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Abstract  30 

We have examined the speciation of Hg(II) complexed with  intact cell suspensions (1013 31 
cells L-1) of Bacillus subtilis, a common gram-positive soil bacterium, Shewanella oneidensis 32 
MR-1, a facultative gram-negative aquatic organism, and Geobacter sulfurreducens, a gram-33 
negative anaerobic bacterium capable of Hg-methylation at Hg(II) loadings spanning four orders 34 
of magnitude (120 nM to 350 µM) at pH 5.5 (±0.2). The coordination environments of Hg on 35 
bacterial cells were analyzed using synchrotron based X-ray Absorption Near Edge Structure 36 
(XANES) and Extended X-ray Absorption Fine Structure (EXAFS) spectroscopy at the Hg LIII 37 
edge. The abundance of thiols on intact cells was determined by a fluorescence-spectroscopy 38 
based method using a soluble bromobimane, monobromo(trimethylammonio)bimane (qBBr) to 39 
block thiol sites, and potentiometric titrations of biomass with and without qBBr treatment. The 40 
chemical forms of S on intact bacterial cells were determined using S k-edge XANES 41 
spectroscopy.  42 

Hg(II) was found to complex entirely with cell bound thiols at low Hg:biomass ratios. 43 
For Bacillus subtilis and Shewanella oneidensis MR-1 cells, the Hg-S stoichiometry changed 44 
from Hg-S3 to Hg-S2 and Hg-S (where ‘S’ represents a thiol site such as is present on cysteine) 45 
progressively as the Hg(II) loading increased on the cells. However, Geobacter sulfurreducens 46 
did not form Hg-S3 complexes. Because the abundance of thiol was highest for Geobacter 47 
sulfurreducens (75 µM/g wet weight) followed by Shewanella oneidensis MR-1 (50 µM/g wet 48 
weight) and Bacillus subtilis (25 µM/g wet weight), the inability of Hg(II) to form Hg-S3 49 
complexes on Geobacter sulfurreducens suggests that the density and reactivity of S-amino acid 50 
containing cell membrane proteins on Geobacter sulfurreducens are different from those of 51 
Bacillus subtilis and Shewanella oneidensis MR-1. Upon saturation of the high affinity thiol sites 52 
at higher Hg:biomass ratios, Hg(II) was found to form a chelate with α-hydroxy carboxylate 53 
anion. The stoichiometry of cell envelope bound Hg-thiol complexes and the associated 54 
abundance of thiols on the cell envelopes provide important insights for understanding the 55 
differences in the rate and extent of uptake and redox transformations of Hg in the environment.  56 

 57 

 58 
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 64 

 65 
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1.0 Introduction 66 

  Mercury is a common contaminant found in many terrestrial and aquatic systems, and its 67 
bioaccumulation in organisms, including humans, is a major environmental concern (Mergler et 68 
al, 2007). The solubility, speciation, toxicity and the ultimate fate of Hg within aquatic 69 
ecosystems is dependent on a large number of chemical and biological variables (Morel et al., 70 
1998; Barkay and Schaefer, 2001). In aquatic systems, Hg solubility is high under oxygen-rich 71 
acidic conditions but it is significantly inhibited under anoxic sulfide-rich waters (Martell and 72 
Smith, 1974). The Hg-sulfide complexes are among the strongest complexes of all known Hg 73 
inorganic and organic complexes in the aquatic environment (Carty and Malone, 1979). While 74 
the presence of sulfides in aqueous systems can induce precipitation of Hg in the form of 75 
insoluble amorphous and crystalline HgS, stable aqueous polysulfide complexes and 76 
nanoparticles can also enhance the solubility and transport of Hg. In addition, inorganic ligands 77 
(e.g. Cl-), and mono- (e.g. cysteine) and poly-dentate (e.g. citrate, catechols) organic ligands can 78 
also enhance the solubility of Hg by forming stable aqueous complexes. Complex organic 79 
ligands, such as natural organic matter (NOM), also form stable Hg-NOM complexes through 80 
thiol (SH), and carboxyl binding (Xia et al., 1999; Haitzer et al., 2002; Khwaja et al., 2006; 81 
Skyllberg et al., 2005; Skylberg 2008; Nagy et al., 2011; Hesterberg et al., 2001). Because 82 
dissolved organic matter (DOM) is the main source of reduced cysteine residues in natural 83 
waters, Hg complexation with DOM is thought to control the speciation, solubility, mobility, and 84 
toxicity of Hg in the aquatic environment (Loux, N., 1998; Ravichandran, M., 2004), indirectly 85 
affecting the rate and extent of Hg-methylation (Ravichandran, M., 2004).  86 

One of the key biogeochemical transformations of interest is the role of microorganisms 87 
in converting Hg to methyl mercury. While the geochemical factors that control Hg methylation  88 
in terrestrial and aquatic systems are poorly understood, it has been shown that the concentration 89 
of Hg bioavailable to Hg-methylating bacteria is strongly affected by binding to cysteine 90 
residues (Skyllberg et al., 2006), and the extent of Hg(II) uptake and Hg-methylation is 91 
significantly influenced by the presence of Hg-cysteine complexes in aqueous solutions 92 
(Schaefer and Morel, 2009; Schaefer et al., 2011; Thomas et al., 2014; Lin et al., 2015).  93 

Thiol sites within bacterial cell envelopes have been shown to control the fate and 94 
transport of Hg by providing high-affinity binding sites (Mishra et al., 2011), and mediating 95 
redox transformations (Colombo et al., 2013; Hu et al., 2013; Colombo et al., 2014). Certain 96 
bacterial strains such as Geobacter sulfurreducens PCA can function both as a reductant and as 97 
an adsorbent for Hg(II) at different cell biomass to Hg ratios (Hu et al., 2013), with adsorption 98 
being the dominant mechanism at low Hg:biomass ratios. Sorption of Hg(II) to cell envelope 99 
sites has been thought to serve as a “sink” for Hg(II) that restricts transport into the cytoplasm, 100 
thus lowering the  bioavailability of Hg(II) (Graham et al., 2012). Recent studies indicate that in 101 
addition to gene expression and regulation, cell envelope chemistry is likely an important driver 102 
for cross-species differences in Hg methylation rates (Graham et al., 2012). Furthermore, 103 
reactivity of thiols towards Hg(0), resulting in thiol mediated passive microbial oxidation of 104 
Hg(0), has been recently reported (Colombo et al., 2013; Colombo et al., 2014). Since 105 
physicochemical sorption of Hg(0) to reactive thiol sites has been hypothesized as the first step 106 
in Hg(0) oxidation by dissolved organic matter (Gu et al., 2011; Zheng et al., 2012), differences 107 
in passive Hg(0) oxidation rates by different bacterial strains could be explained by the reactivity 108 
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and density of thiols present on the cell envelopes of corresponding bacterial strains (Colombo et 109 
al., 2014).  110 

In spite of the significance of Hg-thiol complexation on cell envelopes, the speciation and 111 
stability of thiol-bound Hg on cell envelopes remains largely unknown. X-ray-based 112 
spectroscopy investigations could provide definitive information regarding the nature of Hg(II) 113 
interactions with bacterial cell envelopes. To date, studies have been primarily limited to 114 
showing the complexation of Hg with high (thiol) and low (carboxyl) affinity sites on cell 115 
envelopes (Mishra et al., 2011; Dunham-Cheatham et al., 2014; Dunham-Cheatham et al., 2015). 116 
Although recent studies have shown variations of the stoichiometry of thiol bound Hg on the 117 
cell, they are either qualitative using a XANES fingerprinting technique (Thomas et al., 2014) or 118 
limited in scope (Thomas et al., 2016). Similar to the complexation of Hg with NOM, Hg-thiol 119 
complexes within bacterial cell envelopes may exhibit a range of stoichiometries as a function of 120 
Hg loading conditions. The speciation and stability of such cell envelope bound Hg-thiol 121 
complexes may in fact control the overall fate and bioavailability of Hg in aquatic systems. This 122 
study provides direct evidence for systematic changes in the stoichiometry of Hg-thiol 123 
complexes on bacterial cell envelopes for three different bacterial species.  124 

 For an in-depth evaluation of the speciation of Hg bound to cell envelopes and the 125 
stoichiometry of Hg-thiol complexes under ambient conditions, we selected three distinct classes 126 
of bacteria: Bacillus subtilis, a common Gram-positive soil bacterium, Shewanella oneidensis 127 
MR-1, a facultative Gram-negative aquatic organism, and Geobacter sulfurreducens, a Gram-128 
negative anaerobic bacterium capable of methylating mercury; and exposed the intact cell 129 
suspensions (1013 cells L-1, or ~2 g L-1 of wet mass) to different concentrations of dissolved 130 
Hg(II) (120 nM to 350 µM) at pH 5.5 (±0.2). The structure and coordination environments of Hg 131 
on the bacterial cells were analyzed using synchrotron-based X-ray Absorption Near Edge 132 
Structure (XANES), and Extended X-ray Absorption Fine Structure (EXAFS) spectroscopy at 133 
the Hg LIII edge. The abundance of thiols on the intact cells was directly determined by a 134 
fluorescence-spectroscopy-based method, using a soluble bromobimane, 135 
monobromo(trimethylammonio)bimane (qBBr), and was further verified by the change in total 136 
thiol concentrations on intact cells using potentiometric titrations of biomass with and without 137 
qBBr treatment. The chemical forms of S on intact bacterial cells were determined using S k-138 
edge XANES spectroscopy.  139 

2.0 Materials and Methods 140 

2.1 Bacterial Growth Conditions  141 
Bacillus subtilis and Shewanella oneidensis MR-1 cells were cultured and prepared 142 

aerobically following the procedures outlined elsewhere (Borrok et al., 2007). Briefly, cells were 143 
maintained on agar plates consisting of trypticase soy agar with 0.5% yeast extract added. Cells 144 
for all experiments were grown by first inoculating a test-tube containing 3 mL of trypticase soy 145 
broth with 0.5% yeast extract, and incubating it for 24 h at 32 °C. The 3 ml bacterial suspension 146 
was then transferred to a 1 L volume of trypticase soy broth with 0.5% yeast extract for another 147 
24 h on an incubator shaker table at 32 °C. Cells were pelleted by centrifugation at 8100g for 5 148 
min, and rinsed 5 times with 0.1 M NaClO4.  149 
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  Geobacter sulfurreducens cells were cultured and prepared using a different procedure 150 
than described above. Cells were maintained in 50 mL of anaerobic freshwater basal media 151 
(ATCC 51573) at 32 oC (Lovely and Phillips, 1988). Cells for all experiments were grown by 152 
first inoculating an anaerobic serum bottle containing 50 mL of freshwater basal media, and 153 
incubating it for 5 days at 32 oC. Cells were pelleted by centrifugation at 8100g for 5 minutes, 154 
and rinsed 5 times with 0.1 M NaClO4 stripped of dissolved oxygen by bubbling a 85%/5%/10% 155 
N2/H2/CO2  gas mixture through it for 30 minutes. After washing, the three types of bacteria used 156 
in this study were then pelleted by centrifugation at 8100g for 60 minutes to remove excess water 157 
to determine the wet mass so that suspensions of known bacterial concentration could be created.  158 

 Experimental conditions for all the cell cultures described above represent the early 159 
exponential phase of the bacterial growth curves.  160 

2.2 Hg Adsorption Experiments  161 
A 200 ppm parent solution of Hg2+ in 0.1 M NaClO4 was prepared from a commercially-162 

supplied 1000 ppm Hg in nitric acid reference solution, which was adjusted to pH 3.0 by adding 163 
aliquots of 1 M NaOH. Appropriate amounts of the Hg(II) parent solution were added to achieve 164 
the desired Hg(II) and bacterial concentrations (Table S1). The concentration of the bacterial 165 
suspensions was 2 g L-1 (~ 1013 cell L-1) for all of the experiments in this study. The pH of each 166 
system was adjusted to 5.5 (± 0.2) using small aliquots of 1 M HNO3 or NaOH, and the systems 167 
were allowed to react for two hours on a shaker at room temperature (22 °C). Since surface 168 
waters exposed to the atmosphere have a pH of approximately 5.6 due to the dissolution of 169 
carbon dioxide into the water, we chose to work at pH 5.5 to make our results relevant to 170 
environmental and geochemical systems. Metal adsorption on bacterial cell surfaces have been 171 
previously conducted at similar pH conditions (Boyanov et al., 2003; Claessens and Van 172 
Cappellen, 2007; Wei et al., 2011). In addition, we conducted experiments at pH 5.5 to exclude 173 
potential effects of insoluble Hg-hydroxide formation which are highly favorable at alkaline pH 174 
conditions. pH was monitored every 30 min, and adjusted as required. After 2 h of reaction, the 175 
suspensions were centrifuged, and the bacterial pellet from each experiment was retained for 176 
XAFS analysis. The supernatant was filtered (0.45 μm) using nylon membranes (Millipore 177 
filter), acidified, and analyzed for dissolved Hg(II) by inductively coupled plasma-optical 178 
emission spectroscopy (ICP-OES; Perkin-Elmer). Filtering supernatant using Fluoropore PTFE 179 
membranes filter (0.45 μm) did not result in appreciable change in the concentration of Hg in 180 
supernatant.  181 
 182 

Previous experiments (Fowle and Fein, 2000) have demonstrated the reversibility of 183 
metal binding reactions under similar experimental conditions, strongly suggesting that the 184 
metals are not internalized during the course of the experiments. 185 
 186 
2.3 Hg XAS Measurements and Data Analysis  187 

Hg LIII edge X-ray absorption near edge structure (XANES) and extended X-ray 188 
absorption fine-structure spectroscopy (EXAFS) measurements were performed at the MRCAT 189 
sector 10-ID beamline (Segre et al., 2000), Advanced Photon Source, at Argonne National 190 
Laboratory. The continuous scanning mode of the undulator was used with a step size and 191 
integration time of 0.5 eV and 0.1 s per point, respectively, in order to decrease the radiation 192 
exposure during a single scan. In addition, the measurements were conducted at different spots 193 
on the sample to further decrease the time of exposure. XANES spectroscopy, which is sensitive 194 
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to chemical changes in the sample, was constantly monitored for any possible radiation damage. 195 
Successive XANES scans did not show any beam induced changes in any of the samples studied 196 
(data not shown).   197 

 198 
Hg XANES and EXAFS measurements and the data analysis approach for this study 199 

were similar to those previously published by our group (Mishra et al., 2011; Pasakarnis et al., 200 
2013; Dunham-Cheatham et al., 2014; Dunham-Cheatham et al., 2015). The data were analyzed 201 
using the methods described in the UWXAFS package (Stern et al., 1995). Energy calibration 202 
between different scans was maintained by measuring a Hg/Sn amalgam, prepared as described 203 
elsewhere (Harris et al., 2003), on the reference chamber concurrently with the fluorescence 204 
measurements of the biomass-bound Hg samples. The inflection point of the Hg LIII edge 205 
(12.284 KeV) was used for calibration of the scans. Data processing and fitting was done with 206 
the programs ATHENA and ARTEMIS (Ravel and Newville, 2005). The data range used for 207 
Fourier transforming the k space data was 2.3–9.8 Å-1, except in the case of the two lowest Hg 208 
concentration samples where 2.3–8.2 Å-1 was used due to poor data quality. The Hanning 209 
window function was used with a dk of 1.0 Å-1. Fitting of each spectrum was performed in r-210 
space, from 1.2–3.2 Å, with multiple k-weighting (k1, k2, k3) unless otherwise stated. Lower χν2 211 
(reduced chi square) was used as the criterion for inclusion of an additional shell in the shell-by-212 
shell EXAFS fitting procedure.  213 

 214 
2.4 Hg XAS Standards 215 

Crystalline powder standards (cinnabar [red HgS] and mercuric acetate) were measured 216 
and used to calibrate the theoretical calculations against experimental data. Data from the 217 
standards were analyzed to obtain the S02 parameter, where S02 is the value of the passive 218 
electron reduction factor used to account for the many body effects in EXAFS. By fixing the 219 
value of S and O atoms to 2 in cinnabar and mercuric acetate, we obtained S02 values of 1.02 ± 220 
0.05 and 0.98 ± 0.03, respectively. Hence, we chose to set the value of S02 to be 1.0 for all the 221 
samples. Fitting of the powder standards to their known crystallographic structure (cinnabar and 222 
mercuric acetate) reproduced the spectral features in the entire fitting range (1.0–4.2 Å) and the 223 
fitting parameters were in agreement with previously reported values (Almann, R., 1973; 224 
Manceau and Nagy, 2008). Only the paths necessary to model the solid standards were used for 225 
fitting the solution standards and the unknown Hg samples. 226 

In addition to crystalline powder standards, solution-phase standards (Hg2+, Hg-cysteine, 227 
and Hg-acetate) were also measured as solution standards in order to provide a better 228 
representation of aqueous metal speciation than crystalline powder standards. Aqueous Hg2+ and 229 
Hg-cysteine standards were prepared from high purity 5mM Hg2+ in 5% HNO3 bought from GFS 230 
Chemicals. Hydrated Hg2+ was adjusted to pH 2.0 for measurement by adding appropriate 231 
amounts of 5 M NaOH. A Hg-cysteine standard was prepared by adding cysteine to 5mM Hg2+ 232 
in 5% HNO3 in a Hg:ligand ratio of 1:100. The pH of the Hg-cysteine solution was adjusted to 233 
5.0 and 8.0 by adding appropriate amounts of 5 or 1 M NaOH to obtain solutions with 234 
predominantly Hg-(cysteine)2 and Hg-(cysteine)3 present, respectively. It must be emphasized 235 
that solution species are almost always a mixture of different Hg-cysteine species. Although the 236 
presence of small fractions (less than 10%) of other stoichiometries of Hg-cysteine complexes in 237 
the Hg-(cysteine)2 and Hg-(cysteine)3 standards cannot be ruled out, comparison of the Hg-S 238 
bond lengthes determined using EXAFS modeling of these standards with published values was 239 
used to validate their stoichiometries. The Hg-acetate standard was prepared by adding mercuric-240 
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acetate salt to ultrapure water and the pH of this solution was adjusted to 5.0 by adding 241 
appropriate amounts of 1 and 5 M NaOH. The best fit values of the Hg-(cysteine)2, Hg-242 
(cysteine)3, and Hg-acetate solution standards were used as the initial values of the 243 
corresponding variables for fitting the unknown Hg biomass samples.  244 

 245 
2.5 S XANES Measurement and Analysis  246 

Sulfur K‐edge XANES spectra for biomass samples were acquired at the National 247 
Synchrotron Light Source (NSLS, Brookhaven) on beamline X19A using a PIPS detector in 248 
fluorescence detection mode. At X19A, signal from higher order harmonics was removed by 249 
detuning the monochromator to 70% of the maximum beam flux at 2472.0 eV. An energy 250 
calibration was performed by setting the first peak in the spectrum of sodium thiosulfate salt 251 
(Na2S2O3), corresponding to the thiol S, to 2469.2 eV. XANES spectra were typically measured 252 
between 2450 and 2500 eV. Step sizes in the near-edge region (2467-2482 eV) were 0.08 eV, 253 
and 0.2 eV in pre- and post- edge regions.  254 

 255 
2.6 Thiol Quantification with qBBr Titrations 256 
 The concentration of bacterial cell envelope thiols was quantified by reacting a known 257 
cell density with increasing concentrations of qBBr in water and detecting fluorescence with a 258 
Photon Technology International Quantamaster fluorometer. The qBBr was purchased from 259 
Sigma-Aldrich and Toronto Research Chemicals. When excited at 380 nm, the qBBr-thiol 260 
complex has a maximum emission at 470 nm. When emission intensity is plotted against qBBr 261 
concentration, the thiol concentration in the cell suspension is evident by a decrease in the slope 262 
of intensity per qBBr concentration to the background level (the fluorescence of qBBr in water). 263 
Optical density of the cells in water at 260 nm was below the detection limit of the 264 
spectrophotometer, indicating low DNA concentrations which could result from cell lysis. 265 
Further details about this method are provided elsewhere (Joe-Wong et al., 2012).     266 
 267 
2.7 Thiol Determination with Potentiometric Titrations 268 
 The change in total site concentrations on cell envelopes determined by potentiometric 269 
titrations of biomass with and without qBBr treatment was used as a direct measure of the thiol 270 
site concentration. Details of the procedure and modeling approach are given in Yu et al. (2014). 271 
Briefly, bacterial suspensions were allowed to react for 2 h with a qBBr-bearing solution with a 272 
qBBr:bacteria ratio of 130 µmol qBBr/g (wet biomass), followed by three rinses. Potentiometric 273 
titrations in de-gassed 0.1 M NaCl were conducted under a headspace of N2 gas to exclude 274 
atmospheric CO2 and each suspension was stirred continuously.  275 

3.0 Results  276 

3.1 Hg adsorption  277 
Hg adsorption on the three bacterial species over four orders of magnitude is shown in 278 

table S1. Hg was found to be below the detection limit of ICP under low aqueous Hg 279 
concentration regime suggesting that Hg adsorbs strongly onto bacterial cells, with nearly 280 
complete removal of Hg from aqueous solutions under these experimental conditions. Increase in 281 
aqueous Hg concentration resulted in lower fraction of adsorbed Hg for all the three species 282 
examined. These trends demonstrate that the total number of deprotonated sites around pH 5.5 283 
are similar for all the three species. Previous study has shown the transition from reduction of Hg 284 
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to adsorption of Hg associated with biomass concentrations of 1010 to 1013 cells/L (Hu et al., 285 
2013). Since the experiments presented here contain 1013 cells/L, we rule out reduction of Hg in 286 
our study. It should also be noted that a rigorous Hg mass balance has not been presented here. 287 
Mass balance is not relevant for this study and does not affect any of our results or conclusions 288 
because our work focuses on elucidating the mechanism of complexation of Hg with cell 289 
membranes.    290 
 291 
3.2 Qualtitative XAS Analysis of Hg Standards  292 

The XANES spectra for the solution-phase HgII standards (Hg2+, Hg-acetate, Hg-293 
(cysteine)2, and Hg-(cysteine)3) are shown in Figure 1. The XANES spectra of these three 294 
standards have significantly different spectral features (Figure 1): Hg2+ is out of phase with the 295 
rest of the standards presented here and has a distinct peak at 12310 eV; Hg-acetate has a 296 
pronounced pre-edge feature at about 12285 eV; the Hg-(cysteine)2 complex exhibits a much 297 
smaller pre-edge feature at 12290 eV than the Hg-acetate complex and exhibits another shoulder 298 
at 12300 eV; the Hg-(cysteine)3 has a further smaller pre-edge peak (with 12290 and 12300 eV 299 
shoulder missing) and has a distinctly different post-edge shape which is easily distinguishable 300 
from the Hg-(cysteine)2 standard and the rest of the standards presented here. Comparison of the 301 
XANES spectra for the Hg-(cysteine)2 and Hg-(cysteine)3 standards can be seen in Figure S1a.  302 
  303 

A shift to higher radial distance in the first peak of the Fourier transformed (FT) data for 304 
the Hg–(cysteine)2 spectrum relative to the Hg-acetate standard spectrum, arising from the 305 
bonding of Hg to sulfur in the first shell as opposed to bonding to oxygen, can be seen in Figure 306 
2. The longer distance of the first peak for the Hg–(cysteine)2 spectrum compared with the Hg-307 
acetate standard is concomitant with a larger amplitude of the FT EXAFS data for the Hg–308 
(cysteine)2 as expected from a heavier backsctetter (Figure 2). In addition, the radial distance for 309 
the first peak of the Hg-(cysteine)3 standard is longer than that of the Hg-(cysteine)2 standard, 310 
also evident in the phase shift of the Hg-(cysteine)3 standard towards lower k value (Figure S1). 311 
However, the Hg-(cysteine)3 standard has a smaller amplitude than the Hg-(cysteine)2 standard 312 
because a distorted trigonal planer structure has a larger structural disorder associated with it 313 
compared to the linear Hg-(cysteine)2 complex. Hence, careful comparison of the XANES and 314 
EXAFS data from the Hg biomass samples can be used to determine whether the Hg associated 315 
with biomass is bound to the biomass through Hg –carboxyl or –thiols, and the stoichiometry of 316 
Hg:thiol complexes can also be determined from the data.     317 

 318 
3.3 Quantitative XAS Analysis of Hg Standards  319 

Best fit values resulting from EXAFS analysis of the solution standards are given in 320 
Table 1. The aqueous Hg2+ standard was best fit with Hg being bound to 6.12 (± 0.65) O atoms 321 
at 2.30 (± 0.01) Å, which is consistent with an octahedral coordination geometry of a hydrated 322 
Hg2+ ion (Richens, D. T., 1997). Hg-acetate was best fit with 1.78 (± 0.32) O atoms at 2.06 (± 323 
0.01) Å in the first shell. The number of C atoms, which was fixed to be equal to the number of 324 
O atoms in the first shell, was found at 2.83 (± 0.01) Å, consistent with the crystal structure of 325 
mercuric acetate (Almann, R., 1973). The Hg-(cysteine)2 solution was best fit with 1.88 (± 0.21) 326 
S atoms at 2.32 (± 0.01) Å in the first shell, which indicates complexation of Hg with two 327 
cysteine moieties (Manceau and Nagy, 2008). Inclusion of C atoms did not lower the χν2 (Stern 328 
et al., 1995) value significantly enough to justify the addition of another shell. The Hg-329 
(cysteine)3 solution was best fit with 2.82 (± 0.32) S atoms at 2.49 (± 0.01) Å in the first shell. 330 
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Published literature suggests that a Hg-S bond distance of 2.49 Å is representative of the Hg-S3 331 
complex, but  could possibly include small components of Hg-S2 and Hg-S4 complexes as well 332 
(Manceau and Nagy, 2008; Warner and Jalilehvand, 2016).  In summary, the fitting parameters 333 
for the solution standards reported in this study are in good agreement with previously published 334 
values (Xia et al., 1999; Qian et al., 2002; Skyllberg et al., 2006; Mishra et al., 2011; Thomas et 335 
al., 2016). 336 

3.4 Hg(II) complexation with biomass  337 
The following conclusions can be drawn concerning Hg binding onto the biomass 338 

samples, and the descriptions in this section describe the evidence for these conclusions in more 339 
detail. Hg(II) was found to complex entirely with thiols at low Hg:biomass ratios. The Hg 340 
coordination changed from Hg-S3 to Hg-S2 and Hg-S progressively as the Hg(II) loading 341 
increased on the cells. These Hg-Sn (where n=1-3) bacterial surface complexes also exhibit 342 
different Hg-S bond distances (2.3-2.5 Å) with the longest in the Hg-S3 complex, consistent with 343 
published literature (Manceau and Nagy, 2008). Upon saturation of the high affinity thiol sites at 344 
higher Hg:biomass ratios, Hg2+ was found to form a chelate with carboxyl and a neighboring 345 
hydroxyl (α-hydroxy carboxylate anion) based on the measured Hg-O and Hg-C distances (Table 346 
1). Such α-hydroxy carboxylic acids have been reported to occur abundantly within cell 347 
envelopes (Wei et al., 2004). While all the species exhibit strong affinities for Hg2+ at low 348 
Hg:biomass ratios, the differences in Hg-S stoichiometry between the cell envelopes of S. 349 
oneidensis MR-1 and G. sulfurreducens is noteworthy.  350 

 351 
3.4.1 Hg(II) complexation with Shewanella oneidensis MR-1 352 

  Figure 1a shows the XANES data of Hg(II) complexed to Shewanella oneidensis MR-1 353 
biomass as a function of Hg loading. Comparision of the XANES spectra for the Hg-biomass 354 
samples with the Hg standards suggests that the transition from thiol to carboxyl functional 355 
groups takes place around 50 µM Hg(II). A systematic change in the amplitide and phase shift of 356 
oscillations in the k2-weighted χ(k) data of the Hg-biomass samples can be seen in Figure 2a. Hg 357 
is complexed exclusively via thiols in samples containing less than 50 µM  Hg(II), while  Hg is 358 
complexed exclusively via carboxyl functional groups in samples containing more than 50 µM 359 
Hg(II). Samples containing 0.5 µM or less Hg(II) have a spectral signature of Hg-(cysteine)3 360 
binding. The FT EXAFS data from the biomass samples with 350, 15, and 0.5 µM Hg(II) have 361 
spectral features and first shell bond distances similar to the following aqueous Hg standards 362 
respectively: Hg-acetate, Hg-(cysteine)2, and Hg-(cysteine)3 (Figure 3a). The differences 363 
between the amplitude and bond distances of the 350, 15, and 0.5 µM Hg(II) samples and their 364 
similarities with Hg-acetate, Hg-(cysteine)2, and Hg-(cysteine)3 solution standards, respectively, 365 
are further illustrated in the real part of the Fourier transforms shown in Figure 3b. Based on 366 
bond distances and amplitude of the FT data, the Hg-biomass samples can be divided into three 367 
sub-groups: 350-50 µM Hg(II), 25-5 µM Hg(II), and 0.5 µM Hg(II) (Figures 1 and 3).  These 368 
three sub-groups of biomass samples appears to be dominated by Hg-carboxyl, Hg-(cysteine)2, 369 
and Hg-(cysteine)3 binding environments, respectively. The 2.5 µM Hg(II) sample can be well-370 
described by a linear combination of the 0.5 and 5.0 µM Hg(II) biomass samples, suggesting that 371 
Hg-(cysteine)2 and Hg-(cysteine)3 coordination environments comprise approximately 58 and 372 
42% (± 5%) of the bound Hg, respectively. 373 
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The Hg-biomass data were modelled quantitatively as described above. Best fit values are 374 
given in Table 1. The 350 µM Hg(II) data was best fit with 1.65 (± 0.25) O atoms at 2.06 (± 375 
0.01) Å in the first shell. Inclusion of 1.58 (±0.32) C atoms in the second shell resulted in 376 
significant improvement of the fit. However, the Hg-C distance for this sample was 3.05 (± 0.02) 377 
Å, which is much longer than the Hg-C distance determined for the Hg-acetate solution standard 378 
(2.83 ± 0.01 Å). This suggests the formation of a carboxyl with alpha-hydroxy carboxylic acid or 379 
a malate type coordination geometry for the biomass samples. The 100 and 50 µM Hg(II) data 380 
did not show any appreciable change in the coordination environment, except that the 50 µM 381 
Hg(II) data was improved by inclusion of S atoms in the first shell. The coordination number of 382 
S was 0.56 (± 0.12), suggesting a small fraction of Hg atoms bound to thiols for this sample. The 383 
25 µM Hg(II) biomass sample was best fit with 1.32 (± 0.21) S atoms at about 2.31 (± 0.01) Å in 384 
the first shell. The 15 and 5 µM Hg(II) samples were best fit with ~1.8 (± 0.2) S atoms at about 385 
2.32 (± 0.02) Å in the first shell. The 2.5 µM Hg(II) sample was best fit as a linear combination 386 
of Hg-(cysteine)2 and Hg-(cysteine)3 coordination environments, with ~2.2 (± 0.3) S atoms at 387 
about 2.44 (± 0.01) Å in the first shell. The 0.5 µM Hg(II) sample was mostly Hg-(cysteine)3 388 
with 2.96 (± 0.25) S atoms at 2.51(± 0.01) Å. Inclusion of an O/N atom in the first shell or a C 389 
atom in the second shell did not result improve the fit for the samples containing 25 µM Hg(II) 390 
or less.  391 

 392 
A recent study has suggested the formation of a Hg-S4 complex on E. coli cells under 393 

actively metabolizing conditions (Thomas et al., 2016). While the experimental conditions 394 
studied by Thomas et al. (2016) are different from those in this study, formation of  Hg-S4 395 
complex on bacterial cells is unlikely at circumneutral pH conditions because Hg-(cysteine)4 396 
solution complexes are formed only under highly alkaline conditions (Warner and Jalilehvand, 397 
2016). Thomas et al. (2016) also conducted XAS measurements at very low temperatures, which 398 
can induce the formation of tetrathiolate complexes (Nagy et al., 2011). Further, biochemical 399 
considerations support the existence of Hg-(cysteine)3 but not Hg-(cysteine)4 complexes on cell 400 
envelopes (Cheesman et al., 1988).  401 

 402 
Although it is possible that Hg goes on to N (amines) sites after saturating S (thiols) sites 403 

which constitute a small number of sites and quickly get masked by transition of Hg to O 404 
(carboxyl) sites which are much more abundant, we do not see any evidence for the same. Hg 405 
XANES for Hg-histidine aqueous solution does not resemble Hg-biomass samples at high Hg 406 
loadings (figure S2).   407 

 408 
3.4.2 Hg(II) complexation with Bacillus subtilis and Geobacter sulfurreducens 409 
           A similar appraoch was adopted to model the Hg-biomass data for the B. subtilis and G. 410 
sulfurreducens samples. Trends similar to the S. oneidensis MR-1 data can be seen in the k2-411 
weighted χ(k) EXAFS data of the Hg biomass samples for B. subtilis and G. sulfurreducens 412 
(Figure 3). Figures S3a and S3b show the XANES and figures S4a and S4b show the data and fit 413 
of the EXAFS FT magnitude for B. subtilis and G. sulfurreducens samples, and the best fit 414 
values for the Hg EXAFS modeling are provided in Table 1.  415 

          In the case of  B. subtilis, the 350, 100, and 75 µM Hg(II) samples were modeled 416 
exclusively as Hg-carboxyl binding, and did not exhibit any signature of thiol complexation of 417 
Hg. The 25 and 15 µM samples for B. subtilis were found to have some Hg-thiol comlexation 418 
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with a larger fraction of the Hg atoms complexed with carboxyl groups, similar to the 50 µM 419 
Hg(II) sample for S. oneidensis MR-1. The B. subtilis samples with 5.0, 2.5, and 0.5 µM Hg(II) 420 
were modeled with 1.80 ± 0.2, 1.95 ± 0.3, and 2.26 ± 0.3 S atoms at 2.32 ± 0.01, 2.33 ± 0.01, and 421 
2.45 ± 0.01 respectively. The 5.0 and 2.5 µM Hg(II) samples exhibit Hg-(cysteine)2 coordination 422 
environment. The 0.5 µM Hg sample for B. subtilis is a combination of Hg-(cysteine)2 and Hg-423 
(cysteine)3 coordination environments, similar to the 2.5 µM Hg sample for S. oneidensis MR-1. 424 
In summary, the stoichiometry of Hg(II) on  Gram-positive B. subtilis cells follows the same 425 
trend as we observed for the Gram negative S. oneidensis MR-1 cells. However, the transition 426 
from carboxyl to thiol and Hg-(cysteine)2 to Hg-(cysteine)3 complexation takes place at lower 427 
Hg(II) concentrations for the B. subtilis samples. Differences in the abundance of thiols within 428 
the cell envelopes of B. subtilis and S. oneidensis MR-1 (see below) are likely to explain the 429 
offset in Hg(II) concentration between these two species at which the transition in binding 430 
environment occurs.  431 

           The Hg EXAFS analysis of the 75 µM Hg sample for G. sulfurreducens indicated that a 432 
small fraction of Hg was bound to thiol sites, with a majority of the Hg bound to carboxyl, which 433 
was similar to what we observed for the 50 and 25 µM Hg samples for S. oneidensis MR-1 and 434 
for B. subtilis, respectively. This observation suggests an offset in the loading of Hg(II) at which 435 
Hg binding transitions from predominantly carboxyl to thiol for G. sulfurreducens compared 436 
with S. oneidensis MR-1 and B. subtilis. However, the offset in Hg(II) loading in the case of G. 437 
sulfurreducens is opposite to that of B. subtilis. Since the signature of Hg-(cysteine)3 binding was 438 
observed for the B. subtilis samples at lower Hg(II) concentration than for the S. oneidensis MR-439 
1 samples, it would be expected that the stoichiometry of Hg(II) complexation with G. 440 
sulfurreducens cells would transition from Hg-(cysteine)2 to Hg-(cysteine)3 at higher Hg(II) 441 
concentrations than was observed for S. oneidensis MR-1. Nevertheless, Hg-S bond distances 442 
and coordination numbers for G. sulfurreducens changed only slighty from 2.32 ± 0.01 Å and 443 
1.70 ± 0.2 for the 25 µM Hg sample to 2.38 ± 0.01 Å and 2.24 ± 0.2 for the 0.5 µM Hg sample, 444 
suggesting a lack of formation of Hg-(cysteine)3 stoichiometry within the G. sulfurreducens cell 445 
envelope (Figures 2c and 2d). This result is somewhat surprising, and could provide important 446 
clues about Hg bioavailability for intracellular biochemical process (more below).  447 
 448 
3.5 Sulfur XANES   449 
 Although the S K-edge XANES spectra were collected on a large number of standards, in 450 
this study we have broken down the S species into three main categories for the sake of clarity: 451 
reduced S (below 2472 eV), sulfoxide S (near 2473.5 eV), and oxidized S (above 2476.5 eV). 452 
Cysteine, dimethyl sulfoxide (DMSO), sodium dodecylsulfate (NaDS), and sodium laurel sulfate 453 
Na2SO4 standards are shown in Figure 4a. More extensive model libraries that include XANES 454 
spectra of organic and inorganic S compounds are available in the literature (Vairavamurthy A., 455 
1998; Myneni, S. C. B., 2002). As seen in Figure 4a, species with very different S oxidation 456 
states such as cysteine, sulfoxide, and ester sulfate are easily resolved in the XANES spectrum. 457 
Within these three energy ranges, however, resolution becomes more difficult. Reduced sulfur 458 
species, including thiols, sulfides, polysulfides, and thiophenes, all have white-line features 459 
occurring between 2469 and 2472 eV. S K-edge XANES shows sensitivity to changes in the 460 
electronic environment of the sulfur absorber. For example, perturbation in the electron donating 461 
ability of the organic moiety changes the energy positions of pre-edge features by affecting the  462 
effective nuclear charge on the sulfur atom (Szilagyi and Schwab, 2005). 463 
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 The S-XANES spectrum of the S. oneidensis MR-1 cells cultured under different 464 
conditions (aerobic, nitrate, fumarate) and titrated to pH values ranging from pH 4 to 8, indicate 465 
a high abundance of reduced S groups (e.g. mono-, and disulfide) relative to the oxidized forms 466 
of S (e.g., sulfate, sulfonate) (Figure 4b and 4c). However, monosulfides, such as S in 467 
methionine and cysteine, exhibit similar spectral features and are hard to distinguish 468 
(Vairavamurthy, A., 1998; Xia et al., 1998; Myneni, S. C. B., 2002; Szilagyi and Schwab, 2005; 469 
Risberg et al., 2009). Because thiols are known to exhibit stronger interactions with Hg(II) 470 
among these reduced monosulfides (or thioether), we conclude that Hg(II) must be interacting 471 
with thiols and our Hg-thiol stoichiometry results obtained using Hg XAS are likely independent 472 
of experimental pH (except in extreme environments) and cell culturing conditions.    473 

Interaction of Hg(II) with thiols within cell envelopes is also evident from the changes in 474 
S XANES spectra as a function of Hg(II) loading. When the bacterial cells were exposed to 475 
increasing levels of Hg(II), the pre-edge feature of the S XANES spectra of the cell suspensions 476 
indicated gradual changes in S-speciation, corresponding to the deprotonation and subsequent 477 
complexation of thiol with Hg2+ (Figure S5; Risberg et al., 2009; Szilagyi and Schwab, 2005). 478 
The pre-edge feature of the S K-edge XANES data (figure S5) as a function of Hg loading on S. 479 
oneidensis MR-1 suggests the deprotonation of cysteine at higher Hg loadings (Szilagyi and 480 
Schwab, 2005).   481 

3.6 Thiol Quantification with qBBr Titrations 482 
 qBBr is a large, thiol-sensitive, charged, water-soluble fluorophore molecule, which does 483 
not cross the cell envelope, making it an ideal probe for measuring the concentration of thiols 484 
within the cell envelope (Joe-Wong et al., 2012; Rao et al., 2014). Our qBBr titrations suggest 485 
that the concentration of reactive thiols within the cell envelopes of B. subtilis, S. oneidensis 486 
MR-1, and G. sulfurreducens are 24±2, 49±12, and 240±80 µM/g wet weight cells, respectively. 487 
These wet weight values correspond to 120±10, 300±70, and 1000±300 µM/g dry weight cells, 488 
respectively (Figure 5a; Table 2). The cell envelope thiol concentrations determined using qBBR 489 
fluorophore measurements for B. subtilis and S. oneidensis MR-1 are in good agreement with 490 
published results (Joe-Wong et al., 2012). These results are also in excellent agreement with the 491 
Hg EXAFS analyses (described above) showing the transition of Hg speciation from Hg-492 
carboxyl binding to Hg-thiol complexation for B. subtilis and S. oneidensis MR-1 at 493 
approximately 25 and 50 µM Hg(II), respectively. However, thiol concentrations for G. 494 
sulfurreducens obtained from the qBBr measurements in this study are higher than those recently 495 
reported by another study using a similar technique (Rao et al., 2014) and our Hg EXAFS 496 
analyses. If thiol concentrations on G. sulfurreducens were as small as previously reported (Rao 497 
et al., 2014), Hg complexation with thiols would saturate all the thiol sites on G. sulfurreducens 498 
cells at much lower Hg(II) concentrations, and transition from Hg-thiol coordination 499 
environment to Hg-carboxyl interactions at much lower Hg(II) loading. Hence, our Hg EXAFS 500 
results do not agree with the thiol quantification on G. sulfurreducens either from this study or 501 
with those reported previously (Hu et al., 2013; Rao et al., 2014). To resolve these differences 502 
another direct measurement of the thiol site concentrations on G. sulfurreducens cells was 503 
conducted using potentiometric titrations with and without qBBr treatment of G. sulfurreducens 504 
cells. 505 

3.7 Thiol Determination with Potentiometric Titrations 506 
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 Potentiometric titrations (see Yu et al., 2014 for details) were performed on G. 507 
sulfurreducens with and without qBBr treatment to resolve the difference of over two orders of 508 
magnitude between the qBBr measurements reported in this study and those reported previously. 509 
Potententiometric titration measurement on G. sulfurreducens cells resulted in a calculated thiol 510 
concentration of 67.8 ± 22.8 µmol/gm wet weight (Figure 5b; Table 3). This value  is in good 511 
agreement with our Hg EXAFS estimation of ~75 µM thiol sites/g wet weight cells, which is an 512 
indirect measurement of the abundance of thiols within the G. sulfurreducens cell envelope 513 
(Table 1). 514 

4.0 Discussion  515 

   Complexation of Hg with high affinity thiol sites under low metal loading conditions, 516 
followed by binding of Hg to lower affinity carboxyl sites upon saturation of thiol sites has been 517 
documented previously (Mishra et al., 2011). Similar behavior has also been observed for Zn and 518 
Cd (Guiné et al. 2006; Mishra et al., 2010; Yu and Fein, 2015). Association of Hg with reduced 519 
S groups has also been shown in phytoplankton (diatoms) collected from a Hg contaminated 520 
creek using a combination of x-ray micro-fluorescence mapping and FTIR studies (Gu et al., 521 
2014).   522 

            This study demonstrates that Hg complexation with intact bacterial cell suspensions, a 523 
mechanism which is likely applicable to other chalcophilic metals (e.g. Zn, Cd, and Pb) as well, 524 
is strongly dependent on metal loading and that the following conclusions can be drawn: 1) 525 
complexation of Hg with cell bound thiols is much more complicated than the formation of a 526 
single type of Hg-thiol complex at low Hg:biomass ratios; and 2) Hg can be complexed with 527 
cell-bound thiol sites in a variety of stoichiometries depending on the biogeochemical attributes 528 
of the ecosystem in question (e.g., the Hg:biomass ratio, the abundance of thiol sites on the 529 
bacterial species in question, and whether the species is Hg-methylating or not). It must be 530 
emphasized that in contrast with expectation from purely thermodynamic considerations, 531 
variation in the complexation behavior of Hg with thiols is not always dictated by the abundance 532 
of thiols on a given bacterial species.         533 

          Our results illustrate that B. subtilis and S. oneidensis MR-1 cells show similar Hg 534 
complexation behavior with cell bound thiols, albeit, the transition from Hg-S2 to Hg-S3 occurs 535 
at lower Hg loadings for B. subtilis due to lower thiol abundance compared to S. oneidensis MR-536 
1.  Although lower thiol concentrations in the case of B. subtilis prevented detailed examination 537 
of Hg-thiol interactions using Hg EXAFS below 0.5 µM Hg(II), as expected, B. subtilis formed 538 
Hg-S2 and Hg-S3 complexes at a lower Hg:biomass ratio than S. oneidensis MR-1.  539 

While B. subtilis and S. oneidensis MR-1 exhibit the general trend outlined above, 540 
significant differences in Hg-thiol interactions were found between G. sulfurreducens and S. 541 
oneidensis MR-1 at low Hg(II) concentrations. In the case of S. oneidensis MR-1, Hg forms the 542 
Hg-S3 complex below aqueous Hg concentrations of 0.5 µM, but forms Hg-S2 and Hg-S 543 
complexes at higher Hg concentrations (Table 1). In contrast, under the same Hg concentration 544 
conditions, the Hg methylating species G. sulfurreducens forms only Hg-S2 and Hg-S complexes 545 
without a detectable Hg-S3 complex. This difference in surface complexation of Hg on the G. 546 
sulfurreducens cells was not caused by the lack of sufficient thiols on G. sulfurreducens. As 547 
shown above, G. sulfurreducens has the highest abundance of thiols among the three species 548 
examined. Although a definitive reason for the inconsistent behavior of G. sulfurreducens cell 549 
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envelope compared to those of S. oneidensis MR-1 and B. subtilis is beyond the scope of this 550 
study, these differences could provide insights about Hg cell surface complexes for methylating 551 
vs. non-methylating species. We hypothesize that the differences in the membrane protein 552 
chemistry (Hg transporters) and Hg uptake mechanism of G. sulfurreducens inhibits G. 553 
sulfurreducens to form Hg-S3 type complexes unlike other two species examined. Our 554 
hypothesis is strengthened by a previous study which shows that aqueous Hg-S2 complexes 555 
enhances Hg(II) uptake and subsequent methylation by G. sulfurreducens while aqueous Hg-S3 556 
complexes inhibit the same (Schaefer and Morel, 2009). In order to form Hg-S3 complexes 557 
within cell envelopes, cell surface proteins must contain at least 3 thiol sites in close proximity to 558 
each other. Although G. sulfurreducens exhibits the highest concentration of thiols among the 559 
examined bacterial species, the thiol site density (i.e. sites/A2) of G. sulfurreducens must not be 560 
high enough to make tridentate Hg-S3 complex. These results suggest that the cell envelope S-561 
amino acid containing proteins are significantly different between G. sulfurreducens and S. 562 
oneidensis MR-1, specifically their density and reactivity, which are critical in Hg binding, 563 
transport and possibly uptake. However, these results could be specific to a given bacterial 564 
species. Hence our results should not be generalized in the broader context of Hg-methylators vs. 565 
non-methylators without additional studies.    566 

Differences in abundance and density of thiol sites on cells of different bacterial species, 567 
and the corresponding stoichiometry of Hg-thiol complexes that arise from those differences, 568 
could also explain the observed differences in passive oxidation of Hg(0) mediated by cell bound 569 
thiols (Colombo et al., 2014). These cell envelope bound Hg-Sn complexes also form readily in 570 
the presence of other strongly competing ligands, such as Cl- and NOM (which also contains 571 
thiols), and were found to be stable in aqueous solutions at room temperature for over a period of 572 
2 months (Figure S6; Dunham-Cheatham et al., 2014; Dunham-Cheatham et al., 2015). While 573 
the cell envelope-bound Hg-thiol complexes constitute the pool of Hg(II) transported inside the 574 
cell for Hg-methylation in the case of G. sulfurreducens, Hg-S3 complexes in the non-575 
methylating bacterial species B. subtilis and S. oneidensis MR-1 would likely stay as Hg-Sn 576 
complexes until the amino acid residue is oxidized. Given the high thermodynamic stability of 577 
Hg-S3 complexes, they are not expected to be released back into the aqueous phase as thiol 578 
complexes. Alternatively, they could slowly transform into inorganic Hg-sulfide (e.g. meta-579 
cinnabar) nanoparticles under sulfidic environments. It has been recently shown that Hg forms 580 
colloidal meta-cinnabar when reacted with DOM in the presence of sulfide, presumably via 581 
reaction with thiols in the DOM (Gerbig et al., 2011). It remains to be determined if thiols 582 
present within bacterial cell envelopes could also mediate the formation of meta-cinnabar, 583 
limiting the bioavailability of Hg for microbial processes (Zhang et al., 2012). Since bacteria are 584 
ubiquitous in all natural systems, and their cell envelope-bound reactive thiol site concentrations 585 
often exceed the aqueous concentrations of Hg in many natural and contaminated settings, this 586 
study suggests that cell envelope-bound thiol sites play a key role in the speciation, fate and 587 
bioavailability of Hg in aquatic and terrestrial ecosystems. 588 

 589 

 590 

   591 

 592 
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 850 
Table 1: Best fit values of Hg solution standards and Hg-biomass samples 851 

  Sample              path                  N                       R(Å)                 σ2 (10-3 Å2)          

    

    Hg2+                    Hg-O            6.12 ± 0.65                2.30 ± 0.01             15.1 ± 3.5               

 

   HgAc                    Hg-O           1.78 ± 0.32                2.06 ± 0.01             10.9 ± 0.9             

                                Hg-C            1.78a                           2.83 ± 0.01             12.8 ± 4.0 

 

   Hg-cysteine            Hg-S            1.88 ± 0.21                2.32 ± 0.01              10.5 ± 1.2     

 

   *Hg-(cysteine)3       Hg-S            2.82 ± 0.32                2.49 ± 0.01              13.5 ± 3.5               

  

  Shewanella oneidensis MR-1 

     350 µM             Hg-O           1.65 ± 0.25                2.06 ± 0.01              10.8 ± 1.5                     

                                Hg-C           1.58 ± 0.32                 3.05 ± 0.02              12.0 ± 3.8 

    

     100 µM             Hg-O           1.68 ± 0.24                2.06 ± 0.01              10.5 ± 1.2                     

                                Hg-C           1.55 ± 0.28                3.05 ± 0.02              12.5 ± 3.5 

  

      50 µM              Hg-O           1.63 ± 0.15                 2.06b                        10.9b                        

                                Hg-C           1.52 ± 0.35                 3.05b                        12.8b 

                                Hg-S           0.56 ± 0.12                 2.32 c                        10.5 c 

  

      25 µM              Hg-S           1.32 ± 0.21                  2.31 ± 0.01              10.5 ± 1.5           

       

      15 µM              Hg-S           1.88 ± 0.18                  2.32 ± 0.01              10.8 ± 1.3                      

    

      5.0 µM             Hg-S           1.85 ± 0.19                  2.35 ± 0.01              10.2 ± 1.2                

 

      2.5 µM                    Hg-S           2.21 ± 0.28                  2.44 ± 0.01              15.2 ± 3.0               

 

      0.5 µM                    Hg-S           2.96 ± 0.25                  2.51 ± 0.01              13.4 ± 2.5       

         

   Bacillus subtilis 

     350 µM             Hg-O           1.62 ± 0.27                2.06 ± 0.01              10.8 ± 1.5                     

                                Hg-C           1.52 ± 0.34                 3.05 ± 0.02              12.0 ± 3.8 

    

     100 µM             Hg-O           1.65 ± 0.24                2.06 ± 0.01              10.5 ± 1.2                    

                                Hg-C            1.58 ± 0.32                3.05 ± 0.02              12.5 ± 3.5 

  

      75 µM              Hg-O           1.22 ± 0.15                 2.06 ± 0.01               10.9 ± 1.0                     

                                Hg-C           1.15 ± 0.18                 3.05  ± 0.01               12.8 ± 3.2                   
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 852 

 853 

 854 

 855 

 856 

 857 

 858 

 859 

 860 

 861 

 862 

 863 

 864 

 865 

 866 

 867 

 868 

 869 

 870 

 871 

 872 

 873 

 874 

 875 

 876 

 877 

 878 

 879 

 880 

 881 

 882 

      

      25 µM              Hg-O           1.65 ± 0.21                 2.06b                       10.5b           

                                Hg-C           1.82 ± 0.30                 3.05b                        12.8b 

                                Hg-S           0.42 ± 0.10                 2.32 c                        10.5 c 

 

       

      15 µM              Hg-O           1.58 ± 0.20                 2.06b                       10.5b           

                                Hg-C           2.02 ± 0.32                 3.05b                        12.8b 

                                Hg-S           0.61 ± 0.12                 2.32 c                        10.5 c 

                                 

      5.0 µM             Hg-S           1.80 ± 0.20                  2.32 ± 0.01              10.2 ± 1.2                

 

      2.5 µM                    Hg-S           1.95 ± 0.28                  2.33 ± 0.01              10.5 ± 2.0               

 

      0.5 µM                    Hg-S           2.26 ± 0.30                  2.45 ± 0.01              10.9 ± 2.5       

 

 

   Geobacter Sulfurreducens 

       

      75 µM              Hg-O           1.62 ± 0.18                 2.06b                        10.9b                        

                                Hg-C           1.80 ± 0.21                 3.05b                        12.8b 

                                Hg-S           0.46 ± 0.14                 2.32 c                        10.5 c 

     

      25 µM              Hg-S           1.70 ± 0.21                  2.32 ± 0.01               9.2 ± 1.3           

       

      15 µM              Hg-S           1.96 ± 0.18                  2.32 ± 0.01              9.5 ± 1.7                        

    

      5.0 µM             Hg-S           2.06 ± 0.19                  2.36 ± 0.01              10.6 ± 2.8                

 

      2.5 µM                    Hg-S           2.21 ± 0.28                  2.38 ± 0.01              11.2 ± 3.0               

 

      0.5 µM                    Hg-S           2.24 ± 0.22                  2.38 ± 0.01              11.5 ± 3.6       

 

 

*This standard is predominantly Hg-(cysteine)3 but also contains Hg-(cysteine)4 

 a Fixed this value to be the same as O based on crystallographic data. 
 b This was set to be equal to the HgAc standard. 
c This was set to be equal to the Hg-cysteine standard. 

 



23 
 

Table 2: Values determined using qBBR measurements for surface thiol concentrations of B. 883 
subtilis, S. oneidensis MR-1, and G. sulfurreducens grown in the absence of Hg2+. The error is 884 
one standard deviation.  885 
 886 

Bacterial species µmoles thiols/ 
gram (wet mass) 

Number of 
trails 

wet:dry 
conversion 

µmoles thiols/  
gram (dry mass) 

B. subtilis 24±2 4 5.1 120±10 
S. oneidensis MR-1 49±12 3 6.0 300±70 
G. sulfurreducens 240±80 4 4.2 1000±300 
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Table 3. Summary of surface complexation modeling results for the potentiometric titrations of 909 
G. sulfurreducens with and without qBBr treatment. Five replicate titrations were conducted for 910 
each condition, and the values shown here represent the averages with 1σ uncertainties. 911 
 912 

 
pKa1 

C1 pKa2 
C2 pKa3 

C3 pKa4 
C4 Ctotal 

µmol/g µmol/g µmol/g µmol/g µmol/g 

Untreated 3.2±0.2 192±36 5.2+0.1 104±7 7.2±0.2 41±3 9.5+0.2 69±20 406±24 

qBBr-treated 3.4±0.4 139±36 5.2±0.1 94±10 7.0+0.0 44±6 9.3±0.1 62±10 338±46 

 913 

 914 

915 
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 916 

 917 

Figure 1. a) Hg L3-edge XANES spectra of Hg2+ sorbed onto S. oneidensis MR-1 as a function 918 
of Hg2+ concentration. XANES spectra of model Hg-organic ligand complexes are also shown 919 
for comparison. b) Fourier transform mgnitude of Hg LIII edge EXAFS data and fits for Hg 920 
reacted Shewanella oneidensis MR-1.    921 
 922 

 923 

 924 

 925 

 926 

 927 

 928 

 929 

 930 

 931 
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 932 
 933 
 934 

 935 

 936 

Figure 2.  Structures of Hg complexes detected on cell envelopes of S. oneidensis MR-1 (top), 937 
and G. sulfurreducens (bottom). The spectra in “a” and “c” correspond to the Fourier Transform 938 
magnitude, and spectra in “b” and “d” correspond to the real part of Hg L3 edge EXAFS spectra. 939 
Spectra of Hg-carboxylate, and Hg-cysteine are also included for comparison. 940 

 941 
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 942 
 943 
Figure 3: k2 weighed χ(k) data for Hg LIII edge EXAFS  944 

for a) Shewanella oneidensis MR-1, b) Bacillus subtilis,  945 

and c) Geobacter sulfurreducens  946 

 947 
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 948 

 949 
 950 
Figure 4: a) S K-edge XANES spectra of S standards (cysteine, dimethyl sulfoxide (DMSO), 951 

sodium dodecylsulfate (NaDS), and sodium laurel sulfate Na2SO4), b) S K-edge XANES on S. 952 

oneidensis MR-1 as a function of pH, and c) S K-edge XANES on S. oneidensis MR-1 cultured 953 

under different conditions. 954 

 955 
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a

b

 956 

 957 

Figure 5. a) Concentration of reactive thiols on the cell envelopes of different bacterial species. 958 
The dashed lines indicate the saturation concentration of fluorophore (or thiol) on each cell type. 959 
b) Representative potentiometric titration curves of untreated and qBBr-treated G. 960 
sulfurreducens suspensions (10g/L). Solid curves represent the best-fitting 4-site non-961 
electrostatic surface complexation models (SCM). Five replicate titrations were conducted both 962 
with and without qBBr treatment, and the differences in calculated total site concentrations was 963 
used to estimate the reported sulfhydryl concentrations (see Table 3). 964 
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Table S1: [Hg] adsorption by biomass samples determined using ICP-OES measurements.  28 

 29 

B. subtilis S. oneidensis MR-1 G. sulfurreducens 

Initial Hg in 

solution (µM) 

Hg in 

supernatant 

(µM) 

Initial Hg in 

solution (µM) 

Hg in 

supernatant 

(µM) 

Initial Hg in 

solution (µM) 

Hg in 

supernatant 

(µM) 

0.04 
 

ND* 0.06 
 

ND* 0.05 ND* 

0.11 ND* 0.14 ND* 0.15 ND* 

0.21 ND* 0.20 ND* 0.24 ND* 

0.43 ND* 0.45 ND* 0.52 ND* 

1.07 ND* 1.12 ND* 
1.2 

ND* 

2.15 0.10 2.10 0.08 2.76 0.12 

4.26 0.15 4.55 0.12 5.20 0.21 

12.93 
0.21 

13.10 
0.18 

15.01 
0.45 

21.49 1.26 21.60 0.62 25.23 1.16 

53.32 3.58 55.7 2.86 75. 54 3.085 

106.36 7.80 108.3 6.52 105.82 8.42 

354.03 32.76 350.03 28.45 NA NA 

*Not detectable. 30 

 31 
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 33 

 34 
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 38 

 39 

Figure S1: a) XANES, b) k2 weighed χ(k) data, c) magnitude of EXAFS FT, and d) real part of 40 

the EXAFS FT data comparing Hg-(cysteine)2 and Hg-(cysteine)3 standards.   41 
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 47 

Figure S2: Comparison of Hg XANES spectra of Hg-histidine and Hg-malate aqueous complex 48 

references  with 75 µM Hg adsorbed to Shewanella oneidnensis MR-1 sample.   49 

50 



5 

 

 51 

Figure S3: a) Hg LIII edge XANES for Hg reacted Geobacter sulfurreducens and b) Bacillus 52 

subtilis biomass samples.  53 

 54 
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 77 

Figure S4: a) Hg LIII edge EXAFS FT magnitude data (solid black line) and fit (solid light grey 78 

line) for Hg reacted Bacillus subtilis and b) Geobacter sulfurreducens biomass samples.  79 

 80 

 81 

 82 
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 84 
Figure S5: a) S K-edge XANES spectra of S. oneidensis MR-1 as a function of Hg concentration, 85 

and b) expanded pre-edge region (expanded for clarity) as a function of Hg loading on S. 86 

oneidensis MR-1 indicates the deprotonation of cysteine at higher Hg loadings.   87 

 88 
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 103 

Figure S6: Hg LIII edge XANES on Shewanella oneidensis MR-1  104 

reacted with 10 µM HgII for 1 day vs. 2 months. Inset shows 105 

corresponding Fourier transformed spectra. 106 
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