UNIVERSITY OF LEEDS

This is a repository copy of The effect of natural organic matter on the adsorption of
mercury to bacterial cells.

White Rose Research Online URL for this paper:
http://eprints.whiterose.ac.uk/127218/

Version: Accepted Version

Article:

Dunham-Cheatham, S, Mishra, B, Myneni, S et al. (1 more author) (2015) The effect of
natural organic matter on the adsorption of mercury to bacterial cells. Geochimica et
Cosmochimica Acta, 150. pp. 1-10. ISSN 0016-7037

https://doi.org/10.1016/j.gca.2014.11.018

© 2015, Elsevier Ltd. Licensed under the Creative Commons Attribution
NonCommercial-NoDerivatives 4.0 International
http://creativecommons.org/licenses/by-nc-nd/4.0/

Reuse

This article is distributed under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs
(CC BY-NC-ND) licence. This licence only allows you to download this work and share it with others as long
as you credit the authors, but you can’'t change the article in any way or use it commercially. More
information and the full terms of the licence here: https://creativecommons.org/licenses/

Takedown
If you consider content in White Rose Research Online to be in breach of UK law, please notify us by
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request.

eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk/



mailto:eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk/

O~NO O WN B

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

The effect of natural organic matter on the adsorption of mercury to bacterial cells
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Abstract

We investigatd the ability ofnonimetabolizingBacillus subtilis, Shewanella oneidensis
MR-1, andGeobacter sulfurreducens bacterial species to adsorb mercury in the absence and
presence of Suwanee Rivietvic acid (FA). Bulk adsorption and Xay absorptiorspectroscop
(XAS) experiments were conducted at three pH conditions, and the reslittate thatthe
presence oFA decreases the extent of Hg adsorption to biomaaderall of thepH conditions
studied.Hg XAS resultsshowthat the presence of FA does madterthe binding environment of
Hg adsorbed onto thbiomass, regardless of pbt FA concentration, indicating that ternary
bacteriaHg-FA complexes do not form to an appreciable extent under the experimental conditions,
and that Hg binding on the bacteria is dominated by sulfhydryl binding. We use the experimental
results to calculatapparentbinding constants for Hg onto both the bacteria and the FA. The
calculations yield similar binding constants for Hg onto each of the bacteria¢sgtadied. The
calcultions also indicate similar binding constants forbrdgteria and Hg-A complexes, and the
values of these binding constants suggest a high degree of covalent bonding in each type of
complex, likely due to the presence of significant concentrations of sulfhydryl funagicngls
on eachS XAS confirns the presence of sulfhydrgiteson boththe FA and bacterial cells, and
demonstratethe presence of a wide range of S moietiesh@A in contrast tahe bacterial

biomasswhose S sites agominated by thiolgOur resultsuggest that although FA can compete

*Correspndingauthor: dr.smdcheatham@gmail.com
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with bacterial binding sites for aqueous Hg, because of the relatively similar bindingntsrier
the types of sorbents, the competition is not dominated by either bacteria or €35 timé

concentration of one type of site greatly exceeds that of the other.

Introduction

Heavy metals, such as Hg, adsorb to pratotive functional groups on bacterial cell
envelopesd.g.,Beveridge and Murray, 1976; Fortin and Beveridge, 1997; Daughney et al., 2002;
Fein, 2006; Kenney and Fein, 20lajfecing the speciatiorand distribution of th&e metalsin
geologic system$Recent studiese(g.,Guiné et al., 2006Mishra et al2007; 2009; 201,02011%,
Pokrovsky et al., 2012; Song et al., 2012; Colombo et al., 2013) have showan ldedt some
bacterial cell envelopes contain protactive sulfhydryl functional groups. Because Hg binds
readily and strongly to sulfur compounds (Compeau and Bartha, 1987; Winfrey and Rudd, 1990;
Benoit et al., 1999 bacteridadsorption of Hgnay dramatically affect the distribution, transport
and fate of Hg in geologic systems.

Natural organic matter (NOM) is present in nearly evegrsurface geologisystemand
complexation reactions between metals and N€&iv dramatically change the behavior of the
metals in the environmeriMcDowell, 2003; Ravichandran, 2000OM molecules contain a
range offunctional grouptypes, includingcarboxyl, phenolaming andsulfhydryl groups, that
have the potential to credteghly stablecomplexes with metal ions across the pH range (Ephraim,
1992; Ravichandran et al., 1999; Drexel et al., 2002; Haitzer et al., 2002; Croué et al., 2003;
Ravichandran, 2004hg binds strongly to thesulfhydrylgroups present within the NOMstture
(Dong et al., 2011; Muresan et al., 2DI0he relative thermodynamic stabilities of igOM and

Hg-bacteria complexes are not well known. Depending on these relative stabilitiesribgon
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of metatNOM complexes may decrease adsorption of Hipdoteria cell envelopes due to a
competitive ligand effect, or under certain conditions may increase adsorption ofadgtéria
due to ternary complexation with NOM. For example, investigating Pb, Cu, and Ni separately,
Borrok et al. (2007) found thagmarymetatFA-bacteriacomplexes form, anithatthe importance

of the complexes istronglyaffected by pH. Conversely, Wightman and Fein (2001) found that
the presence of NOM decreases the amount of Cd adsorbed to bacteria undardrhdyhpH
conditions andthat the presence of Cdek not affect the adsorption of NOM to bacteria,
suggesting that ternary complexes mbt occur No studies have been conducted to date to
determine the effects of NOM on Hg binding to bactadawever, because Higprms strong
complexesboth with cell envelopes (Daughney et a2002 Mishra et al., 2011Dunham-
Cheatham et gl.and NOM (Loux et al., 1998; Ravichandran, 2004; Skyllberg et al.,) 2006
likely that significant changes to Hg adsorption behaveouoin the presence of NOM.

In this study, we use bulk adsorption and HgaX absorption spectroscogXAS)
experimentsconducted as a function of pH and FA concentratising intact normetabolizing
bacterial cellgo study Hg binding onto three thfent bacterial species atulcompare the ability
of bacteria to adsorb mercury in the presence and abserctulefc acid (FA). We use the
experimental resultgo calculate apparentstability constants for Héacteria andHg-FA
complexes, allowing foguantitative modeling of the competitive binding that can occur between
bacteriaand FA in more complex settings. This study examined both @oaitive and Gram
negative bacterial speciés order to determine if ceknvelopestructureaffects the binding
reactions, and one species was a Hg methyhatich weexaminedn order to determine if the
extent or nature of Hg binding onto that species differed from that exhibited by the non

methylators.
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Methods

Experimental methods
Bacterial growth and washing procedure

Bacillus subtilis (a Grampositive aerobic soil specieahd Shewanella oneidensis MR-1
(a Gramnegative facultative anaerobic specieslls were cultured and prepared following the
procedures outlined in Borrok et al. (2007). Briefly, cells were maintainegaspates consisting
of trypticase soy agar with 0.5% yeast extract added. Cells for all experimentgoweneby first
inoculating a testube containing 3 mL of trypticase soy broth with 0.5% yeast extaact,
incubating it for 24 h at 32C. The 3 ml bacterial suspension was then transferred to 1 L of
trypticase soy broth with 0.5% yeast extract for another 24 h on an incubator shaker tate at 32
Cells were pelleted by centrifugation at 8100 g for 5 min, and rinsed 5 times with 0.1 @4NaC

Geobacter sulfurreducens (a Gramnegative species capable of Hg methylation) cells were
cultured and prepared using a different procedure than detailed above. Cells weaethint
50 mL of anaerobic freshwater basal media (ATCC 51573) & 3Rovely and Phillips, 1988).
Cells for all experiments were grown by first inoculgtan anaerobic serum bottle containing 50
mL of freshwater basal media, and incubating it for 5 days &C3Zells were pelleted by
centrifugation at 8106 for 5 minutes, and rinsed 5 times with 0.1 M Na{thpped of dissolved
oxygen by bubbling @5%/5%/10%N2/H2/COz gas mixture through it for 30 minutes. After
washing, eaclof the thredypesof bacteria was then pelleted by centrifugation at 8.8 60
minutes to remove excess waiteiorderto determine the wet mass so that suspensions of known

bacterial concentration could be created. All bacterial concentrations istuli are given in
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terms of gm wet biomass per lit@®acterial cells were harvested during stationary phase, and all

experiments were performed under moatabolizing, electnmo donor-free conditions.

Adsor ption experiments

To prepare experiments, aquedigs NOM, and suspended bacteria stock solutions were
mixed in different proportions to achieve the desired final concentrdéorach experiment. The
experiments were condted in sets with constapH (at pH 40 £ 01, 6.0 £ 01, or 80 + 03) and
constanbacterial concentration (0.2 g bactdriain all cases) at three different FA concentrations
(0, 25, or 50 mg 1), with Hg log molalities ranginfrom -6.30 to -5.00 (0.1 to 2.0 mg3.

FA stock solutions were prepareth Teflon bottles by dissolving driecpowdered
International Himic SubstanceSociety Suwannee River F&tandard in a0.1 M NaClQ buffer
solution to achieve the desired final FA concentratowreach experiment. A known mass of wet
biomass was thesuspended ithe FA stock solution, and the pH of thEA-bacteria parent
solutionwas immediately adjusted to the experimental pH using 0.2 M3#¥@/or NaOH. To
prepare experimental solutions,igalots of the FAbacteria parent solution were added
gravimetrically to Teflon reaction vessels, followedéygmall aliquot of commercialgupplied
1,000mg L* Hg aqueous standard to achievedhsired final Hg concentration. Theél of each
suspensionvas again adjusted immediately to the experimentallpid.vessels were placed on
an endover-end rotator to agitate the suspensions for the duration of the experiment (B.h for
subtilis andG. sulfurreducens and 3 h forS. oneidensis MR-1, as determinedy initial kinetics
experiments (results not showri)he pH of the suspensions was monitored and adjusted every 15
minutes throughout the duration of the experiment, exdephg the last 30 minutesyhenthe

suspensions were undisturbed. At the completiomachexperiment, the pH dhe suspensions
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was measurednd the experimental suspensiovere centrifuged at 810§ for 5 minutes. The
aqueous phase was collected for &ttplysisby inductivelycoupled plasma optical emission
spectroscopylCP-OES) and the solid phase of some of the nwas collecteddr XAS analyses.

Duplicate experiments were performed for eaxperimenal condition.

| CP-OES measurements

ICP-OES standards were prepared gravimetrically by diluting a commersiaijylied
1,000mg L Hg aqueous standard wigtH-adjusted 0, 25, or 50 mg! FA stock solutiormade
in 0.1 M NaClQ so that the pH, ionic strengtand FA concentration of the standards closely
matched that of the sampl&¥e found significant interference when standards and samples were
not closely matched in this wayhelog molality of the Hg standards ranged from -6.60 to -5.00.
The standards and samples waltestored in Teflon containers and analyzed with a PerkireEl
2000DV ICROES at wavelength 253.652n within 1 day of collectionThe set of standards was
analyzed before and after all of the samples were analyzed, as well as after every 15 samples, t
check for machine drifAnalytical uncertainty, as determimh®y repeat analyses of the standards,
was *2.8%for the 0 mgL FA samples 7.7% for the 25 md."* FA samples, and 9.3% for
the 50 mgL? FA samplesNeither standards nor samples were acidified prior to anafyais.
concentration strongly affectesystem performance and signal strength, lildie to spectral
interferences caused by the FA moleckla. each pH and FA concentration condition studied, we
conducted biomasfsee control experiments to determine the extent of Hg loss due to adsorption
onto the experimental apparatus as well as any interferences caused by the presemtgingFA

the ICROES analysis



144 XAS measurements

145 Hg Lu-edge Xray absorption near edge structure (XANES) and extendedy X

146  absorption finestructure spectroscoffEXAFS) measurements were performed at the MRCAT
147 sector 16D beamline (Segre et al.2000) Advanced Photon Source, at Argonne National
148 Laboratory. The continuoescanning mode of the undulator was used with a step size of 0.5 eV
149 and an integration time of 0.&&per point to decrease the radiation exposure during a single scan.
150 Additionally, measurements were made at different spots on the samples to further decrease the
151 exposurdime.Hg XAS measurements were collected as describdtishra et al(2011).

152 Crystalline powder standards (cinnabar [red HgS] and mercuric acetateineasered

153 and used to calibrate the theoretical calculations against experimental dateoiDake fstandards

154 were analyzed to obtain the S02 parameter, where S02 is th@ttiagassive electron reduction
155 factor used to account for mabwdy effects in EXAFS. By fixing the values of S and O atoms to
156 2 in cinnabar and mercuric acetate, we obtainetv&0es of 1.02 + 0.05 and 0.98 + 0.03,
157 respectively. Hence, we chosestet the value of $& 1.0 for all samples. Fitting of the powder
158 standards to their known crystallographic structures (cinnabar and mexcetate) reproduced
159 the spectral features in the entire fitting range 4.2 A), and fitting parameters were in
160 agreement with previously reported values. Only the paths necessary to modeditsisdards

161 were used for fitting the solution standards and the unknown Hg samples.

162 Two Hg species, Hgysteineand Hgacetatewereutilized as solutiorphase standarderf

163 Hg XAS analysesFirst, an gueous H§' standard wsprepared from higipurity 5mM Hg?* in

164 5% HNGs and was then adjusted to pH 2.0.1for measurement by adding appropriate amounts
165 of 5 M NaOH. A Hgcysteine standard was prepared by adding cysteitieetaqueous Hg

166 standard to achieve Hg:ligand raticof 1:100. The pH ofhe Hg-cysteinestandardvas adjusted
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to 5.0 £ 0.1 by adding appropriate amounts of 1 M or 5 M NaOH. Aa¢égate standard was
prepared by adding mercuric acetate salt to milliQewand adjusting the pH to 5.0 + 0.1 by
adding appropriate amounts of 1 MM NaOH.

Sulfur K-edge XANES spectra for biomaasd FAsamples were acquired at sectdsd
of the Advanced Photon Source at Argonne National Laboratory using Lytle detector in
fluorescence detection modat 9-BM, signal from higher order harmonics was removed by
detuning the monochromator to 70% of maximueam fluxat2472.0 eVEnergy calibration was
performed by setting the first peak in the spectrum of sodium thiosulfate sz8Q)ato 2469.2
eV. XANES spectra were measured between 2450 and 2500 eV. Step sizes indugaeagion
(24672482 eV) wee 0.08 eV, and 0.2 eV in prand postedge regions, respectively. Samples
were smeared on carbon tape and thewatacollected undea He atmosphere.

For this study sulfur species ardivided into threemain categoriesnd referred to as
reduced S (below 2472 eV), sulfoxide S (near 2473.5 eV), and oxidized S (above 2476.5 eV).
Accordingly, tiree commerciallysupplied Sigma Aldrich) S standardscysteine, dimethyl
sulfoxide (DMSO),andsodium dodecyl sulfate (NaDSyere used to fingerprirs speciationS
standards were mixed widdry powder ofpolyacrylic acid (PAA) to achieveraixture contaimg
~1% total S by mass. To perform S XANES measuremeritsn layer ofa PAA-S standard
mixturewassmeared on a carbon tapdl. standards were prepared witHi@ hours of analysis.

To prepare Hg XAS sampldSA was reacted with Hg by diluting a commerciadlypplied
1000 mgL™? Hg standard with a ptddjusted 50 md-* FA stock solution prepared in 0.1 M
NaClQu. The logmolalities of Hg investigated werd.30 and-3.60 at both pH 4.00 £ 0.10 and
8.00 = 0.10 for each Hg concentrati® oneidensis MR-1 biomass was also reacted with Hg in

the presence and absence of FA to ascertain possible effects of FA on the Hgdnrlongnent



190 on the bacterial cell envelopes. Biomass was collected from the experiment. 8dtlog M Hg,

191 pHvalues 4.00 +0.10 or 8.00 +0.10, and 50LMd&A. Samples were loaded into slotted Plexiglas
192 holdersthat were subsequentovered with Kafon tape with a Kapton film sandwiched in
193 Dbetween the tape and plexiglass to avoid direct contact of the sample with the tapeeadhesi
194 Samples were refrigerated until data collection. All measurements were tahdithin48 hours

195 of sample preparation.

196 The data were analyzed by using the methods described in the UWXAFS package (Stern
197 et al., 1995). Energy calibration between different scans was maintained by inge&g/Sn

198 amalgam on the reference chamber concurrently with the fluorescence measudnikats
199 biomassbound Hg samples (Harris et al., 2003). The inflection point of theiHgdge (12.284
200 KeV) was used for calibration. Data processing and fitting were done witATtHENA and

201 ARTEMIS programs (Ravel and Newville, 2005). The data range fesd~ourier transformation
202 of thek-space data was 29.5 A*. The Hanning window function was used with dk = 1:0 A
203  Fitting of each spectrum was performed-space, at 1-3.2 A, with multiplek-weighting &%, k2,

204  k3) unless otherwise statddower y,2 (reduced chi square) was used as the criterion for inclusion
205 of an additional shell in the shell-lsell EXAFS fitting procedure.

206

207 Thermodynamic modeling

208 Surfacecomplexation modelsvere constructetb model Hg binding wittbacterial cell

209 envelopefunctional groups andith those on théA moleculesand to quantify theompetition

210 between the twoObserved adsorptioreactionsbetween aqueous Hg species and deprotonated
211 bacterial cell envelopsitesand/or FAbinding sites were modeled according to the following

212 genericreaction:
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Hg species® + R-A" < (R-A)(Hg species)*D* (1)
where Hg species®*’ represents the specific aqueous Hg spamesidered'R-Ai”" represents the
deprotonated cell or FBindingsite, (R-Ai)(Hg species)’ represents the Hbacterial cell envelope
or Hg-FA complex, and the< represents the charge of the aqueous Hg species. Stability constants
for each of the Hgpacterial cell envelope and HgA complexes are expressed Hwe

corresponding mass action equationReaction (1):

ks - [(R=A)(Hg species) ' -
a (Hg species™) [R- A ]

where Kags is the thermodynamic equilibrium constant for Reacfid)) the square brackets

represent concentrations in mot,landa represents the activity of the species in parentheses.
We used FITEQL 2.0 (Westall, 1982) for the equilibrium thermodynamic modeling of the

adsorption data, using the agueous speciation equilibria and equilibrium constamis Jiable

S1, and using thBavies equation withifI TEQL to calculateactivity coefficiens. Because all of

our experiments were conducted at the same ionic stremgtppied a nonelectrostatic model

to account for the Hg adsorption daBacterial site concentrations and atjidionstants used in

the calculationsor B. subtilis, for S. oneidensis MR-1, and forG. sulfurreducens are fromFein et

al. (2005), Mishra et al. (2010), abdinham€Cheatham et al., respectiveljhe objective of the

modeling exercise/as not to construct precise s#pecific mechanistibinding models, but rather

to provide a quantitative means of estimating the competitive binding of bacteria anmiéw

range of relative concentratiaonditions. Toward this end, because specific binding constants for

Hg with each site type on the FA molecule are not known, we modeled Hg binding with tee FA a

asinglecomplexation reaction between #igind the deprotonated form of a generic FA site. We

assumed that this generic binding site bitban acidity constant equal to the average of the acidity

constarg of all of the FA sites, with a site concentration equal to the total concentréadri-é

10
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sites, using the average values from Borrok and Fein (2004) as a model of the FA sit®spec

The calculated acidity constant and site concentration for this generic site arinliGade S1.

Results
Adsor ption experiments

Consistent with previous studies of Hg adsorption onto bacteria (Daughney2€0al.,
Dunham€heatham et gl. we observed extensive adsorption of Hg onto the bacterial species
studied in the absence of FA, with the extent of adsorption relatively indepengéhbetween
pH 4 and 8 (Figure 1, top plotsor example, approximately 77% of the Hg in a 2 migHg
solution adsorbat pH 4 onto 0.2 g £ S oneidensis MR-1, while approximately 75%dsorbsat
pH 8.The presence of FA decreases the amount of Hg adsorbing to cell enwélepel of the
bacterial species and at each of pié conditionsstudied(Figure 1, middle and bottomIpts).

With 50 mg L FA, the extent of adsorption at pH 4 decreases to 65%, and at pH 8 t®©E0%.
experimental results also indicate thiaé three bacterialspecies studied here exhibit similar
extents of Hg adsorptiaimdereach experimental condition, consistent with the observations from

a number of previous studi¢s.g. Cox et al., 1999; Yee and Fein, 2001; Borrok et28D5
Johnson et al2007. Our data suggest that as the concentration of FA increases, so does the
amount of Hg remaining in solutioifthese results indicate that FAmpeteswith the bacterial

cells for the adsorption of Hg, and that the adsorption of Hg to FA results in a compigtinge
effect. As a result, less Hg is available for adsorption to prattime functional groups on the
bacterial celenvelope and less Hg is removed from solution. These results are not surprising, as
FA moleculeontain sulfhydryl groups withitheir structure and sulfhydryl groups bind stytyn

with Hg (Xia et al., 1999; Hesterberg et al., 2001; Drexel et al., 2002; Haitzer et al., 200g; 2003

leading to effective competition withabterial cellenvelops which also contain protoractive

11
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sulfhydryl functional groups (Guiné et al., 2008ishra et al.2007;2009; 2010; 2011; Pokrovsky
et al., 2012; Song et al., 2012; Colombo et al., 20b03our experimental systems, FA binding
sites outnumber those present on the bacteria. For example, 50! @\ lcorresponds to
approximately 2.8 x T®moles of sites £ (Borrok and Fein, 2004), while 0.21g! B. subtilis
biomass contains 4.7 x 2@otal moles of sitesL. At pH 8, 50 mg [* FA does diminish the extent
of Hg adsorption, but only frompproximately 7% (with no FA present) t60%. It appears that

given equal site concentrations, bacterial binding of Hg wouldirkte the competition with FA.

Hg XANES and EXAFS

To probe theeffect of FA onHg bindingmechanismsvith bacterial biomassye
examined Hg-biomass binding at pH 4 and &e presence and absence sfachiometric
excess of FA1 mgL™? Hg and 50 mg £ FA) usingHg Lin edgeXANES and EXAFSForthe
XAS studiesS. oneidensis MR-1 waschosen to represent thacterial species used in this study.
Figure 2 shows a comparison between Hg XANES for Hg bound :FA tnd toS. oneidensis
MR-1 biomasst pH 4 2) toS. oneidensis MR-1 biomass in the presence and absence of FA at
pH 4, 3) toS. oneidensis MR-1 bionass in the presence and absence of FA at, @id4) to
cysteine, and tacetateHg XANES data indicate that Hg @@mplexed withthiol groupsin the
Hg-biomasssample. Spectral features supporting this conclusion are the smadidge peak
and the slight dip at 12300 eV in thig-biomassXANES data similar tdhat present ithe Hg-
cysteine data. This finding is consistent with a previous study whicheshggvbindingwith
sulfhydryl groups omB. subtilis cell envelopsunder similar experimental conditions (Mishra et
al., 2011). TheHg-FA XANES data exhibita small preedge peak similar tthat present ithe

Hg-cysteinedata,which confirmsthatHg is bound predominantly with the high-affinity thiol

12
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groups in FA under the experimental conditioftse absence of the dip theHg-FA XANES at
12300 eV, however, indicates differences in the coordination environment of Hg between FA
and bacterial biomass. To understamese subtle differences in XANES, a linear combination
fitting of the first derivative of Hg~A XANES data was performed which resulted in about 90%
contribution from Hg-cysteine binding and about 10% contribution from Hg-carboxyl binding
(figure S2a). Thdirst derivative of Hgcysteine standard reproduced the lbigmass data
confirming that the entire budget of Hg complexation with biomass was accounted by
complexation of Hg with thiolsSXANES spectra of Hg reacted wigoneidensis MR-1 biomass

in the presencand absence of FA at pH 4 and 8 are reproducible, confirming that the binding
mechanism of Hg witls. oneidensis MR-1 biomass does not change appreciably in the presence
of FA.

Hg EXAFS results are consistent with the Hg XANES resdésribed above Differences
betweerthe coordination environment big-FA and Hgbiomass is more pnounced in thi?y(k)
EXAFS dataFigureS1). Low signal to noise ratio in the aqueddg-FA data aesnot allowfor

a meaningful Fourier Transform (F®f the HgFA EXAFS data EXAFS k?(k) and FTdata
between FAbearing and FAree Hgbiomass samplesre similar(Figure ), validatingthe Hg
XANES results Figure S® shows a comparison betwethe FT Hg EXAFS data for Hg bound
to S oneidensis MR-1 biomass in the presence and absence of FA at both pH 4amtitBeir
corresponding EXAFS fitEXAFS fitting parameters are shownTiable S21It is worth pointing
out that although Hgystein standard showed a bond distance of 2.32 Ayiblgass samples at
pH 4 and 8 had a bond distance of 2.35 A. This should not be considered a discrepancy because
Hg-S distances can vary from32 to 2.36 A for Hg(SR)complexes (Manceau,and Nagy 2008).

Similarly, Hg-S distances can range fra0 to 2.51 Afor Hg(SR} complexes, an@.50-2.61 A for

Hg(SR) complexes.
13



307
308

309 Taken together, Hg XANES and EXAFS results indicate that Hg binds predominantly to
310 the highaffinity thiol groupson bacterial celenvelops in the presencand absence of FA and
311 Hg binding mechanisms with bacterial biomass do not change in the presenceestiading

312 the possibility of the formation of a ternary complex. Additionally, Hg XAS results shaiypt

313 does not affect the adsorption mechanism of Hg onto biomass in the presence of FA, which is
314 consistent withthesimilar extent of Hg adsorption as a function of pH described above. However,
315 itis important to note that Hg binding mecharssmith bacterial biomass maye affected by FA

316 athigh Hg loadingsvhere Hg is primarily bound to biomass via lovediinity carboxyl functional

317 groups.Hg XAS results suggest th&functional groupn S. oneidnensis MR-1 cell envelopse

318 outcompete Sunctional groupsn FA for Hg binding In other words, on average Hg binding to
319 FA appears weakehan Hg binding to bacterial biomaS&XANES was conducted tdentify the

320 differences in complexation behavior of Hg witfuSctional group®n FA and bacterial biomass.
321 S K-edge XANES is highlgensitive to changes in the electronic environment ofshikéur

322 absorber (Xia et al., 1998). Although Seidge XANES spectra were collected on a large number
323 of standards, in this study we haligidedS species into three main categarresluced S (below

324 2472 eV), sulfoxide S (near 2473.5 eV), and oxidized S (above 2476.5le/$ XANES spectra

325 for cysteine, dimethyl sulfoxide (DMSOandsodium dodecysulfate (NaDS) are shown in Figure
326 3a. Pecies with very differerts oxidation statesuch as cysteine, sulfoxide, and ester syléate

327 easily resolved ithe XANES spectruntlowever, resolving one species from anothiéhnin these

328 three energy rangesaballenging Reduced species, including thiols, sulfides, polysulfides, and
329 thiophenes, all give whitkne featuresoccurring between 2469 and 24&¥. More extensive

330 model libraries that include XANES spectra of organic and inorganic S compaenasaiable
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in the literature (Myneni, 2002; Vairavamurthy, 1998).

Speciation of S inS oneidensis MR-1 biomasswas easily identified becausehe peak
energy positiorof S XANES measurement on the biomas#erlapped withthe cysteine peak
position (Figure8b). Figure3b shows the dramatic differences between S XANES oneidensis
MR-1 cells andSuwanee RiveFA. S XANES comparing FA witls. oneidensis MR-1 shows that
nearly the entir&budget othebiomass is present as thggbupswhich are known to form strong
bonds with HgHowever,FA has a rangef reduced S (includingeactive thioj groups ana large
fraction of oxidizedS speciesconsistent with previous observatigiMorra et al., 199% Morra
et al., 199&uggesthat a significant fraadn of sulfurin SR Fulvic acid is found in oxidized (+5
oxidation state) form, followed by smaller fractions in reduced fortn8 ¢1.0 and 1.7 oxidations
states) respectively. Similarly, Einsieell al., 2007used S XANES to estimate that soil FAs
containaround 51%oxidized (S4,S+5,S+6) and 49% reduced {§%0,S+2) sulfur speciesThe
reduced S speciegs dominated bthiols, thiophene and disulfid8uch a dramatic difference
betweertheS budget of FA and bacterial bioma&ssild result in diverse reactivgsand stabililes
of Hg-S compéxes between the two. A detailed study of the reactivity and stability of Hg with FA

and bacterial biomass li®yond the scope of this study.

Discussion
The experimental results presented here suggest that bacteriahwalbpe functional
groups and FA functional groups exhititferentbinding affinities for Hg under the experimental
conditions. Hg binding onto the bacterial cetivelops is extensiveand although Hg binds
strongly with FA, especially with the sulfhydryl groups present within FA (Xialgt1999;

Hesterberg et al., 2001; Drexel et al., 2002; Haitzer et al., 2002; 2003), the padsarere up to
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376

50 ppm FA with only 0.2 g (wet mask™ of bacteria does not cause the speciation of Hg to be
dominatedby the FA. The results suggest there ipassibility for competition between the
bacterial and FA binding sites for the available Hg.

In order to quantify the competitive binding, we use a sampirical surface complexation
approachFirst, we use the FA&ree adsorption data at pH 4, 6, and 8 to solve for equilibrium

constants for the following Hgadsorption reactions, respectively:

R-AI + Hg?* < R-A-Hg* (3)
R-A> + Hg?" < R-A-Hg* 4)
R-As + Hg?* < R-As-Hg* (5)

whereR-A1, R-A2, and R-As represent the bacterial functional groups with the three lowest pKa
values, respectivelyt pH 4, theR-As sites are the dominant deprotonated sites available for Hg
binding for each bacterial species; at pH 6, B®#u andR-A: sites are deprotonated; and at pH
8, R-A1, R-A2, andR-As sites likely contribute to the binding of HgTherefore, we used the pH 4
data to constrain the stability constant value for Reaction (3) alone, then fikedltleand used

the pH 6 data tsolve forthe stability constant value for Reaction (4) with a model that involved
Reactions (3) and (4) simultaneously. We then usedahes that we calculated for th&bility
constarsfor Reactions (3) and (4) and the pH 8 datsolve for the beditting value for Reaction

(5) with a model that involved Reactions {8%) simultaneously. This modeling approach assumes
that Hg* binding at a given pH occurs dominantly onto sites with pKa values lower than the pH
of the experiments; that is, domingnbnto deprotonated sites. However, the resulting stability
constant values, which are tabulated in Table 1, yield excellent fits to tfie&AMg adsorption
data as a function of pH and Hg loadiegy(,Figure4). The calculated stability constants &ach

reaction for each bacterial species studied here are similar to each other. The |lbgctabtant

16



377

378

379

380

381

382

383

384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

399

values for Reaction (3) range from 7.3 rsubtilis to 7.8 for G. sulfurreducens; those for
Reaction (4) range from 11.2 f& oneidensis MR-1to 11.6 for bothB. subtilis and G.
sulfurreducens; and those for Reaction (5) range from 15.69aneidensis MR-1t0 16.5 forG.
sulfurreducens. The fact that the stability constant values increase by-ttefive orders of
magnitude from one site to the next likely is due to the simplified nature of th@aoisenodel.

We assume that Hyis the adsorbing aqueous Hg species under all pH condititmvgever,
Hg(OH) is the dominant aqueous Hg species under the experimental conditions, and the
concentation of Hg" is small and becomes smaller with increasing pH over the pH range of our
experiments. Therefore, because the extent of adsorption is relatively pH indep&edsabitity
constants that describe adsorption of'Hunto bacterial binding s must become larger with
each site considered.

Site-specific Hg binding constants have not been determined for Suwanee River FA, so we
could not compare the measured effects of the presence of FA with those we wouldnomadict
speciation calculationgiowever, we used the measured extents of Hg adsorption in the presence
of FA to calculate empirical generic site Hg binding constants for the FAis]lve¢ modeled the
Hg binding onto the FA with the following single site reaction:

FA + Hg?* < FA-Hg' (6)
whereFA represents the generic deprotonated site on the FA molecule. We modeled #ss sit
hybrid of the4 sites used by Borrok and Fe004) to account for FA protonation behavior, with
the pKa value of the hybrid FA site equal to the average of the pKa values used by Borrok and
Fein 004 and the site concentration equal to &lverage of théotal of the4 sitesfor all 9 FAs
modeled by Borrok and Fei2@04. Clearly, modeling H§ adsorption onto this hybrid generic

FA binding sites a simplification of the complex binding environment of Hg on the FA molecule,
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but it allows us to quantify the competition between the FA and the bacteri@roadlope and to
calculate quantitative estimates of the effects of each binding amarb in more complex
settings.

The calculated stability constantabulated in Table 1, yield an excellent fit to the observed
effects of the presence of FA on Hg adsorption onto the bacteria studied here (e @4)FiGue
stability constants that we callated for the thredbacterial species are similar each otheand
do not vary systematically between bacterial spedidditionally, the 25 mg I FA data yield
calculated HefA stability constant values that are not significantly different from tbalelated
using the50 mg L! FA data. e calculated stability constamélues do changeystematically
with pH, with values increasing with increasing pH. This trend is likely a resulhef t
oversimplification ofour HgFA binding mode| it is probable that the FA molecule contains
multiple functional group types that deprotonate sequentially with increasing plshtitg one
site type that we assumed in our modeiswever, the calculatddg stability constanvalues are
not strongly deperaht upon pKwith the largest spread beifrpm 13.4 to 14.9or the pH 4 to 8,

25 mg L FA data forB. subtilis. Thus, the values in Table 1 can be used to yield reasonable
estimates of the competition between bacteria and FA in the pH and FA:bactegsatcation
ratio conditions studied here.

The calculated K values can be used to illustrate the direct competition betweeia bacter
and FA for available aqueous HgFor example,ite competition reactiobetween bacterial site
A2 and the FA binding sitean be expressed as:

R-A>-Hg* + FA" & FA-Hg' + R-A> @)
where the log equilibrium constant for Reaction (7) can be calculated as the logeKfmal

Reaction (6) minus the log K value for Reaction (4)yaues of2.4 for B. subtilis, 3.0for S
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423 oneidensis MR-1, and2.6 for G. sulfurreducens under pH éconditions with50 mg L FA, 0.2 ¢

424  Llbacteria. Thesealculated equilibrium constant values for Reaction (7) can be used to quantify
425 the distribution of Hg between bacterial & binding sitedor conditions with different relative
426 concentrations of each site type, and the large positive values suggest thaassreommalized
427 Dbasis bacterial binding of Hg is greater than that exhibiteé Ry Although both bacteria arfeA

428 contain sulfhydrybinding sites that are especially effective at binding Hg, our results suigggest t
429 these sites may exhibit a higher density on bacteria than they BA.dhis likely thatthe FA

430 contains binding sites with a rangeHyd binding constantsThe binding constants determined by
431 thesimplified thermodynamic modeling described above represents an iagesbgeveral site
432 types, some of which havargerbinding constants thato thebinding sites othecell envelopes,
433 accompaniedby a large number of site with binding constahtst are smallethan those othe

434  cell envelopes. The resulting averaged Hg binding constant that we calculate farisharfilar

435 to those that we calculate for the bacterial biomass. These general conclusionseaBdunding
436 mechanisms on the FA and on the bacteria are supported by our S XANES data, whiclrdemons
437 that the FA contains a wide range of S moieties while the bacterial biomassirsatiu by a

438 single thioltype S moiety.

439
440 Conclusions
441 The resuls from this studyshow thatthe presence of FA decreases the extent of Hg

442 adsorption ontahree different bacterial species through competitive binding of the Hg. The
443 presence of the FA does not change the binding environment of Hg on the bacteriangndicat
444  lack of ternary complexation betweertHg, the FA, and the bacterighe binding of Hg to both

445 the bacteria and the FA under the experimental conditions is dominated by sulfhydryl tinding t
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461

462

both ligands, and the similarities between the binding environments likely resulise i
competitive balance between them. We useettigerimental results to calibrate a quantitative
semiempirical model of the binding of Hg to bacteria and FA, and the stability constantgethat
calculate can be used to estimate the distribution and speciation of Hg mebaci# FAbearing
geologic systems. Becausaccessibility of Hg to bacteria for metabolic processes such as
methylation may be controlled by adsorptitite stability constants calculated in this stualyy

also be useful in estimatirige bioavailability oHg in soil and groundwat systems that contain

significant concentrations &fA.
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463 Tables

464 Table 1:Calculatedog stability constanvaluesfor Reactions (3) - (6).

465
[FA] pH Bacteria Reaction  Reaction Reaction Reaction
(mgL™Y) ©)i (4) (5 (6)°

25mg L' FA 50 mg L*FA

B. subtilis 7.3+0.1 11.6+x0.2 16.4+0.1

0 S oneidensisMR-1 | 7.6+02 11.2+0.1 15.6+£0.1

G. sulfurreducens 7.8+£02 11.6+x0.1 16.5+0.1
B. subtilis 13.4+0.2 13.4+0.1
4 | S oneidensis MR-1 13.8+0.2 13.6 +0.3
G. sulfurreducens 13.8+0.1 13.6+0.1
B. subtilis 14.3+£0.1 14.0+£0.1
25,50 | 6 | S oneidensisMR-1 14.4+0.2 14.2+0.3
G. sulfurreducens 14.4+0.2 14.2+0.1
B. subtilis 149+0.2 14.4+0.2
8 | S oneidensis MR-1 14.9+0.2 15.0+04
G. sulfurreducens 146 £0.3 146 £0.2

Average value: 14.3+0.2 14.1£0.2
466 °2R-A; + Hg* < R-Ai-Hg'
467 PRA; + HP* < R-AxHg"
468 C°R-A; + Hg* < R-As-Hg'
469 9FA + Hg* < FA-Hg'. Both columns present the calculated log stability constant values for the adsorptiptoafeprotonated FA, as expressed

470 in Reaction (6). The left column presents the vatadsulatedromthe 25 mg [* FA data and the right column presents the valcasulatedrom
471 the 50 mg ! FA data
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Figure 1:Aqueous chemistry results for Hg isotherms in the absence and presence of FA at pH 4

(A,B,C),pH6 (D, E, F),and pH 8 (G, H, I). Plots A, D, and G present the results for the FA-

free controls, plots B, E, and H present the results for the 25'nkg\lexperiments, and plots C,

F, and | present the results of the 50 mMigHA experimentsB. subtilis is represented by the

blackoutlined, greyfilled squaresS oneidensis MR-1 is represented by the solid black
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480 diamonds, ané. sulfurreducensis represented by the hollow circles. The black line on each plot

481 representd00% Hg adsorption under each experimental condition.
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482
483 Figure 2: Hg i edge XANES spectra of Hg bound to (from top to bottS8naneidensis MR-1

484 only at pH 4FA only atpH 4, S. oneidensis MR-1 in the presence &0 and Ong L™ FA at pH
485 4,S oneidensis MR-1in the presence &0 and 0 mg X FA at pH 8, cysteine onlyand acetate
486 only.
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489 Figure 3 Sulfur K edge XANES spectra for g)steine dimethyl sulfoxide (DMSO)and sodium

490 dodecylsulfate(NaDS),and b)S. oneidensis MR-1 biomass and Suwannee Riv&.
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Figure 4 Representative auel fits forS. oneidensis MR-1 at pH 6 under 0 mgLFA (grey
squares and grey curve) and 50 migHA (solid black diamonds and blackrea) conditions.

The dotted line represents 100% Hg adsorption under each experimental condition.
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496 Supplemental Information

497 Table S1: Hg reactions usadthe speciation modeling.

Reaction Log K
H20 - H' = OH -14.00°
H2CO:® — H' = HCGOs -6.3552
HoCO:% — 2H = CO* -16.672
H2CO — H:0 = CQ° 2.770°
Na" + H.COz® — 2H" = NaCQy -15.41°
Na' + H2CO® — H = NaHCQ?® -6.60°
Na" + H.0 — H* = NaOH’ -14.2P
Hg?* + H20 - H* = HgOH' -3.402
Hg?" + 2H0 - 2H" = Hg(OH)° -5.982
Hg?* + 3H0 - 3H" = Hg(OH) -21.12
2H? + H20 - HY = Hgp(OH)®* -3.30°
3Hg? + 3H0 - 3H" = Hg(OH)33* -6.40°
Hg?* + H2COL — 2H" = HgCQ® -3.912
Hg?" + H2.CO® — H" = HgHCGQ* 0.422
Hg?* + H2CO® + H20 — 3H" = Hg(OH)CQr -11.355
B1 + H" = B1-H°
Bacillus subtilis 3.30¢
Shewanella oneidensis 3.30¢
Geobacter sulfurreducens 3.36°
B2 + H* = B2-H°
Bacillus subtilis 4.80¢
Shewanella oneidensis 4.80°
Geobacter sulfurreducens 4.81°
Bs + H* = Bs-H°
Bacillus subtilis 6.80°¢
Shewanella oneidensis 6.70°
Geobacter sulfurreducens 6.49¢
FA + H'= FA-H° 5.85f

498 2Powell et al., 2005.

499 P Martell and Smith, 2001.

500 ‘Feinetal., 2005

501 YMishra et al., 2010

502 ¢ Dunham€heatham et al.

503 ' Calculated as the average of all reported yddues in Table Zrom Borrok and Fein (2004).
504 Assumedatal site concentration the sum of thaveragesite concentrations for the individual
505 FA sites: 5.50 x 18 moles of sites per gram of humic substance.

506
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507

508
509

510

511

512

Table : Bestfit values of Hg solution standards and Hgfhass samples

Sample path N R(A) 62 (103 A?)

HgAc Hg-O 1.78+0.32 2.06+0.01 10.9x0.9
Hg-C 1.78 283+£0.01 128+4.0

Hg-cysteine Hg-S 1.88+0.21 232+0.01 105%+1.2

Hg-biomass (at pH 4) Hg-S 1.85+0.19 235+£0.01 10.2x15
Hg-biomass (at pH 8) Hg-S 1.70£0.15 235+0.01 11.0+1.3

@ Set to Coordination number of O for this sample.

(at pH 4)

Hg-biomass | Hg-S | 1.70£0.15/ 2.35+£0.01| 11.0+1.3
(at pH 8)

Sample | path CN R(A) 62 (103 A?) Eo » | R
HgAcC Hg-O | 1.78 £+0.32| 2.06 £0.01] 10.9+09 |1.2+0.9 48 |0.63
Hg-C 1.78 2.83+0.01] 12.8+4.0
Hg-cysteine | Hg-S | 1.88 £ 0.21| 2.32+0.01] 105+1.2 |2.8+0.6| 22 0.45
Hg-biomass| Hg-S | 1.85+0.19| 2.35+0.01] 10.2+15 |3.0£0.5 30 |0.55

@ Set to Coordination number of O for this sample.
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517
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Figure S1: ky(k) EXAFS data for Hg L edge EXAFS spectra of Hg bound to (top to bottom):
S oneidensis MR-1 only at pH 4, FA only at pH & oneidensis MR-1 in the presence of 50 and
0 mg L FA at pH 4,S oneidensis MR-1 in the presence of 50 and 0 m§EA at pH 8, cysteine
only, and acetate only.
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518

519 FigureS2 Magnitude of Hg w edge EXAFS Fourier Transform (FT) data for Hg bindin&to
520 oneidensisMR-1 in the presence of 0 and 50 mig [EA at pH 4(top), and 0 and 50 mgtFA at
521 pH 8 (bottom).

522
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