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Abstract 

The biogenic methylation of inorganic, divalent mercury (Hg(II)) by methylating microorganisms 

leads to formation and bioaccumulation of monomethyl mercury (MeHg) in the environment and can 

cause severe damage to ecosystems and human health. Diverse microorganisms carry the gene 

sequence hgcAB and are able to methylate Hg(II) intracellularly. The interplay of biological, chemical 

and physical parameters is driving mercury (Hg) transformation by microorganisms. The chemical 

speciation of Hg(II) with thiol compounds, both with dissolved low molecular mass (LMM) thiols and 

thiols present on microbial membrane surfaces, is one key factor for Hg availability and 

transformation. In this work the role of thiol compounds with respect to Hg speciation, uptake and 

transformation was studied by the iron-reducing model organisms Geobacter sulfurreducens. The 

turnover of dissolved thiols and the role of outer and inner membrane thiols was studied with novel 

experimental strategies.  

In Paper I and II the formation of thiol compounds was studied under varying nutrient conditions. It 

was shown that the formation of LMM-thiol compounds was impacted by divalent iron, Fe(II). 

Furthermore, we showed the turnover of the small LMM-thiol cysteine to the branched LMM-thiol 

penicillamine, which was further amplified by the addition of exogenous cysteine or nutrients. This 

turnover of small to branched LMM-thiols impacted the Hg(II) speciation in methylation assays and 

the relative contribution between cysteine and penicillamine was important for Hg(II) availability, 

uptake and methylation. In addition, the partition of Hg(II) between the cell-adsorbed and dissolved 

phase was shifted towards the latter at higher LMM-thiol concentrations. Nutrient concentrations 

impacted cell physiology due to a shift to an active metabolism and a faster metabolization of 

LMM-thiols. We concluded that the interplay between thiol metabolism, Hg(II) speciation and cell 

physiology are key parameters for Hg(II) methylation by G. sulfurreducens. In Paper III The outer 

and inner membrane was characterized independently by two X-ray absorption spectroscopy 

techniques. The determination of the Hg speciation by both X-ray absorption spectroscopy techniques 

showed coherent results for both the outer and inner membrane of G. sulfurreducens. The 

concentration of thiol membrane groups was higher on the inner compared to the outer membrane. 

The differences between the outer and inner membrane suggested that thiol concentration and Hg 

coordination environment likely impact the Hg(II) internalization. The role of membrane thiols for 

Hg(II) uptake and transformation was further investigated in Paper IV by selectively blocking these 

functional groups. Partitioning and uptake of Hg was not affected by blocking the outer and inner 

membrane thiols of whole cell and spheroplast samples, respectively. However, the Hg(II) 

methylation was decreased by blocking thiols at the outer membrane, but no effect was observed by 

blocking thiols at the inner membrane. Blocking of membrane surface thiols changed the physiology 

in whole cells but not in spheroplasts. This result suggested weaknesses of the applied blocking 

approach. In addition, Hg(II) reduction was studied on the outer and inner membrane and showed 

the formation of liquid and gaseous elemental Hg, Hg(0), in Paper III and IV, respectively.  

Overall, this work showed the central role of dissolved and cell-associated thiol compounds for Hg(II) 

uptake and the transformation reactions. Herby, concentration, compositions and distribution of 

thiols are crucial and impact the Hg(II) speciation, partitioning, uptake and availability for Hg(II) 

methylation and reduction. In addition, cell physiology is impacting the methylation potential and the 

turnover of LMM-thiol compounds. The role of membrane surface thiols for Hg(II) uptake was not 

fully identified, however such thiols were for the first time characterized selectively for the outer and 

inner membrane by X-ray absorption spectroscopy. 
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Sammanfattning på svenska  

Biogen metylering av oorganiskt, divalent kvicksilver (Hg(II)) förekommer i specifika 

mikroorganismer och leder till bildning och bioackumulering av monometylkvicksilver (MeHg) i 

miljön som kan orsaka allvarliga skador på ekosystem och människors hälsa. Vissa mikroorganismer 

bär på gensekvensen hgcAB och kan via dessa gener metylera Hg(II) intracellulärt. Metyleringen drivs 

av ett komplext samspel mellan biologiska, kemiska och fysikaliska parametrar. Kemiska komplex av 

Hg(II) (speciering) med tiolföreningar, både lösta tioler med låg molekylmassa (LMM) och tioler som 

finns på mikrobiella membranytor, är en nyckelfaktor för att förstå kvicksilvers (Hg) tillgänglighet 

och transformationsprocesser. I denna avhandling har tiolföreningarnas roll studerats med avseende 

på Hg-speciering, upptag och transformationer i den järnreducerande bakterien Geobacter 

sulfurreducens. Omsättningen av lösta tioler och betydelsen av tioler på ytan av de yttre och inre 

cellmembranen har studerades med nya experimentella strategier. 

 

I manuskript I och II studerades bildningen av tiolföreningar under varierande näringstillstånd. 

Resultaten visade att bildningen av LMM-tiolföreningar påverkades av divalent järn, Fe(II). Vidare 

visade vi att cystein, en LMM-tiolförening med liten storlek och enkel kemisk struktur, omvandlas till 

penicillamin, en LMM-thiolförening med mer ”grenad” kemisk struktur. Process förstärktes 

yterliggare genom tillsats av exogent cystein eller andra näringsämnen. Omvandlingen från liten till 

grenad LMM-tiol påverkade Hg(II)-specieringen i metyleringsexperiment och den relativa 

fördelningen mellan dessa tioler visade sig vara viktig för tillgänglighet, upptag och metylering av 

Hg(II). Dessutom skiftades fördelningen av Hg(II) mellan den celladsorberade och lösta fasen mot 

den senare vid högre koncentrationer av LMM-tioler. Halterna av näringsämnen påverkade 

cellfysiologin och ökade cellmetabolismen vilket ledde till en snabbare nedbrytning av LMM-tioler. 

Vi drog slutsatsen att samspelet mellan tiolmetabolism, Hg(II)-speciering och cellfysiologi är 

nyckelparametrar för Hg(II)-metylering av G. sulfurreducens. Det yttre och det inre membranet 

karaktäriserades separat i manuskript III genom två olika tekniker baserade på 

röntgenabsorptionsspektroskopi. Bestämningen av Hg-specieringen med båda teknikerna för 

röntgenabsorptionsspektroskopi visade överensstämmande resultat för både det yttre och det inre 

membranet hos G. sulfurreducens. Koncentrationen av membranbundna tiolgrupper var högre på det 

inre jämfört med det yttre membranet. Skillnaderna mellan det yttre och det inre membranet tyder 

på att tiolkoncentration och koordinationsmiljön för Hg(II) sannolikt påverkar Hg(II)-upptaget. 

Membrantiolers roll för Hg(II)-upptag och omvandling undersöktes ytterligare i manuskript IV 

genom att selektivt blockera dessa funktionella grupper. Fördelning och upptag av Hg påverkades inte 

av blockering av de yttre och inre membrantiolerna. Hg(II)-metyleringen minskade när tioler på det 

yttre membranet blockerade men inte vid selektiv blockering av tioler på det inre membranet. 

Blockering av membrantioler förändrade fysiologin i hela celler men inte i sfäroplaster. Detta resultat 

antydde begränsningar i den tillämpade blockeringsmetoden. Även Hg(II)-reduktion studerades på 

det yttre och inre membranet och reslutaten visade bildningen av både flytande och gasformigt 

elementärt Hg, Hg(0), i manuskript III respektive IV. 

 

Vårt arbete visade att lösta och cellbundna tiolföreningar spelar en central roll för upptag och 

transformationsreaktioner av Hg(II). Koncentration, sammansättning och fördelning av 

tiolföreningar har stor påverkan på specieringen, fördelningen och cellupptaget av Hg(II) och därmed 

för tillgängligheten av Hg(II) för metylering och reduktion. Dessutom påverkar cellfysiologin 

metyleringspotentialen och omsättningen av LMM-tiolföreningar. Tioler på membranytor 

karaktäriserades för första gången selektivt för det yttre och inre membranet genom 

röntgenabsorptionsspektroskopi, även om deras fullständiga funktion för cellupptag av Hg(II) inte 

bestämdes.  
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Thesis at a glance 

Paper I Metabolic turnover of cysteine-related thiol 

compounds at environmentally relevant 

concentrations by Geobacter sulfurreducens 

Objective • Investigate the time-dependent response of thiol turnover 
linked to the growth state 

• Effect of essential and toxic trace metals on thiol turnover 

• Effect of exogenous thiols on metabolic turnover of thiols 

Experimental set-up • Alterations of growth medium and assay buffer 
composition 

• Exposure to Fe(II) and Hg(II) 

• Monitoring extra- and intracellular thiol compounds 

• Trace isotopically labeled exogenous thiols  

Main findings • Control of thiol formation and excretion linked to growth 
state and external condition 

• Iron dependent thiol formation 

• Di-methylation of cysteine to penicillamine 

 

Paper II The combined effect of Hg(II) speciation, thiol 

metabolism and cell physiology on methylmercury 

formation by Geobacter sulfurreducens 

Objective • Examine the effect of endogenous and exogenous thiols 
on time-dependent changes of Hg(II) speciation and their 
impact on Hg(II) methylation 

• Impact of cell physiology on Hg(II) methylation 

Experimental set-up • Hg(II) methylation assays under altering nutrient load 
with endogenous and exogenous thiol addition 

• Monitor Hg species 

• Monitor cell physiology 

• Thermodynamic and kinetic modelling 

Main findings • Short term: Thiols enhance dissolved Hg(II) fraction and 
Hg(Cys)2 complexes enhance MeHg formation 

• Long term: Thiol turnover from small to branched 
Hg(RS)2 complexes lead to stalled MeHg formation  

• Nutrient addition enhances MeHg formation and 
physiology of cells 
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Paper III Determination of mercury speciation and thiol 

concentration on the outer and inner membrane of 

Geobacter sulfurreducens by EXAFS and 

HERFD-XANES 

Objective • Investigate the Hg speciation on the outer and inner 
membrane surface of G. sulfurreducens by EXAFS and 
XANES 

• Determine the membrane surface thiol concentration of 
the outer and inner membrane 

Experimental set-up • Hg titration of whole cells (outer membrane) and 
spheroplasts (inner membrane) under starved assay 
condition (no electron donor or acceptor) 

• Examine membranes by X-ray absorption spectroscopy: 
EXAFS and HERFD-XANES 

Main findings • Coherent Hg speciation result by EXAFS and HERFD-
XANES  

• Membrane surface thiol concentration higher on the 
inner membrane compared to the outer membrane 

• Liquid Hg(0) formation 

 

Paper IV The role of outer and inner membrane surface thiols 

on Hg(II) uptake, methylation and reduction by 

Geobacter sulfurreducens 

Objective Study the mechanistic role of outer and inner membrane 
surface thiol functional groups on: 

• Hg partitioning 

• Hg(II) uptake and methylation 

• Hg(II) reduction 

Experimental set-up • Blocking of outer (whole cell) and inner membrane 
(spheroplast) surface thiols 

• Cell wash and sample purging 

• Monitor Hg partitioning and species 

• Monitor cell physiology 

Main findings • MeHg formation higher for whole cells compare to 
spheroplasts 

• Formed MeHg remain cell-associated 

• Hg(0) formation independent of membrane surface thiols  

• Blocking of membrane surface thiols alter cell physiology 
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Definitions 

Availability – In this thesis, a mercury (Hg) molecule, which is internalized across the 

cell membrane and intracellular methylated. Overall, availability of metals in the 

environment is impacted by their concentration, speciation, partitioning, pH, redox 

potential, and organic matter content.1, 2 

Cell-associated – The sum of Hg, that is adsorbed to the cell membrane and in the peri- 

and cytoplasm of the cell.  

Cell physiology – In general the understanding of the principle of cellular reproduction.3 

In this thesis the term cell physiology is globally used and comprises cell number changes, 

biochemical composition and/or cell viability.  

Low molecular mass thiols – Small organic molecules (≤1000 Dalton) containing a 

thiol functional group (-SH), which are highly reactive molecules, controlling redox 

homeostasis in cells.4-6  

Metabolites – A molecule that is a substrate, product, or essential component of a 

metabolic reaction, which is an end- or by-products of a metabolic pathway.7 

Partitioning –The distribution of Hg among the dissolved, cell-adsorbed, intracellular 

and gaseous phases. In this case, the partitioning between the phases refers to a dynamic 

system and not to an equilibrium state.  

Speciation – The “distribution of an element among defined chemical species in a 

system”, where the chemical species is specified as the “specific form of a chemical element 

defined as to isotopic composition, electronic or oxidation state, and (or) complex or 

molecular structure”.8  

 

  



 

viii 
 

Abbreviations 

ATR-FTIR Attenuated total reflectance Fourier transform infrared spectroscopy 

Cl- Chloride 

-COOH Carboxyl group 

Cys L-cysteine (chemical formula: C3H7NO2S) 

CysN Cysteamine (chemical formula: C2H7NS) 

DOM Dissolved organic matter 

EDTA Ethylenediaminetetraacetic acid 

ESI Electro spray ionization 

EXAFS Extended X-ray absorption fine structure 

ext exterior 

Fe(II) Divalent iron 

GC Gas chromatography 

GSH Glutathione 

Hg Mercury (all species) 

Hg(0) Elemental Hg (gaseous or liquid) 

Hg(II) Divalent, inorganic Hg 

HgS Mercury sulfide 

HERFD High-Energy-Resolution-Fluorescence-Detected 

IDA Isotope dilution analyses 

ICP-MS Inductively coupled plasma mass spectrometry 

kmeth Rate constant for Hg(II) methylation 

LC-MS/MS Liquid chromatography tandem mass spectrometry 

LCF Linear combination fitting 

LMM Low molecular mass 

LOD Limit of detection 

log K Equilibrium constant 

M Molar concentration, mol L-1 

MeHg Monomethyl mercury (chemical formula: CH3Hg) 

Mem Membrane (outer or inner) 

N2 Nitrogen (gaseous or liquid) 

-NH2 Amine group 

NOM Natural organic matter 

-OH Hydroxyl group 

PBS Phosphate buffer saline 

PEN D-Penicillamine (chemical formula: C5H11NO2S) 

PHMB 4-(hydroxymercuri)benzoate acid sodium salt (chemical formula: C7H5HgNaO3) 

qBBr Monobromo(trimethylammonio)bimane bromide (chemical formula: 
C13H19Br2N3O2) 



 

ix 

R Rest of a molecule consisting of a group of carbon and hydrogen atoms any size 

RO/N Rest of molecule with oxygen (-OH, -COOH) or nitrogen (NH2) functional group 

-SH Thiol group 

SPE Solid phase extraction 

XANES X-ray absorption near edge structure 

XAS X-ray absorption spectroscopy 
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Introduction 

Mercury in the environment 

Mercury (Hg) is one of the top ten chemicals of major public health concerns according to 

the World Health Organization.9 It is the heavy metal with the highest toxicity.10 Hg 

exposure to humans occurs predominantly through the consumption of food like fish and 

rice.11-13 Hg pollution is spread across the whole globe, including in highly remote areas.14, 

15 The main sources for Hg pollution are anthropogenic origin with ~80% of the global 

input dominated by gold mining, coal combustion and cement production.16 Natural 

sources are contributing with ~20% to the global Hg emission including volcanic activity 

and weathering of rocks.16 The earth’s crust contains on average 0.085 ppm Hg.17 The 

release of Hg from anthropogenic or natural sources is either in the form of gaseous 

elemental Hg (Hg(0)) or by inorganic divalent Hg (Hg(II)).18 Anthropogenic releases of 

other Hg forms, like organometallic Hg has occurred for example through chemical 

accidents and usage of Hg containing compounds in agriculture.19-21  

The first described environmental Hg pollution by a point source occurred in the 1950s at 

the Minamata bay in Japan by a chemical company.19 This dramatic accident caused severe 

Hg poisoning of thousands of people through the consumption of MeHg-containing fish 

and shellfish and consequently led to an increased mortality.22, 23 In the beginning of the 

20th century, mercury became a popular fungicide due to its high efficiency in controlling 

microorganism growth.24-26 In Sweden, the intensive use of Panogen, a Hg-containing 

seed-dressing pesticide, had severe mass mortality effects on the seed-eating bird 

population in the 1950s.21 Moreover, in the 1950s and 1960s extensive emission of Hg by 

chlor-alkali plants and by metal production to the atmosphere led to extensive Hg 

pollution of the terrestrial and aquatic ecosystem in Sweden.20 In 1966 Hg-containing 

pesticides were restricted in Sweden27 and since 2009 the use of Hg and Hg-containing 

products is banned.28 Moreover, the severe effects of Hg on human health and ecosystems 

led to a global goal to protect humans and ecosystems from Hg exposure. This resulted in 

developing the international document “Minamata convention on Mercury” in 2013 and 

128 states signed the agreement.29 It is a leading document for the global ban of hazardous 

chemicals.  

Since the mid-20th century scientists have focused on understanding the complex 

biogeochemical cycling of Hg in the environment (Figure 1).30 The physiochemical 

properties of Hg are unique as reflected by the low melting and boiling point.31 The 

electronic configuration of Hg is with a filled d and f orbital and due to its weak interaction, 

it is the only liquid metal at room temperature.31 The three oxidation states of Hg are: 0, 

+1 and +2 and Hg occurs in different forms: elemental as Hg(0), either gaseous or liquid, 

inorganic as Hg(II) or Hg(I) (metastable) and organic as e.g., monomethyl mercury 

(MeHg, CH3Hg+).31 The different forms are distributed in the hydrosphere, atmosphere, 

geosphere and biosphere (Figure 1).15 Transportation and deposition of Hg in the 

atmosphere and remobilization of different Hg forms in soil and sediment cause a 

continuing spread of Hg in the environment.15 The residence time of Hg(o) in the 

atmosphere is >1 year and therefore allows long-range atmospheric transport.32 Hg(II) is 
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the dominant form of Hg in soil and sediments, whereas MeHg is the dominant form in 

the biosphere.30 Both biotic and abiotic processes contribute to transformation and 

transport of Hg. Microorganisms are key transformers of Hg with reduction of Hg(II), 

methylation of Hg(II) and demethylation of MeHg.33 The biogenic formation of MeHg 

leads to bioaccumulation and biomagnification across the food web in aquatic systems and 

leads to high MeHg concentration with up to 85% of the total Hg in end predators.34-37 

Trophic transfer through the food web is more efficient for MeHg species.35, 38  Overall, the 

organometallic forms of Hg show a higher toxicity compared to inorganic Hg with a higher 

mobility and a higher bioaccumulation.39  

 

 

 

Figure 1: Key pathways of the biogeochemical transformation of Hg in the environment. Sources 

of Hg are anthropogenic or natural origin in the form of Hg(II), Hg(0) and particulate Hg (HgP). 

The biogenic Hg(II) methylation by the enzyme cluster HgcAB in anaerobic microorganisms is the 

major mechanism for MeHg formation and leads subsequently to the bioaccumulation of MeHg in 

the food web. (Created with BioRender.com) 
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The biotransformation of Hg(II) to MeHg through microorganisms is a crucial step of the 

biogeochemical cycling of Hg in the environment. The mechanistic understanding of 

Hg(II) availability, uptake and methylation in methylating microorganisms and the 

identification of its driving parameters are still not fully identified.2, 40, 41 The overall 

methylation potential of an organism is a complex interplay of various biological-, 

chemical- and physical-parameters, which are impacting Hg(II) availability, uptake and 

methylation as illustrated in Figure 2.2  

 

Figure 2: Driving biological-, chemical- and physical parameters impacting the biogenic 

methylation of Hg(II) in the environment. The available Hg(II) pool is additionally impacted by Hg 

transformation reactions like Hg(II) reduction and MeHg demethylation. 

Transformation of mercury 

Methylation of Hg(II) 

Jensen and Jernelöv first described the biogenic methylation of Hg(II) in sediments in the 

1960s.42 During the last decades, a variety of Hg(II) methylating organisms were 

identified, which are dominated by sulfate-reducers, iron-reducers, firmicutes, 

methanogens and archaea.43, 44 As major model organism for Hg(II) methylation studies, 

the sulfate-reducer Pseudodesulfovibrio mercurii ND132 (ND132, formerly classified as 

Desulfovibrio desulfuricans) and the iron-reducer Geobacter sulfurreducer are 

commonly used.43, 45-64 Since the discovery of Hg(II) methylating organisms, the 

biochemical pathway of biogenic Hg(II) methylation has been of great interest.65-70 In 

2013, Parks and co-workers identified the gene sequence hgcAB, a significant 

breakthrough for understanding the mechanism of biogenic Hg(II) methylation and to 

further identify Hg(II) methylating organisims.71 The hgcAB gene cluster consists of a 

Physiology

hgcAB expression

Nutrient availability

Microbial community

Light

Salinity

Temperature

Physical

Hg2+ MeHg

A

B

Me

pH

Solubility

Speciation

Concentration

Redox Potential

Hg transformation
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membrane associated corrinoid-binding protein HgcA, which transfers the methyl group 

to Hg(II), and a ferredoxin like protein HgcB, which transfers electrons to the HgcA 

enzyme unit.71, 72 The methylation of Hg(II) is an anaerobic process and is inhibited under 

ambient oxygen levels.72 Previously, the methylation of Hg(II) was ascribed to anaerobic 

organisms in anoxic environment, i.e. sediment or soil.43, 44 Recently organisms in the oxic 

environment were identified, which carry the gene sequence hgcAB and show the potential 

to methylate Hg(II) in oxic environments.73, 74 The gene expression of hgcAB is constitutive 

and it is not induced by Hg exposure.45, 75 In addition, field and laboratory studies showed 

that Hg(II) methylation is enhanced with increased microbial activity and biomass 

production.75-78 The physiological role of MeHg formation is unknown since its formation 

has no selective advantage towards Hg resistance.45, 71  

Abiotic methylation 

Biotic MeHg formation is the major source for MeHg in the environment.14, 15 However 

abiotic Hg(II) methylation occurs under specific environmental condition if suitable 

methyl donors are present.79 Possible methyl donors are methyl iodide, dimethylsulfide, 

fluvic and humic acids and organometallic compounds like methyl cobalamin.39, 79 The 

abiotic transfer of a methyl group onto Hg(II) in the environment is dependent on pH, 

temperature, and available complexing agents.79 Overall, the contribution of abiotically 

formed MeHg in the environment is of minor importance.39, 80 

Demethylation of MeHg 

In parallel to MeHg formation, demethylation of MeHg occurs via abiotic and biotic 

mechanisms in the environment. The most efficient biotic demethylation mechanism is 

via the mer operon system. The mercury resistance gene merAB detoxifies Hg(II) or MeHg  

into the relatively inert volatile Hg(0) form through reduction.81-83 It is the only known 

large-scale Hg detoxification system in microorganisms and it is not linked to the hgcAB 

gene cluster.84 The mer-operon system is predominantly present in aerobe 

microorganisms.84 As an additional demethylation mechanism by microorganism the 

oxidative demethylation is known.85 Moreover, abiotic demethylation by photochemistry 

at a wavelength between 200-400 nm has been described, and this is the dominating 

demethylation process in surface waters.86, 87 

Reduction of Hg(II) 

Transformation of Hg(II) to Hg(0) also occurs though biotic and abiotic mechanisms. 

Biotic Hg(II) reduction by microorganisms occurs either via the mer-resistance operon or 

via cytochromes. In microorganisms with the mer-resistance operon, Hg(II) uptake and 

reduction occur via the merT and merA operon, respectively, and are highly efficient in 

contaminated sides.81, 88-90 Hg(II) reduction via cytochromes was shown in the model 

organisms G. sulfurreducens and is linked to outer membrane cytochromes, and deletion 

of five dominant outer-membrane c-type cytochromes decreased the formation of Hg(0).57, 

60 Moreover, a variety of algae show the potential to reduce Hg(II).91-93 Abiotic reduction 

of Hg(II) occurs either by photoreduction or by organic and inorganic ligands. 

Photoreduction is dependent on the intensity of ultraviolet radiation and the presence of 

ligands in surface waters.94-97 Under anoxic dark condition, Hg(II) can be reduced to Hg(0) 
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by reduced natural organic matter (NOM).98-100 Additionally, Hg(II) reduction occurs on 

sulfide and iron mineral surfaces.101-103 

Uptake of Hg(II) 

The uptake of Hg(II) across the cell membrane is a pivotal step for Hg(II) methylation. 

Microorganisms carrying the mer resistance operon are able to take up Hg(II) and MeHg 

by the merR and merT transportation system.81 However, the majority of methylating 

microorganisms do not carry the mer-resistance operon and the uptake of Hg(II) in those 

methylating organisms is linked to another mechanism.41 Overall, the molecular 

mechanism of Hg(II) internalization for Hg(II) methylating organisms is still unidentified 

and passive, facilitated and active uptake mechanisms have been discussed.40, 41, 52, 104-106 

The passive diffusion transport pathway hypothesized internalization of lipophilic, 

uncharged Hg(II) complexes in the form of dissolved Hg-sulfide complexes, 

predominantly as Hg(SH)2(aq), Hg(S)2(aq), HgCl2 or nonionized Hg(RS)2 species, across the 

cell membrane.41, 104, 105, 107-111 HgS nanoparticles are proposed to be available for 

sulfate-reducing microorganisms as shown in sediments and laboratory studies.48, 112-115 

The uptake mechanism of the sulfate-reducing model organism ND132 is assumed to be 

passive56 and follows the principle of the biotic ligand model.116, 117  

Facilitated and active uptake of Hg(II) occurs through membrane transporters.40, 41, 106  

Active uptake is energy dependent.40, 41 For the iron-reducing model organism 

G. sulfurreducens, Hg(II) uptake is ascribed to an active uptake mechanism.52, 53 In 

addition, it is suggested that metal transporters for other trace metals like Cd(II) and 

Zn(II) are used for Hg(II) uptake by G. sulfurreducens.53, 118  

The Hg(II) uptake by G. sulfurreducens is hypothesized to consist of multiple processes 

across the outer and inner membrane, shown by fractionation effects of Hg stable 

isotopes.54 It is proposed that dissolved Hg(II) is the available Hg pool for uptake and is 

internalized across the outer membrane into the periplasm, most likely as a Hg(RS)2 

complex.54. The transport into the periplasm is the rate limiting step, based on slower 

observed uptake kinetics for whole cells compared to spheroplasts (cells without the outer 

membrane) through a transporter system in G. sulfurreducens.53 The crossing of the 

periplasmic membrane is assumed to be linked to either free Hg(II) ions or Hg-cysteine 

complexes via membrane transporters.53, 54 In a last step Hg(II) dissociates from the 

transporter and Hg(RS)2 complexes are formed intracellularly and provide the Hg(II) for 

the methylation by the HgcAB enzyme cluster. However, it is not clear if Hg(II) is passing 

the outer and inner membrane as a free Hg(II) ion or if Hg(II) is complexed to ligands like 

cysteine.53, 54 Overall, the speciation of Hg(II) with low molecular mass (LMM) thiol 

compounds such as Hg(RS)2 complexes have been suggested to play an important role for 

Hg(II) uptake.49, 51, 52, 54, 114, 119-121 

Chemical speciation of mercury 

In the environment, metals occur in different physical and chemical forms: elemental 

(gaseous, solid, liquid), in minerals (solid), free dissolved cation (aqueous phase) or 
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complexed with inorganic or organic compounds (aqueous or solid phase).31 The 

distribution between divalent (Hg(II)), monovalent (Hg(I)) and elemental Hg (Hg(0)) is 

the chemical species of Hg related to the oxidation state.31 The speciation of Hg(II) is the 

composition of its different complexes, for instance HgCl2, Hg(RS)2 and Hg(SH)2, in a 

natural system.31 Chemical and biological properties of Hg are largely determined by the 

speciation, which impacts availability, uptake and consequently methylation.40, 117, 122, 123 

Hg is a class B element, soft Lewis acid, and forms stable complexes with soft Lewis bases 

like sulfur and halides or weaker complexes with OH-ligands.124 Chemical speciation of Hg 

in the environment is controlled under anoxic condition by the competition between 

reduced sulfur ligands, both organic and inorganic, like sulfides or thiols (RSH).125 

Hg(RS)2 complexes are thermodynamically more stable compared to HgCl2 or Hg(OH)2 

species.125 The thermodynamic stability constants increase in the order from 

Hg(OH)2<HgCl2<Hg(RS)2 with a log K of -6.2, 13.8 and 37-40.1, respectively.126, 127 Both 

spectroscopic and thermodynamic modelling show that two coordinated Hg(RS)2 

complexes dominate due to their thermodynamic stability compared to one coordinated 

complexes HgSR+. Moreover, under great excess of non-steric-hindered RSH compounds 

relative to Hg(II), three and four coordinated Hg(RS)3/4 complexes are formed under 

neutral and alkaline pH.31, 128 The speciation of Hg(II) is commonly determined by 

LC-ICPMS, GC-ICPMS or X-ray absorption spectroscopy.129, 130 Additionally, 

thermodynamic speciation modelling, a well-established approach, is applied to determine 

the speciation in the environment based on the thermodynamic stability constants of each 

species.31, 104, 131, 132 

Thiol compounds 

Dissolved thiols 

The speciation of Hg(II) with thiol compounds is crucial for Hg(II) availability.2, 40, 51, 52, 120 

LMM-thiols are formed and build up in the suboxic to anoxic environment, in sediments, 

hypolimnetic bottom waters, pore waters and as well in biofilms, and reach high 

nanomolar concentration.133-137 Moreover, microbial activity in anoxic sediments, in pore 

waters and in water is controlling the concentration and turnover of thiols in the 

environment.136, 138, 139  

Several studies showed that addition of LMM-thiols enhance Hg(II) uptake and 

methylation in Hg(II) methylation studies in planktonic cell assays with G. sulfurreducens 

and ND132.47, 51, 52, 119, 120, 140, 141 In particular, cysteine is one of the well-studied LMM-thiols 

in G. sulfurreducens assays and is enhancing MeHg formation in the range of 1-100 µM 

cysteine compared to controls.51, 52, 120 The mechanisms for the observed enhancement 

effects are not identified. However, several studies ascribed this enhancement effect on 

Hg(II) uptake and methylation to the high availability of Hg(LMM-RS)2 complexes.51, 52, 58, 

136 In addition, cysteine degrades to α-HgS(s) and β-HgS(s) on cell surfaces in the presence 

of Hg and high cysteine concentration (>1000 µM).121, 142 HgS and nanoparticulate HgS 

are available for sulfate-reducing microorganisms and subsequently MeHg is formed.47, 48, 

77, 114, 143 In contrast, formation of MeHg is inhibited by HgS for G. sulfurreducens.51, 120 

Overall, high thiol additions should be critically considered, since microorganisms show a 

growth-inhibitory effect for concentrations above 200 μM Cys,144 due to the redox activity 
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of thiol compounds and therefore their intracellular concentration is tightly controlled to 

prevent toxic effects.145-148 In addition to the concentration range of thiol compounds the 

composition of thiol compounds is crucial for Hg(II) availability and methylation. The 

MeHg formation by G. sulfurreducens is decreased in the presence of branched 

LMM-thiols, like penicillamine, or dissolved organic matter (DOM).52, 62, 63, 149 The impact 

of LMM-thiols on MeHg formation is organism specific since the model organism ND132 

shows enhanced methylation for both branched LMM-thiols and DOM.52, 62, 63, 149  

In a recent study, the biogenic formation of LMM-thiols in G. sulfurreducens assays were 

shown and both Hg(II) uptake and methylation was increased even at thiol concentrations 

as low as ~100 nM.120 In addition, environments like natural biofilms and wetland soils 

showed a correlation between the methylation potential and the LMM-thiol 

concentration.135-137 The Hg(II) speciation with LMM-thiol compounds could not alone 

describe the Hg(II) methylation potential in various studies and microbial activity was 

considered as an additional key factor.77, 120, 136, 150 Indeed, a correlation between 

methylation potential and metabolic activity or biomass production was observed in 

several studies.75, 77, 150 Specifically, nutrient availability and NOM composition are known 

driving parameters for enhanced methylation in the natural environment.48, 78, 150, 151 So far 

only one study investigated the relationship between metabolic activity and Hg(II) 

speciation and this study showed, that under high microbial activity the Hg(II) speciation 

is controlling MeHg formation under sulfidic conditions.77  

Previous studies focused on Hg(II) uptake and methylation in defined media composition 

with a single microbial strain51, 52, 59, 60, 120, 152 or studied Hg(II) methylation in natural 

sample environment.77, 78, 135-137, 150, 153 In several studies the combination of Hg(II) 

speciation and microbial activity is highlighted,77, 120, 136, 137 however these two factors were 

not systematic in a joint approach investigated. Overall, LMM-thiols are formed and 

accumulated in anoxic environments and determine the Hg(II) speciation. In addition, 

nutrient availability is impacting microbial activity of methylators. Both factors, chemical 

and biological, consequently impact the Hg(II) methylation potential.2 However, their 

combined effect on MeHg formation is not known and it is a crucial next step to investigate 

in a joint approach the formation and turnover of LMM-thiols, their impact on Hg(II) 

speciation, and to understand the role of microbial activity. 

Membrane surface thiols 

In addition to the chemical speciation of Hg(II) with dissolved LMM-thiols, cell-associated 

thiol groups located in cell membrane proteins impact the Hg(II) speciation, partitioning 

and uptake of Hg(II).54, 61, 103, 152, 154, 155 Cell membrane thiols compete with dissolved 

LMM-thiols and DOM compounds outside the cell for complexing Hg(II).58, 152, 155, 156 The 

thermodynamic stability constant of Hg with thiols groups of the dissolved phase and the 

cellular phase are in the same order of magnitude.155 The stability constant log K for 

Hg(NOM-RS)2, Hg(Cys)2, Hg(Cys)(NOM-RS), Hg(Cys)(Mem-RS) and Hg(Mem-RS)2 are 

in the range of 37.5 to 40.0.126, 155, 157 In contrast, Hg(II) complexes with mixed ligation 

consisting of one thiol group and one hydroxyl (-OH) or carboxyl (-COOH) group, like 

Hg(NOM-RS)(NOM-RO), Hg(Mem-RS)(Mem-RO) or Hg(OH)(RSH), show lower 

thermodynamic stability constants with log K of 26, 25.6 and 18.5, respectively.126, 155, 158 
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Since the thermodynamic constant of cell membrane and dissolved thiols are in the same 

order of magnitude, the concentration of both membrane surface and dissolved thiols are 

impacting the partitioning of Hg between the dissolved and cellular phase.52, 58, 61, 63, 152, 156, 

159 To improve the understanding of cell membrane thiols on Hg(II) uptake, the cell 

membrane thiol concentration of G. sulfurreducens was estimated by fluorescence 

spectroscopy, potentiometry and extended X-ray absorption fine structure (EXAFS).152, 154, 

155, 160 The three recent studies showed cell membrane thiol concentration between 20–

240 µmol g-1 wet mass (380–2000 µmol g-1 C).152, 154, 155  

The role of Hg(II) adsorption as a sink or source for Hg(II) uptake and methylation is 

controversially discussed.49, 54, 60, 61 Previously, availability of metals was described by a 

simplified approach, the biotic ligand model, which assumes a chemical equilibrium 

between the metal, metal complexes and the metal bound to biological surfaces.116 

However, this model failed to predict metal availability, since metal-biota interactions are 

not in equilibrium, metal adsorption is organism specific and dependent on the binding 

environment of the biological surface.117, 161 Recent studies showed the importance of both 

the metal speciation and the concentration of cell membrane thiols for metal availability.49, 

57, 60, 61, 152, 162 On the one hand, one study showed a positive relationship between cell 

membrane thiols and Hg(II) methylation60 and on the other hand Hg(II) adsorbed to cell 

membrane thiols inhibited Hg(II) uptake and methylation by decreasing the dissolved 

Hg(II) pool.49, 54, 61 Additionally, the competing process Hg(II) reduction is dependent on 

the Hg to cell thiol ratio and is enhanced by high Hg to cell thiol ratios.57, 60 A recent study 

by Thomas et al. showed, that blocking of cell membrane thiols did not decrease MeHg 

formation and Hg partitioning between the cellular and dissolved phase was not impacted, 

instead the Hg(II) methylation was only driven by the dissolved thiol concentration.152 

Especially, Hg speciation analyses by X-ray absorption spectroscopy highlighted the 

importance of the Hg coordination environment for Hg(II) uptake and methylation.152, 162 

Recent studies focused on cell surface thiols of either the outer membrane58, 60, 61, 141, 152, 154, 

163 or cell membrane fragments,155 but did not differentiate between the outer and inner 

membrane. However, several studies ascribed the uptake across the outer and inner 

membrane as two separate processes.52-54 The hypothesized uptake mechanism 

emphasized both dissolved and cell membrane thiols as crucial parameters, while 

dissolved thiols enhance Hg(II) uptake and cell membrane thiols decrease Hg(II) uptake.54  

So far, the thiol concentration and the Hg speciation of the outer membrane have been 

determined for MeHg methylating organisms.152, 154, 155, 162 Studies determined thiol 

concentration and Hg speciation on the inner membrane (spheroplast) of ND132 and 

Geobacter bemidijensis Bem and in these studies Hg(0) oxidation and demethylation 

processes were studied.55, 164 The thiol concentration and the Hg speciation on the inner 

membrane and their impact on Hg(II) availability and Hg(II) uptake is unknown for the 

model organism G. sulfurreducens. It is crucial to investigate the Hg speciation for both 

the outer and the inner membrane to further understand the role of membrane thiols on 

the inner and outer membrane with respect to Hg(II) availability and uptake.   
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Aim of this thesis 

As described in the introduction, the biogenic methylation of Hg(II) is the dominant source 

of MeHg in the environment. A broad variety of methylating microorganisms and the 

methylating enzyme cluster HgcAB have been identified. However, the specific 

mechanisms for Hg(II) internalization are not identified. In this work the purpose is to 

identify crucial biological and chemical parameters impacting Hg(II) availability and 

transformation by the iron-reducing model organism G. sulfurreducens. This thesis was 

carried out under the premise that thiol compounds are a key factor controlling Hg(II) 

speciation, uptake, methylation and reduction.  

The overall aim of this thesis is to unravel the importance of thiol compounds on Hg(II) 

speciation, uptake and transformation by the iron-reducer G. sulfurreducens. The focus is 

on dissolved thiol compounds of endogenous and exogenous origin (Paper I and II) and 

on membrane thiol compounds of the outer and inner membrane (Paper III and IV).  

The specific aims for the four projects were to investigate:  

I. the turnover of LMM-thiols under varying cell growth and assay condition.  

II. the combined effect of Hg(II) speciation with LMM-thiol compounds and the cell 

physiology on MeHg formation under varying assay condition over time. 

III. the chemical speciation of cell-adsorbed Hg on the outer and inner membrane 

and to determine the concentration of membrane surface thiols.  

IV. the role of membrane surface thiols on the outer and inner membrane for the 

internalization and transformation of Hg(II).  
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Experimental approaches 

Experimental systems 

Model organism Geobacter sulfurreducens 

G. sulfurreducens is an obligately anaerobic, iron-reducing, gram-negative, 

Thermodesulfobacteriota, which was firstly isolated and described in the 1990s from a 

petroleum-contaminated lake sediment by Caccova et al.165, 166 It is used in different 

research fields including bioremediation of environmental contaminants or electricity 

production.167-169 Among other mercury methylating organisms G. sulfurreducens is one 

major model organism for mechanistic studies on Hg(II) reduction, uptake, and 

methylation.51-54, 57, 59, 60, 62, 64, 118, 120, 170 A variety of electron-donors and acceptors can be 

used for the growth of G. sulfurreducens.75, 165, 171 Growth medium, in which the formation 

of sulfide by G. sulfurreducens is prevented,165 are preferred in mechanistic Hg(II) 

methylation studies to avoid uncontrolled formation of Hg-sulfide species.113, 120, 126 

G. sulfurreducens is an ideal model organism to study Hg(II) methylation, due to possible 

mass cultivation,172 fast Hg(II) methylation,51-53 no demethylation,50, 58 and the fact that its 

genome has been sequenced,173 mutant strains can be generated (e.g. ΔhgcAB).57, 58  

Geobacter sulfurreducens preparation 

In all experiments of this thesis, G. sulfurreducens PCA (ATCC 51573) was grown in a pH 

buffered minimum growth medium (pH=6.8) containing acetate and fumarate as an e-

donor and an e-acceptor, respectively,51 as recommended by the provider the German 

Collection of Microorganisms and Cell Cultures.174 The detailed growth medium 

composition is provided in the appendix (Table A1). Growth medium was freshly prepared 

for each experiment with Milli-Q-water (>18 MΩ.cm, Merck Millipore) in acid-clean glass 

serum vials, purged with N2, crimp sealed with butyl rubber stopper and subsequently 

autoclaved. G. sulfurreducens cells were grown to mid- or late-exponential growth phase 

(OD660=0.15-0.2), were harvested under N2 atmosphere in an anerobic glove chamber 

(Saffron Scientific Equipment Ltd.), collected by centrifugation (4000×g, 8 min, 5˚C) 

washed twice with anoxic, carbon-free assay buffer and resuspended in assay buffer. Assay 

buffers were prepared in the same manner as growth media, except that Teflon-stoppers 

were used to crimp seal the vials (assay buffer composition: Table A1). On each 

experimental day, freshly harvested G. sulfurreducens cells were used for various 

experiments as described in the following sections. Cell density was monitored in growth 

media and assay buffer by UV–vis absorption spectroscopy (UV-1201 spectrophotometer, 

Shimadzu) at a wavelength of λ=660 nm. 

Spheroplast formation 

Spheroplast assays of G. sulfurreducens were studied in Paper III and IV alongside whole 

cell assays. Spheroplast formation followed the protocol by Coppi et al.175 After successful 

spheroplast formation an additional washing step by centrifugation was added (2 times, 

15000×g, 10 min, 5˚C) with spheroplast assay buffer solution (Table A1) to reduce the 

amount of outer membrane and peptidoglycan residuals. The spheroplast formation was 
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verified by fluorescence and electron microscopy (Paper III and IV). Protein 

concentrations were measured in each spheroplast assay with the BCA protein assay kit 

(Pierce, Thermo Scientific) and used as a normalization factor (Paper IV).  

Dissolved thiols 

Paper I and II focused on the role of extracellular thiols, biogenic and exogenous origin. 

The main experiment for Paper I and II was based on the same experimental approach. 

Paper I focused on the turnover of thiols under varying conditions and Paper II focused on 

the effect of Hg(II)-speciation with dissolved thiol compounds on MeHg formation 

combined with the effect of cell physiology. The general experimental workflow of study I 

and II is illustrated in Figure 3. 

The formation of LMM-thiols by G. sulfurreducens was studied in growth medium under 

addition of varying concentrations of divalent iron (Fe(II)) (0–3.7 µM, medium 

composition: Table A1). Between inoculation and stationary growth phase, samples were 

collected for extra- and intracellular LMM-thiol analyses at multiple time points. 

The turnover of biogenic and exogenous thiols was studied in three different assay buffers: 

“standard assay”, “metabolite assay” and “nutrient assay” with increasing nutrient 

concentration. The standard assay buffer is an established assay buffer used in studies of 

Hg(II) uptake and methylation with low e-donor and e-acceptor concentrations of 1 mM 

acetate and fumarate, respectively (Table A1).51 The metabolite and nutrient assay buffer 

consist of 90% (v/v) standard assay and 10% (v/v) spent or growth medium, respectively. 

The spent medium was obtained during the late-exponential growth (OD660=0.17-0.2) 

under iron depleted growth condition with 1.5 µM Fe(II), filtered through a syringe filter 

(0.2 µm pore size, PES) and the collected filtrate was added to the assay buffer. All cell 

assays were performed in the presence of 30 nM Hg(II) (as Hg(NO3)2·H2O TraceCERT®, 

Sigma Aldrich) and exogenous addition of 0–1000 nM cysteine (L-Cysteine, ≥97%, Sigma 

Aldrich). Assays were pre-equilibrated with Hg(II), cysteine, spent medium and/or growth 

medium for ~1 h under incubation conditions (30˚C, dark). Cell assays were started by 

inoculation of washed cells to a final cell density of ~108 cells mL-1 (corresponding to 

OD660=0.02). The redox state of cell assays was observed by the color change from pink to 

clear of the redox indicator resazurin (clear color indicating a redox potential of ≤100 mV). 

The assays were incubated for 24 h at 30˚C in the dark and subsamples for total Hg, 

dissolved Hg, MeHg and dissolved LMM-thiols analyses were taken at multiple time 

points. All measured and calculated Hg fractions of Paper II are summarized in Table A2.  

For Paper I, the turnover of thiol compounds was further studied in assays with 1000 nM 

isotopically labeled L-cysteine (L-Cysteine-13C3,15N, ≥99 atom %, ≥98% (CP), Sigma 

Aldrich) and 500 nM D-penicillamine (98-101%, Sigma Aldrich). Intra- and extracellular 

LMM-thiol concentration were measured at multiple time points. A control assay without 

cells was performed by filtering a standard assay buffer after 24 h, subsequently spiked 

with isotopically labeled L-cysteine (final concentration 1000 nM) and samples were 

collected for dissolved LMM-RSH analysis at multiple time points.   
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For Paper II, the experimental approach for standard and metabolite assay as described 

above was further modified for additional experiments. G. sulfurreducens cells were 

inoculated in Hg(II) free standard and metabolite assay buffers and cells were aged for 6 h. 

Hg(II) was added at time point 6 h. In a separate experiment metabolite medium was 

added (10% v/v) after 6 h to a standard assay. Samples for MeHg, total Hg, dissolved Hg 

and dissolved LMM-thiols were collected at multiple time points. The impact of sulfide on 

Hg(II) methylation was studied by addition of sulfide below the limit of detection (120 nM) 

with a final sulfide concentration of 100 nM (Na2S×9H2O, Sigma Aldrich). Abiotic and 

biotic demethylation of MeHg was monitored by the addition of Me204Hg with a final 

concentration of 3 nM. The overall cell physiology was monitored by the changes of cell 

density over time by UV-vis and by recording ATR-FTIR spectra of the different assay 

systems at multiple time points. 

All experiments were performed in triplicates (n=3). Detailed description of sample 

analyses and data treatment is described in Instrumental analysis and Data analysis.  

 

 

Figure 3: Experimental design of Paper I and II. Incubation of growth culture and assays at 30°C 

in the dark. GM: growth medium; SA: Standard assay buffer. (Created with BioRender.com) 
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Membrane surface thiols 

In Paper III and IV, both whole cells and spheroplasts of G. sulfurreducens were studied 

to investigate the outer and inner membrane, respectively. Paper III focused on the Hg 

speciation and the concentration of surface thiols. In Paper IV, the focus was on the role 

of cell surface thiols for Hg(II) reduction, uptake, and methylation.  

Mercury speciation on the membrane surface 

Samples for EXAFS and High-Energy-Resolution-Fluorescence-Detected X-ray 

absorption near edge structure (HERFD-XANES) measurements were prepared in the 

same manner. Assay buffers were prepared as described above without the addition of the 

e-donor and e-acceptor to prevent Hg(II) uptake and methylation and to probe Hg 

speciation on the membrane surface (assay buffer composition: Table A1).52, 53 Whole cells 

and spheroplasts were incubated for 10 min with 0.28–420 µM Hg(II) (pre-equilibrated 

for ~1 h, dark, 30°C) in glass assay vials. The final Hg concentration in the sample pellet 

was 0.3–920 µmol g-1 dry mass. A sample aliquot for total and dissolved Hg analyses was 

collected from the assay vial. Whole cells and spheroplasts were collected by 

centrifugation, washed 2 times with 0.1 M NaClO4 (for spheroplasts: 0.1 M NaClO4 in 

0.35 M sucrose). Pelleted samples were immediately frozen with liquid N2 and stored 

frozen at -30°C until analysis. A subsample of the cell pellet was taken for Hg analyses with 

the direct mercury analyzer. Further description of EXAFS and HERFD-XANES analysis 

are described in X-ray absorption spectroscopy.  

Blocking of membrane surface thiols 

Blocking of cell surface thiols in Paper IV was performed with a thiol-specific brominated 

bimane compound, which was used in previous studies to determine the thiol 

concentration in dissolved organic matter and on bacteria cell surfaces.152, 154, 164, 176-182 

Monobromo(trimethylammonio)bimane bromide (qBBr, ≥90%, Sigma Aldrich) reacts 

with the thiol functional group through nucleophilic substitution, an SN2 reaction 

mechanism between the thiol and the alkyl bromide (Figure 4).177, 183, 184 Based on the 

positive charge of qBBr, it is assumed that cell membrane crossing is prevented and in 

addition qBBr is selectively reacting with thiol functional groups.164, 176, 182, 185, 186 In a 

previous study by Thomas et al. this method was firstly applied to selectively blocked cell 

surface thiols of G. sulfurreducens for Hg(II) methylation assays.152     

 

 

Figure 4: Reaction mechanism between the thiol group (RSH) and the alkyl bromine 

monobromo(trimethylammonio)bimane (qBBr) via an SN2 reaction.  
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The partitioning of Hg was studied with and without qBBr derivatized membrane surface 

thiols on whole cells and spheroplasts. Whole cells and spheroplast were prepared as 

described in Geobacter sulfurreducens preparation. Cell surface thiols were derivatized 

with an aliquot of a freshly prepared 8 µM qBBr stock solution in anoxic 5 mM PBS buffer 

and incubated in a shaking incubator (30 rpm, dark, 30˚C) for 1 h. To derivatize all outer 

or inner membrane surface thiols, samples were incubated with a four times higher qBBr 

concentration than outer or inner membrane surface thiol concentration to ensure 

blocking of all membrane surface thiol groups. The outer and inner membrane surface 

thiol concentrations were based on Paper III.187 After qBBr derivatization, whole cells and 

spheroplasts were washed twice by centrifugation (4000×g, 8 min, 5 °C and 15000×g, 10 

min, 5°C for whole cells and spheroplasts, respectively) to remove excess qBBr. Cell assays 

were started by the addition of whole cells and spheroplast to the assay vials. Prior to cell 

addition, assay buffers were equilibrated with 30 nM Hg(II) (~1h, dark, 30˚C). The final 

protein concentration was 22-45 µg mL-1 protein for whole cells and corresponding to a 

cell density of 3-4×108 cell mL-1 (OD660=0.06-0.08). The final spheroplast protein 

concentration was 15-25 µg mL-1 protein. The following seven Hg samples were collected 

after 0.5 and 4 h incubation time: total Hg, dissolved Hg, total non--purgeable Hg, 

dissolved non-purgeable Hg, total MeHg, dissolved MeHg and intracellular Hg (Figure 5). 

The dissolved Hg and MeHg samples were collected by filtration of the sample through a 

syringe filter (0.2 µm pore size, PES). Non-purgeable Hg samples were collected after 

purging the sample for 10 min with N2. The intracellular Hg samples were collected after 

washing whole cells and spheroplasts with a specific cell washing procedure for G. 

sulfurreducens according to Schaefer et al. 2011 and 2014, respectively.51, 53 Sample 

collection is illustrated in Figure 5. Based on the seven measured Hg fractions, ten Hg 

fractions were calculated for Paper IV as displayed in TableA2. All experiments were 

performed in quintuplicates (n=5). Additionally, the overall cell physiology was examined 

by fluorescence microscopy and by recording ATR-FTIR spectra of the whole cells and 

spheroplasts with and without qBBr derivatized membrane surface thiols. Details of 

sample analyses are described in Instrumental analysis. 
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Figure 5: Sample preparation scheme for thiol samples and the different Hg fractions. LMM-thiols 

were determined by solid-phase extraction liquid chromatography electrospray ionization tandem 

mass spectrometry (SPE-LC-ESI-MS/MS). MeHg was analyzed by gas chromatography inductively 

coupled plasma mass spectrometry (GC-ICP-MS) Hg, non-purgeable Hg and cellular Hg samples 

were analyzed by cold vapor inductively coupled plasma mass spectrometry (CV-ICP-MS). (Created 

with BioRender.com) 

Instrumental analysis 

LC-MS/MS 

LMM-thiol samples were immediately derivatized with 4-(hydroxymercuri)benzoate 

(PHMB) after collection, pH was adjusted to 3 with HCl and the samples were 

subsequently analyzed. Derivatized samples were not stored longer than 1 day in the fridge 

(8°C, dark) prior to analysis. The concentration of LMM-thiols was analyzed by liquid 

chromatography (Agilent Zorbax SB-C8, 2.1×100 mm, 3.5 μm) electrospray ionization 

tandem mass spectrometry (LC-ESI-MS/MS, TSQ Quantum Ultra electrospray ionization 

triple quadrupole mass spectrometer, Thermo Fisher Scientific) prior to online 

pre-concentration with solid-phase extraction (Waters, Oasis HLB, 2.1×20 mm, 15 μm) by 

selective reaction monitoring as described in Liem-Nguyen et al.188  

The method was developed for a variety of LMM-thiols present in the environment and 

showed a low LOD for samples in a complex sample matrix (e.g., growth medium) within 

the low nanomolar range.188 The reactive thiol group is derivatized with PHMB, which 

leads to a sample stability of up to one month.188 The selection of analyzed LMM-thiols 

was based on a previous study by Adediran et al. and are illustrated in Figure 6.120 Further, 
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samples were not reduced prior to PHMB derivatization to detected possible disulfides in 

the sample and only the reduced sulfide form, thiols, was analyzed.  

 

Figure 6: Molecular structure of the eight LMM-thiols analyzed by SPE-LC-ESI-MS/MS in Paper I 

and II.  

ICP-MS 

Isotope dilution analysis (IDA) techniques were used to analyze Hg and MeHg 

concentration by inductively coupled plasma mass spectrometry (ICP-MS). An isotope 

enriched 200Hg and Me200Hg standard was used for Hg and MeHg analyses, respectively. 

The 200Hg was commercial obtained (ORNL batch 185091, 96.41%, Oak Ridge National 

Laboratory, TN, USA) and Me200Hg was synthetized in-house after Snell et al. from the 
200Hg (ORNL batch 185091).189 IDA is a definitive method with an enriched isotope as an 

internal standard since it is corrected for losses and degradation of the analyte and is 

therefore a  stable method with great accuracy and precision.190, 191 One crucial aspect for 

reliable analyses is to achieve an isotope equilibrium in the sample and the usage of a 

traceable primary standard.190 The concentration of the enriched isotope standards were 

determined before their usage by reverse isotope dilution analyses. The concentration of 
200Hg and Me200Hg were determined by using a Hg analytical standard (TraceCERT®, 

1000±4 mg L-1 Hg) in nitric acid and a 1.44 mM MeHg stock solution in 0.1 M HCl 

prepared gravimetrically from MeHgCl (PESTANAL®, analytical standard, ≥98.0%), 

respectively. 

In short, for Hg analyses, samples were spiked with an aliquot of 200Hg (96.41%, Oak Ridge 

National Laboratory, TN, USA) and digested with 0.02 M BrCl for >48 h in the dark. On 

the analysis day, a small aliquot of 4.3 M NH2OH·HCl was added to the sample to remove 

excess BrCl, followed by reduction of Hg(II) with SnCl2 and analyses were performed on a 

cold vapor system (CETAC HGX-200, Teledyne CETAC Technologies) coupled to ICP-MS 

(Agilent 8900 Triple Quadrupole Inductively Coupled Plasma Mass Spectrometry, Agilent 

technologies). The method is based on the EPA method 1631E.192  

For MeHg analyses, samples were spiked with an aliquot of Me200Hg solution and digested 

with 0.6 M NaOH ~24 h in the dark (alkaline digestion adapted from Carrasco and 

Vassileva).193 On the analysis day, the sample pH was adjusted to 4.5 with 5 M HCl, 
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buffered with an aliquot of 2 M CH3COONH4, derivatized with NaB(C2H5)4, purged with 

N2 for 10 min and trapped on TENAX adsorbent. Derivatized MeHg was analyzed by 

thermal desorption (TD-100 Thermal Desorber, Markes international) gas 

chromatography (GC) coupled to ICP-MS (Agilent GC 7890B and Agilent 7700 ICP-MS, 

Agilent technologies). The method is described in detail in Lambertsson et al.194 

X-ray absorption spectroscopy 

With X-ray absorption spectroscopy (XAS) core electrons, in case of Hg of the L-shell, are 

excited.129 Herby, the element in its intact environment is analyzed without prior chemical 

treatment to prevent chemical changes.129 In general, X-ray absorption spectroscopy 

requires relatively high concentrations of the element (as compared to natural 

environmental conditions) and it is not an absolute measurement.129 An XAS spectrum 

consists of three regions: (I) pre-edge, (II) near-edge (also known as X-ray absorption 

near-edge spectroscopy, XANES) and (III) extended near-edge fine structure 

spectroscopy, EXAFS (Figure 7).129 Briefly, the three regions provide information about: 

(I) unallowed transitions, (II) oxidation state and geometry of the absorbing element and 

(III) number, type, and distance of the nearest neighbor/-s to the absorbing atom.129 In 

this study HERFD-XANES spectra were collected by measuring the Hg Lα1 fluorescence 

line.195 HERFD-XANES data were analyzed by optimizing linear combination fits (LCF) of 

pre-selected model compounds, which were characterized by EXAFS. Hg LIII-edge EXAFS 

spectra were collected as total fluorescence and analyzed by fitting ab initio models of 

known structures generating information about coordination number, CN, bond distance, 

R, and Debye-Waller factors (thermal and structural disorder), σ.  

 

 Figure 7: Mercury LIII-edge spectra illustrating the (I) pre-edge (>12250 eV), (II) XANES (12250-

12350 eV) and (III) EXAFS (12350–13000 eV) regions. The normalized EXAFS and HERFD-XANES 

spectra were obtained at the bending magnet FAME BM30 and at the FAME-UHD BM16, 

respectively. Whole cell samples were exposed to 5.3 µM Hg with a final Hg concentration of 25 and 

13 µmol g-1 dry mass for EXAFS and HERFD-XANES samples, respectively. 
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Extended X-ray absorption fine structure spectroscopy 

EXAFS measurements were performed at the bending magnet FAME BM30 and the 

undulator beamline P65 at the European Synchrotron Radiation Facility (ESRF, Grenoble, 

France)196 and at the Deutsches Elektronen-Synchrotron (HASYLAB/DESY Petra III, 

Hamburg, Germany),197 respectively. Samples and reference samples were kept frozen in 

a helium-cryostat during measurements at 15 K. At BM30 a Si(220) double crystal 

monochromator modulated the photon flux energy to a beam size of 100×300 µm2 and a 

30-element Canberra detector was used in fluorescence mode. At beamline P65 a Si(111) 

double crystal monochromator modulated the photon flux energy to a beam size of 

0.3×1.5 mm2 and a PIPS detector was used in fluorescence mode. The K-edge for selenium 

was used for internal energy calibration. Spectra were collected at the Hg LIII-edge at 

12284 eV and the range of measurement was from –200 eV below to +800 eV above the 

edge. Five to 15 spectra were recorded for each sample. Samples were monitored for 

radiation damage by comparing multiple scans at the same sample spot. No radiation 

damage was noted. Spectra were averaged by the Athena software and data reduction and 

modelling was performed by WinXAS and FEFF software programs. A detailed description 

of the data treatment procedure is found in Paper III.  

High energy-resolution-fluorescence-detected X-ray absorption near 
edge structure spectroscopy  

HERFD-XANES measurements were performed on the FAME-UHD BM16 at the ESRF. 

Samples and reference samples were kept frozen in a helium-cryostat during 

measurements at 15 K. A Si(220) double crystal monochromator modulated the photon 

flux to a beam size of 200×100µm² with an energy-resolution of ~0.6 eV. Spectra were 

collected at the Hg LIII-edge (12 284 eV) and the range of measurement was from -140 eV 

below to +420 eV above the edge. The Hg Lα1 fluorescence line was detected by twelve 

spherically bent Si(555) crystal analyzers.195 The diffracted intensity of samples and model 

compounds was measured by a Silicon Drift Detector and the reference (Au foil) by a 

Hybrid Pixel detector. An Au foil was used for calibration of the monochromator. Eight 

pre-selected reference compounds were used for fitting the normalized HERFD-XANES 

spectra by LCF. A detailed description of the method and the data treatment can be found 

in Paper III.  

Model compounds 

For both EXAFS and HERFD-XANES measurements, various Hg model compounds were 

prepared. Hg(Cys)2 (pH 3, 7, 11), Hg(Cys)3 (pH 11) and Hg(Cys)4 (pH 11) model complexes 

were prepared according to Jalilehvand et al.128 Additionally, pellets of solid Hg(acetate)2 

and of the mineral metacinnabar (β-HgS) were prepared. Liquid Hg(0) reference spectrum 

was collected on the FAME-UHD BM16 at the ESRF and kindly provided by Marie-Pierre 

Isaure.162 A detailed description of the model compound preparation can be found in Paper 

III.  
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Additional methods 

The different studies were complemented with additional methods to support the results 

of the core methods.  

Sulfide was measured with the methylene blue method in growth cultures and cell assay 

by UV-vis absorption spectroscopy (UV-1201 spectrophotometer, Shimadzu) in Paper I 

and II. 198, 199  

The cell physiology of G. sulfurreducens whole cells and spheroplasts was examined by 

attenuated total reflectance Fourier transform infrared spectroscopy (ATR-FTIR) on a 

Bruker Vertex 80v FTIR spectrometer. ATR-FTIR is a powerful method to evaluate 

changes in microbial activity based on biochemical fingerprints by monitoring the 

evolution of the intensity of infrared bands assigned to, for example, proteins, nucleic 

acids, or polysaccharides.200, 201 (Paper II, IV) 

Additionally, fluorescence and electron microscopy techniques were applied to 

characterize G. sulfurreducens cells, to verify spheroplast formation and cell viability after 

qBBr derivatization of membrane surface thiols. For fluorescence microcopy, whole cells 

and spheroplasts were stained with SYTO 9 (BacLight™ Bacterial Viability Kits, 

Invitrogen™) and examined at its specific excitation and emission wavelength with 

λex/em=504/543 nm on a Leica Widefield Thunder microscope (Leica Microsystems). 

Further, for qBBr derivatized membrane surface thiols, the fluorescence signal was 

examined at λex/em=380/475 nm. Whole cells and spheroplasts were examined by 

transmission electron microscopy with a Talos L120C (FEI) after fixation, embedding in 

resin and sectioning in thin slices. (Paper III, IV) 

Beside IDA Hg analyses, total Hg in frozen or freeze-dried cell samples were analyzed with 

a direct mercury analyzer (DMA-80, Milestone) by combustion atomic absorption 

spectroscopy. (Paper III) 
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Data analysis 

Thermodynamic speciation modelling 

The speciation of the dissolved Hg(II) was predicted by thermodynamic modelling in 

winSGW based on Liem-Nguyen et al.126, 202 The input data contained the measured 

LMM-thiol concentration and calculated dissolved Hg(II) and MeHg at multiple time 

points. The log K values of each compound are based on literature values as reported in 

Paper II (see Paper II supporting information). 

Kinetic modelling for MeHg formation 

Two kinetic first order rate models were applied to describe the MeHg formation of the 

three different assay systems in Paper II. The models were based on either the 

concentration of total dissolved Hg(II) (model 1) or on the concentration of specific 

Hg(LMM-RS)2 species (model 2). The cumulative MeHg formation was determined for 

each time interval, based on the time-resolved dataset of dissolved Hg(II) and Hg(II) 

speciation. The rate constant for Hg(II) methylation, kmeth, was  optimized for the 

measured MeHg concentration of the time interval 0.5-6 h. For the model based on 

Hg(LMM-RS)2 species, the three dominant species were included with Hg(Cys)2, 

Hg(CysN)2 and Hg(PEN)2. The rate constants kmeth(Hg(LMM-RS)2) were based on 

Schaefer et al.52 Both models take into account changes in the cell density and dissolved 

Hg(II) concentration, whereas the chemical speciation of dissolved Hg(II) was only 

considered in model 2.  

 

Model 1: 

[MeHg] =  ∑[Hg(II)aq]initial × (1 − e−𝑘meth(Hg(II)aq)×Δt)

n

i=0

 

Model 2:  

[MeHg] =  ∑[Hg(Cys)2]initial × (1 − e−𝑘meth(Hg(Cys)2)×Δt)

n

i=0

+ ∑[Hg(CysN)2]initial × (1 − e−𝑘meth(Hg(CysN)2)×Δt)

n

i=0

+ ∑[Hg(PEN)2]initial × (1 − e−𝑘meth(Hg(PEN)2)×Δt)

n

i=0
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Results and discussion 

Dissolved thiols 

The formation of LMM-thiols by microorganisms is observed in various anoxic 

environments.120, 135-139, 203 The speciation of Hg(II) with ligands like LMM-thiols is known 

to be an important driver for availability, internalization, and methylation of Hg(II).2, 40, 51, 

52, 120 Paper I and II focused on the formation and the turnover of thiol compounds in 

different experimental systems with altered nutrient concentrations and their impact on 

Hg(II) speciation and methylation. This chapter focuses on the following four research 

questions, which were addressed in detail in Paper I and II.  

i. How is the turnover of LMM-thiols dependent on growth medium and on assay 

buffer composition, respectively?  

ii. How is the fate of LMM-thiols impacted by exogenous thiol addition? 

iii. Is Hg(II) methylation controlled by LMM-thiol compounds and their complexes 

with Hg(II)?  

iv. How does the assay medium composition impact the cell physiology and 

subsequently the MeHg formation potential?  

Iron as a driver for thiol formation 

Overall, Fe(II) is an essential micronutrient and microorganisms developed strategies to 

acquire Fe(II).204 The effect of the essential micronutrient Fe(II) on the formation of 

LMM-thiols by G. sulfurreducens was tested in growth medium with Fe(II) addition 

between 0-3.7 µM.  The standard growth medium contains a Fe(II) concentration of 

3.7 µM.51, 174 The study focused on the eight dominant LMM-thiol detected in 

G. sulfurreducens in a previous study (Figure 6).120  

Overall, the extracellular concentration of thiols was higher compared to the intracellular 

concentration when normalized to cell density (Figure 8, Paper I). Under Fe(II) depleted 

condition, tested in the range 0.5–2 µM Fe(II), cell growth was not significantly impacted 

compared to standard Fe(II) concentration of 3.7 µM (repeated measure ANOVA, p>0.05) 

(Figure 8 and Paper I). The cell growth was impacted by 0 µM Fe(II) addition as shown by 

a reduced cell growth yield (Paper I). The intra- and extracellular LMM-thiol 

concentration showed a growth phase response in thiol formation (Figure 8). Of the eight 

thiols that were analyzed, the thiols with the highest detected extracellular concentration 

in the growth medium with 3.7 µM Fe(II) were cysteine and mercaptoacetic acid with 

~0.4 and 0.9×10-18 mol cell-1, respectively, during the late exponential growth phase 

(Paper I). Mercaptoacetic acid was detected in the late exponential growth phase and 

therefore suggested to be a secondary metabolite (Paper I). Cysteine showed the most 

distinct changes in intra- and extracellular concentration over time with altering Fe(II) 

exposure (Figure 8 and Paper I). The intracellular cysteine concentration increased with 

Fe(II) concentration and reached ~0.35×10-18 mol cell-1 with 3.7 µM Fe(II) during the log 

phase (t=24 h). In contrast, the extracellular cysteine concentration followed a different 

pattern with the highest concentration reached with 1.5 µM Fe(II), reaching 

8.0×10-18 mol cell-1 cysteine with 1.5 µM Fe(II) during the late log phase (t=60 h). For 
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growth cultures exposed to 0.5 and 3.7 µM Fe(II), the extracellular cysteine concentration 

was 3.7 and 0.5×10-18 mol cell-1, respectively, in the late log growth phase (t=60 h). The 

intracellular cysteine concentration was tightly controlled during the growth cycle and was 

regulated in a concentration range of 0.01 to 0.35×10-18 mol cell-1 (corresponding to 10 to 

200 μM cysteine intracellular) The intracellular cysteine concentration reached its 

maximum in the mid log phase and decreased during the late log phase (Figure 8 and 

Paper I). The decrease in intracellular cysteine coincided with an extracellular increase 

and showed a tight coupling between the intra- and extracellular concentration (Figure 8).  

 

Figure 8: Extra- and intracellular cysteine concentrations normalized to the cell density of G. 

sulfurreducens in growth medium over time with (a) 0.5, (b) 1.5 and (c) 3.7 µM Fe(II) addition. 

Growth curve of G. sulfurreducens illustrated in gray. Error bars represent standard error (n=3).  

(Adapted from Paper I) 

Extracellular cysteine concentration was enhanced under Fe(II) depleted growth 

conditions and resulted in the highest extracellular cysteine concentration with 1.5 µM 

Fe(II) (Paper I). The effect of Fe(II) on cysteine formation suggested that there was a 

relationship between cysteine and Fe(II) homeostasis, although the mechanism behind 

this interplay was not identified. G. sulfurreducens regulated cysteine homeostasis and 

regulated it by cysteine production and cellular export. The control of the intracellular 

cysteine concentration is crucial, due to its reactivity and subsequent ability to cause toxic 

effects in the cytosol.145-148 However, our results suggested that cysteine is involved in 

Fe(II) transfer and distribution to iron proteins of surface membrane and periplasm 

proteins. It was shown by previous transcriptomics studies, that iron limitation led to an 

upregulation of specific genes, including genes that are part of the cysteine biosynthesis.205 

Additionally, cysteine could be involved in Fe(II) complexation and uptake during growth, 

similar to the excretion of siderophores.206, 207  

In the following experiments the enhanced formation of the LMM-thiol cysteine produced 

under Fe(II) depleted growth condition, 1.5 µM Fe(II), by G. sulfurreducens was used to 

modify the standard assay buffer by adding 10% (v/v) spent media and investigate thiol 

turnover and Hg(II) methylation under varying conditions (see Experimental systems-

Dissolved thiols). 
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Turnover of thiol compounds - conversion of cysteine to 

penicillamine 

The turnover of LMM-thiols by G. sulfurreducens was investigated in three assay systems: 

(I) standard, (II) metabolite and (III) nutrient assay with and without addition of cysteine 

(see Experimental systems-Dissolved thiols). This thesis highlights selected key results, 

while in Paper I and II, the detailed thiol turnover was described for all three assay 

systems. All eight LMM-thiols were detected in the three assay systems with 

concentrations up to 13×10-18 mol cell-1 (Figure 6, Paper I). The determined concentrations 

in the standard assays without cysteine addition were in agreement with a recent study 

showing the formation of LMM-thiols in G. sulfurreducens assays with 0.9 and 

1.1×10-18 mol cell-1 for Paper I after 6 and 48 h, respectively, and 1.0 and 

1.2×10-18 mol cell-1 thiols for Adediran et al. after 6 and 48 h, respectively (Paper I).120  

Overall, the most notable differences were observed in the extracellular media for the small 

LMM-thiol cysteine and branched LMM-thiol penicillamine. In standard assays without 

cysteine addition, low concentrations of cysteine were formed, 

~0.025×10-18 mol cell-1 (Figure 9a). In assays with addition of 600 nM exogenous cysteine, 

the cysteine concentration decreased during the first 6 h, from 6.3 to 0.09×10-18 mol cell-1, 

and reached steady state concentration after >6 h with ~0.9×10-18 mol cell-1 (Figure 9b). 

The penicillamine concentration increased over time in standard assays (Figure 9a,b). 

However, without cysteine addition penicillamine concentration increased between 6 and 

24 h, whereas for assays with exogenous cysteine addition the increase in penicillamine 

concentration occurred already in the initial time interval (0.5 to 2 h, Figure 9b). Overall, 

with exogenous cysteine higher cysteine and penicillamine concentrations were observed 

over time (Paper I). The decrease of cysteine and increase of penicillamine concentrations 

pointed towards a link between the metabolism of these two LMM-thiols.  

Standard assays with 1µM isotopic labeled cysteine (L-cysteine-13C3, 15N) addition showed 

the same pattern in concentration change as with 600 nM cysteine, with a decrease and 

increase in isotopic labeled cysteine and penicillamine, respectively (Figure 9b,c). This 

result proposed the turnover of cysteine to penicillamine by G. sulfurreducens. Control 

experiments excluded the possibility of abiotic turnover of cysteine to penicillamine (Paper 

I). In this study the reaction mechanism of the di-methylation of cysteine to penicillamine 

by G. sulfurreducens was not identified (Figure 9d). The biological methylation was likely 

linked to methyltransferases. For example, radical S-adenosylmethionine enzymes might 

be involved in the transfer of two methyl groups on the C-3 atom of cysteine,208 as reported 

for the C-methylation of arginine and glutamine in methyl-coenzyme M reductase.209, 210  
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Figure 9: (a) and (b) Extracellular cysteine and penicillamine concentration normalized to cell 

density over time in standard assays with washed G. sulfurreducens cells. (a) and (b) with 0 and 

600 nM cysteine addition, respectively, and 30 nM Hg(II). (c) Extracellular isotopically labeled 

cysteine and penicillamine concentration normalized to cell density over time in standard assay 

buffer with 1 µM isotopically labeled cysteine (L-Cysteine-13C3,15N) addition. Error bars represent 

standard error (n=3). (d) Reaction scheme illustrating the di-methylation of cysteine at the C-3 atom 

to penicillamine. (Adapted from Paper I) 

The intracellular concentration of cysteine and penicillamine was tightly controlled during 

the incubation time and exogenous cysteine and penicillamine addition led to enhanced 

intracellular LMM-thiols after 0.5 h, which subsequently decreased and were maintained 

at low levels for incubation times >2 h (Paper I). Overall, the intracellular thiol 

concentrations were in the same range for G. sulfurreducens cells in assay buffer and 

growth medium (Paper I).  

The turnover of cysteine to penicillamine was also observed in metabolite and nutrient 

assays, however the LMM-thiol concentrations (sum of the eight measured LMM-thiols) 

varied among the different systems during the incubation time and was impacted by 

cysteine, metabolite, and nutrient addition (Paper I and II). In nutrient assays the 

exogenous addition of cysteine led to a fast metabolization, and subsequently low 

LMM-thiol concentrations were detected (sum LMM-thiols: 50-420 nM during incubation 

time, Paper I and II). In addition, metabolite assays showed an overall high LMM-thiol 
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concentration due to addition of spent media (sum LMM-thiol: 300-1700 nM during 

incubation time, Paper I and II). 

In addition, the impact of 0–200 nM Hg(II) on the formation of LMM-thiols by 

G. sulfurreducens was tested and showed that LMM-thiol formation was not affected by 

Hg(II) during a 48 h incubation period with average thiol concentration for all Hg(II) 

exposure levels of 31±6 and 114±5 nM after 2 and 48 h incubation, respectively (Paper I). 

However, previous studies showed an upregulation of specific thiol synthesis pathways 

due to heavy metal exposure which resulted in changes in the free LMM-thiol 

concentrations.211-213 In the present study the overall extracellular LMM-thiol 

concentration was not impacted by Hg(II), however up- or downregulation of genes were 

not studied and cannot be ruled out. 

Mercury speciation, losses, and methylation 

Impact of thiol turnover on mercury speciation 

The dissolved Hg(II) speciation was calculated in Hg(II) methylation assays at multiple 

time points based on the measured LMM-thiol and dissolved Hg(II) concentrations 

calculated by thermodynamic speciation modelling. The most dominant three species in 

G. sulfurreducens assays were Hg(Cys)2, Hg(CysN)2 and Hg(PEN)2 with varying 

concentrations during the incubation time (Figure 10 and Paper II). Cysteine and nutrient 

addition impacted the Hg(II) speciation species at different time points. In the initial time 

frame (0.5 to 2 h), Hg(II) complexes with small thiols, Hg(Cys)2 and Hg(CysN)2, were the 

dominating species in the extracellular media, except for the nutrient assay (Figure 10). 

The speciation changed over time and for extended incubation time (t≥6 h) branched 

Hg(II) species, Hg(PEN)2, were dominating. The shift of small to branched LMM-thiols 

was amplified by the addition of cysteine as described in the previous section “Turnover 

of thiol compounds - conversion of cysteine to penicillamine” and showed consequently 

the same pattern for the Hg(II) speciation with higher contribution of Hg(PEN)2 for 

incubation times >2 h (Figure 9 and 10, Paper I and Paper II).  

Mercury losses and partitioning 

Dissolved LMM-thiols were impacting the recovery and partitioning of Hg in the three 

assay systems. Overall, Hg(II) recovery in the different systems was in the range of 65-85% 

at time point 0.5 h and further decreased to  51–71% after 24 h (Paper II). Losses of Hg(II) 

were likely a combination of reduction and volatilization of Hg(II) 57, 60 and adsorption to 

the glass vessel.214, 215 The Hg partition between the dissolved and cell-associated phase 

changed over time and higher concentrations of LMM-thiols drove the partitioning 

towards the dissolved phase and decreased the losses of Hg by ~12% (Paper II). In assays 

with a higher LMM-thiol concentration, the available Hg pool increased due to Hg 

partition towards the dissolved phase and consequently a greater fraction of Hg(II) was 

available for uptake and methylation (Paper II). Previous studies showed that 

cell-associated Hg(II) was less available than dissolved Hg(II) for Hg(II) uptake and 

methylation by G. sulfurreducens54 and a positive relationship between dissolved Hg(II) 

and Hg(II) methylation was shown.58, 60  
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Methylmercury formation  

The formation of MeHg by G. sulfurreducens was studied in the three different assay 

systems. The formation of MeHg without cysteine addition increased in the order: 

standard assay < metabolite assay ≈ nutrient assay (Figure 10, Paper II). In standard 

assays, the formation of MeHg was not affected by cysteine addition, whereas MeHg 

formation increased for metabolite assays and decreased for nutrient assays (Figure 10, 

Paper II).  

The speciation of Hg(II) with LMM-thiols is discussed as one of the driving parameters for 

Hg(II) availability and the subsequent uptake and methylation of Hg(II) in 

G. sulfurreducens assays.2, 51, 52 However, only specific LMM-thiols, like cysteine, enhances 

Hg(II) methylation in assays with G. sulfurreducens, whereas branched LMM-thiols, like 

penicillamine, do not.51, 52, 120 The high concentration of Hg(Cys)2 and Hg(CysN)2 in the 

initial time interval (0.5 to 2 h) and the observed high Hg(II) methylation suggested that 

Hg(II) methylation was driven by the Hg(II) speciation in the dissolved phase (Figure 10, 

Paper II). The higher Hg(II) methylation formation in metabolite assays compared to 

standard assays was likely due to a shift in the partition towards the dissolved phase and 

not linked to the Hg(II) speciation in the dissolved phase, which was similar. Although, 

metabolite assays were dominated by Hg(Cys)2, whereas standard assays by Hg(CysN)2 

after 0.5 h (Figure 10a,b), both Hg-complexes showed a similar Hg(II) methylation rate in 

previous studies.52  

At incubation time >6 h, stalled MeHg formation was observed with a low net formation 

of MeHg of 0.2–2.8 nM MeHg within 18 h (Figure 10, Paper II). The stalled Hg(II) 

methylation at extended time points (>6 h) was likely linked to the presence of Hg(II) 

species, that are less available for Hg(II) uptake and methylation, i.e. Hg(PEN)2, and 

concentration changes in the dissolved Hg(II) pool. In addition, in metabolite assays with 

100 and 600 nM cysteine, the concentration of the substrate Hg(II) decreased 

substantially over time, due to a high Hg(II) methylation potential, and the lack of the 

substrate (dissolved Hg(II)) caused stalled net MeHg formation at t>6 h (Figure 10d, 

Paper II). 
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Figure 10: Composition of Hg(II) species (bar plots) in the dissolved phase at the four time points 

(0.5, 2, 6 and 24 h) in three different G. sulfurreducens assay systems after addition of 30 nM Hg(II): 

(a), (b) standard assay, (c), (d) metabolite assay and (e), (f) nutrient assay with 0 and 600 nM 

cysteine addition, respectively. The three dominant Hg(II) species are: Hg(Cys)2, Hg(CysN)2 and 

Hg(PEN)2. Measured MeHg concentration over time (red squares). Modelled MeHg formation over 

time by the rate model 1 based on the total dissolved Hg(II) concentration (red dotted line) and by 

the rate model 2 based on the Hg(II)-speciation (Hg(RS)2) (red dashed line). (Adapted from 

Paper II) 
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Modelling methylmercury formation 

All assays were impacted by two major changes during the incubation time: (i) changes in 

the chemical speciation of Hg(II) with LMM-thiols and (ii) changes in the total 

concentration of dissolved Hg(II) driven by Hg(II) methylation and LMM-thiols. Both 

changes are crucial parameters for the overall Hg(II) methylation potential as discussed in 

the previous paragraph. A species-specific Hg(II) methylation rate model was developed 

to further clarify the importance of the Hg(II) speciation for Hg(II) uptake and 

methylation and the decrease in the dissolved Hg(II) pool. A first-order exponential rate 

model based on the dissolved Hg(II) speciation (model 2) was developed. This model takes 

into account the changes in dissolved Hg(II) concentration and the changes in Hg(II) 

speciation over time. To separate the effect of changes in the dissolved Hg(II) 

concentration, an additional model based on the total dissolved Hg(II) concentration 

(model 1) as the substrate for Hg(II) methylation was developed. In all three assay systems 

with the addition of 600 nM cysteine, model 2 described the MeHg formation fairly well, 

whereas model 1 overpredicted the MeHg formation in standard and nutrient assays. The 

predicted low MeHg formation at extended time points was driven by the shift in Hg(II) 

speciation from complexes with small to branched LMM-thiols, due to the metabolic 

turnover of cysteine to penicillamine and the 20×times lower Hg(II) methylation rates of 

Hg(PEN)2 complexes compared to Hg(Cys)2.52 In the metabolite assay the shift in chemical 

speciation was not observed and both models predicted the MeHg formation fairly well 

since the stalled MeHg formation at extended time points was likely due to a depletion of 

the dissolved Hg(II) pool. In assays without exogenous cysteine addition, MeHg formation 

was overpredicted at t >6 h by both models with an overall better performance by model 

2. It is likely that the Hg(II) speciation was more complex than calculated by the performed 

speciation model, since the Hg(II) speciation modelling was based on the eight measured 

LMM-thiols in this study. Additionally, unidentified ligands might further impact Hg(II) 

speciation and subsequently MeHg formation at extended time points if those ligands form 

complexes with Hg(II) with a lower availability for Hg(II) uptake and methylation than 

Hg(Cys)2. Branched LMM-thiols and DOM are known to decrease the availability of Hg(II) 

for G. sulfurreducens.52, 62, 63, 149 Overall, the formation of MeHg could be better described 

by model 2 based on the Hg(II) speciation at each time point and showed, how 

time-dependent changes in Hg(II) speciation, caused by bacterial thiol metabolism, is a 

major parameter controlling MeHg formation. 

In addition, the formation of sulfide in Hg(II) methylation assays might have contributed 

to stalled MeHg formation at t>6 h, since sulfide inhibited MeHg formation as shown by 

additional experiments and in previous studies (Paper II). 51, 120 However, in case of sulfide 

formation, the formation was below the detection limit of 120 nM sulfide, but this 

concentration would impact the Hg(II) speciation with HgS as the dominant species. 

MeHg formation was inhibited by low exogenous sulfide addition, 100 nM, between 0-6 h 

and showed low formation between 6-24 h (Paper II). Overall, the formation of sulfide 

could not be fully excluded at incubation time >6 h. Moreover, MeHg demethylation could 

contribute to the observed time trend in MeHg formation since steady-state between 

Hg(II) methylation and MeHg demethylation is often observed in environmental samples 

at longer incubation times.216, 217 MeHg was not demethylated by G. sulfurreducens as 

shown in Paper II and other previous studies (Paper II).50, 58   
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The species-specific Hg(II) methylation rate constant kmeth determined by model 2 for 

Hg(Cys)2 was comparable to previous studies with 0-100 nM cysteine concentration with 

0.5-0.7×10−12 L cell−1 h−1 and 0.1-0.34×10-12 L cell-1 h-1 for standard assays in this study and 

previous studies, respectively (Paper II).52, 53, 120 For metabolite assays with 600 nM 

cysteine the determined kmeth was 1.6×10−12 L cell−1 h−1 and this value was previously 

reported for standard assays with 10 µM cysteine (Paper II).52 However, nutrient assays 

showed the highest kmeth with 3.3×10−12 L cell−1 h−1 (no cysteine addition) which indicated 

that nutrients drive Hg(II) methylation, and cysteine addition, 600 nM, had a 

countereffect on the kmeth, resulting in a lower rate of 0.85×10−12 L cell−1 h−1 (Paper II). 

Overall, these results showed, that the addition of cysteine enhances kmeth, but in addition 

the turnover of cysteine during the incubation time was affecting the Hg(II) methylation 

potential and this effect was more distinct in assays with higher nutrient concentrations.  

Cell physiology during Hg(II) methylation assays  

The MeHg formation in nutrient assays did not follow the same pattern as standard and 

metabolite assays, since the highest MeHg formation potential was observed in assays 

without cysteine addition and added cysteine was rapidly metabolized. This result 

suggested that cell physiology was impacted by the nutrient addition, since the 

concentrations of the electron donor (acetate) and acceptor (fumarate) were highest for 

nutrient assays with 3.9 nM and 1.9 nM, respectively (Table A1). The biochemical 

composition of G. sulfurreducens cells was monitored during the 24 h incubation by 

ATR-FTIR. The polysaccharide region (1189–956 cm-1), ascribed to the polymer glycogen 

showed the most pronounced changes. In general, glycogen is a dynamic energy storage 

polymer and utilized under altering environmental conditions to provide short term 

benefits and facilitate nutrient uptake.218-220 Overall the consumption of glycogen 

increased with increasing nutrient concentration in the order standard assay < metabolite 

assay < nutrient assay. A small increase in the nucleic acid and phospholipids region 

(1240–1220 cm-1) was observed and indicated active cell growth. In fact, the cell number 

increased in all assay systems within 24 h by a factor of 1.2, 1.5 and 2.8 for standard, 

metabolite, and nutrient assays, respectively (Paper II). The small nutrient concentration 

increases in metabolite and nutrient assay buffer composition impacted the cell physiology 

and led to an increase in the metabolic activity as revealed by changes of the biochemical 

composition in the ATR-FTIR spectra and additional changes in cell density (Figure 11, 

Paper II). The enhanced metabolic activity in the nutrient assay was likely the driving 

factor for enhanced MeHg formation without cysteine addition (Figure 10e). These results 

further showed that the two parameters, Hg(II) speciation and metabolic activity, are not 

necessarily additive and higher metabolic activity led to a higher turnover of LMM-thiols 

(Figure 10f, Paper I and II). 

During the initial time frame (0.5–6 h) the highest amount of MeHg was formed, which 

corresponded primarily to the time frame of net-synthesis of glycogen. MeHg formation 

was decreased at extended incubation time (t>6 h) during glycogen consumption. This 

relationship indicated a possible link of the cell physiology to MeHg formation potential. 

However, additional experiments showed, that ageing of cells for 6 h prior to Hg(II) 

addition did not impact the Hg(II) methylation potential and similar concentrations of 

MeHg were formed after a total incubation time of 24 h with G. sulfurreducens cells 
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compared to non-aged assays (Paper II). The metabolic shift of glycogen synthesis and 

consumption did thus not impact the Hg(II) methylation.  

 

 

Figure 11: Evolution of the ATR-FTIR spectra of G. sulfurreducens cells (pelleted) in the different 

assay systems: (a) standard assay, (b) metabolite assay and (c) nutrient assay after 0.5, 2, 6 and 

24 h with 30 nM Hg(II). For each sample, the corresponding supernatant was used as a reference 

spectrum and all spectra were normalized to the amide II band at 1548 cm-1. Assignments of the 

different infrared bands are based on Quilès et al.201 (Reproduced from Paper II with permission 

from Environmental Science & Technology. Copyright © 2023, American Chemical Society) 
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Concluding remarks: Dissolved thiols and cell physiology 

driving Hg(II) methylation 

Overall, the formation of LMM-thiols by G. sulfurreducens during growth and in washed 

cell assays showed a highly dynamic pattern. The LMM-thiol metabolism was impacted by 

Fe(II) and led to high formation of LMM-thiols under Fe(II) depleted condition. Moreover, 

in washed cell assays a turnover of small to branched LMM-thiols was observed based on 

a di-methylation of cysteine to penicillamine as verified by isotopic labeled cysteine 

exposure experiments. This turnover of cysteine to penicillamine was amplified by the 

addition of cysteine. In Hg(II) methylation assays, the Hg(II) speciation was impacted by 

the turnover of LMM-thiols. The shift of small to branched Hg(II)-thiol complexes resulted 

in high Hg(II) methylation in the initial time period based on small Hg-thiol species, i.e. 

Hg(Cys)2, and into stalled net MeHg formation at extended time intervals based on 

branched Hg-thiol complexes, i.e. Hg(PEN)2. Additionally, LMM-thiols shifted the Hg 

partitioning from the cell-associated to the dissolved phase and increased the available 

Hg(II) pool. Besides the role of LMM-thiols in driving the Hg(II) speciation and the Hg(II) 

partitioning, the overall  cell physiology impacted the Hg(II) methylation potential. 

However, the effects of cell physiology and LMM-thiols were not additive, since high 

metabolic activity led to a faster turnover of small to branched LMM-thiols. Moreover, 

cells maintain their potential to methylate Hg(II) despite metabolic shifts from net 

synthesis to net consumption of glycogen. Overall, the relative concentration of cysteine 

and penicillamine was the major driving factor for Hg(II) availability and methylation in 

G. sulfurreducens assays under non-sulfidic conditions. The monitoring of the LMM-thiol 

composition is crucial to predict and understand the Hg(II) methylation potential.  
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Surface thiols on the outer and inner membrane 

Membrane surface thiols are considered as crucial functional groups for Hg(II) adsorption, 

reduction, and internalization.57, 60, 154, 155 The coordination environment of Hg with 

membrane functional groups is proposed to determine Hg(II) availability and 

consequently uptake and methylation of Hg(II).55, 152, 154, 155, 162, 164 Paper III focused on 

characterizing these features for the outer and inner membrane by EXAFS and 

HERFD-XANES. Paper IV investigated the role of outer and inner membrane thiol groups 

with respect to Hg partition and uptake and Hg(II) methylation and reduction. This 

chapter focuses on the following four research questions which were addressed in detail in 

Paper III and IV.  

i. What is the Hg speciation on the surface of the outer and inner membrane? 

ii. What is the cell surface thiol concentration on the outer and inner membrane? 

iii. Is Hg partitioning controlled by surface thiols on the outer and inner membrane?  

iv. Are Hg(II) transformation processes, i.e. methylation and reduction, impacted by 

membrane surface thiols? 

Mercury speciation on the outer and inner membrane  

The speciation of Hg was determined by EXAFS and HERFD-XANES on the outer and 

inner membrane probed on whole cells and spheroplasts, respectively. The results were 

overall in good agreement for the two techniques (Figure 12, Paper III). At low Hg(II) 

addition (samples with final Hg concentration <13 µmol g-1), the speciation was dominated 

by two coordinated Hg-thiol structures (determined as Hg(Mem-RS)2 and Hg(Cys)2 with 

EXAFS and HERFD-XANES, respectively, see Table A3). With increasing Hg 

concentration, the speciation shifted towards less stable Hg species with hydroxyl (-OH), 

carboxyl (-COOH) or amine (-NH2) functional groups, as shown by the presence of 

Hg(Mem-CO/N)2 and Hg(acetate)2 for EXAFS and HERFD-XANES, respectively. The Hg 

speciation by HERFD-XANES showed a better fit for the model compound Hg(Cys)2 at 

pH 11 for lower Hg concentration and for Hg(Cys)2 at pH 3 at higher Hg concentration. 

The reason for an increasing contribution of Hg(Cys)2 at lower Hg to sample thiol 

concentration is unclear, however small and increasing contribution of Hg(Cys)3/4 

structures were suggested at decreasing Hg to sample ratio and cannot be excluded (Paper 

III). In addition, liquid Hg(0) was detected, and the formation of Hg(0) is further 

discussed in the section Reduction of Hg(II).  

The Hg speciation was dominated by Hg(Mem-RS)2 species on the outer and inner 

membrane at Hg concentrations relevant for Hg(II) uptake and methylation studies by 

both techniques, EXAFS and HERFD- XANES (Figure 12, Paper III). The XANES results 

of this study were not in alignment with previous XANES studies. Several studies by 

XANES showed that the speciation on cell membranes was dominating by β-HgS and 

Hg(RS)3/4 species,142, 152, 162 whereas by EXAFS, Hg(RS)2 species were the dominated 

determined species.154, 155 In our study there was no indication for 3/4-coordinated 

Hg-thiol complexes, neither by EXAFS nor by HERFD-XANES at higher Hg to sample 

ratios (Paper III). Small contribution of Hg(Cys)3 by HERFD-XANES could be not 

excluded in samples with low Hg concentration, however the model compound Hg(Cys)3 

was not improving the model fit (Paper III). The differences among the studies were likely 
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due to different experimental approaches, since for example Thomas et al. investigated the 

speciation of Hg associated to metabolically active G. sulfurreducens cells during a 2 h 

incubation time with and without addition of dissolved thiol ligands.152 In contrast, Hg(II) 

internalization and methylation was prevented in our study due to the absence of the 

electron donor and acceptor.52 The Hg speciation was further probed selectively on the 

outer and inner membrane surface under short incubation times (10 min). These 

differences suggested that the initial complexation of Hg with the cell membrane is 

2-coordinated (t<10 min) while the longer incubation time in previous studies lead to 

3/4-coordinated Hg complexes and these complexes are predominantly formed in the 

presence of dissolved LMM-thiol ligands.152, 163 In addition, cell-associated Hg speciation 

might be controlled by the type of microorganisms, since HgS species are determined 

especially for sulfate-reducing microorganisms.162 

 

Figure 12: Mercury speciation on the outer (a, c) and inner (b, d) membrane surface of 

G. sulfurreducens by (a, b) EXAFS and (c, d) HERFD-XANES. The outer membrane was probed by 

starved whole cells. The inner membrane was probed by starved spheroplasts. Selected samples 

with final Hg concentration of 0.6 to 80 µmol g-1 dry mass are shown. The definition of the different 

Hg species for EXAFS and HERFD-XANES are described in Table A3. (Adapted from Paper III) 
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Concentration of membrane surface thiols  

The outer and inner membrane of G. sulfurreducens was titrated with increasing Hg 

concentration to determine the surface thiol concentration. This experimental approach 

was previously used to determine the concentration of thiol compounds by EXAFS in 

whole cells, cell fragments and NOM.154, 155, 157  

The concentration of surface thiol groups on the inner membrane was by a factor of six 

higher compared to the outer membrane with 120 and 20 µmol g-1 wet mass 

(corresponding to 1490 and 240 µmol g-1 C), respectively. The results for the outer 

membrane were lower compared to previous studies with G. sulfurreducens which showed 

thiol concentrations between 67.8–240 µmol g-1 wet mass based on fluorescence 

spectroscopy, potentiometric titration, and EXAFS (Table 2). In addition, our study 

distinguished between the outer and inner membrane, prevented Hg(II) internalization 

and methylation, and probed under short incubation time.52 Hg internalization was not 

prevented in the study by Mishra et al., which showed a four times higher membrane thiol 

concentration based on EXAFS,154 and contribution of inner membrane, periplasm or 

cytosol thiols cannot be excluded. Moreover, the study of Song et al. measured the 

membrane thiol  concentration based on membrane fragments, however these results were 

in between the determined concentration of outer and inner membrane (Table 2).157 The 

deviation of surface thiols groups could be additional linked to variation in growth 

conditions, since growth state and medium composition impact the thiol surface 

concentration.179, 221 

In addition to the total concentration, two types of exterior membrane surface thiols were 

identified and quantified based on their complex formation with Hg. Two types of Hg 

complexes on the exterior of the outer and inner membrane were described: (i) 

Hg(Memext-RIIS)2 and (ii) Hg(Memext-RIS)(Memext-RO/N) based on Song et al.155 

Memext-RIIS describes two membrane thiol groups, which are located sufficiently close to 

each other to form a linear two coordinated Hg(Memext-RIIS)2 structure. Whereas 

Memext-RIS describes a membrane thiol group which is not located close enough to another 

membrane thiol functional group to form the two-coordinated Hg(II)-thiol complex and 

is therefore involved in a mixed complex with hydroxyl, carboxyl or an amine functional 

group, Hg(Memext-RIS)(Memext-RO/N). On the inner membrane a high total 

concentration of cell surface thiols was determined, however only 30 µmol g-1 of surface 

thiols were situated close enough to be involved in a two-coordinated Hg(II) structure, 

Hg(Memext-RIIS)2, whereas 700 µmol g-1 were involved in mixed-ligation Hg(II) complexes 

with one membrane surface thiol, Hg(Memext-RIS)(Memext-RO/N) (Paper III). In contrast, 

on the outer membrane 80 µmol g-1 of thiols were involved in Hg(Memext-RIIS)2 structures 

and 40 µmol g-1 in Hg(Memext-RIS)(Memext-RO/N) structures. A previous study on cell 

membrane fragments (of both the outer and inner membranes) by Song and co-workers 

showed a distribution of 5% Hg-Mem-RIIS and 95% Hg-Mem-RIS,155 comparable to what 

we reported for the inner membrane with 4% and 96%, respectively. Both the 

concentration of membrane thiol compounds and their complexation with Hg are 

considered crucial for Hg(II) availability and uptake. The thermodynamic stability of 

Hg(Memext-RIIS)2 is much higher compared to Hg(Memext-RIS)(Memext-RO/N) with a 

log K of 39.1 and 25.6, respectively.155 The two types of formed Hg complexes with the 

membrane and the differences in their stability constant might have implications for the 
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uptake of Hg(II) across the outer and inner membrane. The high proportion of Memext-RIS 

at the inner membrane may lead to a predominance of kinetically favored 

Hg(Memext-RIS)(Memext-RO/N) or two coordinated Hg(II) complexes with one dissolved 

ligand, Hg(Memext-RIS)(RS) or Hg(Memext-RIS)(RO/N). Complexes with RO/N functional 

groups are less stable than the Hg(Memext-RIIS)2 and may facilitate a fast internalization 

of Hg(II) into the cytosol. These concepts are coherent with previous observations that the 

Hg(II) uptake kinetics across the inner membrane is faster compared to the outer 

membrane for G. sulfurreducens.53 Moreover, dissolved thiol ligands and DOM may 

decrease the formation of Hg(Memext-RIIS)2 in Hg(II) methylation assays and it is assumed 

that Hg(Memext-RIIS)(RS) complexes are formed with increasing concentration of 

dissolved thiol ligands,155 since the concentrations of dissolved thiols typically present in 

G. sulfurreducens assays are sufficient to compete with membrane surface thiols (Paper I 

and II).120 

Table 2: Comparison of thiol concentrations of different G. sulfurreducens fractions determined by 

fluorescence spectroscopy, potentiometric titration, and EXAFS. (Adapted from Paper III) 

Geobacter sulfurreducens Wet Dry Method Reference 

 µmol g-1 µmol g-1 µmol g-1 C   

Whole cells - outer membrane 
20 120$ 240 

Hg LIII-edge EXAFS Paper III 

Spheroplasts - inner membrane 
120 730$ 1490 

Hg LIII-edge EXAFS Paper III 

Membrane fragments (average of 
the inner and outer membranes) 

- - 380* Hg LIII-edge EXAFS Song et al.155 

Whole cells# 240 - 2000* Fluorescence (qBBr) 

Mishra et al.154 Whole cells# 67.8 - 550* Potentiometric titration 

Whole cells# 75 - 608* Hg LIII-edge EXAFS 

Whole cells# 55.5 - 466* Fluorescence (qBBr) Thomas et al.152 

$ expressed in relation to mass of whole cells, *numbers reproduced from Song et al.155, # expected to represent the outer membrane 

 

Mercury partitioning  

In Paper IV, the role of membrane surface thiols for Hg(II) uptake and transformations 

was investigated by derivatizing membrane surface thiols with qBBr. The partitioning of 

total Hg (sum of Hg(II), Hg(0) and MeHg) between dissolved, cell-adsorbed, and 

intracellular fraction was determined for whole cells with and without blocking after 0.5 

and 4 h incubation. The Hg partitioning was not altered by blocking the membrane surface 

thiols, but the cell-adsorbed Hg fraction decreased for both samples from 240 to 155  pmol 

Hg between 0.5 and 4 h (Figure 13a, Paper IV). The intracellular amount remained 

constant with ~85 pmol Hg at both time points and in both sample types. The Hg 

partitioning for spheroplasts did not change over time with a higher intracellular Hg 

fraction compared to whole cells with 180 pmol Hg (Figure 13e, Paper IV).  

The total Hg was dominated by Hg(II) and represented after 0.5 h around 60% and 80% 

of total Hg for whole cells and spheroplasts, respectively, and no differences between 
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blocking and non-blocking were observed (Paper IV). The partitioning between Hg(II) 

dissolved and cell-associated (sum of surface adsorbed and intracellular) Hg(II) changed 

over time with a higher relative amount of dissolved Hg(II) for whole cells (Paper IV). The 

dissolved Hg(II) amount was constant for spheroplast and whole cells with 200 pmol 

(Figure 13b,f, Paper IV).  

Overall, the partitioning of total Hg was not significantly impacted by blocking of cell 

surface thiols with qBBr in whole cells and spheroplasts (repeated measure ANOVA, 

p>0.05). Thomas and co-workers also showed  no impact on the partition between 

dissolved and cell-associated Hg for blocked and non-blocked membrane surfaces 

thiols.152 In general, it is assumed, that qBBr is selectively derivatizing cell surface thiol 

functional groups and that, due to its molecule size and positive charge the internalization 

of qBBr is prevented and cell properties are not affected.154, 176, 178, 181, 182, 186 Potentiometric 

titration showed changes of the acidity constants between qBBr treated and untreated cells 

and therefore it is assumed to be a direct measure of the thiol concentration in 

membranes.154, 181 However, one study hypothesized the possibility that qBBr only partly 

derivatized membrane surface thiols and sites which are inaccessible for qBBr, due to its 

size, might still be available for binding Hg(II).181 This in turn could explain our result, 

since no changes in the partition between blocked and non-blocked samples were 

observed. In addition, Hg partition varied between whole cells and spheroplast with a 

higher amount of internalized Hg for the latter (Figure 13) and this suggested that a higher 

amount of intracellular Hg has implication for Hg(II) methylation.  

Reduction of Hg(II) 

Hg losses 

In all samples, average Hg losses average losses of 20±4% were observed between the time 

of Hg(II) addition and the first measurement time point 0.5 h (Paper IV). Further Hg 

losses were observed between 0.5 and 4 h with 4±1.3% The losses for whole cells and 

spheroplasts were in a similar range as in Paper III with 19±12% for the initial losses 

(Paper III). In addition, these losses were in line with Paper II and other studies with 

G. sulfurreducens.57, 60, 152 Losses of Hg are ascribed to evasion of gaseous Hg(0)57, 60 and 

Hg adsorption onto glass vial walls,214, 215 as discussed in section Mercury speciation, 

losses, and methylation.  

Formation of liquid Hg(0) 

In Paper III, the formation of liquid Hg(0) was observed in all outer membrane samples 

by EXAFS, except IM 1.4, with contribution to the Hg speciation between 5-52% whereas 

low contribution of liquid Hg(0) was determined for the inner membrane samples with 2-

7% (Figure 12 and Paper III). In comparison, liquid Hg(0) was fitted only in four samples 

by HERFD-XANES and contributed to the Hg speciation between 9–59% (Figure 12, Paper 

III). Further, liquid Hg(0) was also detected in a set of freeze-dried samples analyzed by 

EXAFS and freeze drying did not lead to volatilization of Hg(0) (Paper III).  

Isaure and co-workers were the first to show the presence of liquid Hg(0) in bacteria 

samples exposed to Hg with a speciation contribution of 29-41% of cell-associated Hg by 
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HERFD-XANES.162 Important to note is, that this was also the first study which used liquid 

Hg(0) as a reference compound for LCF fitting of HERFD-XANES spectra of Hg exposed 

bacteria sample. The formation of Hg(0) was however puzzling, since it was reported that 

the potential to reduce Hg(II) by the studied microorganisms was low.162 In contrast, 

G. sulfurreducens is known to reduce Hg(II) to Hg(0) as shown by several studies and 

commonly detected as the difference between purgeable and non-purgeable Hg.57, 60 In 

this study, liquid Hg(0) was detected, and this result raised the question whether the origin 

of gaseous and liquid Hg(0) was based on the same mechanism. The formation of gaseous 

Hg(0) was previously linked to the presence of cytochromes in the outer membrane.57, 60 

A higher amount of liquid Hg(0) was formed on the outer membrane compared to the 

inner membrane in our study (Figure 12). In general, a high number of cytochromes is 

known for G. sulfurreducens, both in the inner and outer membrane as well as in the 

periplasm.222, 223 The lower formation of Hg(0) on the inner membrane might be a 

consequence of an interrupted e-transfer due to the removal of the outer membrane and 

the periplasm. 

Formation of gaseous Hg(0) 

In Paper IV, the reduction of Hg(II) was further investigated, whether Hg(II) reduction 

potential differs among whole cells and spheroplasts and if cell surface thiols were 

impacting this transformation. In all samples gaseous Hg(0), quantified as purgeable Hg 

was formed after 0.5 and 4 h (Figure 13). The formation of Hg(0) was fast and the amount 

of formed Hg(0) was significant higher for whole cells with 140 pmol Hg(0) compared to 

spheroplasts with 80 pmol Hg(0) (repeated measure ANOVA, p<0.05). Whole cells 

showed a similar distribution of Hg(0) between the dissolved and cell-associated phase for 

qBBr treated and untreated samples with a higher Hg(0) amount in the dissolved phase, 

95 pmol (Figure 13). Overall, no differences between blocked and non-blocked cells were 

observed (Figure 13, Paper IV). In spheroplast samples, a higher fraction of cell-associated 

Hg(0) was observed after 4 h compared to 0.5 h with 45 pmol and 10 pmol Hg(0) 

cell-associated, respectively (Paper IV).  

The higher Hg(0) formation in whole cells compared to spheroplasts was consistent with 

Paper III for liquid Hg(0) determination (Figure 12, Paper III). Overall, the reduction of 

Hg(II) to Hg(0) is linked to cytochromes as discussed in the previous section Formation 

of liquid Hg(0). The reduction of Hg(II) by spheroplast samples was assumed to be linked 

to inner membrane cytochromes, however, in Paper III the lower formation of liquid Hg(0) 

was suggested to be linked to interrupted electron transfer due to the removal of the outer 

membrane. In this study we confirmed the results of Paper III with an overall lower 

formation in spheroplast samples, especially the cell-associated Hg(0) was lower after 0.5 

compared to 4 h incubation time (Paper IV). In Paper III and IV, it was not identified if 

liquid and gaseous Hg(0) were both formed due to cytochromes in membranes and if 

liquid Hg(0) was part of the purgeable Hg fraction or not. However, the result of Paper IV 

showed, that there was a fraction of purgeable Hg(0) cell-associated, and this suggested 

that liquid Hg(0) might be purgeable (Figure 13, Paper IV). In addition, Paper IV showed 

that blocking cell surface thiols, both on the outer and inner membrane, were not 

impacting the formation of Hg(0).  
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Methylation of Hg(II) 

In all samples MeHg was formed. For whole cells, the amount of formed MeHg increased 

between 0.5 and 4 h from 35 to 60 pmol and 35 to 120 pmol for blocked and unblocked 

samples (Figure 13, Paper IV) The major fraction of MeHg was cell-associated after 4 h 

with 80% of formed MeHg (Figure 13). In contrast, spheroplast samples showed lower 

formation of MeHg with differences in the amount of formed MeHg after 0.5 and 4 h with 

11 and 13 pmol MeHg (Figure 13).  

The formed MeHg in whole cells was in the same range as reported in Paper II and 

previous studies corresponding to ~5 nM MeHg.60, 120 The formation of MeHg of blocked 

whole cells showed decreased MeHg formation after 4 h. In contrast, a study by Thomas 

and co-workers showed overall low MeHg formation, ~1  nM, for blocked and non-blocked 

whole cell samples.152  

Formation of MeHg by spheroplasts was lower compared to whole cells with 15 compared 

to 120 pmol MeHg for non-blocked samples and 12 compared to 63 pmol MeHg for 

blocked samples after 4 h (Figure 13, Paper IV). Non-blocked spheroplasts showed a 

slightly higher formation of MeHg at the initial time point (0.5 h) compared to a previous 

study by Schaefer at al. with 28×10-12 mol protein-1 compared to 10×10-12 mol protein-1, 

respectively.53 At longer incubation time, MeHg formation was lower compared to 

Schaefer at al. with 34×10-12 mol protein-1 after 4 h compared to ~75×10-12 mol protein-1 

after 1.5 h, respectively.53 The higher MeHg formation in Schaefer et al. study at longer 

incubation times was assumed to be linked of the addition of cysteine (50 µM), since the 

uptake of Hg(II) across the inner membrane is hypothesized to be linked to Hg-cysteine 

complexes.53, 54 The rapid internalization of Hg and the low MeHg formation might be 

caused by strong sorption of Hg(II) to cellular material inside the cell, which is 

unavailability for Hg(II) methylation.54 

Overall, the decreased formation of MeHg for blocked whole cells over time suggested an 

impact of blocking on its formation. However, the partitioning of Hg was not affected by 

membrane surface thiols blocking as previously discussed. These results indicated that 

additional processes linked to the derivatization of qBBr could influence the lower MeHg 

formation between blocked and non-blocked membranes.  
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Figure 13: Mercury partitioning of whole cell (a-d) and spheroplast (e-h) assays of 

G. sulfurreducens after addition of 750 pM Hg(II) (corresponding to 30 nM Hg(II)) with and 

without blocking of cell surface thiol groups with qBBr after 4 h incubation (n=5; ± standard 

deviation). (Adapted from Paper IV) 

Physiology of qBBr derivatized samples  

The impact of qBBr on cell physiology was previously not tested.152, 154, 178, 181 The cell 

density of whole cells increased between 0.5 and 4 h by 26% and 16% for non-blocked and 

blocked whole cells, respectively (Paper IV). Additionally, fluorescence microscopy of 

whole cells and spheroplasts with and without qBBr treatment showed viable cells (Paper 

IV).  

Furthermore, the changes of biochemical fingerprint of cells were investigated by 

ATR-FTIR as previously studied in Paper II. Non-blocked whole cell spectra was 

comparable to the previous obtain spectra in Paper II (see Cell physiology during Hg(II) 

methylation assays) and showed a decrease in the glycogen band at 1189-956 cm-1 between 

0.5 and 4 h (Figure 14a, Paper IV). Blocked whole cells, however, showed no changes in 

the glycogen band at 4 h compared to 0.5 h (Figure 14a, Paper IV). For spheroplast samples 

the overall biochemical composition was deviating from whole cells, while no difference 

between blocking and non-blocking was observed (Figure 14). One central difference was 

a pronounced glycogen band between 1189 and 956 cm-1 and a strong band for DNA and 

phospholipids between 998 and 915 cm-1. The contribution of DNA and phospholipids at 

lower wavelength was likely linked to the removal of the outer membrane and the changes 

of the penetration depth of the infrared beam with greater spectral contribution of the 

cytosol. 
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Overall, the physiology of cells based on fluorescence microscopy and cell growth was not 

impacted by derivatization of cell surface thiols functional groups, whereas the 

biochemical composition showed an impact by qBBr by the removal of the outer cell 

membrane. These results could not identify how qBBr was impacting the metabolisms of 

cells but showed that it was likely contributed to impact the cell physiology as shown by 

ATR-FTIR. Especially, the lower formation of MeHg for blocked whole cells might be 

linked to the qBBr treatment and the impact on cell physiology, rather than to blocked cell 

surface thiols, since the partitioning and internalization of Hg was not affected by qBBr 

blocking (Figure 13, Paper IV).  

 

 

Figure 14: ATR-FTIR spectra of (a) whole cells and (b) spheroplasts with and without qBBr 

treatment after 0.5 and 4 h. Spectra were normalized to the amide II band at 1570-1515 cm-1. 

Assignments of the different infrared bands are based on Quilès et al.201 (Reproduced from Paper 

IV). 
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Concluding remarks: Interaction of Hg with the inner and 

outer membrane 

Project III and IV investigated Hg interaction with the outer and inner membrane with the 

aim of describing the role of cell surface thiol functional groups on Hg(II) uptake, 

methylation and reduction. 

The determination of the speciation by EXAFS and HERFD-XANES showed coherent 

results with two coordinated Hg-thiol structures at lower Hg exposure concentrations and 

with increasing Hg exposure concentrations less stable two coordinated Hg species with 

hydroxyl, carboxyl or amine functional groups were formed. The concentration of cell 

surface thiols on the outer and inner membrane were determined and showed a higher 

concentration for the latter. The distribution of Hg complexes with Memext-RIIS and 

Memext-RIS varied between the two membranes with a higher amount and fraction of 

Hg(Memext-RIIS)2 at the outer membrane. The blocking of cell surface thiol functionality 

groups did not impact the uptake, internalization and reduction of Hg(II). Whole cells 

showed an overall higher MeHg formation compared to spheroplasts and the formed 

MeHg remained cell-associated. Moreover, blocking of membrane surface thiols by qBBr 

altered the cell physiology as shown by changes in the biochemical composition. In 

addition, differences between Hg(II) reduction and methylation potential between whole 

cells and spheroplasts were observed. Paper III and IV showed the formation of either 

liquid or gaseous Hg(0), respectively. The outer membrane showed a higher Hg(II) 

reduction potential compared to the inner membrane and Hg(0) formation was 

independent of membrane surface thiols. A fraction of cell-associated Hg(0) was purgeable 

and suggested that liquid Hg(0) might be volatilize into gaseous Hg(0). 
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Conclusion 

The formation of MeHg in the environment by G. sulfurreducens and other methylating 

organisms is dependent on biological, chemical and physical parameters as illustrated in 

Figure 2.2, 40 To detangle and to define the contribution of a single parameter and 

combination of parameters is challenging and requires a deep understanding of the 

biogeochemical processes of Hg. It is crucial to identify the key parameters to further 

predict rates of Hg transformation processes (Figure 1).2, 40, 41 This thesis emphasized the 

complex interplay of chemical and biological parameters and their impact on Hg(II) 

methylation by the model organisms G. sulfurreducens. The aim of the thesis was to 

unravel the importance of thiol compounds on Hg(II) speciation, uptake and 

transformation by this microorganism.  

In the first part the role of dissolved LMM-thiols was investigated (Paper I and II). Overall, 

dissolved LMM-thiols showed a dynamic pattern during growth of G. sulfurreducens and 

in Hg(II) methylation assays (Figure 8 and 9). The composition of the growth medium 

with respect to Fe(II) was a driving factor for the formation and excretion of LMM-thiols, 

especially the small LMM-thiol cysteine showed, under iron depleted conditions, 

enhanced extracellular concentrations (Figure 8). In Paper I, we also showed the 

di-methylation of cysteine to penicillamine by G. sulfurreducens (Figure 9). Hg(II) 

methylation assays under altering nutrient concentrations showed that the formation and 

turnover of LMM-thiols was impacted by the assay composition and higher nutrient load 

led to a faster turnover of cysteine to penicillamine (Figure 9). The turnover was further 

amplified by the addition of exogenous cysteine. The formation and turnover of 

LMM-thiols were impacting the Hg(II) speciation in the extracellular media in Hg(II) 

methylation assays (Figure 10). Critical for the MeHg formation was the relative 

composition of Hg(Cys)2 and Hg(PEN)2 complexes, due to differences in the Hg(II) 

methylation rate constants with lower rates for Hg(PEN)2 complexes.52 Overall, Hg(II) 

methylation was driven by LMM-thiols via (i) their impact on the Hg(II) speciation and 

(ii) the partitioning of Hg between the cell-associated and dissolved phase. In addition, 

Hg(II) methylation potential was affected by the cell physiology due to a higher metabolic 

activity in assays with higher nutrient concentrations (Figure 10 and 11). Both the Hg(II) 

speciation and cell physiology were driving parameters for Hg(II) methylation, however 

these two parameters were not additive. The results from Paper I and II showed the 

dynamic LMM-thiol metabolism, which is impacted by nutrient availability, and 

subsequently affected by the Hg(II) speciation and partitioning between the dissolved and 

cell-associated phase. The results of Paper I and II highlighted the importance of 

monitoring the fate of LMM-thiols in Hg(II) methylation experiments. Especially, the 

composition of individual LMM-thiol compounds was crucial for the Hg(II) methylation 

potential, due to differences in kmeth for small and branched Hg(RS)2 complexes.53 The 

results from Paper I and II suggest a critical interplay of LMM-thiol metabolism and Hg 

transformation in more complex environmental systems, i.e. natural biofilms. These 

environments show an overall high Hg(II) methylation potential, where the availability of 

nutrients and metabolites is constantly fluctuating.135, 137, 224   
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The second part of this thesis focused on surface thiol on the outer and inner membrane 

(Paper III and IV). In Paper III, the Hg speciation was probed on the outer and inner 

membrane by EXAFS and HERFD-XANES and showed coherent results for these two 

methods (Figure 12). The speciation of Hg(II) with the outer and inner membrane was 

described by two coordinated Hg-thiol complexes Hg(Mem-RS)2/(Hg(Cys)2 complexes at 

lower Hg addition and the speciation shifted towards Hg(Mem-RO/N)2/Hg(acetate)2 with 

increasing Hg concentrations. This shift followed the thermodynamic stability of these 

complexes, where the functional groups forming the most stable complexes are saturated 

first.126, 155, 225 In addition, the concentrations of the outer and inner membrane were 

determined and  showed a six times higher concentration of thiols on the inner membrane 

compared to the outer membrane (745 compared to 120 µmol g-1 dry mass, Table 2). 

Overall, the determined thiol concentrations were in the same range as in previous studies 

on cell membrane fragments and whole cells of G. sulfurreducens.152, 154, 155 Outer 

membrane thiols were dominantly involved in two coordinated Hg(Memext-RIIS)2 

structures, whereas only a minor part of thiols in the inner membrane formed these 

complexes. Since Hg(Memext-RIIS)2 complexes are much more stable compared to 

Hg(Memext-RIS)(Memext-RO/N) complexes,155 this result suggested that Hg adsorption on 

the outer membrane is a Hg sink and less is available for uptake.54, 58, 60, 61  

Further, G. sulfurreducens is capable of Hg(II) reduction. We showed the formation of 

liquid Hg(0) on the outer and inner membrane by EXAFS and HERFD-XANES (Figure 

12). In addition, the reduction of Hg(II) to gaseous Hg(0) was investigated and could be 

verified in whole cells and spheroplasts (Figure 13). The formation of gaseous Hg(0) was 

ascribed to membrane cytochromes.57, 60 In this work, the mechanism for the liquid Hg(0) 

formation were not identified and was hypothesized to be alike to gaseous Hg(0) 

formation. The linkage between gaseous and liquid Hg(0) may be important for the 

understanding of the global biogeochemical cycling of Hg, especially if the formation of 

liquid Hg(0) impacts the gaseous Hg(0) pool and if they are exchangeable. We showed in 

Paper IV that cell-adsorbed Hg(0) was purgeable, however to what extent was not 

determined.  

Partition of Hg between the dissolved, cell-adsorbed, and intracellular phase was not 

impacted by blocking selectively surface thiols on the outer and inner membrane by qBBr 

(Figure 13). The blocking of outer membrane surface thiols decreased the formation of 

MeHg at longer incubation time. The biochemical composition of whole cells changed by 

blocking the outer membrane thiol groups, although cell growth was similar for both 

samples (Figure 14a). In contrast, no differences in MeHg formation were observed for 

spheroplast over time and the biochemical composition of spheroplasts did not alter with 

blocking or over time (Figure 13, Figure 14b). Overall, the combined results of blocked and 

non-blocked membrane surface thiols with respect to Hg partitioning, MeHg formation 

and cell physiology raised the crucial question if the blocking of membrane surface thiols 

was successful. The similar partitioning between blocked and non-blocked samples 

suggested that membrane surface thiols were partly derivatization with qBBr and qBBr 

inaccessible thiol groups were likely accessible for Hg(II). In a previous study it was 

discussed that the qBBr molecule may not block all membrane surface thiols, due to steric 

hindrance, and sites which are qBBr inaccessible may still potentially be accessible for 

Hg(II).181 The decreased formation of MeHg in blocked whole cell samples compared to 
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non-blocked, could be as well linked to changes in the cell physiology (Figure 14a). The 

overall low formation of MeHg in spheroplast samples proposed the importance of 

complexes between Hg(II) with dissolved LMM-thiols for Hg(II) internalization and 

subsequently methylation as shown in previous studies.52-54 

The combined results of Paper I-IV showed the importance of dissolved and membrane 

surface thiol groups for Hg(II) speciation, uptake and transformation as illustrated in 

Figure 15. The formation, turnover and excretion of dissolved thiols is tightly coupled to 

the metabolisms of nutrients and essential trace metals (Paper I). This formation is 

important for the Hg(II) speciation in the dissolved phase and the partition between the 

dissolved and cell adsorbed phase in Hg(II) methylation assays (Paper II). In addition, cell 

physiology is crucial and a higher metabolic activity drives Hg(II) methylation and the 

turnover of LMM-thiols (Paper II). The characterization of the outer and inner membrane 

by EXAFS shows a higher thiol concentration on the inner membrane (Paper III). The 

distances of the outer membrane thiols are close enough to form dominantly two 

coordinated Hg(Memext-RIIS)2 complexes, whereas the inner membrane dominantly 

formed Hg(Memext-RIS)(Memext-RO/N) complexes (Paper III). The outer and inner 

membrane thiols are hypothesized to play important roles for uptake, reduction, and 

methylation of Hg(II). The formation of liquid and gaseous Hg(0) is higher for whole cells 

and independent of membrane surface thiols (Paper III and IV). The partitioning between 

the different phases is not impacted by membrane surface thiol blocking (Paper IV). The 

formation of MeHg was highest for non-blocked whole cells (Paper IV). The blocking of 

membrane thiols with qBBr blocking changes the cell physiology and spheroplasts and 

whole cells show a different biochemical composition (Paper IV). 
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Figure 15: Illustration of the four thesis projects I – IV and their key findings. The focus of the 

different Papers are: (I) Turnover of thiol compounds under varying media composition, (II) The 

combined effect of Hg(II) speciation and physiology on MeHg formation, (III) Determination of the 

Hg speciation and membrane thiol concentration on the outer and inner membrane and (IV) the 

role of membrane thiols on Hg(II) uptake, methylation, and reduction.  
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Outlook 

In this thesis, the transformation of Hg and the role of thiols by G. sulfurreducens was 

studied with new experimental approaches. This thesis showed the important role of 

dissolved and membrane surface thiols and highlighted the complexity and importance of 

the link between Hg and thiol compounds. The results form a basis on which knowledge 

gaps should be addressed in further research.  

The dynamic turnover of LMM-thiols as investigated in Paper I and II emphasized the 

importance to monitor and measure LMM-thiols in laboratory experiments and in the 

environment to identify the speciation of Hg(II) with LMM-thiol compounds. 

Microenvironments, i.e. biofilms, contain enhanced concentration of LMM-thiols and are 

showing high Hg(II) methylation potential135, 137 and these biofilms are an important 

source of MeHg for macroinvertebrates.226, 227 Moreover, porewaters showed a similar 

relationship between LMM-thiols and methylation potential,136 however the origin and 

metabolic turnover of LMM-thiols is unknown. The identification of the thiol composition 

is important for the prediction of Hg(II) availability and Hg(II) methylation potential, 

since specific thiol compounds promote Hg(II) uptake and methylation.51, 52, 62, 63, 120 To 

further understand the turnover and formation of LMM-thiols, e.g. of cysteine to 

penicillamine, the up- and/or downregulation of genes involved in thiol metabolism could 

give insight on a molecular level.  

In addition, the microbial composition and the metabolic activity of microorganisms are 

central parameters.75-78, 150 However, a variety of Hg(II) methylating microorganisms are 

identified in various environmental niches.43, 44 Especially, sulfate-reducing 

microorganisms are key methylators. The relevance of LMM-thiol compounds in sulfidic 

environments for sulfate-reducing microorganisms is uncertain, especially when thiol 

concentrations are comparable to or exceeding sulfide concentrations and compete for Hg 

as a ligand. In addition, the flux and availability of nutrients is a variating factor within the 

biofilm228-230and subsequently likely impact the metabolic activity and Hg(II) methylation 

potential. In a next step, mixed organism studies should be a major focus and to thereby 

investigate the thiol turnover, nutrient fluxes and their impact on metabolic activity to 

further predict Hg(II) methylation in microenvironments with a high methylation 

potential and nutrient flux.  

The formation of liquid Hg(0) as shown in Paper III raised the question whether liquid 

Hg(0) formation is based on the same mechanism as gaseous Hg(0) formation. It is the 

second study showing liquid Hg(0) formation by bacteria.162 It is important to understand 

if there is a relationship between the formation of gaseous Hg(0) and liquid Hg(0). 

Gaseous Hg(0) is commonly determined as the purgeable Hg fraction.57, 60 However, it is 

not known if liquid Hg(0) adsorbed on membranes is part of the purgeable fraction. In 

case liquid Hg(0) is not purgeable the reduction potential of G. sulfurreducens was 

previously underestimated. In a broader perspective, it is unknown to what extent liquid 

Hg(0) is formed in environments with high Hg transformation potential, i.e. sediment, soil 

or biofilms. Volatilization of liquid Hg(0) to gaseous Hg(0) is observed in contaminated 

sites with liquid Hg(0) spills,231 but studies on uncontaminated sites have focused mainly 
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on gaseous Hg(0) formation.232, 233 However, it raises the question if the liquid and gaseous 

Hg(0) are exchangeable and if liquid Hg(o) therefore can be a source of gaseous Hg(0) to 

the atmosphere also in environments not contaminated by local liquid Hg(0) sources. 

The determination of the outer and inner membrane surface thiol concentrations in Paper 

III showed higher thiol concentration on the inner membrane, whereas on the outer 

membrane the distance of the thiol functional groups was closer to form dominantly 

Hg(Memext-RIIS)2 complexes. The role of outer and inner thiol compounds for the cellular 

uptake of Hg(II) was not fully identified. However, it raises the question if the thiol 

concentration plays a key role in the Hg(II) uptake mechanism and if it is further impacted 

by the coordination environment. Ligand exchange reactions with the membrane are 

considered crucial steps for the Hg(II) uptake across the outer and inner membrane.54, 140, 

152, 156 Especially, previous studies showed higher uptake rates across the inner membrane 

compared to the outer membrane.53 On the inner membrane, fewer stable complexes, 

Hg(Memext-RIS)(Memext-RO/N), may be dominant under kinetically constrained 

conditions, and these complexes might be kinetically preferred for uptake. In addition, it 

is not identified if Hg is complexed as Hg(Memext-RIIS)2 on the outer membrane during 

Hg(II) uptake, since thiols and DOM in the extracellular media are competing for Hg. In 

Paper IV we attempted to resolve the role of the outer and inner membrane thiols for 

Hg(II) uptake and transformation. However, this study raised additional questions about 

whether the experimental strategy was successful. Selectively blocking of membrane thiol 

compounds with qBBr likely partly blocked membrane thiol groups and qBBr could only 

block specific surface thiols sites,181 and due to the size differences between qBBr and 

Hg(II), the qBBr inaccessible sides are in turn accessible for Hg(II). This knowledge gap 

could be further investigated with additional EXAFS study by determining the Hg 

speciation and coordination environment of Hg of qBBr blocked and non-blocked 

G. sulfurreducens cells.  
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Appendix 

Table A1: Overview of growth medium and assay buffer composition for the different studies. 

Standard growth medium and standard assay buffer were used in all Papers (I-IV). Modifications 

are indicated. The pH of all solutions was adjusted to 6.8. (Table adapted from Paper I and II) 

Component Unit 
Standard 

growth  
medium 

Iron depleted 
growth  

medium $ 

Standard  
assay buffer *, # 

Metabolite 
assay buffer $ 

Nutrient  
assay buffer $ 

Spheroplast 
assay buffer *, £ 

MOPS mM 10 10 10 10 10 10 
NH4Cl mM 5.6 5.6 0.1 0.1 0.7 - 
KCl mM 1.3 1.3 1.3 1.3 1.3 5.1 
CaCl2 µM 8 8 - 0.8 0.8 - 
NaCl mM 0.17 0.17 0.17 0.17 0.17 80 
MgSO4 mM 0.12 0.12 0.15 0.15 0.15 - 
MgCl2 mM - - - - - 1.5 
NaH2PO4 mM 0.05 0.05 5 4.51-5.00 4.51 - 
KH2PO4 mM - - - - - 3.09 
K2HPO4 mM - - - - - 1.26 
Acetate mM 10 10 1 1.0-1.9 1.9 1 
Fumarate mM 40 40 1 1.0-3.9 3.9 1 
Resazurin µM 4 4 4 4 4 - 
Sucrose mM - - - - - 350 
NTA µM 78.6 - - 0-10 7.86 - 
EDTA µM - 100 - 0-10 - - 
CoCl2 µM 4.24 4.24 - 0-0.42 0.42 - 
CuSO4 µM 0.04 - - - 0 - 
MnCl2 µM 29.8 29.8 - 0-2.98 2.98 - 
AlK(SO4)2 µM 0.22 0.22 - 0-0.02 0.02 - 
H3BO3 µM 1.6 1.6 - 0-0.16 0.16 - 
Na2MoO4 µM 0.42 0.42 - 0-0.04 0.04 - 
NiCl2 µM 0.44 0.44 - 0-0.04 0.04 - 
ZnSO4 µM 3.48 3.48 - 0-0.35 0.35 - 
FeSO4 µM 3.6 1.5 - 0-0.15 0.36 - 
Na2SeO3 µM 0.6 0.6 - 0-0.06 0.06 - 
$Paper I & II, *no fumarate and acetate in Paper III, #no resazurin in Paper IV,  £Paper III & IV  
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Table A2: Overview of different measured and calculated Hg fractions. Calculation varies among 

Paper II and IV due to differences in the measured Hg fraction. Details are described in Paper II 

and IV. 

Measurements   Paper 

Total Hg (THg)   II, III, IV 

Total Dissolved Hg (DHg)   II, III, IV 

Total MeHg (TMeHg)   II, IV 

Dissolved MeHg (DMeHg)   IV 

Non-purgeable – THg (NP-THg)   IV 

Non-purgeable – DHg (NP-DHg)   IV 

Total intracellular Hg (CHg)   IV 

Calculations    

Total Hg losses = Added Hg – Total Hg II, IV 

Total cell-adsorbed Hg = THg – DHg – CHg IV 

Total cell-associated Hg = THg – DHg II, IV 

Dissolved MeHg = Fraction dissolved MeHg × Total MeHg II 

Cell-associated MeHg = TMeHg – DMeHg II, IV 

Total Hg(0) = THg – NP-THg IV 

Dissolved Hg(0) = DHg – NP-DHg IV 

Cell-associated Hg(0) = THg – NP-THg – dissolved Hg(0) IV 

Total Hg(II) = Total Hg – Total MeHg II 

  NP-THg – TMeHg IV 

Dissolved Hg(II) = Total dissolved Hg – dissolved MeHg II 

  NP-DHg – DMeHg IV 

Cell-associated Hg(II) = Total cell-associated Hg – cell-associated MeHg II 

  Total Hg(II) – Dissolved Hg(II) IV 
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Table A3: Overview of the different Hg species terminology used in EXAFS and HERFD-XANES 

studies for the outer and inner membrane of G. sulfurreducens. EXAFS data were analyzed by fitting 

ab initio models of known structures generating information about coordination number, bond 

distance and Debye-Waller factors (thermal and structural disorder). HERFD-XANES data were 

analyzed by optimizing LCF of pre-selected model compounds. Based on the different data treatment 

the Hg speciation was expressed by different terms in EXAFS and HERFD-XANES studies and 

describing equivalent structures.  

EXAFS HERFD-XANES Description 

Hg(Mem-RS)2 Hg(Cys)2* Hg coordinated with two -SH functional groups  

Hg(Mem-RO/N)2 Hg(acetate)2 

Hg coordinated with two -OH, -COOH or NH2 

functional groups or a combination of these three 

functional groups 

Liquid Hg(0) Liquid Hg(0) Elemental liquid Hg 

* measured at pH 3 and 11 

 

 

 

 


