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ABSTRACT: Tellurium (Te) is an emerging contaminant and its chemical
transformation in the environment is strongly influenced by microbial processes. In
this study, we investigated the adsorption of tellurite [Te(IV), TeO3

2−] onto the
common soil bacterium Bacillus subtilis. Thiol-blocking experiments were carried
out to investigate the role of cell surface sulfhydryl sites in tellurite binding, and
extended X-ray absorption fine structure (EXAFS) spectroscopy was performed to
determine the chemical speciation of the adsorbed tellurite. The results indicate that
tellurite reacts with sulfhydryl functional groups in the extracellular polymeric
substances (EPS) produced by B. subtilis. Upon binding to sulfhydryl sites in the
EPS, the Te changes from Te−O bonds to Te−S coordination. Further analysis of
the surface-associated molecules shows that the EPS of B. subtilis contain proteins.
Removal of the proteinaceous EPS dramatically decreases tellurite adsorption and
the sulfhydryl surface site concentration. These findings indicate that sulfhydryl
binding in EPS plays a key role in tellurite adsorption on bacterial surfaces.

KEYWORDS: tellurium, metalloid, extracellular polymeric substances, CdTe, photovoltaic, sulfhydryl, toxicity,
X-ray adsorption spectroscopy

■ INTRODUCTION

Tellurium (Te) is a chalcogen used in photovoltaic
technologies for the production of low-cost cadmium telluride
(CdTe) solar cells1 and the disposal of CdTe solar panels
contributes to environmental contamination when soluble Te
is released from buried waste.2−4 Upon decommissioning and
disposal of CdTe photovoltaic devices, Te undergoes redox
transformations that form dissolved tellurite [Te(IV), TeO3

2−]
and tellurate [Te(VI), TeO4

2−] in landfill leachate.2,3 Tellurite
is more toxic than tellurate to the microorganisms involved in
biodegradation, and the accumulation of tellurite in landfill
leachate causes the inhibition of acetoclastic and hydro-
genotrophic methanogenesis.4 Because tellurite is also toxic to
humans,5,6 there is significant interest in understanding its
environmental fate7,8 and transport to drinking water
sources.2−4

Microbial interactions can alter the chemical speciation of
tellurite in the environment.9 Diverse microorganisms are able
to reduce tellurite to elemental tellurium [Te(0)] and
precipitate nanoparticulate Te rods and spheres.10−12 Microbes
also uptake tellurite into their cells,13−15 where it interacts with
intracellular thiols and depletes cytoplasmic reservoirs of
glutathione.16,17 Furthermore, experimental studies with other
organisms have shown that tellurite binds to proteins18 and
reacts with cellular enzymes that contain sulfhydryl functional
groups.19

Bacterial cell surfaces are known to harbor sulfhydryl
functional groups20,21 that adsorb environmental contami-

nants,22−25 including selenium (Se),26 a chalcogen that is
chemically similar to Te. A recent spectroscopic investigation
by Yu et al.26 revealed that selenite [Se(IV), SeO3

2−] binds to
bacterial surface thiol sites via the formation of R1S−Se−SR2

organo-selenium complexes. Thiol site densities on bacterial
surfaces are generally low, but sulfhydryl-selenium complexes
are significantly more stable than Se adsorbed to carboxyl and
phosphoryl functional groups.27 Thus, at environmentally
relevant contaminant concentrations, sulfhydryl functional
groups on cell surfaces can control bacterial adsorption
reactions.28 Currently, the molecules on bacterial surfaces
that host reactive sulfhydryl functional groups are poorly
understood, and the adsorption of tellurite onto bacterial cells
has not been characterized.
The objective of this study was to examine the mechanism of

tellurite binding onto bacterial surfaces. Because tellurite reacts
with sulfhydryl-containing molecules,29,30 and the common soil
bacterial species Bacillus subtilis is known to produce cell
surface sulfhydryl sites,21,23,26 we selected B. subtilis to test the
hypothesis that bacterial tellurite adsorption is controlled by
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cell surface thiols. We conducted thiol-blocking experiments to
investigate the role of cell surface sulfhydryl sites in tellurite
binding, and we performed X-ray absorption near edge
structure (XANES) spectroscopy and extended X-ray
absorption fine structure (EXAFS) spectroscopy to determine
the chemical speciation of the adsorbed Te. The results
indicate that sulfhydryl-containing molecules in extracellular
polymeric substances (EPS) play a key role in tellurite
adsorption onto bacterial surfaces.

■ MATERIALS AND METHODS
Preparation of Bacterial Cells. Bacillus subtilis strain 168

was grown at 32 °C in an enriched trypticase soy broth (TSB)
medium containing 30 g/L of TSB and 5 g/L of yeast extract.
Overnight cultures were transferred to 1 L of the growth
medium and incubated for up to 24 h while shaken at 60 rpm.
The cells were then harvested by centrifugation at 8100 × g
and washed three times with a 0.1 M NaCl electrolyte solution
to remove soluble thiols and growth medium components
from the cell surface. Although B. subtilis is a prolific spore-
former, initiation of spore formation requires nutrient-starved
conditions.31 As the cultures were never harvested beyond
early stationary phase, the extent of spore formation was
negligible. The absence of spores was verified by light
microscopy before experimentation.
Experiments were conducted to investigate the role of EPS

and cell surface thiols in tellurite adsorption. To detach the
EPS from B. subtilis surfaces, cell suspensions were mixed with
a cation exchange resin20 (Dowex Marathon C sodium form or
Amberlite HPR1100 sodium form, 20−50 mesh) at a resin/0.1
M NaCl/biomass ratio of ∼30/30/1 by mass. After stirring the
suspension for 2 h, the resin was allowed to settle and the
supernatant containing the cells and the EPS was collected.
The supernatant was then centrifuged 8100 × g for 10 min to
separate the cells and the detached EPS material.
To investigate the role of cell surface thiols in tellurite

adsorption, sulfhydryl sites on the cell surface were selectively
blocked using the membrane-impermeable thiol-specific
fluorescent probe monobromo(trimethylammonio)-bimane
bromide(qBBr) (Toronto Research Chemicals).32 Washed
cell pellets were resuspended in 30 mL 0.1 M NaCl solution
and incubated with qBBr (100 μM) for 2 h. The cell
suspensions were centrifuged at 8100 × g for 15 min and
subsequently washed three times in 0.1 M NaCl solution with
centrifugation steps at 8100 × g for 15 min.
Tellurite Adsorption Experiments. Adsorption experi-

ments were conducted with washed cells, resin-treated cells,
and qBBr-treated cells. For all experiments, cell pellets were
resuspended in 0.1 M NaCl (pH 7.2 ± 0.1) and diluted to a
final wet biomass concentration of 20 g/L. Cell suspensions
were then dispensed into individual batch reactors and reacted
with known amounts of disodium tellurite (10−80 μM).
Tellurite concentrations for this study were selected based on
their relevance to Te concentrations measured at contaminated
sites. Qin et al. (2017) reported that abandoned mine tailings
from a gold and silver mine in Japan contained 10.2 to 18.0
ppm total Te7 and Perkins (2011) reported 0.02 to 11.12 ppm
total Te in soils surrounding a nickel refinery in the United
Kingdom.33 Our reactors contained approximately 1 to 10 ppm
Te. After the reactors were shaken at 60 rpm for 3 h, the cell
suspensions were filtered using 0.22 μm nylon filters and the
filtrate was acidified with 2% HNO3. The dissolved Te
concentration in the filtrate was measured using inductively

coupled plasma optical emission spectroscopy (ICP-OES)
using an iCAP 7400 ICP-OES analyzer (Thermo Fisher) at a
wavelength of 214.282 nm. Matrix-matched standards were
prepared with dilutions of a disodium tellurite solution. The
amount of tellurite adsorption was determined by calculating
the difference between the initial Te concentration and Te
concentration analyzed in the filtrate.

Protein and Thiol Concentrations in EPS. The
concentration of proteins in the EPS was measured using the
Pierce Modified Lowry Protein Assay.34 Briefly, 1 mL of
modified Lowry Reagent was added to 0.2 mL of the sample
and allowed to react at room temperature. After 10 min, 100
μL of 1× Folin-Ciocalteu Reagent was added and the sample
was incubated at room temperature for another 30 min. The
absorbance of the sample was then measured spectrophoto-
metrically at 750 nm. All experiments were conducted in
triplicate. Bovine serum albumin (BSA) protein was used to
produce standards for the calibration curve.
To investigate the thiol concentrations in EPS, cells from

early stationary phase cultures were harvested. The thiol
concentration in the EPS was quantified by sulfhydryl (R-SH)
specific derivatization followed by fluorescence spectroscopy.32

The EPS were reacted with the fluorophore monobromobi-
mane (mBBr) (Invitrogen) which forms thioether bonds with
reduced thiol moieties to generate fluorescence.35 Disulfide
bonds are not reactive with mBBr and thus the fluorophore is
specific to the R-SH moiety. The EPS were diluted in 0.1 M
NaCl and reacted with a known amount of freshly prepared
mBBr reagent. After 2 h of reaction in the dark, the
fluorescence was measured using a microplate reader
(Molecular Devices) at Ex/Em 394/490 nm. Duplicate
experiments were conducted. A control experiment with a
blank 0.1 M NaCl solution was performed to determine the
background fluorescence of mBBr.

Potentiometric Titrations. Acid−base titrations and
surface complexation modeling were used to determine the
total proton-active site concentration on the cell surface.21 The
concentration of thiol sites was determined by measuring the
decrease in the concentration of total binding sites after the
thiol sites were selectively blocked using qBBr. In order to
block thiol sites and eliminate the deprotonation activity of
sulfhydryl functional groups, cells were suspended in a freshly
prepared qBBr solution in 0.1 M NaCl with pH buffered to 7.0
± 0.1 using a 1.8 mM Na2HPO4/18.2 mM NaH2PO4 buffer,
with a qBBr/biomass ratio of approximately 100 μmol/1 g for
2 h, followed by three biomass washes with a 0.1 M NaCl
electrolyte solution. Potentiometric titrations of cells with and
without qBBr treatment were conducted using an autotitrator
assembly with ∼10 mL of a 0.1 M NaCl cell suspension
containing 30 g (wet mass) of cell per liter. The cell
suspensions were first adjusted to pH 3.0 using 1 M HCl,
followed by a titration from pH 3.0 to 9.7 using 1 M NaOH
that was used for calculating the total bindings sites on each
sample using a four-site nonelectrostatic surface complexation
model and FITEQL 2.0.36 All titrations were conducted in
triplicate.

XANES and EXAFS Measurements. Te K-edge (31,814
eV) X-ray absorption spectroscopy measurements37 were
carried out at the MR-CAT/EnviroCAT bending magnet
beamline (Sector 10, Advanced Photon Source).38 X-ray
absorption near edge spectra (XANES) and extended X-ray
absorption fine structure (EXAFS) spectra were collected from
the Te standards in transmission mode using gas-filled
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ionization chambers. The bacterial samples were measured in
fluorescence using a four-element energy dispersive detector
(Vortex). Biomass containing approximately 100 ppm of Te
was harvested by centrifugation, and the hydrated cells were
sealed between two layers of Kapton film in a 3 mm thick
plexiglass well. Spectra were collected at room temperature
inside a N2-purged sample cell using a 3 mm by 0.5 mm beam
with a flux of approximately 2 × 109 photons sec−1. Multiple
quick scans were collected for the transmission samples, using
0.5 eV steps and 0.2 s dwell time per point. Slow scans were
employed for the fluorescence spectra, using a 0.05 Å−1 step
size and a variable 1−4 s dwell time in the EXAFS region.
Energy calibration was established by setting the inflection
point in the spectrum from Te powder metal to 31 814 eV and
then maintained continuously by collecting data from the
reference simultaneously with the collection of data from the
samples. Radiation-induced changes in the samples were
monitored by taking quick XANES spectra and were not
detected on the time scale of the EXAFS scans. No differences
were observed between consecutive spectra and from several
fresh areas on the samples so all scans from each sample were
averaged to produce the final spectrum.
Analysis of the experimental spectra involved comparisons to

Te standards, followed by numerical modeling of the data to
extract the structural parameters describing the average atomic
coordination around Te. Standards included disodium tellurate
dihydrate powder (Strem Chemicals), disodium tellurite
powder (Alfa Aeser), tellurium dioxide (TeO2) (Sigma-
Aldrich), and Te(0) powder (Sigma-Aldrich). A Te-thiol
standard was prepared using a thiol polymer (Purolite S924)
with adsorbed tellurite (10 000 ppm and 1000 ppm). The
powder Te standards were ground, sieved, and mounted on the
adhesive side of Kapton tape, and folded 8 times at the
beamline to produce an absorption edge of 0.5−1.0.37 Several
scans were taken in transmission at three sample locations
the lack of differences between the spectra indicated lack of
significant pinhole effects or interaction of the minerals with
the adhesive. The thiol polymer and biomass samples were
mounted in 3 mm thick sample holders with Kapton windows.
Normalization and background removal of the data was
accomplished using the program AUTOBK.39 The numerical
analyses of the spectra are based on the crystal structures of
disodium tellurite and TeO2.

40,41 The code FEFF842 was used
to generate the single-scattering contributions in the EXAFS
for the O, S, and Te coordination shells. Refinement of the
numerical parameters against the experimental data was done
in R-space using the program FEFFIT.43

Protein Data Analysis. Publicly available B. subtilis
proteomic data were analyzed to determine the cysteine
content of cell wall, secreted, and surface-associated EPS
proteins. The cell wall proteome, secretome, and cell surface-
associated proteins were obtained from Antelmann and
colleagues44,45 and Otto et al.46 In these previous studies, B.
subtilis was cultured in either Luria broth44,45 or in a minimal
medium with glucose as the carbon source.46 In total, 739
unique proteins were analyzed. Protein sequences were
downloaded in FASTA format from Uniprot,47 and the
abundance of cysteine residues was manually determined for
each protein by counting the number of cysteines in the amino
acid sequence. Subcellular localization of the proteins was
predicted using CELLO and LocateP.48,49 CELLO uses a two-
level Support Vector Machine system to assign localizations,
while LocateP mimics protein targeting and secretion

processes and distinguishes protein export by general secretory
and twin-arginine translocation pathways.

■ RESULTS AND DISCUSSION
Adsorption Isotherms. Reaction of aqueous tellurite with

B. subtilis cells resulted in the loss of dissolved tellurium from
solution (Figure 1). Adsorption experiments showed that the

concentration of adsorbed tellurite increased linearly with the
aqueous tellurite concentration with a Kd value of 19.5 ± 5.4 L
kg−1. To test if sulfhydryl sites are involved in tellurite
adsorption, the membrane-impermeable thiol-specific probe
qBBr was used to block the sulfhydryl sites on the bacterial
surface. The adsorption isotherms showed significantly less
tellurite adsorption by qBBr-treated cells compared to
untreated cells. The partition coefficient of the qBBr-treated
cells was Kd = 6.6 ± 2.6 L kg−1. The decrease in the tellurite
binding constant was attributed to tellurite binding to low-
affinity sites on the bacterial surface due to the loss of
sulfhydryl complexation on the qBBr-treated cells. Finally, to
test if the EPS were involved in tellurite adsorption, cells were
treated with cation exchange resin to desorb the EPS attached
to the cell surface. Removal of the EPS resulted in markedly
less tellurite adsorption compared to untreated cells, with a Kd
value of 5.8 ± 1.6 L kg−1. The extent of tellurite adsorption by
resin-treated cells was similar to qBBr-treated cells suggesting
that thiol functional groups in surface-associated EPS were
involved in tellurite binding.

XANES and EXAFS. The XANES spectra of the reference
compounds exhibited significant contrast between the different
valence states and coordination environments of Te (Figure
2A). The oxidized Te(VI) species (Na2-tellurate) showed
higher edge-energy positions, whereas the lower valent Te(IV)
species (Na2-tellurite and TeO2) had lower edge energy
positions with midpoints at 31 814.3 eV and 31 811.3 eV,
respectively. Te(0) showed the same energy position as the
two Te(IV) standards, but the spectrum had a significantly
suppressed white line. Similar spectral dependence on Te
valence has been previously observed.7,8 To examine tellurite
binding to sulfhydryl functional groups, we prepared a standard
by reacting tellurite with a thiol-functionalized polymer. The
Te-thiol standard showed the same edge position as the O-
coordinated Te(IV) standards, but the spectrum exhibited a
suppressed white line intensity. The observed broadening and
suppression of the white line for Te−S species relative to

Figure 1. Tellurite adsorption isotherms. Adsorption of tellurite
(Te[IV]) on to untreated Bacillus subtilis cells (●); cells treated with
resin to desorb surface attached EPS (Δ); and cells treated with qBBr
to block surface thiol sites (□). All experiments conducted at pH =
7.2.
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species with O-coordination is similar to that observed with
other elements (e.g., Fe, Ni, and Se).50,51

Comparison of the B. subtilis sample to the XANES spectra
of the standards indicated a change in Te coordination upon
adsorption onto the bacterial surface (Figure 2A). The edge
position of the B. subtilis spectrum was similar to the two
Te(IV) standards, indicating that oxidation to Te(VI) did not
occur. However, the XANES of Te adsorbed to B. subtilis was
noticeably different from the Na2-tellurite standard. Most
prominently, the white line of the B. subtilis spectrum was
suppressed relative to the Na2-tellurite and TeO2 standards.
The XANES was also significantly different from that of Te(0)
standard, indicating that reduction to elemental tellurium did
not occur. The spectrum was most similar to that of Te
adsorbed on the thiol polymer, suggesting that the Te was
complexed to thiol ligands on the bacterial surface.
The EXAFS data showed that the Te of the tellurite

adsorbed to B. subtilis was coordinated to sulfhydryl functional
groups (Figure 2B,C). The spectrum of the B. subtilis sample
was in excellent agreement with that of the Te-thiol standard

where sulfhydryl sites were the only available ligand. The B.
subtilis spectrum was also substantially different in phase and
amplitude from the Te(0) or the O-coordinated Te(IV)
standards (Figure 2B). The Fourier transform (FT) of the χ(k)
data elucidated these differences, showing that the distance of
the main peak was significantly different from that of the O-
coordinated Te(IV) standards (Figure 2C). There was no
amplitude in the B. subtilis spectrum where Te−Te
coordination contribution was observed, indicating that
tellurite reduction to Te(0) did not occur and that a
precipitate with Te−Te coordination did not form. Linear
combination fits of the data also indicated that metallic Te(0)
was not present in the sample above the detection limits of
EXAFS (Figure S1 of the Supporting Information, SI).
Shell-by-shell analysis was carried out to determine the local

environment of Te in our samples and standards (fits A−G in
Figure 2D and Table 1). The Na2-tellurite standard was
successfully fit with a single shell of 3 O atoms at 1.87 Å (fit
A), consistent with the structure of the isolated TeIVO3 anion
in several Te(IV) crystals.40,52,53 The refined S0

2 factor of 0.93

Figure 2. Te K-edge XAS of Te standards and Te adsorbed to B. subtilis. (A) XANES spectra. Arrows indicate the position and amplitude of the
white lines for the different Te species; (B) k2-weighed χ(k) EXAFS spectra; (C) Fourier transform of the EXAFS data in the range Δk = 2.5−10.5
Å−1; (D) Shell-by-shell fits of the EXAFS data. Letter designations (A−G) correspond to the EXAFS model listed in Table 1. The ball-and-stick
models to the right illustrate the starting tellurite ion and the structure of the binding of the adsorbed Te atoms bound to S-based groups in the
biomass.
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from this fit was used in all other fits to obtain the coordination
numbers in the unknown spectra. The main peak in the Te(0)
data was successfully fit with approximately 2 Te atoms at 2.83
Å (fit B), consistent with its crystal structure.54 The TeO2
standard was more complex due to the multiple possible
allotropes in which the TeOx pyramids are distorted and
connected to each other through one or two of the O
atoms.41,55,56 Our EXAFS data of TeO2 reflects these
distortions and connections, requiring two O shells and a Te
shell model to fit the data (fit C). The inner O and the Te
shells represent well the TeOx groups and the connections
between them. The outer O shell attempts to capture the
distorted and undefined coordination in between using a
simplified single-shell model with a large Debye−Waller factor
(Table 1).
Shell-by-shell analysis of the Te-thiol standard and B. subtilis

sample indicated that the Te of the adsorbed tellurite had
changed coordination and was bonded to ∼2 sulfur atoms. The
fits of the Te-thiol standard were based on the calculated
structures of tellurite-sulfur glasses, in which S atoms replace O
atoms in the chains of TeOx entities in TeO2.

57,58 For the ab
initio EXAFS calculation of a Te−S scattering path using
FEFF8.2, the structure of TeO2 was modified by replacing the
longer-distance O atoms at ∼2.7 Å in the TeOx chains with S
atoms. Figure 2D and Table 1 illustrate the fits of the EXAFS
data from the Te-thiol standard (fit D) and B. subtilis sample
(fit F) with S atoms coordinating Te at a distance of 2.42 Å.
The remaining misfit around R + Δ = 1.3 Å could be
compensated with an additional O shell (fits E and G).
However, the refined Te−O distances were significantly
shorter than those in the tellurite standard, suggesting that
this peak was not due to unreacted tellurite. It is possible that
this peak is due to an additional atom present in a Te-thiol

complex.59 The interpretation of this spectral component does
not change the fit of the major peak with a S shell, indicating
that the predominant contribution to the main peak was from
S atoms coordinating Te. Shorter distance (c.a. 2.4 Å), lower
coordination (c.a. 2) S atomic environments have been
observed for both Te(II)- and Te(IV)-thiol compounds,59−62

whereas higher S-coordination (3−8 S) compounds exhibit
Te−S distances of about 2.6−2.7 Å.59 The refined coordina-
tion number of ∼2 S atoms at 2.42 ± 0.01 Å therefore suggests
the formation of an inner-sphere RS−Te−SR complex on the
bacterial surface (Figure 2D). The valence of the adsorbed Te
could not be determined unequivocally from the Te−S
distance, as both Te(II)- and Te(IV)-thiol compounds exhibit
this distance.59

EPS Thiol Content. Because the adsorption data indicated
that the thiol molecules in the EPS were involved in tellurite
binding, we further investigated if proteins and sulfhydryl sites
were present in the EPS of B. subtilis. Experiments were
conducted to quantify the concentration of loosely attached
proteins on the cell surface. The results indicated that
proteinaceous EPS were present at all stages of growth (Figure
3A). The total concentration of surface attached proteins
increased with time and corresponded to the growth of the
culture. When normalized to cell numbers, the proteinaceous
EPS density ranged from 2 to 16 fg of protein per cell.
Additional characterization of the EPS was performed to

determine the thiol content. When reacted with mBBr, the
proteinaceous EPS exhibited strong fluorescence indicating the
presence of sulfhydryl sites (Figure 3B). Titration curves
showed that the fluorescence emission increased steeply and
linearly with the addition of mBBr until all the thiols in the
sample were reacted with the fluorophore. After stoichiometric
reaction with the sulfhydryl sites, the addition of excess mBBr

Table 1. Fit Results for the EXAFS Data in Figure 2a

shell N R (Å) σ2 (Å2) ΔE (eV) DF R-factor

(A) Na2TeO3 standard
b

O 3.0 ± 0.3 1.87 ± 0.01 0.0041 ± 0.0012 3.7 ± 1.2 3 0.006
(B) Te metal
Te 2.3 ± 0.2 2.83 ± 0.01 0.0064 ± 0.0008 10.3 ± 0.6 5 0.009
(C) TeO2 standard
O 1.8 ± 0.6 1.83 ± 0.02 0.0028 ± 0.0032 −6.7 ± 2.9 6 0.036
O 7.5 ± 2.0 2.58 ± 0.05 0.0200c −6.7d

Te 6.7 ± 2.9 3.74 ± 0.02 0.0076 ± 0.0035 1.5 ± 2.3
(D) Te-thiol standard
S 2.2 ± 0.2 2.42 ± 0.01 0.0035 ± 0.0009 9.3 ± 0.9 5 0.008
(E) Te-thiol standard
O 0.6 ± 0.2 1.79 ± 0.03 0.0026 ± 0.0037 −15.4 ± 7.2 4 0.004
S 2.1 ± 0.2 2.42 ± 0.01 0.0035 ± 0.0009 9.6 ± 0.9
(F) Te-biomass data
S 2.0 ± 0.2 2.42 ± 0.01 0.0038 ± 0.0009 9.7 ± 0.8 5 0.007
(G) Te-biomass data
O 0.3 ± 0.1 1.82 ± 0.03 0.0000 ± 0.0035 −3.1 ± 6.0 4 0.004
S 2.0 ± 0.2 2.42 ± 0.01 0.0041 ± 0.0009 9.3 ± 1.0

aN, R, and σ2 are coordination number, radial distance, and Debye-Waller factor, respectively, for each path used in the fit. ΔE is the energy shift
relative to the calculated Fermi level. DF = degrees of freedom in the fit, i.e., the difference between the number of independent data points and the
number of fit parameters (data were fit between R + Δ = 1.1−2.2 Å for Na2-tellurite, 1.5−3.0 Å for metallic Te, 1.0−3.8 Å for TeO2, 1.5−3.0 Å for
the Te(IV)-thiol and Te-biomass data). The R-factor is the fractional misfit of the data relative to its amplitude, and is a goodness-of-fit indicator.
More details on these fit parameters can be found in FEFFIT’s documentation43. bThe amplitude suppression factor S0

2 was determined to be 0.93
based on the fit of this standard where the O coordination is known to be 3.0; this S0

2 was then used in all other fits to refine the coordination
numbers. cDue to the overlapping contributions in this spectral region there was significant correlation between the coordination number and the
Debye−Waller factor of this shell, so the latter was fixed to the value shown to stabilize the fit. dThe ΔE variables for the two O shells were
constrained to be the same
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resulted in a dampened fluorescence signal and a change in
slope in the titration curve was observed. At the higher mBBr
concentrations, the background fluorescence of the excess
mBBr caused a shallow increase in fluorescence signal. The
inflection point of the titration curve was used to determine
the thiol concentration. Best fit lines of the two linear regions
of the titration curve show an inflection point at 143 ± 24 μM.
Normalized to wet weight, the thiol content of the EPS was 21
± 4 μmol per gram of cells. Because mBBr does not react with
disulfide bonds, these results demonstrate the presence of
reduced thiols in the EPS that are in disequilibrium with the
external oxidizing environment.

Finally, we performed titration experiments to confirm that
the cell surface sulfhydryl sites were predominately associated
with the EPS. Removal of the EPS from B. subtilis completely
eliminated the cell surface thiol sites (Figure 3C). Acid−base
titrations of cells with intact surface EPS showed a total surface
site concentration of 257 ± 17 μmol g−1. Selective blocking of
thiol sites using qBBr resulted in a 23 ± 7 μmol g−1 decrease in
total binding sites, representing the concentration of surface
thiol functional groups. After the cell surface-associated EPS
were detached, the sulfhydryl sites were no longer detectable as
qBBr-blocking had no effect on surface binding site
concentrations (p > 0.05 Student’s t-test). Removal of
surface-associated EPS decreased the total surface site
concentration to 208 ± 12 μmol g−1, indicating that in
addition to thiols sites, the EPS also contained other proton-
active functional groups.

Molecular Mechanisms of Tellurite Adsorption. The
data indicate that tellurite reacts with sulfhydryl functional
groups in the EPS to form a RS−Te−SR structure (Figure 2D)
similar to the organo-selenium components previously
observed in selenite adsorption studies with B. subtilis.26

Although the EPS and cell surface are negatively charged at the
neutral pH conditions of our experiments, our results indicate
that the reaction between the sulfhydryl sites and the tellurite
oxyanion is strong enough to overcome the electrostatic
repulsive forces. We expect the electrostatic repulsive forces to
decrease at lower pH values, thus increasing the extent of
tellurite adsorption under acidic conditions. Upon binding to
the sulfhydryl sites, the EXAFS spectra showed a change from
shorter-distance Te−O coordination to a longer-distance Te−
S coordination, with the adsorbed Te forming inner-sphere
complexes with surface thiol groups (Figure 2D). The EXAFS
data also indicate that the RS−Te−SR species are stable and
do not condense in a precipitate with Te−Te coordination
(Figure 2C).
The sulfhydryl-containing molecules in the EPS are

currently unknown, but our results suggest that B. subtilis
produces thiol-rich proteins that are involved in tellurite
adsorption (Figure 3A,B). Because bacterial proteins that
contain the amino acid cysteine harbor a sulfhydryl functional
group, we analyzed publicly available B. subtilis proteomics data
to elucidate the possible cysteine-containing molecules in the
EPS. We compiled the data of Otto et al.46 which identified
over 600 proteins on the cell surface of B. subtilis using a
biotinylation method. By analyzing the amino acid sequences,
we found that many of these surface-associated proteins are
highly enriched in cysteine (Table S1). The most cysteine-rich
surface-associated protein is the dimodular nonribosomal
peptide synthase DhbF which contains 16 cysteine residues.
Also on the cell surface are the surfactin synthase subunits 1
and 2 which have 15 and 12 cysteines, respectively; the RNA
polymerase RpoC with 11 cysteines; and FGAM synthase PurL
with 10 cysteines. In total, we found that 466 of the surface-
associated proteins contain cysteine (Table S1). Interestingly,
these cysteine-containing proteins are predicted to have
intracellular functions and their association with the EPS
may be the result of lysis of dead cells in the bacterial culture.
Cell lysis would also release cytoplasmic low molecular weight
(LMW) thiols such as free cysteine and bacillithiol. LMW
thiols are also known to be secreted by bacteria63 and may
make up a portion of the sulfhydryl sites within the EPS
available for Te binding. Identifying the molecular hosts of
sulfhydryl sites in the EPS merits further investigation.

Figure 3. Protein and thiol content of B. subtilis EPS. (A) Protein
concentration in EPS; (B) Thiol content of EPS collected from early
stationary phase cultures. (C) Surface site concentrations of cells with
intact EPS (+EPS) and cells with EPS removed (−EPS). Error bars
represent the standard deviation of triplicate measurements.
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Removal of the EPS dramatically decreased tellurite
adsorption and the sulfhydryl surface site concentration
(Figure 1 and 3C). Consistent with these observations, our
analysis indicates that cell wall proteins of B. subtilis have no or
very few cysteines (Table S2). Antelmann et al.45 previously
identified B. subtilis cell wall proteins that have specific wall-
binding domains. Of these proteins, the cell wall-binding
proteins YqgA and YwtD and the amidase enhancer LytB have
the highest number of cysteine residues, each containing only
two cysteines. All other cell wall proteins have one or no
cysteines. Together with our experimental results, these low
cysteine abundances suggest that the cell wall proteins are not
the dominant molecules involved in tellurite binding.
Bioenvironmental Implications. The adsorption of

Te(IV) and formation of stable RS−Te−SR components in
the EPS are expected to affect bacterial Te(IV) uptake and
microbial Te interactions. Previous studies of microbial Te(IV)
reduction have largely focused on the chemical reactions that
occur after Te enters the cells16,17,64,65 and have neglected the
mechanisms that control Te(IV) binding to the cell surface.
Microorganisms can import tellurite into the cell and reduce
Te(VI) to Te(0).13,14 In environmental microbial systems, cell
surface adsorption and uptake of tellurite are likely to co-occur
to varying degrees depending on EPS production. Our results
suggest that microorganisms that produce thiol-rich EPS would
bind a significant portion of tellurite outside of the cell, thus
limiting the translocation of Te into the cytoplasm and
potentially mitigating the deleterious effects of tellurite
uptake.13−15,66 Alternatively, some Bacillus species use tellurite
as an electron acceptor for anaerobic respiration12 and tellurite
binding to the EPS may impact tellurite availability to the
electron transport chain. Te bound to EPS could also be
transformed to Te(0) nanoparticles extracellularly, as sub-
sequent reactions in the EPS can reduce RS−Te−SR to Te(0)
similar to how thiolcarboxylic siderophores of Pseudomonas
stutzeri convert tellurite to Te(0) via the formation of organo-
tellurium intermediates.30,67

Finally, our findings have important implications for
understanding the environmental fate of Te adsorbed to
bacterial surfaces. If high-affinity tellurite binding sites on
bacteria are associated with loosely attached molecules on the
cell surface, then the adsorbed organo-tellurium components
can be released into aqueous solution as soluble organic matter
when the EPS is destabilized. The attachment of EPS to cells is
controlled, in part, by electrostatic interactions.68 Thus,
changes in environmental factors such as pH, salinity, and
groundwater composition can trigger EPS detachment from
the cell surface and render the organo-tellurium species mobile
for transport. Of particular interest is the stability of cysteine-
rich proteins in the EPS which have high thiol site densities
and likely have the greatest contribution to tellurite binding.
The results of our study indicate that quantification of these
sulfhydryl-containing molecules and the incorporation of
protein-specific complexation reactions into surface complex-
ation models will enable better predictions of how bacterial
adsorption affects tellurite transport in landfills and other
contaminated sites.
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