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Abstract

Conversion of inorganic mercury (Hg(Il)) to methylmercury (MeHg) is central to the
understanding of Hg toxicity in the environment. Hg methylation occurs in the cytosol of certain
obligate anaerobic bacteria and archaea possessing the 4gcAB gene cluster. However, the processes
involved in Hg(II) biouptake and methylation are not well understood. Here we examined the role
of cell surface thiols, cellular ligands with the highest affinity for Hg(Il) that are located at the
interface between the outer membrane and external medium, on the sorption and methylation of
Hg(II) by Geobacter sulfurreducens. The effect of added cysteine (Cys), which is known to greatly
enhance Hg(II) biouptake and methylation, was also explored. By quantitatively blocking surface
thiols with a thiol binding ligand (qBBr), we show that surface thiols have no significant effect on
Hg(II) methylation, regardless of Cys addition. The results also identify a significant amount of
cell-associated Hg-S3/S4 species, as studied by high energy-resolution X-ray absorption near edge
structure (HR-XANES) spectroscopy, under conditions of high MeHg production (with Cys
addition). In contrast, Hg-S> are the predominant species during low MeHg production. Hg-S3/S4
species may be related to enhanced Hg(II) biouptake or the ability of Hg(II) to become methylated

by HgcAB and should be further explored in this context.
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Introduction

Mercury (Hg) is a global pollutant that is highly bioaccumulative and neurotoxic in its chief
environmental organic form (i.e., methylmercury — MeHg or CH3Hg"). Certain obligative
anaerobic bacteria and archaea are the primary source of MeHg,'” which is produced from
inorganic Hg(Il) in the cell cytosol.* Thus, understanding the biogeochemical factors that lead to
the microbial biouptake and subsequent methylation of Hg(Il) is crucial to develop models for
determining the potential for MeHg production in the environment.

Chemical Hg(II) speciation is a critical factor that controls whether Hg(II) biouptake and
methylation can occur in the environment. Hg(II) has a high affinity for reduced sulfur (i.e., thiols
and sulfides), and the formation constants of Hg(II)-thiol and inorganic Hg(II)-sulfide species can
be at least 20 orders of magnitude greater than those of Hg(Il) complexes with carboxyls, amines,
and most inorganic ligands.> ® Thus in natural environments, Hg(II) is expected to be bound to
thiols (e.g., natural organic matter and low molecular weight — LMW — organic ligands) and/or
inorganic sulfides (e.g., particulate and dissolved mono- and polysulfides) under sulfidic
conditions.’

While much attention has been given to understanding the biouptake of Hg(II)-thiol and
Hg(I)-sulfide species by Hg-methylating organisms, the mechanisms and pathway(s) of Hg(II)
biouptake are not well understood. Most studies rely on thermodynamic stability constants to
obtain chemical Hg(II) speciation information for Hg(Il) uptake and methylation assays.®'> This
methodology has led to current Hg(I) biouptake paradigms, which include the passive uptake of
neutral Hg(I)-sulfide complexes (e.g., HgS® or Hg(HS):*)*!! and the active uptake of Hg(II)
complexes with LMW thiols (e.g., Hg(cysteine)2).!> ¥ However, microbes can alter extracellular

Hg(Il) speciation by the degradation or secretion of Hg(II)-binding ligands (e.g., sulfide and
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cysteine)!®2 as well as cell-associated Hg(II) speciation via reactions with cellular S-containing
ligands.'®1%:21-24 Therefore, predictions for Hg(II) speciation based on the initial composition of
the exposure medium are not always accurate throughout the duration of the assay. In contrast,
directly tracking the cell-associated Hg(II) coordination environment during Hg exposure assays
can provide insight into the Hg(II) uptake and methylation mechanisms. Yet, only a few studies

16-18, 22, 25 and even

have captured Hg(Il) coordination information during microbial Hg uptake
fewer have studied Hg(Il) coordination in organisms actively methylating Hg!” %> due to the
inherently low concentrations of cell-associated Hg. Furthermore, the Hg coordination
environment in Hg-methylating organisms at environmentally-relevant Hg concentrations has yet
to be explored.

The recent developments in high energy-resolution X-ray absorption near edge structure
(HR-XANES) spectroscopy now makes the assessment of Hg(Il) coordination in dilute systems

(sub-ppm Hg) possible, !¢ 26-3

specifically at the ambient Hg to cell ratios at which environmental
Hg methylation is of concern. Herein, we employ Hg L3-edge HR-XANES spectroscopy to directly
monitor the coordination chemistry of Hg in actively Hg-methylating cells. Specifically, we
explore the effect of extracellular cysteine (Cys) addition as well as the role of cell surface thiols

on the sorption, methylation, and Hg(Il) coordination by the model Hg-methylating bacterium

Geobacter sulfurreducens. Cell surface thiols make up roughly 5 — 10% of the total surface

1 21-24, 31, 32

functional groups,®' can form complexes with Hg, and may even adsorb or act as a
nucleation site for HgS(s) nanoparticles.!” Metal sorption to cell surface functional groups is a
primary step in general metal biouptake models,** and Hg(II) sorption to surface thiols has recently
been proposed to control Hg(II) uptake and methylation under environmental conditions.?® Yet,

the role of cell surface thiols in MeHg production has not been directly explored. Because
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exogenous cysteine (Cys) is known to greatly enhance Hg(II) uptake and methylation by G.

14 we compare our results in the presence and absence of added Cys.

sulfurreducens,
Materials and Methods

Bacterial strain and growth medium. Geobacter sulfurreducens PCA was gratefully obtained
from Dr. Jeffra Schaefer, Rutgers University. G. sulfurreducens was grown statically at 29 °C in a
dark water bath in defined medium from Schaefer et al.!* containing (g per L): MOPS buffer (2.1),
NH4ClI (0.005), NaH2PO4 (0.006), sodium acetate (0.82), sodium fumarate (6.4), resazurin (0.001),
and trace metals (10 mL per L; Table S1) at pH 6.8 (adjusted with NaOH). The growth and assay
media were made anoxic by boiling and cooling while bubbling with N> gas. Hungate tubes and
acid-washed serum bottles containing the anoxic media were crimp sealed with rubber septa and
autoclaved. Once exponential growth phase was reached (ODsoo = 0.1 — 0.2), cells were washed
once in the assay medium containing 10 mM MOPS buffer, 0.1 mM NH4CI, 1.3 mM KCI, 1| mM
Na-B-glycerophosphate, 0.12 mM MgSOa4, 1 mM sodium acetate, and 1 pg/mL resazurin at pH
6.8. Sodium fumarate was added to the assay medium after autoclaving to a final concentration of
1 mM from a filter-sterilized stock solution.

Cell surface thiol quantification. The thiol concentration at the cell surface of exponentially
grown G. sulfurreducens was quantified after reaction with (qBBr) by fluorescence spectroscopy
on a Photon Technology International (PTI) Quantamaster fluorometer as described in Joe-Wong
et al.>* Cells that were washed with the assay medium were diluted to an ODeoo of 0.015 — 0.04 in
the assay medium, and 7 — 8 mL of cell suspension were distributed among 15 mL N»-flushed,
acid-washed serum vials. Microliter volumes of a gBBr stock solution that was prepared in anoxic

Milli-Q were added to cell suspensions (8 mL final volume) under N2 atmosphere and crimp sealed

with butyl rubber septa. Cell suspensions were mixed with qBBr for 2 hours and those that did not
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remain anoxic throughout the experiment (shown by the resazurin indicator) were not analyzed. A
2 mL aliquot was extracted with a syringe and quickly dispensed into a polystyrene fluorometer
cuvette (Fisher Scientific). A fluorescence spectrum was immediately measured from 400 to 500
nm (380 nm excitation), and the fluorescence at 470 nm was selected for analysis. While only 1
scan is necessary per sample, the fluorescence measurement is stable in air up to 4 scans of ~1.5
min duration.

Hg(Il) exposure assays. For Hg(I1I) sorption/methylation experiments, 7.2 mL of cell suspension
in assay medium were transferred to N2-flushed, acid-washed 15 mL borosilicate glass serum vials
under a stream of N2 gas in the headspace. To achieve final Hg(Il) concentrations of 0 — 200 nM,
0.8 mL of 10 times concentrated Hg(II) stock solution prepared in anoxic Milli-Q water was added
to the cell suspension so that the final volume was 8 mL. After Hg(II) addition, vials were crimp
sealed with rubber septa. A 10 mM Hg(NO3)2 stock solution in 1% HNO3 (trace metal grade) was
used for all exposure assays and stored at 4 °C. For HR-XANES samples, the above procedure was
replicated, but the final volume of cell suspension with Hg(II) addition was 50 mL in 100 mL acid-
washed serum bottles. All assays involving Hg(II) were mixed for 2 hours at 150 rpm in the dark
at room temperature. Vials that did not remain anoxic during the exposure assays (as determined
by the resazurin indicator) were not analyzed. When the effect of qBBr was tested (i.e., blocking
cell surface thiols), a microliter volume of gBBr stock solution prepared in anoxic Milli-Q was
added to the cell suspension and allowed to mix for 2 hours prior to Hg addition. When the effect
of Cys was tested, a microliter volume of Cys stock prepared directly before use was pre-
equilibrated with Hg(II) in anoxic Milli-Q for 1 hour at 10 times the final desired concentration.
The pre-equilibrated Hg(I1)-Cys solution was then diluted by a factor of 10 upon addition to cell

suspensions.
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Total and methyl-Hg measurements. Aliquots (700 uL) for total and dissolved Hg(Il) and MeHg
were collected by syringe after the 2 hour mixing period with Hg (= qBBr/Cys), preserved in
~0.5% HCI in amber borosilicate glass vials and placed in the freezer until analysis. At least 3
replicates from independent experiments were measured for each sample. Total Hg measurements
were made on a Lumex RA-915M Mercury Analyzer with Pyrolyzer PYRO-915+ (Solon, OH).*
Between 50 to 200 uL of liquid sample was pipetted onto ~100 mg of activated carbon in the
quartz sample boat, which was placed into the thermal decomposition chamber reaching a
temperature of ~800 °C. The Hg in the sample was atomized and brought to the analysis cell by a
steady air flow. The total Hg concentration was obtained by atomic absorption spectroscopy at 254
nm with Zeeman correction for background absorption. The recovery was within 100 + 5% for a
50 nM control solution made in the assay medium. For MeHg analysis, samples were distilled by
a Tekran 2750 gas manifold and heating system and analyzed by cold vapor atomic fluorescence
spectroscopy (CVAFS) with a Tekran 2700 Methylmercury Analysis System as described in US
EPA Method 1630. All MeHg controls and references for calibration were prepared from a Brooks
Rand 1 ppm MeHg stock solution. Blanks in the assay medium (+ 50 nM Hg), MeHg spiked
samples, and MeHg references were run every 10 — 15 samples. In addition, controls were made
in the assay medium to test recovery after distillation and derivatization. The recovery was within
100 + 10%.

HR-XANES sample collection and measurements. The bacterial density and the initial and total
recovered Hg concentration for each sample measured by HR-XANES is provided in Table S2.
After mixing with Hg(II) for 2 hours (£ Cys/qBBr), the cell suspension was washed twice with
anoxic 0.1 M NaClOas. After the final wash, the cells were resuspended in ~200 pL anoxic 0.1 M

NaClO4 and pipetted into a 1.5 mL microfuge tube that was fitted with an EMD Millipore
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centrifugal filter unit (Mfr # UFC510024). We switched out the filter that was provided in the unit
with a 0.2 pm cellulose acetate filter (Whatman) that we cut with a ~7 mm diameter hole punch.
The cell suspension was centrifuged at 10,000 g for 5 minutes, collecting the cell pellet on the
filter and allowing excess moisture to pass through the filter. The filter with cell pellet was
sandwiched between pieces of Kapton tape, quickly plunged into LN2, and remained frozen until
analysis with HR-XANES.

The HR-XANES data were collected at the European Synchrotron Radiation Facility
(ESRF) at beamline BM16 FAME-UHD. All measurements were performed in high energy
resolution fluorescence detection (HERFD) mode with 5 spherically bent Si(111) crystal analyzers
(bending radius = 1 m, crystal diameter = 0.1 m). The Hg Lo fluorescence line was measured
with a silicon drift detector (SDD, Vortex EX-90). The beam size was 100 um x 200 um. The
monochromator was calibrated with a Se reference foil by assigning the zero value of the first
derivative to the Se K-edge energy (12,658 eV), and a HgCl> powder was scanned at the start of
each experiment to maintain relative energy calibration. The powder standards were finely ground,
diluted to ~0.5 wt% with boron nitride, pressed into ~5 mm diameter pellets, and loaded onto a
copper sample holder. The liquid reference standards were pipetted into a copper sample holder
sealed on two ends with Kapton tape that was quickly plunged into LN2 to minimize contact of the
liquid with the copper as well as prevent the formation of ice. The bacterial samples were shipped
to the ESRF on dry ice (<48 hours in transit) and kept frozen during analysis. The frozen bacterial
samples were quickly fixed onto copper sample holders with grease and plunged into liquid
nitrogen to prevent thawing. All references and bacterial samples were measured at 10 — 15 K with
some references also being measured at room temperature for comparison. The beam position on

the sample was moved after every scan (duration ~35 minutes); however, no beam damage was
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observed on repeat scanning locations. The data normalization was executed in Athena’® while
peak fitting was performed in Larch.’” Details on the preparation of Hg reference standards for
HR-XANES is provided in a previous publication.!®

Results and Discussion

Quantification of cell surface thiols. The fluorophore monobromo(trimethylammonio)bimane
(gBBr) binds strongly and irreversibly to thiols via nucleophilic substitution (Sn2) and has been
used to estimate thiol concentration in LMW ligands and macromolecular dissolved natural
organic matter.>* qBBr is a relatively large and positively charged molecule and thus does not
penetrate cell membranes (outer and cytoplasmic). It can therefore be used to quantify thiols at
cell surfaces, which include thiols that are associated with the outer membrane or extracellular
polymeric substance (EPS).>* 334! Furthermore, a gBBr titration accurately estimates the
concentrations of thiols, such as Cys and glutathione (GSH), in the assay medium from this study
(Figure S1). Aliquots of G. sulfurreducens suspensions that were harvested in exponential growth
phase were titrated with increasing concentrations of gBBr and mixed anaerobically for 2 hours,
after which the fluorescence intensity at 470 nm was measured and plotted against the qBBr
concentration (Figure 1). The intersection of the two best-fit lines (i.e., saturation of all accessible
thiols from reactions with qBBr) from independent experiments revealed a consistent average thiol
concentration at the cell surface of 55.5 + 1.3 pmol/g bacteria (wet weight) or ~2 x 108 thiols/cell.
The measurement of cell surface thiol concentration is steady up to 4 hours of mixing, and our
measured value agrees well with a recent study that determined the surface thiol concentration of
G. sulfurreducens by potentiometric titration.?? In addition, cell suspensions titrated with qBBr

remain anoxic (as determined by the resazurin indicator) for up to 4 hours, which implies that cells
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Figure 1. The fluorescence intensity of G. sulfurreducens cell suspension measured at 470 nm
(excitation: 380 nm) as a function of the added qBBr concentration after a 2-hour exposure to
estimate surface thiol density. The qBBr concentration is normalized to the cell density (g/L) for
each experiment. The intersection of the two best-fit lines within each experiment indicates a cell
surface thiol concentration of 56.4 and 54.6 pmol thiol per g bacteria (wet weight), respectively.
Inset: qBBr titrations in the absence of bacteria of the assay medium alone (gray), with 20 uM Cys
(light/dark blue), and with 20 uM Cys and then mixing with 5 uM Hg for one additional hour
(light/dark red). The intersection of the two best-fit lines within each experiment estimates a Cys
concentration of 20.0 = 0.3 uM and 21.4 + 1.6 uM with and without the addition of Hg,
respectively. Thus, Hg addition does not break the qBBr-thiol bond. Thermodynamic calculations
predict ~11 uM free Cys in the presence of 5 uM Hg (the remainder forming Hg(Cys)2and HgCys)
in the absence of qBBr. !

Hg(1l) binding to cell surface thiols and their impact on MeHg production. Once the thiol reacts
with gqBBr, the gBBr-thiol bond cannot be broken by Hg(Il) addition (Figure 1 inset). Thus, gBBr
can be used to selectively block cell surface thiols in Hg uptake and methylation assays. We tested
how the blocking of surface thiols by qBBr as well as Cys addition affected cellular Hg(II) sorption
and MeHg production after exposing cells to Hg(II) with and without Cys for 2 hours (Figure 2).

The total concentration of cell surface thiols (~56 umol per L) is approximately 1000 times greater

10
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than the total added Hg(II) concentration for these experiments (50 nmol per L). The addition of
qBBr at 1/3, 2/3 and 4/3 the concentration of the total cell surface thiols to block 1/3, 2/3 and all
accessible cell surface thiols, respectively, had no effect on the sorption or methylation of 50 nM
total Hg (Figure 2A,C). Regardless of the gBBr concentration added, the sorbed Hg(I1) was ~90%
of the total recoverable Hg(Il) (Figure 2A). In addition, cells exposed to 50 nM Hg(Il) only
produced 1 — 2 nM total MeHg after 2 hours regardless of qBBr addition (Figure 2C). We note
that the total recovered Hg (dissolved + cell-associated) does not add up to the initial added Hg
after mixing both in the presence and absence of added cysteine (Figures 2A and 2B). The lower
Hg recovery is likely due to Hg(II) reduction by the cytochromes of G. sulfurreducens and the loss
of volatile Hg(0) into the headspace of the serum vial, which is known to occur under the Hg to

cell ratios of this study.*
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Figure 2. The dissolved and cell-associated (A,B) total Hg as well as (C,D) MeHg measured as a
function of added qBBr to cell surface thiol ratio after exposure of G. sulfurreducens to (A,C) 50
nM Hg and (B,D) 50 nM Hg + 100 uM Cys for 2 hours. The cells were incubated with the specified
qBBr concentration for 2 hours prior to Hg/Cys addition.
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As expected, the addition of 100 uM Cys and 50 nM total Hg(Il) to G. sulfurreducens
drastically enhanced the total MeHg production (Figure 2D). In addition, the blocking of cell
surface thiols with qBBr did not significantly affect Hg(II) sorption or methylation in the presence
of added Cys (Figure 2B,D). However, the presence of Cys enhanced the fraction of dissolved Hg
in the exposure medium, regardless of the fraction of surface thiols blocked by qBBr, which is

likely due to a combination of efficient MeHg export from the cell!* 14

as well as increased Hg(II)
solubility (i.e., not cell-associated) due to its complexation with Cys in the exposure medium. Our
findings suggest that the majority of cell surface thiols do not influence Hg(Il) uptake and
methylation, both in the presence and absence of added Cys. In addition, due to consistent MeHg
production in the presence and absence of qBBr, these results confirm that cell physiology was
minimally influenced by the inhibition of cell surface thiols. It is possible that a small fraction of
surface thiols that are embedded deeper within the outer membrane (e.g. some cysteine residues
of outer membrane proteins) could react with Hg but not with gBBr molecules due to size and/or
steric hindrance. Therefore, the involvement of cell surface thiols in Hg methylation cannot be
ruled out completely. However, blocking the majority of surface thiols from binding Hg appears
to have no effect on Hg methylation. Due to the abundance of gBBr-blocked surface thiols (~ 56
umol per L) in comparison to the total Hg concentration (50 nmol per L) in this study, bacterial
surface thiols may be a large sink for Hg(II) in natural environments.

Hg(Il) coordination environment in Hg-methylating bacterium. To identify the cell-associated
Hg(II) species in actively Hg-methylating bacteria, we probed samples of G. sulfurreducens that
were exposed for 2 hours to a range of Hg concentrations (50 — 200 nM) with and without cell

surface thiol blocking and Cys addition using Hg L3-edge HR-XANES spectroscopy (Figure S2).

The results show that all detectable Hg(II) associated with the bacteria herein is bound to S with

12
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the possibility of mixed Hg bonding to S and N/O in some samples (described later). The greatest

variation in the cellular Hg coordination environment was found in cells exposed to Cys (Figure

S20).
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@ 50 nM Hg @ 50 nM Hg (surface thiols blocked)
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Figure 3. (A) Normalized Hg Li-edge HR-XANES of aqueous standards of Hg(Cys). (pH = 3)
and Hg(Cys)4 (pH = 11) as well as cell pellets of G. sulfurreducens exposed to 50 nM Hg (1) and
50 nM Hg with 100 pM Cys (5) for 2 hours. (B) The ratio of the height to the width of the
deconvoluted near-edge HR-XANES Gaussian peak (Peak 1) plotted against the known average
Hg coordination number to S for Hg standards from this study and from Manceau et al.?%* (black
dots). A description of the spectral deconvolution method is provided in the SI (Part S1). A best-
fit line with 95% confidence interval was calculated from the black dots only. The blue dots
represent Hg(Cys) and Hg(GSH): made at pH 7.5 from Bourdineaud et al., where an
amine/carboxyl group is also included in the coordination sphere (i.e., Hg[(SR)2 + (N/O)i-2]).%’
The red circles represent sample spectra of G. sulfurreducens exposed to 50 nM Hg, 100 nM Hg,
200 nM Hg, 50 nM Hg with surface thiols quantitatively blocked by qBBr, and 50 nM Hg with
100 uM Cys for 2 hours. The error bars depict the calculated uncertainty of the height/width
parameter from the fit model. (C) The average Hg coordination number to S of Hg standards and
samples from subplot B plotted against the energy in the edge region at which the first derivative
of the HR-XANES is equal to zero (1’ (E) = 0).

Detailed metal coordination environments in unknown samples are typically obtained by
comparing their XANES spectra with those of structurally well-characterized models. A similar
attempt to identify the Hg coordination environments in this study by linear combination fit is not

appropriate because our library of standards does not entirely match the experimental spectra. HR-
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XANES is highly sensitive to structural distortions and higher coordination shells,** which likely
explains the dissimilarities between the spectra of dilute Hg(II) species that form in the bacteria
from this study and the pure aqueous and crystalline Hg(II) standards of our library. However, the
average Hg(II)-S coordination number can be estimated by examining the peak intensity and width
of the lowest energy transition in Hg L3-edge HR-XANES spectra, which corresponds to the Hg
2p3n2 to hybridized Hg 6s5d transition.** A sharp and intense near-edge peak is indicative of linear
2-coordinate Hg-S bonds (see Hg(Cys)2 of Figure 3A).>° Deviations from linearity caused by
distortion or an additional atom in the coordination sphere (e.g., N, O, or S) produce a smaller peak
amplitude.?” Manceau et al. obtained a Hg L3-edge HR-XANES spectrum of a trigonal Hg(SR)3
complex, which has a very small near-edge peak,* while spectra of Hg bound to 4 S atoms in
tetrahedral geometry (i.e., Hg(SR)4 and B-HgS) lack a visible near-edge peak (see Hg(Cys)s of
Figure 3A).16.28,30. 44

We have developed a method that involves spectral deconvolutions of Hg L3-edge HR-
XANES spectra of many compounds with Hg-S coordination to extract Hg coordination
information. Specifically, we deconvoluted the spectra into 4 Gaussian peaks and an error function
and further analyzed the Gaussian peak in the near-edge, hereafter referred to as Peak 1 (SI Part
S1). A standard curve was created by plotting the ratio of the height to the width (25) of Peak 1
against the known average Hg-S coordination number using spectra from this study, Manceau et
al.,’®* and Boudineaud et al.?’ (Figure 3B). Because the Hg-S», Hg-S3, and Hg-S4 species lie in
distinct regions of the standard curve in Figure 3B, this curve can estimate the average Hg(II)
coordination number to S in samples that contain Hg predominantly bound to S. However, the
curve is not very sensitive to mixed coordination environments of S and N/O. This is shown by

comparing the height to width ratio of Peak 1 for the Hg-S: species and the two Hg[(SR)2 + NHz2]
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species (blue dots; Figure 3B), which lie in the same range. However, it is possible to differentiate
Hg[(SR)2 + (N/O):-2] binding from mixed Hg-S2 and Hg-S3/S4 binding using the energy of Peak 1
(defined as the energy in the edge region at which the HR-XANES derivative equals zero), which
is similar for Hg-S2> and Hg[(SR)2 + (N/O)1-2] species but differs between Hg-S> and Hg-S3/S4
species (Figure 3C). We note that Hg-C bonding due to MeHg formation does not impact the
interpretation of the results in this study because our MeHg analysis shows that cell-associated
MeHg (likely as MeHg-Cys?®) is < 20% of the total cell-associated Hg for the sample involving
Cys and negligible (< 2%) for the other 4 samples.

Our analysis of the samples of G. sulfurreducens that were exposed to 50 — 200 nM total
Hg indicates that the cell-associated Hg is bound to S with an average coordination number of 2 —
3 (range includes 95% confidence interval and consideration of Hg[(SR)2 + (N/O)1-2] binding;
Figure 3B). This average Hg coordination number does not change when the surface thiols are
quantitatively blocked by qBBr (Figure 3B). In contrast, the sample with Cys addition has a
significantly larger Hg coordination number to S of 3.3 = 0.2 (Figure 3B). This sample also has a
near-edge HR-XANES peak energy that is 0.5 eV greater than the other samples (Figure 3C). This
shift in energy confirms independently a larger Hg coordination number to S and provides further
evidence that the sample with Cys addition is significantly different than the others. Finally, there
is additional evidence for mixed Hg[(SR)2 + (N/O)i2] coordination in the samples of G.
sulfurreducens exposed to 100 nM Hg as well as 50 nM Hg with the surface thiols blocked due to
a left-shifted edge energy above the near-edge peak (Figure S2A and S2B).?” Mixed Hg[(SR)2 +
(N/O)1-2] binding environments occur when Hg binds to LMW thiols of biological origin at neutral
pH (i.e., GSH).?” Due to the abundance of LMW thiols like GSH in bacteria,*> Hg[(SR)2 + (N/O)i-

2] binding could be a result of increased Hg binding to LMW thiols.
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Figure 4. The total MeHg concentration (nM) produced by G. sulfurreducens after exposure to 50
— 200 nM total Hg for 2 hours is plotted with the average Hg coordination number to S in the cell
pellet for each sample (blue numbers above bars; determined from Figure 3) to understand the
relationship between cellular Hg coordination and MeHg production. We did not determine the
localization of cell-associated Hg in this study; thus, the illustration merely proposes the Hg
distribution among surface thiols and periplasmic/cytoplasmic S-containing ligands while
satisfying the measured average cell-associated Hg coordination number to S. (A) The cell-
associated Hg is coordinated on average to between 2 and 3 S atoms considering the 95%
confidence interval and the possibility of mixed Hg[(SR)2 + (N/O)1-2] binding causing a slight
overestimation of the Hg-S coordination number. These conditions are linked to relatively low
MeHg production. (B) When surface thiols are completely blocked by qBBr, the average Hg
coordination number to S is also 2 — 3 and MeHg production is unchanged. Because the surface
thiols are fully blocked, Hg is likely distributed among periplasmic/cytoplasmic S-containing
ligands. (C) When 50 nM Hg is added with 100 uM Clys, the cell-associated Hg is coordinated on
average to 3.3 S atoms, and MeHg production is relatively high. Due to the high MeHg
concentration and requirement that Hg be in the cytosol for MeHg production, Hg must be
coordinated to some intracellular (periplasmic/cytoplasmic) ligands.

Implications for Hg biouptake and methylation. Our results indicate that a vast majority of cell
surface thiols on a Hg-methylating organism are not involved in Hg(II) biouptake and methylation.
In addition, we show that the cell-associated Hg(II)-S coordination number is positively correlated
with MeHg production, as opposed to the ability of cell surface thiols to bind and retain Hg (Figure

4). When the average Hg(II) coordination number to S is low (< 3), MeHg production is also low
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(Figure 4A), regardless of whether the cell surface thiols are blocked by qBBr (Figure 4B).
Likewise, the addition of Hg that was pre-equilibrated with Cys led to the highest cell-associated
Hg coordination number to S (3.3) and the highest MeHg production by G. sulfurreducens (Figure
4C). In order to satisfy an average coordination number to S of 3.3, Hg can exist either as
predominantly Hg-S3 or a mixture of Hg-S2, Hg-S3, and Hg-S4 with the likely presence of Hg-S4
in both cases to push the coordination number above 3. The correlation between Hg-S3/S4 species
and MeHg production could be due to the species’ enhanced bioavailability or connection to the
form of Hg that is methylated. An indirect reason could also lead to enhanced Hg methylation,
such as the formation of an intermediate complex, which is manifested by increased Hg-S
coordination number. Regardless of the exact mechanism, the formation of Hg species with
coordination numbers to S at or above 3 must either induce or be byproducts of the conditions
favorable for MeHg production.

Cell-associated Hg-S4 species would likely be comprised of Hg binding to inorganic sulfur
(i.e., B-HgS), as opposed to organic sulfur (i.e., Hg(SR)4). Inorganic Hg(Il)-sulfides form readily

with sulfide ions,*% 47

can precipitate extracellularly (and potentially intracellularly) in non-
dissimilatory sulfate reducing bacterial suspensions without sulfide additions,'®!® and can even
form directly from Hg(I)-thiol complexes.’ *® In contrast, the formation of Hg(SR)4 at neutral
pH is highly unfavorable.* It is notable that the HR-XANES do not indicate cell-associated bulk
B-HgS or Hg(SR)4 for any bacteria sample. However, small cell-associated Hg-S clusters with [3-
HgS-like local Hg coordination (i.e., analogous to Fe-S clusters), as described by Manceau et al.,>”
50 are possible, especially due to the low Hg concentrations associated with the bacteria samples.

Because Hg-S4 is most likely present in the sample with Cys addition and G. sulfurreducens is

known to degrade exogenous Cys into sulfide under identical exposure conditions as this study,'’
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the nucleation of Hg-S nanoclusters with 3-HgS-like local coordination is possible, as suggested
previously.'® 17 If cell-associated Hg is present as Hg-S3, we predict the trigonal coordination of
Hg with 3 structurally connected thiols, which is the most stable Hg-S3 species at physiological
pH* and has been observed in proteins (e.g., Hg-MerR in organisms with the mer operon).’! The
most stable and common Hg(II)-thiol complexes in biological samples are linear, 2-coordinate.>
Therefore, the cell-associated Hg-Sz> species that we observe are likely Hg(SR)2, with the
possibility of mixed Hg[(SR)2 + (N/O)1-2] coordination.

Curiously, if the Hg-S4 species is directly related to Hg methylation, it is highly unlikely
that this is the species that accepts a methyl group to become MeHg because the Hg coordination
sphere is already fully occupied with 4 S atoms. Hg methylation by HgcAB is depicted in the
literature as the donation of a methyl carbanion (CH3") from HgcA to a Hg(SR)2 complex, using
HgcB as an electron donor to reduce the corrinoid cofactor of HgcA.>3% However, the assumption
that Hg(SR)2 accepts a CHs™ group is solely due to the previous understanding that Hg(SR): is the
predominant form of Hg in cells.’> >* An interesting study would explore the possibility of the
methylation of Hg-S3 or Hg-S4 species, for example, considering a change in Hg coordination by
ligand exchange reactions so that the Hg coordination sphere could accept a methyl group. Site-
directed mutagenesis of 3 conserved Cys residues in 4gcB revealed that at least two (i.e., Cys73
and Cys94 or Cys95) are required for Hg methylation,>® and it is possible that 2 or 3 of these Cys
residues bind Hg while a methyl group is transferred from HgcA. A Hg(SR)3 binding structure,
analogous to Hg-MerR, would be highly stable®! and should outcompete Hg-S> species and
possibly even inorganic Hg-S4 species. The coordination of Hg to 3 Cys residues of HgcB could
itself contribute to our observation of a possible Hg-Ss3 species, although the reported abundance

of HgcAB in cells is very low.>% ¢
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The hgcAB gene cluster responsible for MeHg production is expressed constitutively and
is not responsive to Hg.>” Therefore, Hg biouptake to the cytosol so that Hg reaches the HgcAB
active sites is likely the foremost cause for Hg-methylation. In light of the previous evidence
attributing MeHg production to the passive diffusion of neutral Hg(II)-sulfide species,®!! it is
possible that Cys leads to enhanced MeHg production due to the formation of cell-associated
Hg(I)-sulfide species (i.e., Hg-S4) that can passively diffuse through the cell membrane layers.
The adsorption of Hg(Il) to cell surface thiols has been proposed to immobilize Hg(II) against
biouptake.’®®" Thus, the formation of highly stable Hg-S4 species may enable Hg(Il) to bypass
binding to cell surface thiols, promoting Hg(II) biouptake into the cytosol. This hypothesis
supports our finding that blocking cell surface thiols had no effect on Hg(Il) methylation in the
presence of added Cys. In addition, recent evidence suggests that the biodegradation of Cys to
sulfide and the coexistence of these reduced sulfur species is necessary for Hg(Il) uptake by
Escherichia coli exposed to excess Cys.'® The necessity of Hg(II)-sulfide species formation for
biouptake in the presence of excess Cys can explain the observation that Hg(II) biouptake by G.
sulfurreducens is enhanced by Cys but inhibited by similar thiols that are not readily degradable
to sulfide (e.g., GSH and penicillamine) under otherwise identical conditions.!® Lastly, at high Cys
concentrations'* or in a mutant G. sulfurreducens strain that lacks outer membrane proteins
(AomcBESTZ),"> Hg(Il) uptake and methylation in the presence of Cys is inhibited, which could
be related to the inability to degrade enough Cys to enable Hg(Il)-sulfide species (i.e., Hg-S4)
formation.

This study indicates that the average cell-associated Hg coordination number to S is

influential to MeHg production by a model Hg-methylating bacterium while the abundance of cell

surface thiols capable of binding Hg(Il) is not. We propose that the Hg-S3/Hg-S4 species, whose
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formation correlates with MeHg production, are highly stable and sufficiently small Hg(II)-sulfide
clusters with enhanced biouptake potential (possibly by passive diffusion). In the cytosol, the Hg-
S3/Hg-S4 species may undergo a ligand exchange reaction, potentially with the 3 Cys residues of
HgcB, prior to the addition of a methyl group to the coordination sphere to form MeHg. The link
between Hg-S3/Hg-S4 species formation and Hg(I1) biouptake as well as the methylation of highly
stable Hg(Il) species should be explored further. In addition, by identifying unexpected cell-
associated Hg-S3/Hg-S4 species, we demonstrate the importance of characterizing cell-associated
Hg coordination chemistry during Hg biouptake and methylation assays. Experimental approaches
to directly obtain coordination information, such as HR-XANES spectroscopy, have the potential

to shed light on the bioavailability of other metal species as well.
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