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Abstract

We haveexaminedhe speciation of Hg(ll) complexed with intaetll suspensions (10
cells LY) of Bacillus subtilis, a common grarpositive soil bacteriumShewanella oneidensis
MR-1, afacultative gramnegative aquatic organism, af&kobacter sulfurreducens, a gram
negative anaerobic bacterium capable ofrhigthylationat Hg(ll) loadings spanninfpur orders
of magnitude(120 nM to 350 uM) at pH 5.5 (£0.2Jhe coordination environmesa of Hg on
bacterial cellswere analyzed using synchrotron baseda}X Absorption Near Edge Structure
(XANES) and Extended Xay Absorpton Fine StructurédEXAFS) spectroscopy at the Hgi
edge. The abundance of thiols on intact cells was determinedfloprescencepectroscopy
based method using a soluble bromobimane, monobromo(trimethylammonio)bimane t(BBr)
block thiol sitesand mtentiometric titrations of biomass with and without qBBr treatméne
chemical forms ofS on intact bacterih cells were determinedusing S k-edge XANES
spectroscopy

Hg(ll) was found to complex entirely with cell boutidols at low Hg:biomass ratios.
For Bacillus subtilis and Shewanella oneidensis MR-1 cells the Hg-S stoichiometrychanged
from Hg-Ss to Hg-S2 and HgS (where ‘S’ representsthiol site such ass present omcysteine)
progressively as the Hg(ll) loading increasedtlomcells. However Geobacter sulfurreducens
did not form HgSs complexes.Becausethe abundance of thiol was highest féeobacter
sulfurreducens (75 pM/g wet weight) followed byShewanella oneidensis MR-1 (50 uM/g wet
weight) andBacillus subtilis (25 pM/g wet weight), the inability of Hg(ll) to form HgSs
complexes orseobacter sulfurreducens suggestshatthe density and reactivity of-8mino acid
containing cell membrane proteimmg Geobacter sulfurreducens are different from those of
Bacillus subtilis and Shewanella oneidensis MR-1. Upon saturation of the high affinity thiol sites
at higher Hg:biomass ratios, Hij was found to form a chelate witkrhydroxy carboxylate
anion. The stoichiometry of cell envelope bourdg-thiol complexes andthe associated
abundance of thiols othe cell envelope provide important insights for understanding the
differences in the rate and extent of uptake and redox transformations of Hg in tbaraewi.
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1.0Introduction

Mercury is a common contaminant found in many terrestrial and aquatic systents, and i
bioaccumulation in organisms, including humans, isappmenvironmental conceriMergler et
al, 20r). The solubility, speciation, toxicity and the ultimate fate of Hg within aquatic
ecosystems is dependent on a large number of chemical and biological vaNaielset al.,
1998; Barkay and Schaefer, 2001). In aquatic systems, Hg solubility is hdgh axygerrich
acidic conditionsbut it is significantly inhibited under anoxic sulfideeh waters artell and
Smith, 1974). The Hgulfide complexes aramongthe strongest complexes all known Hg
inorganic and organic complexes in the aquatic environment (Carty and Malong, \A®i7@
the presence of sulfides in aqueous systems can induce precipitation of Hgfornhef
insoluble amorphous and crystalline HgS, stable aqueous polysulfide complexes and
nanoparticles can also enhance the solulalitgt transport of Hg. In addition, inorganic ligands
(e.g. Cl), and mone (e.g. cysteine) and polgentate (e.g. citrate, catechols) organic ligands can
also enhance the solubility of Hg by forming stabigueouscomplexes. Complex organic
ligands, such amatural organic matter (NOM), also form stable-N@M complexes through
thiol (SH), and carboxybinding (Xia et al., 1999 Haitzeret al., 2002 Khwaja et al., 2006
Skyllberg et al., 2005; Skylberg 2008; Nagy et &Q11 Hesterberget al., 200). Because
dissolved organic matter (DOM) is the main source of reduced cysteine residnaturial
waters Hg complexation with DOM is thought to control the speciation, solubility, mobilitgt, a
toxicity of Hg in the aquatic environment (Loux, N., 1998; Ravichandran, M.,)20G#rectly
affecting the rate and extent of Hgethylation Ravichandran, M., 2004

One of the key biogeochemical transformations of interest is the role of micr@ngani
in converting Hg to methyl mercury. Whitee geochemical facte that controHg methylation
in terrestrial and aquatic system®poorly understood, it has been shown thatconcentration
of Hg bioavailableto Hg-methylatng bacteriais strongly affectedby binding to cysteine
residues $kyllberg et al.,, 2006 and the extent of Hg(ll) uptake artdg-methylation is
significantly influenced by the presence of -Elgsteine complexes in aqueous solutions
(Schaefer and Morel, 2009; Schaefer et al., 20hdmas et al., 2014; Lin et al., 2015

Thiol sites within bacteal cell envelopes have been shown to control the fate and
transportof Hg by providing highkaffinity binding sites Mishra et al., 2011), and mediating
redox transformationsCpolomboet al.,2013;Hu et al., 2013Colomboet al.,2014). Certain
bacterialstrainssuch asGeobacter sulfurreducens PCA can function both as a reductant and as
an adsorbent for Hg(ll) at different cell biomass to Hg ratits €t al., 2013 with adsorption
being the dominant mechanism at low Hg:biomass ra8osption of Hg(l) to cell envelope
siteshas been thought ®erve as “sink” for Hg(ll) thatrestrictstransport into the cytoplasm
thuslowering the bioavailability oHg(ll) (Grahamet al.,2012. Recent studies indicate that in
addition to gene expression and regulation, eellelopechemistry is likely an important driver
for crossspecies differences in Hg methylation ratéxrahamet al., 2012). Furthermore,
reactivity of thiols towards Hg(Qyesulting in thiol mediated passive microbial oxidation of
Hg(0), hasbeen recently reportedColombo et al., 2013; Colomboet al., 2014). Since
physicochemical sorption of Hg(0) to reactive thiol sites has been hypothesiitesl fast step
in Hg(0) oxidation by dissolved organic matt&u(et al.,2011; Zhenget al.,2012), differences
in passive Hg(0) oxidation rates by different bacterial strains could be reeghllay the reactivity
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and density of thiols present on the cell envelopes of corresponding bacterial(Stodmmsboet
al., 2014).

In spite of the significareof Hgthiol complexation on cell envelopes, the speciation and
stability of thiotbound Hg on cell enveloperemains largely unknownX-ray-based
spectroscop investigations could provide definitive information regarding the nature of Hg(ll)
interactionswith bacterial cellenvelopes To date, studies have beeprimarily limited to
showing the complexation of Hg with highhipl) and low (carboxyl) affinity sites on cell
envelopesNlishra et al., 201;1lDunham€heatham et al., 2014; Dunha&bmeatham etla 2015).
Although recent studies have shown variatiohshe stoichiometry of thiol bound Hg dhe
cell, theyare either qualitative usirgXANES fingerprintingtechniqug(Thomas et al., 2@1) or
limited in scope (Thomas et al., 201&milar to the corplexation of Hg with NOM Hg-thiol
complexeswithin bacterialcell envelope may exhibit a range aftoichiometriesas a function of
Hg loading conditions. The speciation and stability of such cell envdioped Hgthiol
complexesmayin fact controlthe overall fate and bioavailability of Hg in aquatic systeifiss
study providesdirea evidence for systematicchanges in the stoichiometry of Higol
complexes on bacterial cell envelopesthree different bacterial species

For an in-depth evaluaion of the speciation of Hg bound to cell envelomesl the
stoichiometry of Hethiol complexesinder ambient conditions, we selected three distinct classes
of bacteria:Bacillus subtilis, a commonGrampositive soil bacteriumShewanella oneidensis
MR-1, afacultativeGramnegative aquatic organism, afkobacter sulfurreducens, a Gram
negative anaerobic bacterium capable of methylating merang exposed thantact cell
suspensions (dcells L1, or ~2 gL of wet mass) to different concentrations di$solved
Hg(ll) (120 nM to 350 uM) at pH 5.5 (x0.2). The structure and coordination envirdsimieHg
on the bacterial cellswere analyzed using synchrotrbased Xray Absorption Near Edge
Structure (XANES), and Extended-rdy Absorption Fine Structur@EXAFS) spectroscopy at
the Hg L edge. The abundance of thiols tre intact cells was directly determined bg
fluorescencespectroscopyased methaqd  using a soluble bromobimane,
monobromo(trimethylammonio)bimane (gBBand was further verified by thehange in total
thiol concentrations on intact cells usipgtentiometric titrations of biomass with and without
gBBr treatment The chemical forms o8 on intact bacteribcells were determinedusing S k-
edgeXANES spectroscopy

2.0 Materials and Methods

2.1 Bacterial Growth Conditions

Bacillus subtilis and Shewanella oneidensis MR-1 cells were cultured and prepared
aerobically following the proceduresitlined elsewhereBorrok et al.,2007) Briefly, cells were
maintained on agar plates consisting of trypticase soy agar with 0.5% yeastaddiett Cells
for all experiments were grown by first inoculating a-tesie containing 3 mL of trypticase soy
broth with 0.5% yeast extract, and incubating it for 24 h &CG2T'he 3 ml bacterial suspension
wasthen transferred to a 1 L volume of trypticase soy broth with 0.5% yeast extract for another
24 h on an incubator shaker table at’@2 Cells were pelleted by centrifugation at 8100g for 5
min, and rinsed 5 times with 0.1 M NaGIO



150
151
152
153
154
155
156
157
158

159
160

161
162
163
164
165
166
167
168
169
170
171
172
173
174
175
176
177
178
179
180
181
182
183
184
185
186
187
188
189
190
191
192
193
194

Geobacter sulfurreducens cells were cultured and prepared using a different procedure
than described above. Cells were maintained in 50 mL of anaerobic freshwatembédgal
(ATCC 51573) at 32C (Lovely and Phillips, 1988 Cells for all experiments were grown by
first inoaulating an anaerobic serum bottle containing 50 mlfreéhwater basal media, and
incubating it for 5 days at 3Z. Cells were pelleted by centrifugation at 8100g for 5 minutes,
and rinsed 5 times with 0.1 M NaCi&tripped of dissolved oxygen by bubbliadg5%/5%/10%
N2/H2/CO: gas mixture through it for 30 minutes. After washing, the three types of bacteria used
in this study were then pelleted by centrifugation at 8100g for 60 minutes to remove exiegss w
to determine the wet mass so that suspensibkisown bacterial concentration could be created.

Experimental conditions foall the cell cultures described above represtd early
exponential phase difiebacterial growth cunse

2.2 Hg Adsor ption Experiments

A 200 ppm parent solution of Hg in 0.1 M NaClQ was prepared from a commercially
supplied 1000 ppm Hup nitric acidreference solution, which was adjusted to3#6i by adding
aliquots of 1 M NaOH. Appropriate amounts of the(ljgparent solution were added to achieve
the desired H@ll) and bacterial concentratiorf¥able S1). The concentration othe bacterial
suspensions as2 g L (~ 10" cell LY) for all of the experiments in this studjhe pH of @ch
system was adjustead 5.5 (+ 0.2) using small aliquots of 1 M HAMOr NaOH, andhe systems
were allowed to react for two hours on a shakieroom temperature (22 °C3ince surface
waters exposed to the atmosphere have a pH of approximately 5.6 due to the dissolution of
carbon dioxide into the water, we chose to work at pH 5.5 to make our redaitant to
environmental and geochemical systeMstal adsorption on bacterial cell surfaces have been
previously conducted at similar pH conditions (Boyanov et al., 2@a&essens and Van
Cappellen, 2007; Wei et al., 2011). In addition, we conducted experiments at pH 5.5 to exclude
potential effects of insoluble Hgydroxide formation which are highly favorable at alkaline pH
conditions.pH was monitored every 30 min, and adjusted as required. After 2 h of reaction, the
suspensions wereentrifuged, and the bacterial pelliedom each experiment was retained for
XAFS analysis. The supernatant was filtered (0.45 pm) using nylon membranes (Millipore
filter), acidified, and analyzed for dissolved (HYy by inductively coupled plasmaptical
emission spectroscopy (ICBES; PerkirElmer). Filtering supernatant using Fluoropore PTFE
membranes filter (0.4qhm) did not result in appreciable change in the concentration of Hg in
supernatant.

Previous experiments (Fowle and Fein, 2000) have demdtestthe reversibility of
metl binding reactions under simil@xperimental conditions, strongly suggesting that the
metals are not internalized during the course of the experiments.

2.3 Hg XAS Measurements and Data Analysis

Hg Lun edge Xray absorptionnear edge structure (XANES) argktended Xray
absorption finestructure spectroscopy (EXAFS) measurements were performed at the MRCAT
sector 10D beamline (Segre et al., 2000), Advanced Photon Source, at Argonne National
Laboratory. The ®ntinuous scanning mode tiie undulator was used with step size and
integration time of 0.5 eV and 0.1 s per ppnaspectively in orderto decrease the radiation
exposuwe during a single scan. In additjahe measuremestwere conducted at different spots
onthe ample to further decrease the time of exposure. XANES spectroscopy, whichitisveen
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to chemical changan the sample, was constantly monitored for any possible radiation damage.
Successive XANES scans did not show any beam induced changes intlaayavhple studied
(data not shown).

Hg XANES and EXAFS measuremsnandthe dataanalysis approach for this study
were similarto those previously published by our group (Mishra et al., 2011; Pasakarnis et al.,
2013; Dunhanmtheatham et al2014; Dunhantheathanet al.,2015. The data were analyzed
using the methods described in the UWXAFS package (Stern et al), E985gy calibration
between different scans was maintained by measarkig/Sn amalgam, prepared as described
elsewhere Harris et al., B03), on the reference chamber concurrently with the fluorescence
measurements of the biomdssund Hg samples. The inflection point tife Hg L edge
(12.284 KeV was used for calibration of the scans. Data processing and fitting was done with
the progams ATHENA and ARTEMIS Ravel and Newville, 2005). The data range used for
Fourier transforming thk space data was 28.8 A, except inthe case of the two lowest Hg
concentration samples where 82 Al was used due to poor data quality. The Hanning
window function was used with a dk of 1.0*AFitting of each spectrum was performedin
space, from 1:28.2 A, with multiplek-weighting &, k2, k3) unless otherwise statebower 2
(reduced chi square) was used as the criterion for inclusiam aidditioml shell in the shelby-
shell EXAFS fitting procedure.

2.4 Hg XAS Sandards

Crystalline powder standards (cinnalpged Hg$ and mercuric acetate) were measured
and used to calibrate the theoretical calculations against experimental datardbatthd
standards were analyzed to obtain 8% parameter, wher&)? is the value of the passive
electron reduction factor used to account for the many body effects in EXAFSxiBy tine
value of S and O atoms to 2 in cinnabar and mercuric acetate, we obtainedug8 of 1.02 +
0.05 and 0.98 + 0.03espectively. Hengave chose to set the value 0f?36 be 1.0 for all the
samples. Fitting of the powder standards to their known crystallographic strgaturabar and
mercuric acetate) reproduced the spectral features in the entire fitting range2(Apandthe
fitting parameters were in agreement with previously reported valWesagn, R., 1973,
Manceauand Nagy,2008. Only the paths necessary to model the solid standards were used for
fitting the solution standards and the unknown Hg samples.

In addition to crystalline powder standards, soluptiase standards (Hg Hg-cysteine,
and Hgacetate) were also measured as solution standardsder to provide a better
representation of aqueous metal speciation than crystalline powder staAdpreisus Hg" and
Hg-cysteine standards were prepared from high purity 5m#&t iHg% HNQ bought from GFS
Chemicals. Hydrated Mg was adjusted to pH 2.0 for measurement by adding appropriate
amounts of 5 MNaOH. A Hgcysteine standard was prepared by adding cysteine to 5nt Hg
in 5% HNGs in a Hg:ligand ratio of 1:100. The pH tfe Hg-cysteine solution was adjusted to
5.0 and 8.0 by adding appropriate amounts of 5 or 1 M NaOH to obtain sslwtidm
predaminantly Hg(cysteine) and Hg(cysteinej presentrespectively. It must be emphasized
that solution species are almost always atunéxof different Hecysteine specie®lthoughthe
presence of small fractior{gess than 10%)f other stoichiometes of Hg-cysteinecomplexesn
the Hg(cysteine) and Hg-(cysteine) standard cannotbe ruled out comparison othe Hg-S
bond lengtlesdetermined using EXAFS modeling of these standards with published values was
used to validate their stoichiomes The Hg-acetate standard was prepared by adding mefcuric

6
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acetate salt talltrapure water andthe pH of this solution was adjusted to 5.0 by adding
appropriate amounts of 1 and 5 M NaOH. The best fit values of thé&ystgine), Hg
(cysteine), and Hgacetate soluion standardswere used as the initial values of the
corresponding variables for fitting the unknown lbigmass samples.

2.5 SXANES Measurement and Analysis

Sulfur K-edge XANES spectra for biomass samples were acquired at the National
Synchrotron Light Source (NSLS, Brookhaven) on beamline X19A using a PIPS detector in
fluorescence detection modat X19A, signal from higher order harmonics was removed by
detuning the monochromator to 70% tble maximum beam flux at 2472.0 eVAn energy
calibration wasperformed by setting the first peak in the spectrum of sodium thiosulfate salt
(Na2S203), corresponding to the thiol S, to 2469.2 eV. XANES spectra were typically measured
between 2450 and 2500 eV. Step sizes in the-edge region (2462482 eV) were 0.08 eV,
and 0.2 eV in pre- and postdge regions.

2.6 Thiol Quantification with gBBr Titrations

The concentration ofdzterialcell envelopehiols was quantified by reacting a known
cell density with increasing concentrations of gBBr in water and tilegeftuorescence with a
Photon Technology International Quantamaster fluorometer. The qBBr was purchased fr
SigmaAldrich and Toronto Research Chemicals. When excited at 380 the gBB#thiol
complex has a maximum emission at 4. When emission intsity is plotted against qBBr
concentration, the thiol concentration in the cell suspension is evident by a decrbasslope
of intensity per gBBr concentration to the background level (the fluorescence ofgBatar).
Optical density of thecells in water at 260nm was below the detection limit of the
spectrophotometer, indicating low DNA concentmasiavhich could result fromcell lysis.
Further detail@bout this methodreprovidedelsewhergJoe-Wong et al., 2012).

2.7 Thiol Determination with Potentiometric Titrations

The change in total site concentrations on cell envelopes determined by potentiometric
titrations of biomass with and without qBBr treatment was used as a direct eneasiuethiol
site concentration. Details of the procedure and modeling approach are given in YaG:t4al.
Briefly, bacterial suspensions were allowed to react for 2 h with a-QB&ng solution with a
gBBr:bacteria ratio o130 umol qBBr/g (wet biomass), followed by three rinses. Potentiometric
titrations in degassed 0.1 M NaCl were conducted under a headspace gé@s\to exclude
atmospheric C®and each suspension was stirred continuously.

3.0Results

3.1 Hg adsorption

Hg adsorption on the three bacterial species over four orders of magnitude is shown in
table S1. Hg was found to be below the detection limit of ICP under low aqueous Hg
concentration regime suggesting that Hg adsorbs strongly onto bacterial cellsjearti
completeremoval of Hg from aqueous solutions undes#dexperimental caditions Increase in
agueous Hg concentration resulted in lower fraction of adsorbed Hg for all the plexaess
examined. These trends demonstrate that the total number of deprotonatechsitdptd 55
are similar for all the three speci€evious study has shown ttiansition from reduction of Hg

7
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to adsorption of Hg associated with biomass concentrations'®td a0 cells/L (Hu et al.,
2013) Since the experiments presented here con@tihcells/L, werule out reduction of Hg in
our study.It should also be noted thatrigorous Hg mass balanbasnot beenpresented here
Mass balance is not relevant for this study and does not affect any of our results oramclusi
because our work focuses on elucidating the mechanism of complexation witiHgell
membranes.

3.2 Qualtitative XAS Analysis of Hg Sandards

The XANES specta for the solutionphase HY standards (Hg, Hg-acetate, Hg
(cysteine), and Hg(cysteine)) are shown in Figure 1. The XANES spectra of these three
standards havegmificantly different spectral features (Figure 1):2His out of phase with the
rest of the standards presented here and has a distinct peak at 1231Q-aétate has a
pronounced predge feature at about 12285 eV; the-(egsteine) complex exhibitsa much
smaller preedge featurat 12290 eV than the Hacetate complex and exhibitsaher shoulder
at 12300 eV; the Hgcysteinej hasa further smaller preedge peakwith 12290 and 12300 eV
shoulder missingand has a distinctly different pestige fape which is easily distinguishable
from the Hg-(cysteine) standarcandtherest of the standards presented h€@mparison othe
XANES spectrdor theHg-(cysteine) and Hgfcysteinej standardsan be seen iRigure Sla.

A shift to higher radial @tancein the first peak of the Fourier transformed (FT) data for
the Hg{cysteine) spectrum relative to the Hacetate standard spectruarising from the
bonding of Hg to sulfur in the first shell as opposed to bonding to oxygen, can bia sagure
2. The bnger distance of the first pefdr the Hg-(cysteine) spectrum compared with the Hg
acetate standard concomitant witha larger amplitude othe FT EXAFS data for the Hg
(cysteine) as expected from a heavier backsctdfiggure2). In additin, the adial distance for
the first peakof the Hg-(cysteine) standards longerthanthat of theHg-(cysteine) standarg
also evident in the phase shifttbke Hg-(cysteine) standard towards lower k value (Figure .S1)
However, theHg-(cysteinej standrd hasa smaller amplitudeéhan theHg-(cysteine) standard
because a distorted trigonal planer structure enlasger strudural disorder associated with it
compared to the linear Hgysteine) complex Hence, careful comparison of the XANES and
EXAFS datafrom the Hgbiomasssamples cabe used to determinghether the Hg associated
with biomass is bound to the biomass through-Egyboxyl or-thiols, and the stoichiometry of
Hg:thiol complexesan also be determined from the data

3.3 Quantitative XAS Analysis of Hg Sandards

Best fit values resulting from EXAFS analysit the solution standards are given in
Table 1. The agueousg®* standardvas best fit withHg being bound to 6.12 (+ 0.65) O atoms
at 2.30 (+ 0.01) A, which is consistent with ectahedral coordination geometry of a hydrated
Hg?* ion (Richens, D. T., 1997Hg-acetate was best fit with 1.78 (+ 0.32) O atoms at 2.06 (+
0.01) A in the first shell. The number of C atoms, which was fixed to be equal to therrafmbe
O atoms in the first shell, was found at 2.83 (+ 0.01) A, consistent with the crystalist of
mercuric acetateAlmann, R., 1978 The Hg-(cysteine) solution was best fit with 1.88 (£ 0.21)
S atoms at 2.32 (+ 0.01) A in the first shell, which indicates complexation of Hg wth t
cysteine moietiesManceauand Nagy, 2008 Inclusion of C atoms did not lower the y? (Stern
et al., 1995) value significantly enough to justify the addition of another shed.Hg-
(cysteine) solution was best fit with 2.82 (+ 0.32) S atoms at 2.49 (x 0.01) A in the first shell.



331 Published lierature suggests thatHg-S bond distance of 2.49 A ispresentative aothe Hg-Ss
332 complex,but could possibly includesmall componestof Hg-S; and HgSs complexesas well
333 (Manceau ad Nagy,2008; Warnerand Jalilehvand, 2016 In summary, the fittingparameters
334 for the solution standards reported in this study are in good agreemeptevitbusly published
335 values Kia et al., 1999; Qian et al., 2002; Skyllberg et al., 2006hra et al., 2011; Thomas et
336 al., 2016.

337 3.4 Hg(ll) complexation with biomass

338 The following conclusions can be drawn concerning Hg binding onto the biomass
339 samples, and the descriptions in this section describe the evidence for these conclustwas in
340 detail. Hg(ll) was found to complex entirely with thiols at low Hg:biomass ratios. The Hg
341 coordination changed fromig-Ss to Hg-S2 and HgS progressively as the Hg(ll) loading
342 increased orthe cells. TheseHg-S (where n=13) bacterial surface&eomplexes also exhibit
343 different HgS bond distances (2385 A) with the longest ithe Hg-Ss complex consistent with
344  published literatur¢Manceau and Nagy008) Upon saturation of the high affinity thiol sites at
345 higher Hg:biomass ratios, Agwas found to form a chelate with carboxyl and a neighboring
346 hydroxyl (a-hydroxy carboxylate aon) based on the measured-Bgand HgC distances (Table
347 1). Such a-hydroxy carboxylic acids have been reported to occur abundarntihyn cell

348 envelopes \Wei et al., 2004. While all the species exhibit strong affinities for #at low

349 Hg:biomass ratiosthe differences in H& stoichiometry between the cell envelopesSof
350 oneidensis MR-1 andG. sulfurreducens is noteworthy.

351
352 3.4.1Hg(ll) complexation witlthewanella oneidensis MR-1
353 Figure lashows the XANES data of Kid) complexed tdShewanella oneidensis MR-1

354 biomass as a function of Hg loading. Comparision of the XANES spectra féfgHomass
355 sampleswith the Hg standards suggssthat the transition from thioko carboxyl functional
356 groups takes place around 50 Hg(ll). A systematiacchange irthe amplitide and phase shift of
357 oscillations in thé?-weighted y(k) data of the Hg-biomass samples can be seefigure 2aHg
358 is complexed exclusively via thiols in samples containing less than 50 uM) ,Hghile Hg is
359 complexed exclusively via damoxyl functional groups in samples containing more than 50 pM
360 Hg(ll). Samples containing 0.5 uM or less(Hg havea spectral signature of Hysteine)
361 binding. The FT EXAFS data frothe biomassampleswith 350, 15, and 0.5 pM HH) have
362 spectral fearesand first shell bond distancesmilar to the following aqueou$ig standards
363 respectively: Hg-acetate, Hgcysteine), and Hg(cysteine} (Figure 38). The differences
364 between the amplitude and bond distanceth®B850, 15, and 0.5 uNig(ll) samplesand their
365 similarities with Hgacetate, Hgcysteine), and Hg(cysteinej solution standards, respectively,
366 are further illustrated in the real part of the Fourier transforms shown in Bguiased on
367 bond dstances and amplitude of the FT ddkeg Hg-biomass samples can be divided into three
368 sub-groups: 350 uM HJll), 255 uM Hgll), and 0.5 uM H@l) (Figures 1 and). These
369 three subgroups ofbiomasssamples appeats be dominated byHg-carboxyl, Hg(cysteine),
370 and Hg(cysteinej binding envionments, respectivelythe 2.5 uM Hdll) samplecan be wel
371 described by linear combination dhe 0.5 and 5.0 uM H@l) biomass samplesuggesting that
372 Hg-(cysteine) and Hg(cysteine) coordination enviromentscomprise approximatel$8 and
373  42% (+ 5% of the bound Hgrespectively



374 TheHg-biomass data were modelled quantitatively as described above. Best fit values are
375 given in Tablel. The 350 uM Hdll) data was best fit with 1.65 (+ 0.25) O atoms at 2.06 (x
376 0.01) A in the first shell. Idlusion of 1.58 (+0.3RC atoms in the second shell resulted in
377 significant improvement of the fit. Howeyehe HgC distance for tis sample was 3.05 (+ 0.02)
378 A, which is much longer than the Hg distance determined ftiie Hg-acetate solution standard
379 (2.83 +0.01A). This suggests the formation of a carboxyl with alplidroxy carboxylic acid or
380 a malate type coordination geometoy the biomass sample§he 100 and B uM Hg(ll) data
381 did not show any appreciable change in the coordination enveranexcept thathe 50uM
382 Hg(ll) datawasimproved by inclusion of S atoms in the first shell. The coordination number of
383 S was0.56 (+ 0.12), suggesting a small fraction of Hg atoms bouttddls for this sampleThe
384 25 uM Hdll) biomasssample was best fit with 1.32 0.21) S atoms at about 2.31 (+ 0.01) A in
385 the first shell.The1l5 and 5 uM H@JIl) samples were best fit with ~1.8 (£20.S atoms at about
386 2.32 (+ 0.02 A in the first shellThe 2.5 pM Hdll) sample was best fit aslinear combination
387 of Hg-(cysteine) and Hg(cysteinej coordination enviroments with ~2.2 (£ 03) S atoms at
388 about 2.44 (+ 0.01A in the first shell The0.5 uM Hdll) sample was mostlig-(cysteine)
389 with 2.96 (+ 0.25) S atoms at 2.51(+ 0.01) A. Inclusiorme/N atom in the firsshell ora C
390 atom in the second shell did not resaiprovethe fit for the samples containing 25 pMg(ll)
391 orless.

392

393 A recent study has suggested the formatiom &fg-S4+ complex onE. coli cells under
394 actively metabolizing condition§Thomas etal.,, 201§. While the experimental conditions
395 studiedby Thomas et al(2016)are different from tbse in thisstudy, formation of Hg-Ss
396 complex on bcterial cels is unlikely at circumneutral pH conditions because (Elgsteine)
397 solution complexesire formedonly under highly alkaline conditiondMarnerand Jalilehvand,
398 2016. Thomas et al(2016)alsoconductedXAS measuremenigt very low tempeatures which
399 caninduce the formation of tetrathiolate complexes (Nagy et al., 2011). Further, bioahem
400 consideratins support the existence of Higysteinej but not Hg(cysteine) complexes on cell
401 envelopes (Cheesman et al., 1988).

402

403 Although it is possible that Hg goes on to N (amines) sites after satugathgls)sites
404 which constitute a smakhumberof sitesand quickly get masked by transition of Hg to O
405 (carboxyl) sites which are much more abundant, we do not see any evidenae SamiHg
406 XANES for Hghistidine aqueous solution does not resemblebldghass samples at high Hg
407 loadings figure ).

408
409 3.4.2 Hyg(ll) complexation witlBacillus subtilis andGeobacter sulfurreducens
410 A dmilar appraoch was adopted to motted Hg-biomass data fathe B. subtilis andG.

411 sulfurreducens samples. Trends similar the S. oneidensis MR-1 data can be seen thek?-
412  weighted y(k) EXAFS data of the Hg biomasssamples forB. subtilis and G. sulfurreducens
413 (Figure 3) Figures S3a and S3b show the XANES and figuda and 8b show the data and fit
414 of the EXAFS FT magnitude foB. subtilis and G. sulfurreducens samples and the bst fit
415 values fotheHg EXAFS modeling are provided in Table 1.

416 In the case of B. subtilis, the 350, 100, and 75 pMHg(ll) sampleswere modeled
417 exclusively as Hgarboxyl binding, and did not exhibit any signature of thiol compleraif
418 Hg. The 25 and 15uM samples foB. subtilis were foundto have soméig-thiol comlexation
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with a largerfraction of the Hg atoms complexed with carboxyl groups, similaheé®0 uM
Hg(ll) sample forS. oneidensis MR-1. The B. subtilis samples with B, 2.5, and 0.5 uM Hd)
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
2.45 + 0.01 respectivelythe 5.0 and 2.5uM Hg(ll) samples exhibit Hgcysteine) coordination
environmentThe 0.5 uM Hg sampledr B. subtilis is a combination oHg-(cysteine) and Hg
(cysteiney coordination environents,similar tothe 2.5 uM Hg sample fo&. oneidensis MR-1.

In summary, the stoichiometry of Hg(ll) olGrampositive B. subtilis cells follows the same
trend aswe observed for the am negativeS. oneidensis MR-1 cells. However, the transition
from carboxyl to thiol and Hgcysteine) to Hg-(cysteine) complexation takes place at lower
Hg(ll) concentrationdor the B. subtilis samples Differences in the abundancef thiols within
the cellenvelopesof B. subtilis and S oneidensis MR-1 (see belowhpre likely toexplain the
offset in Hg(ll) concentration betwe these two specieat which the transition in binding
environment occurs.

The Hg EXAFS analys of the 75 uM Hg sample f@. sulfurreducens indicated that a
small fraction oHg was bound tthiol sites,with a majority of the Hg bound t@arboxy| which
was similar towhat we observed for tHg0 and 25uM Hg samples fo& oneidensis MR-1 and
for B. subtilis, respectivelyThis observation suggests an offset inltdaingof Hg(ll) at which
Hg binding transitions fronpredominantlycarboxyl to thiol forG. sulfurreducens compared
with S oneidensis MR-1 andB. subtilis. However, the offseh Hg(ll) loading inthe case ofG.
sulfurreducensis opposite to that d3. subtilis. Sincethe signature of Hfeysteinej bindingwas
observedor theB. subtilis samplesat lower Hg(Il)concentratiorthanfor the S. oneidensis MR-

1 samples it would be expeded that the stoichiometry of Hg(ll) complexation with
sulfurreducens cdls would transition from Hgcysteine) to Hg(cysteine) at higher Hg(ll)
concentrationghanwas observed fof. oneidensis MR-1. NeverthelessHg-S bond distances
and coordination numbers f@. sulfurreducens changed only slighty from 2.32 @01 A and
1.70 + 0.2 forthe 25 pM Hg sample to 2.38 + 0.8 and 2.24 + 0.2 fothe 0.5 uM Hg sample
suggesting lack of formation of He(cysteine) stoichiometrywithin the G. sulfurreducens cell
envelope (Figures2and2d). This result is somewhaurprising, and could provide important
clues about Hg bioavailability for intracellular biochemical process (mdogvhe

3.5 Sulfur XANES

Althoughthe S K-edge XANES spectra were calted on a large number of standards, in
this study we have broken douime S species into three main categories for the sake of clarity
reduced S (below 2472 eV), sulfoxide S (near 2473.5 eV), and oxidized S (above 2476.5 eV).
Cysteine, dimethysulfoxide(DMSO), sodium dodecylsulfate (NaDS), and sodium laurel sulfate
NaSQw standardsare shown in Figuread More extensive model libraries that include XANES
spectra of organic and inorganic S compoundsaarilable in the literate (Vairavamurthy A
1998 Myneni, S. C. B.,2002. As seenin Figure 4, species with very differers oxidation
states such as cysteine, sulfoxide, and ester sulfate are easily resolved in the XANE®.spectru
Within these three energy ranges, however, resolution becomes more difficult. Redlice
species, including thiols, sulfides, polysulfides, and thiophenedaak white-line features
occurring between 2469 and 2472 eV. Sdge XANES shows sensitivity to changes in the
electronic environment of the sulfur absorber. &mample, perturbation in the electron donating
ability of the organic moiety changes the energy positions eégge features by affecting the
effective nuclear chargen the sulfur atom (Szilagyi and Schwab, 2005
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The SXANES spectum of the S oneidensis MR-1 cells cultured underdifferent
conditions (aerobic, nitrate, fumarate) and titrated to pH valmgging from pH 4 to 8ndicate
a high abundance of reduced S groups (e.g. maral disulfideYelative tothe oxidized forms
of S (e.g. sulfate sulfonate) (Figure B and 4c). However, monosulfides, such as S in
methionine and cysteine, exhibit similar spectral features and are hard to dktingu
(Vairavamurthy, A 1998; Xia et al., 1998; Myneni, S. C. BRQ02; Szilagyi and SchwaB005;
Risbeg et al., 200R Becausethiols are known to exhibit stronger interactionshwHg(ll)
among these reduced monosulfides thioether) we concludethat Hg(ll) must be interacting
with thiolsand our Hgthiol stoichiometry results obtained using Hg XA® &kely independent
of experimental pH (except in extreme environments) and cell culturing conditions

Interaction of H@ll) with thiols within cell envelopes is also evident from the changes in
S XANES spectra as a function of Hg(ll) loading. When thecterial cellswere exposed to
increasing levels of HY), the pre-edge feature ahe S XANES spectra afhe cell suspensions
indicated gradual changes insBeciation, correspoidy to the deprotonation and subsequent
complexation of thiol with H§ (Figure $; Risberg et al., 2009; Szilagyi and Schwabp5s).
The pe-edgefeature ofthe S K-edge XANES dat#figure &) as a function of Hg loading d
oneidensis MR-1 suggestshe deprotonation of cysteine at higher Hg loadirgailégyi and
Schwab, 2006

3.6 Thiol Quantification with gBBr Titrations

gBBr is a large, thiekensitive, charged, watsoluble fluorophore moleculghich does
not cross theell envelope, making it an ideal probe for measuring the concentration of thiols
within the cellenvelope Joe-Wonget al.,2012;Rao et al., 2014 Our gBBr titrationssuggest
that theconcentration of reactive thiolsithin the cell envelopesf B. subtilis, S. oneidensis
MR-1, andG. sulfurreducens are24+2, 49+12, and 240+80 uM/g wet weight celespectively.
These weweight values correspond to 120+£10, 300£70, and 1000+300 pM/g dry weight cells,
respectively (Figre @; Table 2)The cell envelope thiol concentrations determined using gBBR
fluorophore measurements fBr subtilis and S. oneidensis MR-1 are in good agreement with
publishedresults(JoeWonget al.,2012).These results are also in excellent agreementthth
Hg EXAFS analyses (described above) showing the transition of Hg speciation frem Hg
carboxyl binding to Hghiol complexaibn for B. subtilis and S. oneidensis MR-1 at
approximately25 and 50 puM Hg(ll) respectively However, thiol concentrations foB.
sulfurreducens obtained from the gBBr measuremeintshis studyare higher than those recently
reported by another studying a similar technigueRao et al., 204and our Hg EXAFS
analyseslf thiol concentrations ofs. sulfurreducens were as small as previously report&h¢
et al., 2014, Hg complexation with thiols would saturate all the thiol site$sosulfurreducens
cells at much lower Hg(ll)concentrations,and transition from Hghiol coordination
environment taHg-carboxyl interactions at much lower iy loading Hence our Hg EXAFS
results do not agree with the thiol quantification@nsulfurreducens either flom this study or
with thosereported previouslyHu et al., 2013; Rao et al., 2014) resolve these differences
anotherdirect measument of the thiol site concentrations ofs. sulfurreducens cells was
conductedusing potentiometric titrations with and without gBBr treatmeh. sulfurreducens
cells.

3.7 Thiol Determination with Potentiometric Titrations

12



507
508
509
510
511
512
513
514

515

516
517
518
519
520
521
522

523
524
525
526
527
528
529
530
531
532
533

534
535
536
537
538
539

540
541
542
543
544
545
546
547
548
549

Potentiometric titrations (seYu et al., 2014 for details) were performed ofs.
sulfurreducens with and without gBBr treatmeno resolve tk difference of over two orders of
magnitude between the gBBr measurements reported in this study and those repadeslyre
Potententiometric titration measurent onG. sulfurreducens cellsresulted in a calculatetthiol
concentratiorof 67.8 £ 22.8 umol/gnwet weight Figure 5b; Table 3) This value is in good
agreement witlour Hg EXAFS estimation of ~75 plthiol sites/g wet weight cellsvhich s an
indirect measuremendf the abundance of thiols within th®. sulfurreducens cell envelog
(Table 1).

4.0 Discussion

Complexation ofHg with high affinity thiol sitesunder low metal loading conditions,
followed by binding of Hg to lower affinity carboxyl sites upon saturation of thicé bis been
documeted previously (Mishra et al., 2011). Similar behavior has also been observed for Zn and
Cd (Guiné et al. 2006; Mishra et al., 2010; Yu and Fein, 20A&sociaton of Hg with reduced
S groups has also been shown in phytoplanktietgms) collected from a Hg contaminated
creek using a combination ofray micro-fluorescence mapping and FTIR studies (Gu et al.,
2014).

This studydemonstrates thalg complexation with intact bacterial cell suspensjans
mechanisnwhich is likely applicableto other chalcophilic metals (e.g. Zn, Cd, and &b)ell,
is strongly dependent on metal loading and that the following conclusions can be djawn
complexation of Hg with cell bound thiols msuch more complicated thahe formation ofa
single type ofHg-thiol complex at low Hg:biomass ratioand 2) Hg can be complexed with
cell-bound thiol sitesn a variety ofstoichiometies depending on the biogeochemical attributes
of the ecosystem in questide.g.,the Hg:biomass ratiothe abundance dhiol sites onthe
bacterid speciesin question,and whethe the species is Hmethylatingor no). It must be
emphasized that in contrast with expectation from purely thermodynamic catisider
variation in the complexation behavior of Hg with thiols is @letaysdictated by the abundance
of thiols on a givermacterial species.

Our results illustrate thaB. subtilis and S. oneidensis MR-1 cells show similarHg
complexation behavior with cell bound thiols, alb#ig transition from Hegs to Hg-Ss occurs
at lower Hg loading$or B. subtilis due to lower thiol abundance compare&toneidensis MR-

1. Althoughlower thiol concentrations in the caseBfsubtilis prevented detailed examination
of Hg-thiol interactions usingdg EXAFS below 0.5 uM H@l), as expectedd. subtilis formed
Hg-S: and Hg-S complexes at a lower Hg:biomass ratio t&aoneidensis MR-1.

While B. subtilis and S oneidensis MR-1 exhibit the general trend outlined above,
significant differences in Hthiol interactions were found betwe&h sulfurreducens and S.
oneidensis MR-1 at low Hdll) concentrationsin the case o8 oneidensis MR-1, Hg formsthe
Hg-Ss complex below aqueous Hg concentrations of 0.5, jpMt forms Hg-S; and HgS
complexesat higherHg concentratios (Table 1. In contrast, under the same Hg concaran
conditions the Hg methylating specie6. sulfurreducens forms only Hg-S: and HgS complexes
without adetectableHg-Ss complex. This difference in surface complexation of Hg on e
sulfurreducens cells was not caused by the lack of sufficientots on G. sulfurreducens. As
shown aboveG. sulfurreducens has the highest abundance of thiols among the three species
examined.Although a definitive reason for the inconsistent behavioG.oéulfurreducens cell

13



550
551
552
553
554
555
556
557
558
559
560
561
562
563
564
565
566

567
568
569
570
571
572
573
574
575
576
577
578
579
580
581
582
583
584
585
586
587
588

589
590
591
592

envelope compared to those $foneidensis MR-1 andB. subtilis is beyond the scope this
study,these differences coulgrovide insighs aboutHg cell surface complexes for methylating
vs. noamethylating species. We hypothesize that dhiféerences in themembrane protein
chemistry (Hg trarsporters) and Hg uptake mechanissh G. sulfurreducens inhibits G.
sulfurreducens to form HgSs type complexes unlike other two species examin@dr
hypothesis is strengthened by a previous study which shimatsaqueous H&: complexes
enhances Hg(ll) uptake and subsequent methylatioB. syl furreducens while aqueoudHg-Ss
complexes inhibit the same (Schaefer and Morel, 2009). In order to for®s Hgmplexs
within cell envelopescell surfaceproteins must contain at least 3 trsdks in close proxnity to
each other. Althougl®. sulfurreducens exhibits the highest concentration of thiols among the
examined bacterial species, the thiol site density (i.e. sfesfAG. sulfurreducens mustnot be
high enough to make tridentatly-Ss complex. These results suggest thatdék envelopeS-
amino acid containing proteins are significantly different betw&ersulfurreducens and S
oneidensis MR-1, specifically their density and reactivityhich are critical in Hg binding,
transport andpossibly uptakeHowever, these results could be specific to a given bacterial
species. Hence our results should not be generalized in the broader contexhethiigitors vs.
non-methylators without additional studies.

Differences inabundancend density of thiosites on cel$ of differentbacterialspecies
and the corresponding stoichiometry of-Hhgpl complexesthat arise from those differences,
could also explain the observed differences in passive oxidaitidg(0) mediated by cell bound
thiols (Colomboet al, 2014).These celenvelopebound HgS, complexesalsoform readily in
the presence of other strongly competing ligands, such -an&€INOM (which also contasn
thiols), and were found to be stable in aqueous solutions at room temperature for over a period of
2 months(Figure $; Dunham-Cheatharat al.,2014; Dunhantzheathanmet al.,2015. While
the cellenvelopebound Hgthiol complexesconstitutethe pool of Hg(l)transported inside the
cell for Hgmethylation in the case of&. sulfurreducens, Hg-Ss complexes inthe non-
methylating bacterial specidd subtilis and S. oneidensis MR-1 would likely stay as Hesn
complexes until the amino acid residue is oxidizetven the high thermodynamic stability of
Hg-Ss complexesthey are not expected to Ibbeleagd back intothe aqueous phase as thiol
complexes Alternatively, they could slowly transform into inorganic Haglfide (e.g. meta
cinnabar) nanoparticlasnder sulfidc environmentslit has been recently shown that Hg forms
colloidal metacinnabar when @eted with DOM in the presence of sulfide, presumably via
reacton with thiols in the DOM (Gerbig et al., 201J). It remains to be determinad thiols
presentwithin bacterial cell envelopescould also mediate the formation of metanabar,
limiting the boavailability of Hg for microbial processe&hanget al.,2012. Since bacteria are
ubiquitous in all natural systems, and their ealelopebound reactive thiasite concentrations
often exceed the aqueous concentrations of Hg in many natural aathowaied settings, this
study suggestthat cellenvelopebound thiolsitesplay a key role in the speciation, fate and
bioavailability of Hg in aquatic and terrestrial ecosystems.
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850
851

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

Sample path N R(A) 62 (10° A?)
ng" Hg-O 6.12 £ 0.65 2.30+£0.01 15.1+35
HgAc Hg-O 1.78 £0.32 2.06+0.01 10.9+0.9

Hg-C 1.782 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)s Hg-S 2.82+0.32 2.49 £0.01 13.5+3.5

Shewanella oneidensis MR-1

350 uM 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 uMm 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+35
50 uM Hg-O 1.63 +0.15 2.06° 10.9°
Hg-C 1.52+0.35 3.05° 12.8°
Hg-S 0.56 £0.12 2.32°¢ 10.5¢
25 uM Hg-S 1.32+0.21 2.31+£0.01 10.5+1.5
15 uM Hg-S 1.88+0.18 2.32+£0.01 10.8+1.3
5.0 uM Hg-S 1.85+0.19 2.35+0.01 10.2+1.2
2.5 uM Hg-S 2.21+£0.28 2.44 +0.01 15.2+3.0
0.5 uM Hg-S 2.96 +0.25 2.51+0.01 13.4+25
Bacillus subtilis
350 uM 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 uMm 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+35
75 uM 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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878
879
880
881
882

852

25 uM Hg-O 1.65+0.21 2.06° 10.5° 853
Hg-C 1.82+£0.30 3.05° 12.8°
Hg-S 0.42 £0.10 2.32°¢ 10.5°¢ 854
855
15 UM Hg-0 1.58+0.20 2.06° 10.5° 856
Hg-C 2.02 £0.32 3.05° 12.8°
Hg-S 0.61+0.12 2.32¢ 10.5°¢ 857
858
5.0 uM Hg-S 1.80%0.20 2.32+0.01 10.2+1.2
859
2.5 uM Hg-S 1.95+0.28 2.33+0.01 10.5+2.0 860
0.5 uM Hg-S 2.26+0.30 2.45 +0.01 109+25 861
862
Geobacter Sulfurreducens 863
) ) 864
75 uM Hg-0 1.62+£0.18 2.06 10.9
Hg-C 1.80 +0.21 3.05° 12.8° 865
Hg-S 0.46 £0.14 2.32°¢ 10.5°¢
& 866
25 uM Hg-S 1.70+£0.21 2.32+0.01 9.2+1.3 867
15 uM Hg-S 1.96+0.18 2.32+0.01 9.5+1.7 868
869
5.0 uM Hg-S 2.06 £0.19 2.36+£0.01 10.6+2.8
870
2.5 uM Hg-S 2.21+0.28 2.38+£0.01 11.2+3.0 871
0.5 uM Hg-S 2.24+0.22 2.38+0.01 11.5+36 872
873
*This standard is predominantly Hg-(cysteine)s; but also contains Hg-(cysteine), ol4
2 Fixed this value to be the same as O based on crystallographic data. 875
®This was set to be equal to the HgAc standard.
“This was set to be equal to the Hg-cysteine standard. 876
877

22




883 Table2: Values determined using gBBR measurements for surface thiol concentratibns of
884 subtilis, S oneidensis MR-1, andG. sulfurreducens grown in the absence of HgThe error is

885
886

887
888

889
890
891
892
893
894
895
896
897
898
899
900
901
902
903
904
905
906
907
908

one standard deviation.

Bacterial species pmoles thiols/ Number of wet:dry pmoles thiols/
gram (wet mass) trails conversion gram (dry mass)
B. subtilis 2442 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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909
910
911
912

Table3. Summary of sdace complexation modeling resufor the potentiometric titrations of
G. sulfurreducens with and without gBBr treatment. Five replicate titrations were conducted for
each condition, and the values shdvemerepresent the averages with 16 uncertainties.

Cu pKaZ C2 pKa3 Cs
pmol/g pmol/g pmol/g

pKa1

Csa Chotal
umol/g pmol/g

pKa4

Untreated 3.2+0.2 192+36 5.2+0.1 104+7 7.2+0.2 4143
gBBr-treated 3.4+0.4 139+36 5.2+0.1 94+10 7.0+0.0 4416

9.5+0.2 69+20 406+24
9.3+0.1 62+10 338+46

913

914
915
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28  Table S1{Hg] adsorption by biomassamples determined using ICFES measurements.
29

B. subtilis S. oneidensis MR-1 G. sulfurreducens
Initial Hg in Hg in Initial Hg in Hg in Initial Hg in Hg in
solution (uM) supernatant solution (uM) supernatant solution (uM) supernatant
(nM) (uM) (1M)
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* ND*
1.2
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 13.10 15.01
0.21 0.18 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
30 *Not detectable.
31
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85 Figure S5a) S kedge XANES spectra & oneidensis MR-1 as a function of Hg concentration,

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

87 oneidensis MR-1 indicates the deprotonation of cysteine at higher Hg loadings.
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104  Figure S6Hg Ln edge XANES orghewanella oneidensis MR-1
105  reacted with 10 uM Hg for 1 day vs. 2 months. Inset shows
106  corresponding Fourier traformedspectra.
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