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Bacterial Cultures and Membranes Isolation

Geobacter sulfurreducens PCAS! (purchased from DSMZ, Braunschweig, Germany) was cultured
in a MOPS buffered medium under fumarate reducing condition at 28 °C, pH 6.8 as described in
previous studies.>> The medium contained 1 gL~! yeast extract, 40 mM sodium fumarate, 10 mM
MOPS, 10 mM sodium acetate, 5 mM NH,Cl, 1.3 mM KCl, 0.25 mM MgSO,, 0.17 mM NaCl,
80 uM nitrilotriacetic acid, 50 uM NaH,PO,, 8.8 uM CaCl,, 1 mgL"! resazurin and trace metals
which contained 30 uM MnCl,, 4.2 uM CoCl,, 3.6 uM FeSOy,, 3.5 uM ZnSOy,, 0.6 uM Na,SeOs,
0.4 uM NiCl,, 0.4 uM Na,MoQy, 0.04 uM CuSOy. Desulfovibrio desulfuricans ND132 (obtained
from C. Gilmour, Smithsonian Environmental Research Center, U.S.) was anaerobically cultured at
30°C, pH 7.2 in a low sulfate medium as described previously.>? The medium contained 2 gL~!
yeast extract, 60 mM DL-Lactic acid, 30 mM Tris buffer, 170 mM NaCl, 30 mM Na,SO,, 8 mM
MgCl,, 5mM NH,CI, 2mM KH,PO,, 0.6 mM CaCl,, 0.12mM EDTA, 1 mgL' resazurin and
trace metals which contained 15 uM MnCl,, 8.8 uM ZnSQOy, 7.6 uyM CoCl,, 6 uM FeCl,, 2.3 uM
NiCl,, 1.9uM HBO3, 1.3 uM Na,MoOy, 0.07 uM CuSOy, 0.036 uM Na,SeO5. Cells of Geobacter
and ND132 were harvested at late exponential phase (ODggg ~0.5) by centrifugation at 4000 g for
30 min (Mega Star 1.6R, VWR®) and washed with carbon free assay buffer solution GsAB and
DdAB, respectively for at least three times. The assay buffer, GsAB, for Geobacter was free of
carbon source, modified from Schaefer and Morel containing 10 mM MOPS, 5 mM NaH,POy,,
1.3 mM KCl, 0.17 mM NaCl, 0.15 mM MgSQy,, 0.1 mM NH4CI and 1 mg/L resazurin; DdAB for
ND132 was free of carbon source and sulfate, modified from Schaefer et al. containing 10 mM
MOPS, 170 mM NaCl, 0.5 mM KCl, 0.4 mM MgCl,, 0.2 mM KH,PO,, 0.1 mM NH4CI and 1 mg/L
resazurin.

8455 the membrane

To expose all accessible thiol groups on both inner and outer cell membranes,
isolation procedure was modified from standard protocols for targeting and isolating specific Gram-
negative membrane proteins.S> Briefly, cells were first subjected to physical lysing by freeze-thaw

and ultrasonic treatment. The cellular debris was centrifuged at 4000 g for 30 min to remove

unbroken cells before subjecting the supernatant fluid to ultracentrifugation at 160 000 g for 40 min
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(Beckman, Ti70 rotor). The obtained pellet was vortexed after rinsed with deoxygenated Milli-Q
water to wash away intracellular thiols not associated with membranes. We vortexed the membrane
pellet instead of using Triton X-100 solution (which can permeabilize the membrane) of the standard
protocol since we were not targeting the membranes proteins, moreover, we avoided to modify the
membrane structure as much as possible. Extracellular metabolites were isolated from cells by
filtering the culture media through 0.2-um filters (Filtropur S, Sarstedt) in a N,-filled glovebox after

6 h of cell incubation (3.8 x 103 cellsmL™") in assay buffer solutions GsAB and DdAB.

X-ray Absorption Spectroscopy Analyses

Sulfur K-edge XANES spectra were collected at Beamline 4B7A in Beijing Synchrotron Radiation
Facilities (BSRF), China. The experiment was conducted in fluorescence mode with a Si(111)
double crystal monochromator at ambient temperature under high vacuum (10781076 mbar). In
order to protect the samples from oxidation, the culture media, buffer assays and any solution used
were deoxygenated. The preparation processes (cells harvest, membranes extraction) were conducted
in the glovebox, and the samples were protected from light by covering the vessels with aluminum
foils. The freeze-dried samples were quickly put back into the glovebox for more than 2 h (with
vessels lids opened) to build a N,(g) atmosphere for the samples. The samples were then stored in a
—20 °C freezer until analysis. Radiation damage was monitored by comparing successive scans. No
radiation damage was observed. High self-absorption effects of several high sulfur concentration
samples were observed and these samples were diluted in boron nitride (BN) and measured again.
Scans were taken at the energy range of 2462-2500 eV with a step size of 0.2eV. Data averaging,
normalization, and Gaussian curve deconvolution were conducted using Athena, WinXAS and
Microsoft Excel, respectively, 558 following the procedure in Song et al..

Mercury Ljjj-edge EXAFS spectra were collected in fluorescence mode using a four-bounce
Si(111) monochromator equipping with a 64-element solid state Ge detector on Beamline 120-

scanning at Diamond Light Source, U.K..5!? The X-ray source is derived from a wiggler insertion
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device giving a spot size of 400 x 300 um (& X v) at the sample position. The sample was mounted
in a flat PEEK holder, sealed with two Kapton® foil windows and determined at 77 K in a liquid
nitrogen (LN,) cryostat (Optistat DN2, Oxford Instruments). The Hg Lj;-edge of 12284 eV was
calibrated at the Au Lj-edge of 11919V with a gold foil. EXAFS data were collected in steps
of 0.3eV from 12245 to 12340eV. One to three scans were collected and averaged by software
Athena.>” Data were normalized in the energy range 12 200-12 600 eV and background was removed
with a 7- or 8-knot spline function over the k-range 2.7-13.5 A~! (see Table 1). Data were reduced
and fitted in Fourier Transformed R-space by a first coordination shell model using WinXASS!! and
FEFF-7.512513 Models included Hg—S and Hg—O/N single paths in the first coordination shell,
and the multiple scattering (MS) of Hg—S path: four-legged Hg—S—Hg—S—Hg and three-legged

Hg—S—S—Hg, in agreement with models used for Hg(II)-NOM complexation. 5!

Hg Li-Edge EXAFS Determination of Thiols in Bacteria Mem-
branes

As shown in Table 1 and Figure S4, at sufficiently low Hg,, concentration (4 umolg~! C) not
to saturate Mem-R"'S functional groups, Hg(Il) forms a two-coordinated, linear complex with
Mem-RS, Hg(Mem-RHS)Z. This structure require the Mem-R"S functional groups to be close and
flexible enough to form the Hg(Mem—RHS)2 structure. At the increased Hg(Il) additions of 28 and
55 umol g~! C, Hg EXAFS results suggests a significant contribution form RO/N functionalities in
the complexation of Hg(II). Because the log K of Hg(II) to RO/N functionalities is expected to
be ~20 orders of magnitude smaller than the Hg(Mem—RHS)z complex, this can only be explained
by a saturation of the Mem-R"S functional groups. Hg(II) is always at least coordinated by two
atoms, this may further suggest a formation of a mixed complex involving Mem-RSH groups and
neighboring RO/N functional groups. These Mem-RSH groups are designated Mem-R'S and the
mixed complex Hg(Mem—RISRO). Finally, when all Mem-R'S functional groups are saturated, Hg(II)

is forming the Hg(Mem-RO), structure, composed of only RO/N functionalities. The saturated

S-4



concentration of Mem-R"'S may be calculated using the Hg Lj-edge EXAFS results as follows:

xo +y = Hgor (1
2)6() +Yy _ CNS (2)
y CNo

In Equation 1, Hg, denotes the total Hg concentration, xo denotes the concentration of Hg(Mem-
RS), when Mem-R"'S is fully saturated. The total concentration of Mem-R"S groups equals 2x.
Equations 1 and 2 can be used to calculate y, representing the concentration of the Hg(Mem-RISRO)
complex when the Mem-RS! groups are not fully saturated. At higher Hg,,; concentrations, when
both Mem-R"'S and Mem-RS! get saturated, the concentration of Mem-RS' can be calculated by

Equations 3 and 4:

X0+ yo +2z = Hgyy, 3)
2x0 + Yo _ CNS (4)
Yo + 27 CNO

where yo denotes the concentration of Hg(Mem-R'SRO) when Mem-RS! is fully saturated by Hg(II).
The Mem-RS' concentration equals to yg. z denotes the concentration of Hg(Mem-RO), when

Mem-RO is not fully saturated.

Experimental Losses of Hg(II)

We observed an average loss of ~20% Hg,,, in the CLE experiments (Figure S2) with Geobacter

membrane concentrations of 4-19 mg CL™! (corresponding to a Hg(II)/Mem-RS,,; molar ratios
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of 0.07-0.3). Similar to the CLE experiments, we also encountered significant losses of Hg
(13—64%%) in samples subjected to Hg EXAFS experiments (Table 1). Notably, Hgo was not
detected by EXAFS in any sample. Thus, Hg0 was likely formed prior to EXAFS measurements,
similar to experiences from Hg—NOM studies.>® As shown in Figure S3, the loss of Hg(II) was
positively related to the Hg(II)/Mem-RS,,; molar ratio (as exemplified by the simple, linear equation:
y=0.13x + 0.2, R? =0.72), which is consistent with previous Hg—NOM studies of dark, abiotic
Hg(II) reduction.3*515-517 Tn presence of NOM, the rate of reduction increases with decreasing
bonding strength between Hg(II) and NOM functional groups, which in turn correlates positively
with the Hg(II)/NOM molar ratio. Redox active groups of NOM (e.g., quinone, phenolic, carboxylic
and amide moieties) quickly reduce Hg(II) under conditions when Hg(II) loading exceeds the
concentration of NOM-RSH and some Hg(II) is complexed by O/N functionalities.5'® At lower
Hg(IT1)/NOM-RSH ratios, when the Hg(NOM-RS), structure is in control of the chemical speciation,
the reduction is inhibited.5!®5!8 Inhibition was also demonstrated in our CLE experiment after
the addition of Cys, when no further reduction of Hg(II) was observed (data not shown), well in
agreement with the high dominance of the Hg(II) reduction resisting Hg(Cys), and Hg(Mem-RS),
species.

Even if the mechanism of dark, abiotic reduction of Hg(II) at bacterial membranes remains to
be studied, we know that phenolic, carboxylic and amide moieties are main functional groups of

membranes 519521

and our observed increase in Hg(Il) reduction with increasing Hg(II) loading
likely have a similar explanation as in experiments of dark Hg(II) reduction by NOM. Consequently,
in studies of Hg(II) biotic reduction by Geobacter, Hu et al. found the reduction of Hg(II) to be
suppressed at high cell concentration (i.e. at low Hg(II)/Mem-RS; ratios). Lin et al. reported that
Geobacter can both reduce and oxidize Hg (depending on Hg/cell ratios). The reaction shifted from
oxidation to reduction with increasing of Hg/cell ratios. Notably, in both studies abiotic reduction of
Hg(II) by heat killed cells was observed (10-20%, depending on the Hg/cell ratios), in agreement

with the losses in our membrane experiments. Interestingly, we found the largest loss of Hg(II)

(35-64%) when complexed to the membrane of ND132. This bacterium has been reported to
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oxidize Hg(0) to Hg(II),5%* but the oxidation mainly occurred in the spheroplast while the cell wall

fragments barely oxidized Hg(0).5%*

Comparison of Thermodynamic Stabilities of the Protonated

Form of Thiols

To improve the comparison of thermodynamic stabilities of the various complexes, differences
in the pK, values of Cys, NOM-RSH and Mem-RSH should be taken into account. This can be
achieved by writing the reaction of Hg(II) with thiols in their protonated form: Hg2+ +2RSH =—

Hg(RS), + 2H"* or Hg** + HCys + RSH = Hg(Cys)(RS) + 2H", where RSH represents any
form of protonated thiols (HCys, NOM-RSH or Mem-RSH) and Hg(Cys)(RS) represents any of
the mixed complexes Hg(Cys)(NOM-RS) or Hg(Cys)(Mem-RS). The log K values for Hg(RS),:
Hg(Cys),, Hg(NOM-RS), and Hg(Mem—RHS)z calculated in this way are 20.3, 20.0 and 20.1,
respectively, and the log K values for mixed complexes Hg(Cys)(NOM-RS) and Hg(Cys)(Mem—RIS)
are 19.9 and 20.5, respectively. The small differences among these constants suggests that all these
complexes in essence have quite equal thermodynamic stabilities at pH values when the thiol groups

are protonated.
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Table S1: Selected Chemical Reactions and Thermodynamic Constants (log K + SD) Used in the

Chemical Speciation Modeling

Reaction log K Reference
HCys'=— H* + Cys~ (1) -8.6 S25
NOM-RSH == H" + NOM-RS"~ () -10 S26
Mem-RSH == H* + Mem-RS~ (3) -9.5+0.2 S27
Hg®" + 2Cys~ == Hg(Cys), 4) 37.5+0.2 S25
Hg?" + Cys>” == HgCys' (5) 24 S9
Hg’" + 2NOM-RS™ = Hg(NOM-RS), (6) 40.0 0.2 S9
Hg”* + NOM-RSRO?™ == Hg(NOM-RSRO) (7) 26 S9
Hg?* + Cys” + NOM-RS™ == Hg(Cys)(NOM-RS) (8) 38.5+0.2 S9
Hg?* + 2Mem-R"'S™ = Hg(Mem-R'S), 9) 39.1+02% This study
Hg?* + Cys™ + Mem-R'S™ == Hg(Cys)(Mem-R'S)  (10) 38.1+0.1°% This study
Hg** + Mem-RISRO*” == Hg(Mem-R'SRO) (11) 25.6 +0.17 This study

$ HCys denotes HSCH,CH(NH;")COO™ with the carboxyl group deprotonated (—COO"), and the thiol (—SH)
and amino groups (—NHj;") protonated; Cys~ denotes (ST)CH,CH(NH;")COO™ with both the carboxyl (—COQO")

and thiol (—S™) groups deprotonated.

T HgCys means the mix complex of Hg with one RS and one RO/N groups that are in the same Cys molecule.
# denotes the membranes samples of Geobacter. The log K values for ND132 are 39.2 + 0.2, 38.2 + 0.1 and

25.7 £ 0.1, respectively.
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Table S2: Sulfur Chemical Species Percentage (%) in Samples of Whole Cells, Isolated Membranes
and Extracellular Metabolites of Geobacter and ND132 Determined by S K-Edge XANES

Geobacter ND132
Cell Membrane Extracellular Cell Membrane Extracellular
Sulfide 6 0 0 10 0 0
Zero-valent S 2 6 7 9 8 3
Disulfide 3 13 13 7 12 8
Monosulfide + Thiol 82 76 12 59 54 10
Sulfonate 3 3 47 10 16 58
Sulfate 2 2 21 6 10 20
Org—SREDT 89 86 25 67 65 18

T denotes reduced organic sulfur, the sum of thiol (RSH), monosulfide (RSR) and disulfide (RSSR).
The uncertainty for the reported data is ~5%.

Table S3: Data on cell membrane thiol concentrations of Geobacter and ND132

) Wet Dry Wet/Dry

Bacterium umol g—l cell pmol g—l C  umol cell”! Method Reference
Geobacter / 380° 3.8 x 107! Hg Lj-edge EXAFS This study

240 2000* / Fluorescence (qBBr) S27

67.8 550* / Potentiometric titration S27

55.5 466* 3.3 x 107197 Fluorescence (qBBr) S28

0.07 0.6* 3.4 x 1077 Fluorescence (ThioGlo-1)  S29
ND132 / 350% 2.8x107°* HgL;-edge EXAFS This study

/ / 2.8 x 10712 ¥ Fluorescence (TFP-4) S24

Wet denotes wet weight and Dry denotes dry weight.
% the average thiol concentration of inner and outer membranes.
* outer membrane thiol concentrations re-calculated from other studies (in the unit of umol g~! wet cells),

assuming a TOC content of 50% and a wet/dry ratio of 4.2 reported by Mishra et a

T data represent the outer cell membrane.
¥ data represent the average of inner and outer membranes.
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Figure S1: (a) Sulfur K-edge XANES spectra and Gaussian curve pseudo-component fits, and (b)
sulfur speciation (percentage of total S, %) in samples of whole cells (Cell), isolated membranes
(Mem), and extracellular metabolites (Extra) of bacteria Geobacter and ND132.
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Figure S2: Hg, as a function of Geobacter membrane concentration in the competitive ligand
exchange experiments. The black circles represent measured concentrations of Hg, and the red
dotted line represents the theoretically added Hg concentration of 0.5 uM. Please note that Hg; in

samples of 1 and 2mg CL™! (labeled by *) were not measured thus the average value 0.4 uM was
used.
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Figure S3: Loss of Hg(I) as a function of Hg(IT)/Mem-RS,,; molar ratio in the Competitive Ligand
Exchange experiments of membranes Geobacter (CLE_G.), Hg Ljjj-edge EXAFS experiments of
membranes Geobacter (EXAFS_G.) and ND132 (EXAFS_ND132). * denotes two outliers, and the

gray shaded area represents the 95% confidence interval of the fitted linear equation with the two
outliers excluded.
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Figure S4: Fourier-transformed Hg Lj;-edge EXAFS R-space spectra (black lines) and model fits
(red lines) of isolated membrane samples of (a) Geobacter and (b) ND132. Numbers on the right
side above each spectrum represent Hg,,, concentrations (umol g~! C) determined after samples had
been subjected to EXAFS measurements. The blue vertical lines indicate Hg—O/N and Hg—S bond
distances uncorrected for phase shift.
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Figure S5: CNg/CNg ratio as a function of Hg;,, in Geobacter membranes samples determined by
Hg L-edge EXAFS experiments and calculations using (a) a simple model NOM samples and (b)
a more complex model (See text in SI). The error bars and gray area represents + 25% uncertainty
of measured and modeled CNg/CN, ratios, respectively.
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Figure S6: The concentration of Hg(Cys), as a function of membrane concentration of (a) Geobacter
and (b) ND132 at different reaction times (1, 24 and 72h) after Cys addition in competitive
ligand exchange experiments. Experiments were conducted at pH ~4.0 and I = 10 mM NaClO,4 by
pre-equilibrating 0.5 uM Hg(NO3), with different concentration of bacterium membranes for 24 h
before addition of 2.0 uM Cys. The difference in Hg(Cys), concentration at different reaction times
was not significant (p > 0.05, ANOVA, Tukey-HSD).
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Figure S7: Experimentally determined Hg(Cys), concentrations (+ SD, n = 6) as a function of
ND132 membrane concentrations in competitive ligand exchange experiments. Experiments were
conducted at pH ~4.0 and I = 10 mM NaClOy4 by pre-equilibrating 0.5 uM Hg(NO3), with different
concentrations of bacterium membrane (1-27 mg CL™! corresponding to 0.5-9.6 uM of Mem-RS,,)
for 24 h followed by Cys addition to yield 2.0 uM. Dashed black line represents the modeled
Hg(Cys), concentration. The model was optimized by R software using the PHREEQC package
obtaining a minimum merit-of-fit, 3(Model — Experiment)?/Y. Experiment?, of 5%.
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