C
bond. This suggests that demethylation of MeHg compounds to inorganic Hg is possible
in the presence of a sulfide ligand which will be further demonstrated in Chapter 5.

Based on these results, the fragmentation pathway of CH3;HgCys is depicted in

Scheme 2.1.
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Scheme 2.1 — CH3HgCys fragmentation pathway
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2.5.2 CH3HgGIu and its Fragmentation Pattern

Figure 2.7 shows ESI-MS spectra of the synthesized CH3;HgGlu and its
fragmentation pattern under the negative-ion scan mode at varying cone voltages. Across
the entire range of the cone voltages tested, the deprotonated parent CH;HgGlu ion
([CH;HgGlu-H]; m/z = 522 for ***Hg) dominated the spectrum, with minor fragment
peaks m/z= 249 corresponding to [CH3;HgS] and m/z= 234 which, similar to the case of
CH;HgCys in the negative mode, was assigned to [Hg'S], and a cluster m/z=813
[CH3Hg(Glu),-NHs]". The fragment [HgS] was found between cone voltage -80V and -
120V only, and the fragment [CH3;HgS] was visible starting at -50V, stabilizing at -90V
with a smooth decrease until it disappeared at -200V; the two showed similar profiles but
[HgS] had a lower intensity. The cluster [CH3Hg(Glu),-NH;]" had a continuous
increment of intensity starting at -30V. Other fragments (m/z= 377, 393, and 506) and
clusters (m/z= 835 and 1043) showed low variation of intensity over the cone voltage

range, counting for ~10% of the intensity.
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Figure 2.7 - CH3HgGlu and its fragmentation pattern using the negative-ion mode with

varying cone voltages

The fragmentation pattern of CH3;HgGlu was also successfully monitored in the
positive-ion mode with varying cone voltages. The spectra were, however, more
complicated due to a higher number of fragments. At low cone voltage (< +40V), the
protonated parent ion [CH;HgGlu+H]" (m/z=524) accounted for ~50% of the intensity,
with ~25% from the cluster [CH;HgGlu+H]Na (m/z=546) and 12% from
[(CH3Hg),Glu+H]" (m/z=738) (Fig. 2.8), such result aggress with Rubino et al. (2006)
study (Rubino et al., 2006). The fragment [CH;Hg+CysGly-NH,]" (m/z=378) can be

attributed to a loss of the y-glutamyl group which dominated between (+30V) to (+50V).
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At the higher voltage range (> +50V) the fragment [CH3;Hg]" (m/z=217) became more

abundant.

100

—— m/z=217 [CH,Hg]

90 —a— m/z=378 [CH,Hg+CysGly-OH]
—e— m/z=395 [CH,Hg+CysGly]"
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70 —— m/z=546 [CH,HgGlu-H] Na
—A— m/z=738 [(CH,Hg),Glu-H]
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Figure 2.8 - CH3HgGlu and its fragmentation pattern using the positive-ion mode at

varying cone voltages

Scheme 2.2 depicts the fragmentation patterns of CH3HgGlu based on the above

results.
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2.6 Conclusion

CH3HgCys and CH3HgGlu were synthesized and the purity and structures were
confirmed by elemental analysis (CH;HgCys only), '"H NMR, X-ray crystallography
(CH;HgCys only), and ESI-MS. 'H NMR spectra of CH;HgCys and CH;HgGlu are on
higher fields in comparison with CH3HgCl, and both MeHg-thiols have similar central
resonance lines (0=0.62 ppm, and 6=64 ppm, respectively). The molecular structure of
CH3;HgCys was refined by X-ray crystallography showing the locations of all hydrogen
atoms and a slightly different molecular geometry of the carboxylate group and more
linear C-Hg-S bond angle from what reported in the literature (Taylor et al., 1975). Both
compounds were successfully analyzed on ESI-MS under both negative and positive
scanning modes and their fragmentation patterns were established. Among the notable
features are the possible demethylation of both CH3HgCys and CH3;HgGlu and reduction

of Hg(II) to Hg(I) during the ESI-MS analysis.
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Chapter 3. Development and Optimization of a HPLC-
ICPMS Method for the Determination of MeHg

Speciation in Agueous Solution

This chapter describes the development and optimization of a new analytical
method for the determination of MeHg speciation in aqueous solution. As discussed in
Chapter 1, no such method was available in the literature, which had hindered the
understanding of the chemistry and toxicology of MeHg in general and MeHg-thiol
complexes in specific. The new method was based on the separation by HPLC followed
by the determination by ICP-MS. While the method could be tailored for various MeHg
species, the key species of interest in this study were CH3;HgCys, CH;HgGlu, CH3;HgX,

and HgX (X =H,0, OH’, or CI").

3.1 Methodological Consideration

As mentioned in Chapter 1, various separation techniques have been used for the
analysis of total MeHg, including GC, HPLC, and CE (see Table 1.4). HPLC was chosen
as the candidate separation technique for determining MeHg speciation because of its
versatility for separating polar species such as CH3;HgCys and CH;HgGlu. HPLC can
handle a variety of analytical columns (e.g., C18, ion exchange, chiral, size exclusion),
allowing for optimization for various MeHg species. .

ICP-MS was chosen as the Hg-specific detector due to its straight-forward

interfacing with HPLC; HPLC effluent can be directly introduced to the ICP nebulizer
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and spray chamber. The capability of ICP-MS of determining various Hg isotopes
provides further advantage in analyte identification.

To achieve the highest sensitivity and to avoid cross-contamination, all the
analytical work was carried out at metal-free Class 100-1000 clean rooms of the Ultra-

Clean Trace Elements Laboratory (UCTEL), University of Manitoba.

3.2 Instrumentation
The chromatographic system consisted of an Agilent 1200 HPLC pump with an
attached sample injection valve equipped with adjustable loop (5 - 100uL) and

polyetheretherketone (PEEK) tubing to connect the injection valve and the column.

Analytical columns tested included Luna C18(2) (50 mmx3.0 mmx5 pum, Phenomenex),
XDB-C8 (150 mmx4.6 mmx5 um, Zorbax Eclipse — Agilent), PRP-X200 (150 mmx4.6
mmx10 pm, Hamilton), and SXC (150 mmx4.6 mmx5 pum, Phenomenex). Matching
guard column was also used.

An ELAN DRC-II ICP-MS (Perkin Elmer) was used as the Hg specific detector.
The effluent from the HPLC column was connected via PEEK tubing to a perfluroalkoxy
(PFA) 400 pL self-aspirating micro-nebulizer (Elemental Scientific Inc., Omaha, USA)

and a quartz cyclonic spray chamber (Perkin Elmer). A quartz micro injector (0.8 mm
I.D.; Perkin Elmer) was used to prevent high organic solvent load from entering the
plasma which could destabilize the plasma. The signal intensity of Hg was monitored at
m/z=202. Data processing was done by the software Chromera V1.2 (Perkin Elmer). The
plasma power, nebulizer gas flow rate, lens voltage, and auto-lens voltage were

optimized daily for the analysis.
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3.3 Standard Solutions

The standard solutions of CH3;HgCys and CH3;HgGlu (50 uM) were prepared by
dissolving respective compound, synthesized following the procedure described in
Chapter 2, in ultrapure water. The standard solution of CH3HgOH (50 uM) was prepared
from dilution of 1 M CH3;HgOH (Alfa Easer, 1M). The standard solution of CH3;HgCI (50
uM) was prepared by dissolving CH3HgCl (Alfa Easer, 98%) in water/ethanol (volume
ratio 1:1). The standard solution of Hg(II) was prepared from dilution of 50 uM HgNOs3
(Spex Certiprep, Claritas PPT grade).

The calibration standards were prepared daily from a 0.5 uM working solution.
The stock solutions and calibration standards were kept in amber flasks at room

temperature (22 °C) in order to prevent photoreaction.

3.4 Optimization of the Method

In order to achieve the best performance, various HPLC-ICPMS operating

parameters were tested and optimized. These parameters are discussed below.

3.4.1 Analytical Columns

The ion exchange columns (PRP-X200 and SCX) produced peaks with
nonsymmetrical shapes, probably due to the strong binding between the column packing
and the MeHg species. The XDB-C8 column showed poor resolutions for the MeHg
species. The separation with the Zorbax—Eclipse column required lower amount of the

organic solvent which resulted in lower intensities for CH3HgX and HgX (X= CI" or OH"

).
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Among all the columns tested, Luna C18(2) yielded the best separation and
sensitivity, and thus all the subsequent methodological development was based on this

column by reversed phase HPLC.

3.4.2 Mobile Phase

A mixture of methanol (CH3;OH) and acetonitrile (ACN) was added to the
aqueous mobile phase to assist in the elution of the Hg species from the column; the
addition of ACN also reduced the peak broadening of the CH;HgX species. The
composition and pH of the mobile phase had a significant impact on the separation and
elution order of the MeHg and Hg species, particularly for CHsHgGlu. For instance,
when the mobile phase had a CH;OH+ACN concentration <5%, CH3HgGlu was the last
to be eluted. An increase of the concentration of CH;0OH+ACN to 6-8% shortened the
retention time of CH3;HgGlu and resulted in CH3;HgGlu being eluted after CH;HgCys and
before CH3HgX and HgX.

Similar effects were observed on the pH of the mobile phase. At pH < 3, the
retention time followed the order of CH;HgCys < CH3HgX < CH3HgGlu < HgX (see Fig.
3.1). When pH > 5, the order changed to CH3HgCys < CH3;HgGlu < CH3HgX < HgX
(see Fig. 3.4). It was observed that pH has a greater effect on the retention time of
CH3HgGlu, decreasing its retention time as pH increases. The pH effect might be
attributed to the acid—base properties of the GSH, which has two carboxyl groups, which
have pKa values of 2.09 and 3.12 (see Table 1.3 in Chapter 1). The optimal pH for the

greatest resolution of CH3HgCys, CH;HgGlu, CH;HgX and HgX was pH 5.
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Figure 3.1 - Typical HPLC chromatogram of various MeHg compounds and inorganic

Hg (500 mM) with mobile phase containing § mM MSA at pH 3.0

Separation of Hg compounds using reversed-phase HPLC usually requires the
addition of a chelating or ion-pair reagent with thiol groups (Bramanti et al., 2005;
Harrington, 2000; Ho and Uden, 1994; Wan et al., 1997) as an organic modifier in order
to improve separation and to avoid adsorption of Hg compounds to the stationary phase
(Bramanti et al., 2005). Chemicals such as 2-mercaptoethanol (ME) and CSH are
commonly added in the mobile phase due to the high affinity between Hg and the thiol
group (Chiou et al., 2001; Harrington and Catterick, 1997; Harrington et al., 1998; Percy
et al., 2007; Vallant et al., 2007). Addition of CSH was ruled out in this method, as

CH3HgCys is one of the key species under investigation. ME has a strong affinity to
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CH;Hg" (log K = 16.14; (Arnold and Canty, 1983)), inhibiting the chromatographic
separation among MeHg complexes. Instead, in this method methanesulfonic acid (MSA)
was used as the organic modifier due to its mild affinity for MeHg complexes. MSA
ranging from 1-20 mM was investigated in order to obtain the best separation among the
compounds of interest. For instance at pH 5 when [MSA] > 10 mM, MSA gives a good
height peak for MeHgX and HgX but when a calibration curve of four Hg compounds
was done, it was noticed a linearity problem for CH;HgGlu at lower concentrations,
likely due to concentration of the organic modifier. When the [MSA] was between 6 — 8
mM, no interference was observed but all the MeHg compounds were eluted at retention
times close to each other. Decreasing [MSA] to less than 5 mM resulted in better
separation among the MeHg. The concentration of 2mM MSA was chosen as the best
condition for the separation amongst CH3;HgCys, CH3HgGlu, and CH3HgX. Although
MSA did not affect the retention time of HgX, the peak height increased with higher
[MSA].

The effect of ionic strength (due to salts introduced from the pH buffers or other
sources) of the mobile phase was also investigated (Fig. 3.2a and b). The salts tested
included NH4Ac (HPLC grade), KH,PO4(99.8%), (NH4)H,PO4 (99.999%) obtained from
Fisher Scientific and NaCl (99.5%, Sigma). NaCl was found to significantly decrease the
ICP-MS signal even at low concentrations, probably due to its negative effect on the
plasma ionization (Castillo et al., 2006; Rodushkin et al., 1998). NH4sAc was chosen as
the pH buffer due to its lower interference on the ICP-MS signal amount the buffer salts

tested, common usage in HPLC methods (Carro and Mejuto, 2000; Castillo et al., 2006)
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and due to its compatibility when interfacing with other equipment (e.g., ESI-MS)

(Thiele et al., 2008).
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Figure 3.2 — Influence of salts in the mobile phase on the ICP-MS determination of a)

CH;HgCys and b) CH;HgGlu.
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Since the elution order of the MeHg and Hg species did not comply with the order
of the polarity, the separation within the column was driven not only by dissolution
process as adsorption to the column may also occur. The latter was particularly the case
for CH;HgX and HgX; the two species that were eluted last. To minimize any memory
effect, a gold (Au) solution (Claritas PPT grade) from Spex Certiprep was added to the
mobile phase (Chen et al., 2000) at a final concentration of 500 nM. The addition of gold
has been shown to inhibit interactions of Hg species with the surface of the system (Chen
et al., 2000). A gold solution with concentration ranging from 50 to 2500 nM was tested
in this study, and 500 nM was chosen as the optimal Au concentration, as higher Au

concentration would result in incomplete separation of the MeHg species.

3.4.3 Other Parameters

The intensity of the Hg species on the ICP-MS was influenced by the flow rate of
the HPLC mobile phase. Low flow rate around 0.3 mL min™ produced the highest
intensity with both the PFA micro-nebulizer and the regular quartz nebulizer. An increase
in the flow rate to 1 mL min™' (with the regular quartz nebulizer) showed a decrease in
intensity by ~ 30 % (see Fig. A3 in Appendices). This is likely due to the diminution on
the ionization power of the plasma by the high amount of organic olvent vapor (Wan et
al., 1997).

The ICP plasma power was also optimized; Hg has a relatively high ionization
potential (9.5 eV) (Harbour, 1971), and at cool plasma suffers from matrix suppression

effects because most elements cannot be ionized completely in a low-temperature plasma

58



(Kishi et al., 2004). Increasing the radio frequency (RF) power from 1100 W to 1400W

resulted in a ~20% increase of Hg signal (see Fig. A4 in Appendices).

3.5 HPLC - Labile MeHg Species

It should be noted that even though the solids of CH3HgCys, CH3;HgGlu, and
CH;HgCl were of very high purity, once they are dissolved in aqueous solution a variety
of reactions occur resulting in the presence of many different MeHg species. MeHg
species that can establish rapid thermodynamic equilibria with other species will not be
effectively separated by HPLC as the separation of one species would shift the equilibria
among the species. Only species or species groups that do not exhibit such rapid re-
supply in the column can be separated and analyzed reliably. These “HPLC-labile”
species are also dependent on the HPLC operating parameters (e.g., column type, mobile
phase, temperature).

As shown in Fig. 3.4, for 4 major peaks were evident in a typical chromatogram
in the mixed standard solution, suggesting that there was no shift in equilibrium within
the column. By comparing the retention times with those of the individual standards, four
groups of “HPLC-labile” Hg species, namely CH3HgCys, CH3;HgGlu, CH3;HgX (X =
small inorganic ligands such as H,O, OH" or CI'), and inorganic Hg(II) complexes HgX,
where:

[CH3HgCys] = [CH3Hg-S-Cys] + [CH3Hg-S-CysH]

[CH3HgGlu] = [CH3Hg-S-Glu*] + [CH;Hg-S-GluH'] + [CH3Hg-S-GluH,]

[CH3HgX] = [CH3;Hg(H,0), ] + [CH;HgOH] + 2[(CH;Hg),OH "] + [CH;HgCl]

[HgX] = [Hg(H,0)s* "] + Y[Hg(OH), ™ + Y [HgCl,*"]
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The separation and quantitation of these 4 groups of the species is possible due to
the strong binding intensities between MeHg and the S-atom in CSH or GSH. As shown
in Fig. 3.3, a standard solution of mixed CH;HgCys and CH3;HgGlu maintained the same
retention time and peak area of that of CH;HgCys and CH3HgGlu in the respective single

standard solution, suggesting that there was no shift in equilibrium within the column.
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Figure 3.3 - Chromatograms of @) a mixed standard solution with 500 nM CH3;HgCys

and 500 nM CH;HgGlu; b) a 500 nM CH3;HgGlu solution, and c), a 500 nM

CH;HgClys solution

The species within each group can not be quantified separately, presumably due
to the rapid equilibria among them. This was confirmed by the same retention time of the

MeHg standards prepared from the CH;HgOH and CH3HgCl stock solutions.
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3.6 Optimized HPLC-ICPMS Method for MeHg Speciation in Aqueous

Solution

Based on the above results, a new HPLC-ICPMS method was developed and the
following conditions were deemed optimal for the separation and analysis of MeHg
species, particularly for CH;HgCys and CH;HgGlu.

e HPLC: Stationary phase: Luna C;s (2); Mobile phase: 7.5% CH3;OH /
2.5% ACN / 90% H,O (v/v) with 2 mM MSA and 510 nM of Au at pH 5.
Flow rate: 0.3 mL min™.

e [CPMS: Plasma power at 1400 W, with a micro-nebulizer at a nebulizer
flow rate of 0.6 L min™'

Fig. 3.4 illustrates typical chromatograms obtained under these conditions. The
analysis of CH3;HgCys, CH;HgGlu, CH3;HgX, and inorganic HgX was completed within
6 min with the following retention times: CH3;HgCys at 1.3 min, CH3;HgGlu at 1.7 min,
CH;HgX at 2.2 min, and inorganic HgX at 4.9 min. The r* of the calibration curve was
0.999 for CH3HgCys, CH3HgGlu, and CHsHgX, and 0.992 for HgX. The method
detection limits, calculated based on the standard deviation of the analysis of 10

replicates of a 5 nM mixed standard and on the 99% confidence level, were as follows:

CH;HgCys, 1.1 nM; CH3HgGlu, 1.1 nM; CH3HgX, 1.4 nM; and inorganic HgX, 2.2 nM.
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3.7 Conclusion

A HPLC-ICPMS method for the speciation of MeHg compounds (CH3;HgCys,
CH;HgGlu, CH3HgX, and HgX) in aqueous solution was developed successfully using a
Cis analytical column with detection limits at sub-micromolar levels. The separation of
the various species within the column was driven by partitioning and adsorption, and the

mobile phase (composition, pH) can be further optimized based on the species of interest.
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Chapter 4. Methylmercury Speciation in Fish by

HPLC-ICPMS Following Enzymatic Hydrolysis

As mentioned in Chapter 1, the presence of CH3HgCys in biological systems has
long been suspected but never been analytically proven. With the new method as
described in Chapter 3, we report the first analytical evidence of the presence and
dominance of CH3HgCys in fish muscle. The MeHg species were first extracted from the
dogfish (Squalus acanthius) muscle standard reference material (DORM-2) by enzymatic

hydrolysis, and then analyzed by the HPLC-ICPMS method described in Chapter 3.

4.1 Enzymatic Hydrolysis of the Fish Muscle Sample

While the new MeHg speciation method developed in Chapter 3 can be readily
applied for aqueous samples (see also Chapter 5), a proper extraction procedure needs to
be developed when analyzing the MeHg speciation in biological samples. The extraction
method should be capable of extracting all the MeHg from the solid biological material
while maintaining the in vivo speciation information. While no such extraction procedure
is reported for MeHg speciation analysis, enzymatic hydrolysis has been shown to be
most effective for the extraction of biological samples for the speciation analysis of other
elements such as selenium (Chen et al., 2000; Leon et al., 2000) and arsenic (Casiot et al.,
1999). Based on these literature studies, three enzymes were tested in this study for the
extraction of MeHg species from fish muscles: trypsin, protease type XIV, and pepsin; all
were obtained from Sigma (>99.99%). The fish muscle sample used was the dogfish

muscle certified reference material DORM-2 (NRCC (National Research Council
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Canada), 1993). We chose DORM-2 because of its relatively high MeHg concentration
(22.3£0.02 uM for MeHg and 23.15+ 1.29 uM for total Hg).

In brief, about 0.1 g of the homogenized, dried DORM-2 was weighed into a 15-
mL polypropylene centrifuge tube, to which 10 mL of a mixed solution containing a pH
buffer and a specific enzyme (e.g., 0.05 M ammonium acetate at pH 7.5 and 0.01 g of
enzyme were added). The centrifuge tube was pretreated with a 4 M HCI (Fisher
Scientific) solution for 24 hr followed by being thoroughly rinsed with ultrapure water.
The extraction was carried out at 37 °C inside an Isotemp oven (Fisher Scientific) on a
tube rotator with rotisserie (VWR) at 20 rpm for 24 hr. For the extraction with 0.01 g
pepsin, the pH was adjusted to 2.2 with 0.1 M HCI and the extraction time was set to 12
h. The extraction was performed in the dark to prevent any possible photoreaction during
the extraction. The extractant was centrifuged (International Equipment Co) for 30 min,
and the supernatant was decanted and filtered through a 0.2 pm membrane (GHP, Pall)
and diluted 10 fold with ultra pure water. The dilution was necessary to minimize matrix
interference. A small quantity of white precipitate was observed after centrifugation,
which is probably due to the fat tissue (about 5 percent (NRCC (National Research
Council Canada), 1993)) in DORM-2. The diluted sample was adjusted to pH = 5 with 4
M acetic acid, kept in the dark for several hours, and analyzed for MeHg speciation on
the same day.

The MeHg speciation analysis of the extracted solution was performanced using
by the HPLC-ICPMS method as described in Chapter 3. The optimized operating
conditions are summarized in Table 4.1. The identification of the MeHg species in the

chromatograms was done by ESI-MS on an Agilent 6140 A QQQ-MS after the
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separation by the same HPLC (Fig. 4.2b). The operating conditions are summarized in

Table 4.2.

Table 4.1 - Optimal conditions for MeHg-thiol speciation by HPLC-ICPMS

HPLC

(Agilent Model 1200 )

ICP-MS

(Perkin Elmer, DRC II)

Mobile Phase (isocratic):
MeOH: 7.5 %;
ACN: 2.5%
2 mM MSA in H,0: 90 %
with 500 nM of Au at pH 5
Stationary Phase:
Luna C18(2)
Flow rate:

0.3 mL min™

Plasma power: 1400 W

Nebulizer: PFA 400 pL self-aspirating

micro-nebulizer

Nebulizer gas flow rate: ~ 0.6 L min™
(optimized daily)

Torch injector: 0.8 mm L.D.

Analytical mode: Standard (non-DRC)

Internal Standard: Iridium

Table 4.2 - Optimal conditions for MeHg-thiol identification by ESI-MS

Capillary (V)
Fragmentor (V)

Drying gas (°C)
Nebulizer pressure (psi)
Run mode

N, drying gas flow (L min™)

3500

+70

350

35

Scan

11
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The extraction of a mixed CH3;HgCys and CH3;HgGlu standard solution with
protease type XIV resulted in one single, broad peak close to the retention time of
CH3HgClys, suggesting that protease type XIV cleaves CH3;HgGlu to form CH;HgCys
and is thus not appropriate for MeHg speciation analysis. Pepsin preserved the peaks of
CH;HgCys, CH3;HgGlu, and CH3;HgX but was apparently unable to break down the
protein peptide bonds of large molecules, which decreased the intensity on ICP-MS and
the recovery, perhaps due to their adsorption onto the LC analytical column. Column
cleaning up is needed after each run, which is time consuming. Similar problems were
reported previously (Yathavakilla and Caruso, 2007). In contrary, enzymatic hydrolysis
with trypsin not only preserved all the MeHg compounds (Fig. 4.1), but also did not
require the clean up procedure after the analysis.

Therefore, trypsin was used in this study for the extraction of MeHg species from
the dogfish muscle sample DORM-2 (Fig. 4.2a). The total Hg in DORM-2 extracted by
trypsin hydrolysis, as analyzed by CVAFS, was 19.95+0.04 pM (d.w; n=3), which
corresponded to an extraction efficiency of 84+19 % when compared with the certified

total Hg value of 23.15 uM (NRCC (National Research Council Canada), 1993).
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Figure 4.1 - Chromatograms of a mixed standard solution of 500 mM of CH;HgCys and

CH;HgGlu a) before and b) after trypsin hydrolysis

4.2 Presence and Dominance of CH3;HgCys in Fish Muscle

As shown in Fig. 4.2a, a sharp and dominant peak of CH3HgCys was present in
the dogfish muscle sample. The peak was further confirmed to be CH3HgCys by ESI-MS
analysis (Fig. 4.2b), with isotopic patterns characteristic to CH3;HgCys at around
m/z=338 [CH3HgCys+H]". Neither measurable peaks could be identified on the
chromatogram for CH3;HgGlu, CH3;HgX, nor for HgX due to its very small concentration

in DORM-2. Based on the peak areas and the calibration curves, the CH3;HgCys
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concentration was calculated to be 19.50+0.03 uM as Hg (d.w; n=6), which agreed
reasonably well with the certified value of 22.3+0.02 uM as Hg. (NRCC (National
Research Council Canada), 1993)

To verify whether there was any matrix interference, a standard addition
experiment was carried out by spiking a mixture of CH3HgCys and CH3HgGlu standards
into the extractant (after a 10x dilution). The recovery was 89% for CH;HgCys and 58%
for CH3HgGlu (Fig. 4.2¢), suggesting small matrix interference for the determination of
CH3HgCys but some considerable interference for CH;HgGlu.

By using XANES, Harris et al. (2003) demonstrated that MeHg speciation in the
swordfish muscle is dominated by CH3;Hg-S compounds. To our knowledge Fig. 4.2a is
the first analytical evidence showing the presence and dominance of a specific CH3Hg-S
compound, namely CH3HgCys, in fish muscle. As CH3;HgCys can readily be transported
across the BBB (Aschner et al., 1994; Bridges and Zalups, 2006; Simmons-Willis et al.,
2002), this raises critical questions about the health of the fish and its predators including
humans. The lack of a CH3HgGlu peak is also interesting, suggesting the detoxification

process of MeHg does not occur in the muscle tissue.
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4.3 Molecular Weight Distribution of Methylmercury in the Fish Muscle

Extractant

It should be noted, however, that the CH3;HgCys in fish muscle reported here is
not necessarily the “free” CH3;HgCys complex. Since many proteins contain CSH
moieties, any MeHg-bound CSH moieties that are released from the proteins during the
enzymatic hydrolysis would be eluted at the same retention time as the free CH;HgCys.
Therefore, the CH3HgCys determined in fish muscle included both the “free” CH3;HgCys
and the CH;HgCys moieties in trypsin hydrolysable proteins. Therefore, size exclusion
chromatography (SEC) was used to determine which molecular size mercury was
associated in the fish muscle extract.

The extracted DORM-2 as described in Section 4.1 was first solubilized with
0.5% sodium dodecyl sulfate (SDS — Fisher Scientific) at 37 °C for 3 hr. Five milliliters
of the solubilized product was then injected onto a calibrated 3.0x97 cm Sephadex G-75
(Sigma) column and eluted at 4 °C with 10 mM Tris-HCI (Sigma) buffer (pH 7.5)
containing 10 mM glycerol (J.T. Baker). The protein determination in each fraction was
done by UV absorption at 280 nm on a Spectronic 3000 Array (Milton Roy). Calibration
of the column was performed using a mixture of standard proteins with different
molecular weights (albumin: 66 kDa, carbonic anhydase: 29 kDa, myoglobin: 17.6 kDa)
which were obtained from Sigma. The Hg determination in the total extractant and each
molecular weight fraction was done by cold vapor atomic fluorescence spectroscopy
(CVAFS; Tekran).

As shown in Fig. 4.3, about 57% of the total Hg was found in the high molecular

weight region (~66 kDa) and 21% was associated with molecules with even higher
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molecular weight. A smaller fraction was associated with smaller molecular weights: 8%
at ~29 kDa and 6% at ~17Kda. Since Hg in the fish muscle is dominated by CH;HgCys
(Fig. 4.2), this molecular weight distribution pattern also reflects the association of
CH3;HgCys. Of particular interest is the molecular weight fraction near 17 kDa, which
includes cysteine-rich metallothioneins (MTs) that are known to bind both physiological

(e.g., Zn, Cu, Se) and xenobiotic (e.g., Cd, Hg, Ag) metal ions (Garcia et al., 2006).
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Figure 4.3 - Elution profile of UV absorbance (280 nm) and total Hg in solubilized
DORM-2 extractant after SEC. The dotted line shows the UV absorbance

of the three molecular weight markers
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4.4 Conclusion

Enzymatic hydrolysis with trypsin followed by HPLC-ICPMS analysis provides a
promising analytical method for the determination of MeHg speciation in biological
samples. The dominance of CH3;HgCys in fish muscle is of particular interest in the
context of human exposure to MeHg, though further studies are warranted to probe the
mobility and reactivity of free CH3HgCys and CH3HgCys associated with large proteins,

as well as the metabolic pathways and metallomics of MeHg in general.
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Chapter 5. Kinetic Stability and Decomposition
Products of Methylmercury Cysteinate and

Glutathionate

As mentioned in Chapter 1, while extensive studies have been carried out on the
formation of MeHg in the environment, few studies have reported the kinetic stability of
MeHg in vivo or in vitro. The existing studies are almost exclusively focused on
photolytic or microbial demethylation of MeHg in the form of CH;HgCl and/or
CH3;HgOH (Ahmed and Stoeppler, 1986; Ahmed and Stoeppler, 1987; Fitzgerald et al.,
2007; Hammerschmidt and Filtzgerald, 2006; Sellers et al., 1996; Yu and Yan, 2003). In
Chapter 4, we demonstrated the dominance of CH3;HgCys in fish muscle. CH3HgCys and
CH3HgGlu were also suggested to be dominant in sediment porewaters. Here we report
the first kinetic study of CH3;HgCys and CH3;HgGlu in aqueous solutions under a variety

of conditions.

5.1 Kinetic Stability Study

The stability study was conducted in 125-mL borosilicate glass bottles (with low
alkali content; Wheaton Science Products) with Teflon lined caps under constant shaking
(100 rpm) in a metal-free, Class 100 laminar-flow workstation (Microzone, Ottawa, ON)
at room temperature (20 = 2 °C). The bottles were pretreated with a 4M HCI (Fisher
Scientific) solution for 24 hr followed by being thoroughly rinsed with ultrapure water,

and tested for acceptable background Hg levels (< 1.0 pM) prior to use.
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The environmental parameters tested included light, pH, and ionic strength. The
pH was adjusted and buffered with 4 M NH4Ac (HPLC grade, Fisher Scientific) and 7 M
NH4OH (ACS reagent, Sigma). The ionic strength was adjusted by 5 M NaNOj; (99.0%,
Sigma). For the test of light, the bottles were either completely wrapped with aluminum
foil (“darkness™) or exposed to a 36 W white fluorescence light (“light”) inside a laminar-
flow workstation. All the experiments were done in triplicate. In each bottle, 100 mL of a
solution containing 50 nM of CH3HgCys or CH3HgGlu were prepared at the specific pH
and ionic strength. 0.5 mL of the solution was sampled from each bottle at various time
intervals for analysis of MeHg speciation.

The samples collected at various time intervals were analyzed for MeHg
speciation by HPLC-ICPMS as detailed in Chapter 3. In brief, the separation was carried
out isocratically on an Agilent LC1200 on a Luna C18(2) column (Phenomenex). The
mobile phase was composed of 7.5% methanol, 2.5% acetonetrile, and 90% H,O (v/v), 2
mM MSA (pH 5.0) containing 510 nM of Au with a flow rate of 1 mL min™. The Hg
analysis was done by ICP-MS on Elan DRC II (Perkin Elmer) under the standard mode.
Data processing was done by the software Chromera (Perkin Elmer). The analysis of total
Hg (Hgr) was done in a similar manner with the exception that the LC analytical column

was bypassed.

5.1.1 Influence of Light

The light vs darkness experiment was done at pH 5.5-6.0 in otherwise ultra-pure
water (I < 0.001 M) for up to 1 month (Fig. 5.1). The concentrations of CH;HgCys and

CH;HgGlu at various time intervals are shown in Fig. 5.1. Over the first 10 days period,
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there was no observed difference in concentration between the light and dark

environments. Statistically, the stability of CH3;HgCys with or without light in the first 10

days (p = 0.603; two-paired t test; SigmaPlot) (Fig. 5.1a,c). On day 11, CH3HgCys under

the light environment showed a decrease in concentration, which continued until it, was

undetected by Day 26. Accompanying the sharp decrease in CH3;HgCys near the end of

the experiment was a corresponding decrease in pH (from 5.5 to 3.5-4.0) despite the

solution being buffed with NH4OH and NH4Ac. A slight decrease in CH;HgCys was also

observed under darkness after 600 hrs, but the extent was much less than that in the

presence of light. No significant difference was found in the stability of CH;HgGlu for

the entire duration (p = 0.506; two-paired t test; SigmaPlot) (Fig. 5.1b,d) with or without

light. Both compound concentrations decreased after Day 20.
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Figure 5.1 - Stability of CH;HgCys (a, ¢) and CH3;HgGlu (b, d) under dark (a, b) and

with white fluorescence light (c, d). pH = 5.5; T = 22 °C. The dashed line

represent the modeled result based on a first order reaction
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5.1.2 Influence of lonic Strength

The ionic strength study was carried out at pH 7.5 at I = 0.01 M, 0.10 M, and 0.5
M, respectively, in the presence of light. As shown in Fig. 5.2, the stability of both
CH3;HgCys and CH3HgGlu is very sensitive to ionic strength; both were much less stable
at higher ionic strength. At I = 0.5 M, CH3HgCys decreased to lower than the detection
limit after 2 days, whereas CH3HgGlu became undetectable after 11 days. At the same

ionic strength, CH3HgGlu is more stable than CH3HgClys.
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Figure 5.2 - Stability of CH3HgCys (a) and CH3;HgGlu (b) at different ionic strengths in
the presence of white light. pH = 7.5, T = 22 °C. Concentrations were the
averages of triplicate measurements. The dashed lines represent the

modeled results based on a first order reaction
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5.1.3 Influence of pH

Figure 5.3 shows the stability of CH3HgCys and CH3;HgGlu at two different pH
values in the presence of light. Both compounds were more stable at pH 5.5. Increasing
pH to 7.5 resulted in a rapid decomposition of CH3;HgCys, and to a lesser extent of
CH;HgGlu. It should be noted, however, that the two experiments were done at different
ionic strengths. The pH 5.5 experiment was done at [ = <0.001 M (same as Fig. 5.1),

whereas the pH 7.5 experiment was done at [ = 0.01 M.
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Figure 5.3 - Stability of CH3;HgCys (a) and CH3HgGlu (b) at pH 5.5 (I < 0.001M) and
pH 7.5 (I = 0.01 M) in the presence of white light. T = 22 °C.
Concentrations were the averages of triplicate measurements. The dashed

lines represent the modeled results based on a first order reaction for pH 7.5
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5.2 Degradation Kinetics

The degradation of CH3HgCys or CH3;HgGlu in the presence of light can be

generally fitted with a first-order reaction kinetics:

CH;HgSR + hv — decomposition products (Eq. 5.1)
@ = —k[CHsHgSR ]

where —SR represents CSH or GSH, and k is the decomposition rate constant. The rate
constants and half-lives under various experimental conditions are listed in Table 5.1, and
the fitting of the data is shown as the modeled lines in Fig. 5.1-5.3. The coefficient of
determination (R”) of the model fitting is also shown in Table 5.1. The rate constant
depends on ionic strength, ranging from 5.6x107 to 3.2x10™ s for CH3;HgCys and
7.4x10°° to 5.4x10” s for CH;HgGlu for the ionic strength range studied (0.01 — 0.5 M)
when pH = 7.5. At the same ionic strength, CH;HgGlu is more stable than CH;HgClys.
Both compounds degrade rapidly when I = 0.5 M, with a half life of 5.9 hr for CH;HgCys
and 35.9 hr for CH;HgGlu. The small decomposition rate constant of CH;HgCys at I <
0.001 M (7.4x10® s™) explains the lack of decomposition of CH;HgCl in the presence of
CSH in distilled water (Rowland et al., 1977).

Among all the parameters studies, ionic strength has the most significant effect on
the decomposition rate constant. Although pH seemed to have an effect (Fig. 5.3), much
of it was likely due to different ionic strengths used in the two studies. As shown in Fig.
5.2 and Table 5.1, the decomposition rate constant for both CH3;HgCys and CH3HgGlu
increases significantly with increasing ionic strength, so does the goodness of the first-

order model fitting. This is rather surprising, as the stability of free (i.e., not bound to
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MeHg) CSH or GSH in aqueous solution, though poorly studied, appears to be not

dependent on ionic strength (Aruga et al., 1980).

Table 5.1 - First-order degradation rate constants and half-lives of CH3;HgCys and
CH3HgGlu in the presence of white light (T =22 °C)

Rate .

pH ! constant Half-life R?
(M) Y (h)

CH;HgCys 5.5 <0.001 7.42x10° 260 0.67
7.5 0.01 5.64x107 34.1 0.83
7.5 0.1 1.53x10™ 12.6 0.99
7.5 0.5 3.25x10™* 5.9 0.99

CH;HgGlu 55 <0.001 N.D. N.D.
7.5 0.01 7.44x10°° 259 0.47
7.5 0.1 1.56x10” 124 0.84
7.5 0.5 5.36x107 35.9 0.93

5.3 Decomposition Products and Pathways

The recent development of a MeHg speciation method by HPLC-ICPMS (see
Chapter 3) allowed us to further identify the decomposition products of CH3;HgCys and
CH;HgGlu. Both CH3HgX (X = an inorganic ligand) and HgX are produced from the
decomposition of CH3HgCys and CH3HgGlu. An unknown species Ul, with a retention
time between that of CH3HgCys and CHsHgX, is also evident in the decomposition of

CH;HgCys (Fig. 5.4a), particularly at lower ionic strength (see appendix 6, Fig. ASa).
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Hg(0), if produced, is not present at any significant concentration as the Hgr
concentration stayed constant throughout the experiment

Given the strong binding affinity between the sulthydryl group and MeHg, the
detachment of the MeHg group from MeHg-thiols is most likely via the desulfurization
of the corresponding thiols. Based on this and on the peaks from the chromatograms (Fig.
5.4a,b), we propose the following degradation pathways for CH;HgCys and CH3HgGlu

(Scheme 5.1).

[CSH-S

]
H, N S >
CHy” g‘s/\HJ\o (CH;Hg),S (52)
NH;

CH;
Hg CH;Hg [GSH-S]
S
0 u 0 0 (CH;Hg),S (5.3)
)‘\/N
HO N (0}
H
0 NH;
(CH;Hg),S —— > HgS + (CH;),Hg (5.4)
(CH3),Hg +X* ———— > CH;HgX + CH, (5.5)
+
NH
O /H____O 3
H _—Hg 0 N
cHy &g o- — » CHj g S - (5.6)
N\ _0 Hg™ ~'3
NH; 0---H
H;N

Scheme 5.1 - Proposed degradation pathways of CH3;HgCys and CH3;HgGlu. For
simplicity, the reactions only show the main reactants and products, and

are not balanced.
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Figure 5.4 - Chromatograms of the CH3HgCys (a) and CH3HgGlu (b) solution after
various times of exposure to white light (pH=7.5,1=0.1 M, T =22 °C)

Reactions (5.2) and (5.3) are proposed based on the desulfurization of CSH and

GSH (Awano et al., 2005; Rubino et al., 2006). The formation of (CH3Hg),S from
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CH;HgCys in Reaction (5.2) was first reported by (Craig and Bartlett, 1978), and given
the CSH residue in GSH we propose (CH3Hg),S is also formed from the desulfurization
of CH3HgGlu (Reaction 5.3). (CH3Hg),S is not stable and decomposes to HgS and
(CH3),Hg (Reaction 5.4) (Craig and Bartlett, 1978). The gaseous (CH3),Hg can further
degrade to CH4 and CH3HgX (X is a ligand, e.g., OH", HS"; Reaction 5.5) (Craig and
Bartlett, 1978) which gives the corresponding peak in the chromatograms (Fig. 5.5).
Since the total Hg concentration in the solutions was constant throughout the experiment,
the gaseous (CH3),Hg is likely present only as an intermediate.

Attempts at identifying Ul by ESI-MS were not successful due to the low total
MeHg concentration (50 nM) used in the experimental solution. Its formation from
CH;HgCys was, however, favored at lower ionic strength; at ionic strength of <0.001 M
Ul became the dominant species in the CH3HgCys solution after 20 days (data not
shown). Based on this strong dependence on low ionic strength, we tentatively propose
that U1 could be due to the formation of a CH3;HgCys dimer or polymer (CH3;HgCys), at
lower ionic strength. This molecular association could occur via hydrogen bonding
between the carboxyl groups of two or more CH3HgCys molecules (Reaction 5.6). The
formation of polycysteine (Cys), (n>2) has been well documented in the literature
(Sakakibara and Tani, 1956; Wade et al., 1956). The most striking feature from Fig. 5.4 is
the formation of inorganic HgX from the decomposition of both CH3;HgCys and
CH3;HgGlu. While demethylation of MeHg occurs both photochemically and
microbiologically, MeHg is known to resist chemical demethylation (Fitzgerald et al.,
2007) and the only known chemical demethylation pathway is via Reaction (5.4) (Craig

and Bartlett, 1978). If the resulting HgS(s) is precipitated out from the solution, it would
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decrease the Hgr concentration in the solution and would not likely produce a HPLC-
ICPMS peak as shown in Fig. 5.4. The observations that the Hgr concentration remained
constant and that there was a HgX peak in the chromatograms suggest that if HgS were
the demethylation product it would have stayed in solution. This is indeed possible, as
thiols such as CSH and GSH could act as a stabilizing agent preventing the HgS and
HgSe nanoparticles from aggregation into precipitates (Gailer et al., 2000; Khan and
Wang, 2009b). Formation of HgSe from the decomposition of MeHg-selenoamino acid
complexes has recently been reported (Khan and Wang, 2009a).

The effect of ionic strength is very likely via Reactions (5.2 and (5.3), where
occur the desulphurization by the presence of NaNOj, chemical used to adjust the ionic
strength. Sodium is one of the major elements found in seawater. The ionic strength
apparently plays a major role on decomposition on CH3;HgCys and CH3;HgGlu, being a
catalyst of desulfurization by reaction with alkali metals, according to a S-elimination

mechanism (Nicolet, 1931; Walter et al., 2006).

5.4 Conclusion

This study confirms the earlier finding that CH3HgCys resists to chemical
decomposition in distilled water. However, rapid decomposition occurs for both
CH3;HgCys and CH3HgGlu with increasing ionic strength. Therefore, markedly different
stabilities of CH3;HgCys and CH3;HgGlu are expected in freshwater, seawater, and
biological systems. In freshwater where I is typically less than 0.01 M, the half lives of
CH3;HgCys and CH3HgGlu are expected to be in the order of several days and several

months, respectively. In contrast, CH;HgCys and CH3HgGlu are not stable in seawater
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where I = 0.7 M; the half-lives are in the order of hours and days, respectively.
Intermediate half lives are expected for CH3HgCys (12 hr) and CH3HgGlu (120 hr) at the
physiological pH (7.4) and ionic strength (0.16 M). As CH3HgCys is thought to be the
main MeHg species responsible for the neurotoxicity of MeHg, its decomposition is
expected to decrease the toxicity of MeHg. A better understanding of the kinetic stability
of CH3HgCys and CH3HgGlu will thus shed new light on the metabolic processes of
MeHg and its detoxification strategies. Further studies are, however, warranted to probe
the mechanism for the strong dependence on ionic strength, as well as the identity of the

unknown species Ul.

84



Chapter 6. Conclusions
6.1 Objectives Achieved

As described in Chapter 1, the objectives of this research project were to 1)
synthesize and characterize CH3;HgCys and CH3;HgGlu compounds; 2) develop an
analytical method to speciate CH3;HgCys and CH3HgGlu complexes; 3) apply this new
method to speciate MeHg complexes in biological tissues; and, 4) study the kinetic

stability of CH3;HgCys and CH3HgGlu under various conditions.

As described in Chapter 2, CH3HgCys and CH3;HgGlu were synthesized and the
purity and structures were confirmed by elemental analysis, 'H NMR, X-ray
crystallography (CH3HgCys only), and ESI-MS. The structural analysis demonstrated the
1:1 stoichiometric ratio between MeHg and the respective thiol (CSH and GSH). The
molecular structure of CH3HgCys was re-established demonstrating the location of all
hydrogen atoms; an angle of C-Hg-S was also found more linear than previous reported
by Taylor et al. (1975). ESI-MS study demonstrated how the fragmentation pathway
might happen up to the demethylation of both CH3HgCys and CH3;HgGlu.

With the availability of these two compounds, a new HPLC-ICPMS analytical
technique was successfully developed which was capable of speciating CH3;HgCys and
CH3HgGlu, as well as CH3;HgX and HgX (X=OH’, CI'), in aqueous solutions (Chapters 3,
and 5) and in a fish muscle sample (Chapter 4). The speciation of the proposed species
plus CH3HgX and HgX was achieved due to the use an organic modifier with mild

affinity with Hg with detection limit at sub-micromolar level.
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To apply the MeHg speciation method for biological samples, a new enzymatic
hydrolysis method was developed. The techniques were then applied for determining
MeHg speciation in a fish muscle sample which provided the first analytical evidence for
the presence and dominance of CH3;HgCys in biological samples. The success of the
trypsin application to extract MeHg bound to amino acid shows the importance of a mild
digestion for effective speciation of MeHg-thiols in biological tissues. The SEC
technique provided further insight into the molecular weight distribution of free and
bound CH3HgCys in the fish muscle sample.

The kinetic stability of CH3;HgCys and CH3;HgGlu as reported in Chapter 5,
demonstrated a significant effect of ionic strength on the kinetic stability of MeHg-thiol
complexes. For CH3HgCys only, at the lower ionic strengths tested, 0.001 M and 0.10
M, an intermediate species was observed, whereas the higher ionic strength showed no
intermediate. Of the two lower ionic strengths, a greater presence was observed at the
0.001 M. MeHgX and HgX species were the decomposed species detected for CH;HgCys
and CH3HgGlu at I >0.10 M, suggesting that both CH3;HgCys and CH3;HgGlu are
unstable in sea water with probable half lives of hours and days, respectively. In contrast,
in freshwater, where I is typically less than 0.01 M, the half lives of both CH3;HgCys and
CH3HgGlu are in the order of several days and several months, respectively. Both
decomposed species (MeHgX and HgX) detected on kinetic stability study agree very
well with what was demonstrated by ESI-MS through their fragmentation pathways for
both CH3;HgCys and CH3;HgGlu. CH3;HgGlu demonstrated to have higher level of
demethylation than CH3;HgCys, what is in accordance with the literature, suggesting that

GSH acts as detoxifier for MeHg.
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6.2 Novelty and Significance of the Findings

The most novel and significant result from this thesis research is the development
of the first quantitative analytical technique for determining MeHg speciation in aqueous
solutions and in biological samples. This makes it possible to move beyond “total MeHg”
toward a molecular understanding of the cycling and toxicity of MeHg. This work is
expected to contribute significantly in the study of metallomics of Hg and MeHg.

The dominance of CH3HgCys in fish muscle is of particular interest in the context
of human exposure and uptake of MeHg. Due to its structural similarity with methionine,
CH;HgCys has been shown to be transported across BBB by the LAT1 transporter
resulting in neurotoxicity (see Chapter 1). The finding that MeHg in the fish muscle is
predominately in the form of MeHgCys suggests that almost all the MeHg in the fish
muscle could be potentially neuro-available to predators including humans, though
speciation change is possible during metabolic processes. Although extensive studies
have been carried out on the toxicity of Hg and MeHg, molecular understanding has been
very limited. The method developed in this thesis opens up the opportunity to start to
unveil molecular-level mechanisms of toxicity. As mentioned in Chapter 1, CSH and
GSH are the two most abundant sulthydryl amino acids and they likely hold the key to
the metallomics of MeHg.

The rapid decomposition of both MeHg-thiols at high ionic strengths observed
during the kinetic stability studies (Chapter 5), particularly for CH;HgCys, leads us to
consider how CH3;HgCys and CH3HgGlu would behave inside biological systems. This

sparks interest in the study of in vivo kinetic stability of mercury-thiol compounds in
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body fluids. As neurotoxicity of Hg has been attributed to CH3;HgCys, a better
understanding of the kinetic stability of CH3;HgCys and CH3HgGlu will shed new light

on the metabolic processes of MeHg and its detoxification strategies.

6.3 Lessons Learned

One of the first things I learnt from this thesis research was that “lessons” learned
from most organometallic compounds do not apply to MeHg. Since I was the first to
develop analytical techniques for MeHg speciation, the only literature I could access was
for other “similar” organometallic compounds. They all turned out to be poor surrogates.
For example, several extraction and analytical methods have been published on selenium
complexes with amino acids (Amoako et al., 2007; Biera et al., 2008; Bird et al., 1997;
Encinar et al., 2003; Encinar et al., 2004; Larsen et al., 2001; Leon et al., 2000); I tested
them in the lab extensively and all of them failed for MeHg.

The inability of obtaining CH3HgGlu in a crystal form left a gap on its structural
characterization. However, the powder form I obtained is one step further from the syrup
form obtained by an earlier study (Neville and Drakenberg, 1974), and has been
successfully used as a standard material for the subsequent studies. It remains unknown
whether CH3HgGlu could be purified in a crystal form.

Another lesson learnt was in the study of the kinetic stability of MeHg-thiol
complexes. The darkness vs. light experiment was done at very low ionic strength which
turned out not to be the best condition for the study of the kinetic study, as both

compounds were quiet stable at low ionic strength.
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My original plan was to further integrate HPLC with ICP-MS and ESI-MS.
However, due to the extensive effort on the HPLC-ICPMS method and due to the
insufficient detection limit of ESI-MS in this study, the coupling of HPLC-ICPMS/ESI-

MS remains to be developed further.

6.4 Future Perspectives

One of the major challenges in the study of cycling, speciation, and toxicity of
MeHg has been the lack of sensitive analytical techniques to measure specific MeHg
compounds. The development of the first MeHg speciation method from this thesis work
has closed this gap and is expected to open many new opportunities for the study of
environmental chemistry and metallomics of Hg and MeHg, including, but not limited to:
1) Further improvement in detection limits to allow for direct measurement of
MeHg speciation in natural waters, (total MeHg is found around 0.5 pM in
aqueous system) and interfacing with ESI-MS for simultaneous isotopic and
molecular speciation. This further improvement would lead us to clarify
which MeHg species would be formed in the environment where mercury
methylation occurs;
2) Further integration with ESI-MS for simultaneous isotopic and molecular
identification and determination of MeHg in biological samples;
3) MeHg dynamics in aquatic ecosystems: using the method to investigate the
MeHg speciation in different trophic levels of the aquatic ecosystems (e.g.,

phytoplankton, zooplankton, fish, and mammals). Such study would provide
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4)

5)

6)

7)

unprecedented information on the uptake, biomagnification and toxicity of
MeHg in aquatic ecosystem;

Study the MeHg speciation in other matrices such as plants and aliments (e.g.,
rice). The latter is of particular importance as they could be an overlooked
exposure pathway of MeHg to humans;

Update the toxicological modeling studies. Toxicological thresholds of MeHg
so far have been based exclusively on MeHgCl and MeHgOH. Given their in
vitro and in vivo occurrence and toxicological relevance, MeHg-thiols are
perhaps better suited as toxicological surrogates for MeHg;

Metallomics of MeHg, particularly the metabolic pathways and detoxification
of MeHg in biological systems. The knowledge of how mercury is transported
within an organism and the specific chemical forms present within a specific
tissue would shed new light on molecular understanding of and solution for
MeHg toxicity;

Interaction of MeHg with selenoamino acids: The method could be potentially
extended for the analysis of MeHg complexes with selenoamino acids as well,
which would provide a powerful analytical tool for the study of Hg-Se
antagonism, and in the development of Se-based detoxification strategies for

Hg and MeHg poisoning.
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Appendix 1.
The following figure shows the selection of various product ions for CH;HgCys
parents ion (m/z=338) under different voltages for positive mode on Agilent 6410 Triple

Quad LC-MS.

) .

Figure Al — Product ions setting for CH;HgCys on positive mode

x10 2 + Product lon (2.528,
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Appendix 2

The following figure shows the selection of various product ions for CH3HgGlu parents ion (m/z=524) under different voltages

for positive mode on Agilent 6410 Triple Quad LC-MS.

=

Figure A2 — Product ions setting for CH;HgGlu on positive mode
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Appendix 3

Optimal parameters (transition, fragment voltage, and collision energy voltage)
for quantifying CH3HgCys and CH3;HgGlu under both positive and negative modes using
Agilent 6410 Triple Quad LC/MS.

Table Al — ESI-MS parameters for CH;HgCys and CH3;HgGlu in both positive and
negative modes

CH3HgCys (+ev)

Transition Fragment (V) Collision Energy (V)
m/z =338 - 321 (quantifier) 70 2

m/z =338 - 317 (qualifier) 70 25

m/z=338-119 70 10

CH3HgCys (-ev)

Transition Fragment (V) Collision Energy (V)
m/z =336 - 249 (quantifier) 60 10

m/z =338 - 234 (qualifier) 60 20

CH3HgGlu (+ev)

Transition Fragment (V) Collision Energy (V)
m/z =524 - 395 (qualifier) 100 5

m/z =524 - 378 (quantifier) 100 10

CH3HgGlu (-ev)

Transition Fragment (V) Collision Energy (V)
m/z =522 -272 (qualifier) 100 10

m/z =524 - 243 (quantifier) 100 20




Appendix 4

This graph is part of the HPLC-ICPMS method optimization described in Chapter

3. The influence of HPLC flow rate with two types of nebulizers (quartz and PFA) on

CH;HgClys.

1.6

—&— MeHgCys (quartz neb.)
1.4 1 —A— MeHgCys (PFA-ST neb.)

Relative intensity

02 T T T T T T T T
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

Flow Rate (mL min’l)

Figure A3 — Normalized signal obtained with different nebulizers for CH3;HgCys

analysis by HPLC-ICPMS
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Appendix 5.

This graph is part of the HPLC-ICP-MS method optimization as described in
Chapter 3, showing how ICP-MS plasma power affects the intensity of Hg species. 1400

W was deemed to be the optimal RF power.
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Plasma Power

Figure A4 — Normalized signal obtained on influence of RF power on the intensity of Hg

species by HPLC-ICPMS
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Appendix 6.

Comparison of CH3HgCys decomposition during a 30-day experiment under
light. CH3;HgCys demonstrated a) decomposition to 3 unknown species (U1, U2, and U3)
at [= <0.001 M at pH = 5. When the condition is changed to b) higher ionic strength was
observed CH3HgX, HgX, with Ul in much lower level, and U2 and U3 disappeared at [=
0.10 M at pH = 7.5. HgX peak increased over time.

8.0 CH,HgCys 0 hr
6.0 4 a — 72hr
—— 624 hr
4.0 Ul — 696 hr
09 1
w
a
Q
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>
= 0.6
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7 8 9 10 11 12
Time (min)
8.0
CH,HgCys
— Ohr
— 24hr
604 b —— 48hr
— 72hr
— 96 hr
@
)
o 40 CH,HeX
”
z
2}
<)
2
A=

Time (min)
Figure A5 — Chromatograms of the CH3;HgCys solution after various times of exposure

to white light. at a) pH = 5.5, 1=<0.001 M, and b) pH=7.5,1=0.10 M,
T=22°C
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Appendix 7.

Comparison of CH3;HgGlu decomposition during a 30-day experiment in light.
CH3HgGlu demonstrated a) decomposition to 1 unknown species (U4), CH3;HgClys,
CH;HgX, and HgX at I= <0.001 M at pH = 5.5. When the condition is changed to b)

higher ionic strength only CH3;HgX and HgX were observed. HgX peak increased over
time.

CH,HgGlu
300, - — 1hr

— 72hr
2.5 1 — 624 hr

Intensity 1o’ cps)

Time (min)

2.5

CH;HgGlu

Intensity (103 cps)

Time (min)
Figure A6 - Chromatogram of the CH3;HgGlu solution after various times of exposure to

white light at @) pH= 5.5, I=<0.001 M, and b) pH=7.5,1=0.10 M,
T=22°C
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