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Abstract The tellurium oxyanion tellurate is toxic to

living organisms even at low concentrations; however,

its mechanism of toxicity is poorly understood. Here,

we show that exposure of Escherichia coli K-12 to

tellurate results in reduction to elemental tellurium

(Te[0]) and the formation of intracellular reactive

oxygen species (ROS). Toxicity assays performed

with E. coli indicated that pre-oxidation of the

intracellular thiol pools increases cellular resistance

to tellurate—suggesting that intracellular thiols are

important in tellurate toxicity. X-ray absorption spec-

troscopy experiments demonstrated that cysteine

reduces tellurate to elemental tellurium. This redox

reaction was found to generate superoxide anions.

These results indicate that tellurate reduction to Te(0)

by cysteine is a source of ROS in the cytoplasm of

tellurate-exposed cells.
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Introduction

Tellurium (Te) is a group 16 element that naturally

occurs in four inorganic oxidation states (Missen et al.

2020). The oxidized forms tellurate (Te[VI], TeO4
2-)

and tellurite (Te[IV], TeO3
2-) exist as water soluble

oxyanions and are known to be toxic to living

organisms (Ba et al. 2010; Presentato et al. 2019).

Both prokaryotic and eukaryotic microorganisms

readily reduce tellurite and tellurate to less toxic

elemental tellurium (Te[0]) (Avazéri et al. 1997;

Baesman et al. 2009; Gharieb and Gadd 2004; Gharieb

et al. 1999; Maltman et al. 2016, 2017; Theisen et al.

2013). Prior toxicological studies of tellurium have

primarily focused on the response of microorganisms

to tellurite exposure and the mechanisms of tellurite

reduction (Chasteen et al. 2009; Pérez et al. 2007;

Tremaroli et al. 2007; Zannoni et al. 2007). By

comparison, relatively little is known about the
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cellular response to tellurate and the biochemical

pathways that reduce tellurate to Te(0).

Tellurite toxicity studies performed with the model

microorganism Escherichia coli K-12 have demon-

strated that tellurite exposure results in depletion of

the cytoplasmic reduced thiol pool concurrent with a

significant loss of cell viability (Turner et al.

1999, 2001). Turner et al. monitored intracellular

thiol pools in E. coli during tellurite exposure and

found that glutathione is the main target in the

observed tellurite-induced thiol depletion. Later work

suggested that tellurite exposure triggers the formation

of reactive oxygen species (ROS) in the cytoplasm of

bacteria (Borsetti et al. 2005; Pérez et al. 2007;

Tremaroli et al. 2007). The generation of ROS is

accompanied by the development of extensive cellular

damage including increased oxidation of cytoplasmic

proteins, damage to iron cofactors, and oxidation of

membrane lipids (Calderon et al. 2009; Daly et al.

2007; Pérez et al. 2007, 2008; Pradenas et al. 2013).

The reduction of tellurite in vitro by the enzymes

catalase or NADH-dehydrogenase II was shown to

produce superoxide (Dı́az-Vásquez et al. 2014; Pérez

et al. 2007). This suggests that ROS can be produced

directly during the reduction of tellurite. Similarly,

superoxide is produced from the abiotic reduction of

the selenium oxyanion selenite by glutathione and

other thiols (Kessi and Hanselmann 2004; Lin and

Spallholz 1993; Staicu and Barton 2017). To date, it

remains largely unknown whether similar cellular

processes occur in tellurate-exposed cells. Recent

work has demonstrated that tellurate toxicity in

aerobically-grown E. coli cells was dependent on its

transport into the cytoplasm (Goff and Yee 2017). An

earlier report had also noted that tellurate exposure

resulted in depletion of the cytoplasmic reduced thiol

pool of E. coli (Turner et al. 1999). Therefore,

interaction with cytoplasmic thiols may contribute to

the toxicity of tellurate.

In this study, we investigated the cellular response

to tellurate exposure. Experiments were conducted

with E. coli to monitor the formation of ROS during

tellurate exposure. Because the toxicity of tellurate

was found to be dependent on the intracellular thiol

pool, in vitro tellurate reduction experiments with

thiols were performed to determine if cysteine was

involved in tellurate toxicity. The results indicated that

cysteine reduces tellurate to elemental tellurium

[Te(0)] and that this reaction induces intracellular

oxidative stress via the formation of superoxide.

Materials and methods

Strains and growth conditions

Experiments were conducted with the wild-type

E. coli K-12 strain. Single gene knock-out strains

(DfliY::kan and DydnJ::kan) were taken from the Keio

collection (Baba et al. 2006). Experiments were

performed in either LB medium or in M9 medium

(0.68 g/L Na2HPO4, 0.3 g/L KH2PO4, 0.05 g/L NaCl,

0.1 g/L NH4Cl, 0.25 g/L MgSO4, 0.012 g/L CaCl2).

In the M9 medium, 0.4% (w/v) glucose was added as a

carbon source. Cultures were routinely grown at 37 �C
in a shaking incubator at 200 rpm.

Measurement of intracellular oxidative stress

The cell-permeable probe 20,70-dichlorodihydrofluo-

rescein diacetate (H2DCFDA) was used as an indicator

for the formation of intracellular reactive oxygen

species (ROS). Following cleavage of the acetate

groups by intracellular esterases and oxidation by

intracellular ROS, the nonfluorescent H2DCFDA

molecule is converted to the fluorophore 20,70-dichlo-

rofluorescein (DCF) (Gomes et al. 2005). Overnight

cultures of E. coli were diluted 100-fold into LB

medium and grown to mid-log phase (optical density

at 600 nm [OD600] * 0.6). The mid-log cultures

were centrifuged at 59009g for 5 min. The cell pellet

was washed and re-suspended in 0.9% (w/v) NaCl

solution. H2DCFDA was then added to a final

concentration of 5 lM. The reaction mixture was

incubated in the dark for 1 h at room temperature.

Following incubation, excess extracellular H2DCFDA

was removed by centrifugation at 59009g for 5 min.

The cell pellets were re-suspended in 0.9% NaCl

solution, treated with tellurate (0.5–2 mM), and DCF

fluorescence signal intensities were monitored at

excitation and emission wavelengths of 485 and

528 nm, respectively, on a BioTek Synergy LX plate

reader.
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Viable cell counts

Experiments were conducted to examine the effect of

thiol-blocking on tellurate toxicity in E. coli. Over-

night cultures were centrifuged at 59009g for 5 min,

resuspended in phosphate-buffered saline (PBS) (per

liter: 8.0 g NaCl, 0.2 g KCl, 1.44 g Na2HPO4, 0.24 g

KH2PO4), centrifuged at 59009g for 5 min, and then

resuspended in PBS followed by dilution into fresh M9

medium. Cultures were pre-grown with the thiol-

oxidizing agent diamide (1 mM) (Kosower et al. 1969;

Pöther et al. 2009).The diamide-treated cultures were

grown to OD600 of 0.1 and then spiked with 0.5 mM

tellurate. Samples were taken immediately before and

after the tellurate spike for viable cell counts. The

samples were serially diluted into PBS and then

spotted in triplicate (10 lL) onto LB plates. Following

overnight incubation at 37 �C, the number of colonies

were counted and used to determine the number of

viable cells in the cultures.

Cell growth in cystine- and tellurate-treated

cultures

We tested if exogenous thiols impact the growth of

tellurate-exposed E. coli cells. Overnight cultures of

E. coli were centrifuged at 59009g for 5 min,

resuspended in PBS and then diluted into fresh M9

medium. To avoid direct reactions in the cellular

medium, we amended the cultures with the oxidized

disulfide form of cysteine: cystine. Intracellularly,

cystine is reduced to cysteine (Chonoles Imlay et al.

2015). Accordingly, cultures were amended with

tellurate (0.5 mM) and/or cystine (0.17 mM), and cell

growth was monitored at OD600. The minimum

inhibitory concentration (MIC) of tellurate in the

presence and absence of cystine (0.17 mM) was also

determined for the wild type E. coli, DfliY, and DydnJ
strains. Overnight cultures were diluted into fresh M9

medium in a 96-well plate with an initial cell density

of 5 9 105 cells/mL. Increasing tellurate concentra-

tions were added to each well. The MIC was defined as

the lowest concentration of tellurate that would inhibit

growth.

Abiotic reduction of tellurate by cysteine

In vitro tellurate reduction by cysteine was examined

with anoxic solutions in sealed reaction vials purged

with and filled with a headspace of N2 gas. Reactions

were initiated by mixing 0.5 mM tellurate with

varying concentrations of cysteine (0–4 mM). All

reactors were shaken gently at room temperature for

24 h to allow the reaction to reach equilibrium.

Samples were collected and filtered (0.2 lm) for

analysis of the aqueous tellurium and reduced thiol

concentrations as described below.

Analytical methods

Samples for aqueous tellurium analysis were acidified

with 2% nitric acid and analyzed by Inductively

Coupled Plasma Optical Emission Spectroscopy (ICP-

OES) on an iCAP 7400 ICP-OES (Thermo Fisher) at a

wavelength of 214.282 nm. Samples for reduced thiol

(i.e. glutathione and cysteine) analysis were diluted

100-fold and immediately derivatized using the fluo-

rescent probe monobromobimane (mBBr). mBBr

reacts with the sulfhydryl group of thiol molecules to

form a stable and highly fluorescent thioether bond

(Fahey and Newton 1988). 84 lL of borate/diethylen-

etriaminepentaacetic acid (DTPA) buffer (100 mM/

10 mM, pH 9) and 3 lL of mBBr (50 mM) were added

to 800 lL of the sample and allowed to react for

30 min in the dark followed by the addition of 60 lL of

800 mM methanesulfonic acid (MSA). Reduced thiol

concentrations were determined using reversed-phase

high-pressure liquid chromatography (HPLC) with an

Agilent 1100 series fluorescence detector at excita-

tion/emission wavelengths of 390/478 nm. Separa-

tions were performed using a gradient method with a

ZORBAX Extend-C18 column (Agilent) on an Agi-

lent 1260 Infinity II HPLC system. Solvent A was a

0.25%/1% (v/v) glacial acetic acid/acetonitrile and

solvent B was 100% acetonitrile. The following

gradient method was used at a flow rate of 0.5 mL

per minute: 0–3 min, 3% B; 3–5 min, 12.5% B;

5–18 min 26.4% B; 18–23 min 80% B, 23–33 min,

80% B, 33–35 min, 3% B; 35–40 min 3% B.

X-ray absorption spectroscopy

Precipitates that were formed following the reduction

of tellurate by cysteine abiotically and by E. coli were

analyzed using X-ray absorption spectroscopy. Te

K-edge (31,814 eV) x-ray absorption spectroscopy

measurements (Boyanov and Kemner 2019) were

carried out at the MR-CAT/EnviroCAT bending
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magnet beamline (Sector 10, Advanced Photon

Source) (Kropf et al. 2010). The abiotic sample was

prepared by reacting 1 mM of tellurate with 6 mM of

cysteine. The precipitate was collected by centrifuga-

tion at 81009g for 20 min and then further air dried,

resulting in a hydrated paste. The E. coli sample was

prepared from a mid-log phase culture transferred into

fresh LB medium containing 0.1 mM tellurate, incu-

bated for 24 h, and harvested by centrifugation at

80009g for 15 min. The cell pellet and the Te-

cysteine sample were transferred to sample holders

and sealed between two layers of Kapton film in a

1.5 mm thick plexiglass well. Standards included

sodium tellurate dihydrate powder (Strem Chemicals),

sodium tellurite powder (Alfa Aeser), and Te(0)

powder (Sigma-Aldrich). The Te powders were

ground and mounted on the adhesive side of Kapton

tape. X-ray absorption near edge spectra (XANES)

and extended x-ray absorption fine structure (EXAFS)

spectra were collected at room temperature inside a

N2-purged sample cell. The abiotic sample and Te

standards were measured in transmission mode using

gas-filled ionization chambers. The E. coli sample was

measured in fluorescence mode using a four-element

energy dispersive detector (Vortex). Energy calibra-

tion 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 data from the

samples. Radiation-induced changes in the spectra

were not detected. No differences were observed

between spectra from fresh areas on the samples so all

scans from each sample were averaged to produce the

final spectrum. Normalization, background removal,

and Fourier transforms of the data were done using the

programs AUTOBK and FEFFIT (Newville et al.

1993, 1995).

Superoxide production measurements

Superoxide formation during the reduction of tellurate

by cysteine was monitored using the tetrazolium salt

WST-1. Superoxide radicals reduce WST-1 to a

yellow-colored formazan product detectable at

450 nm by UV–Vis spectroscopy (Tan and Berridge

2000). The reaction was initiated by mixing 3 mM

cysteine with 0.5 mM tellurate in 50 mM phosphate

buffer (pH 7) containing WST-1 (0.3 mg/mL) and

monitored at 450 nm. Superoxide dismutase (SOD)

(2 mg/mL) was added to a subset of reactors to quench

the reduction of WST-1 by the superoxide anion.

Anoxic experiments were performed in deoxygenated

phosphate buffer prepared by bubbling with N2 in

stoppered test tubes that were then filled with a

headspace of N2.

Results

Tellurate toxicity and the role of thiols

Cytoplasmic ROS were detected in E. coli cultures

upon tellurate exposure. Cells exposed to tellurate

showed higher DCF fluorescence signals compared to

the unexposed control cultures (Fig. 1a). Exposure to

increasing tellurate concentrations resulted in increas-

ing DCF fluorescence. We observed 3.5, 5.6, and 7.2-

fold increases in fluorescence signal following expo-

sure to 0.5, 1, and 2 mM tellurate, respectively, at the

end of 6 h of exposure. These results indicate dose

dependent formation of cytoplasmic ROS.

Growth experiments showed that pre-treatment of

cultures with the thiol-oxidizing agent diamide was

protective against tellurate toxicity. At 30 min fol-

lowing tellurate (0.5 mM) exposure, 63 ± 23% of the

diamide-treated cells remained viable compared to

1.4 ± 0.45% of the untreated cells (Fig. 1b). A similar

protective effect was observed at 120 min post-

exposure.

The addition of cystine to the culture medium

significantly enhanced tellurate toxicity (Fig. 1c).

Simultaneous addition of tellurate and cystine to

E. coli cultures entirely abolished growth. By com-

parison, the addition of tellurate without cystine had a

moderate toxicity effect, with a prolonged lag phase

and cultures reaching an OD600 that was 79% of the

untreated control. The addition of cystine alone had a

minor impact on cell growth, with a slightly increased

lag phase relative to the untreated cells; however, both

cultures reached the same maximum OD600 after

25 h. To determine if the enhanced tellurate toxicity is

dependent on translocation of the cystine into the

cytoplasm of the cells, we measured the MIC of

tellurate in knock-out strains of the two characterized

cystine transporters of E. coli: DydjN and DfliY. FliY-

YecSC is a high-affinity cystine transporter with a Km

in the nanomolar range (Butler et al. 1993; Chonoles

Imlay et al. 2015) YdjN has a lower affinity for cystine
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with a Km in the micromolar range and is the primary

cystine transporter in E. coli under cystine-rich growth

conditions relevant to our experiments here (Chonoles

Imlay et al. 2015). In the presence of cystine, DydjN
showed greater resistance to tellurate compared to the

wild-type strain (Table 1). In the absence of cystine, no

difference was observed between the two strains. DfliY
had similar tellurate sensitivity as the wild-type strain.

Reduction of tellurate by cysteine in vitro

generates superoxide

As exogenous and intracellular thiols both had a

significant impact on tellurate toxicity, we further

investigated the reactions between tellurate with the

major intracellular thiols of E. coli: cysteine and

glutathione (Wheldrake 1967). In vitro experiments

showed that glutathione was unreactive towards

tellurate (Fig. S1). Measurements of soluble tellurium

and reduced glutathione in reactors showed no reac-

tion after 24 h at all tested glutathione:tellurate ratios.

In contrast, cysteine was highly reactive towards

tellurate. The formation of a dark precipitate was

visually observed within minutes of tellurate reaction

with cysteine. XANES and EXAFS analyses of the

precipitate indicated that the soluble tellurate oxyan-

ion was reduced and precipitated as its elemental form

[Te(0)] without a detectable reaction intermediate

(Fig. 2a). The XANES spectra of oxidized Te(IV) and

Te(VI) in the tellurite and tellurate standards show a

well pronounced white line, whereas the lower valent

Te(0) standard has a significantly suppressed white

line. Similar spectral dependence on Te valence has

been observed previously (Harada and Takahashi

2008; Qin et al. 2017). The edge position and the white

line of the Te-cysteine spectrum closely match those

of elemental tellurium, indicating that the reaction of

cysteine with tellurate resulted in its complete reduc-

tion to Te(0). Similarly, the spectrum of tellurium

associated with E. coli biomass in cultures grown with

tellurate matches the XANES spectrum of Te(0)

(Fig. 2a). The EXAFS data also indicate complete

reduction of tellurate to Te(0) in both the cysteine

experiments and in the E. coli sample (Fig. 2b).

Reaction of tellurate with cysteine resulted in the

loss of soluble tellurium from the dissolved phase

(Fig. 2c). Soluble tellurium concentrations decreased

linearly with increasing cysteine up to cysteine:tellu-

rate ratios of 6:1 which indicated that 6 mol of

Fig. 1 Tellurate toxicity in E. coli cells. a Generation of

intracellular ROS in tellurate-exposed E. coli cells was

monitored using the fluorescent probe H2DCFDA. b Cell

viability following tellurate (0.5 mM) exposure. Cells were pre-

treated with (white bars) or without (grey bars) the thiol-

oxidizing agent diamide (1 mM). Viable cell counts were

performed and the counts were normalized against t = 0 values

for the same cultures. c Growth of cultures treated with tellurate

(0.5 mM) and/or cystine (0.17 mM). For all datasets, each data

point is the average of three replicates and error bars

represent ± SD
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cysteine were needed to reduce 1 mol of tellurate.

Complete consumption of cysteine was observed in

reactors containing 2:1, 4:1, and 6:1 ratios of cysteine

to tellurate, suggesting its complete oxidation to

cystine (Fig. 2c). When cysteine and tellurate were

reacted at an 8:1 ratio, a portion of the added cysteine

remained in excess. Control experiments without

added tellurate showed no loss of cysteine (data not

shown).

Finally, we found that the reaction between

cysteine and tellurate directly yielded ROS. Reaction

of cysteine (3 mM) and tellurate (0.5 mM) in the

presence of the superoxide-reactive molecule WST-1

formed a yellow-colored formazan product that was

detectable spectrophotometrically at 450 nm (A450).

At 60 min, reactors containing both cysteine and

tellurate had approximately 30-fold increased A450

compared to the control reactors containing tellurate

or cysteine alone (Fig. 3a). The maximal rate

(0.088 min-1) of formazan formation was reached

after 20 min of reaction. To verify that the superoxide

anion is the reductant of WST-1 under these condi-

tions, we repeated the reaction with the addition of

superoxide dismutase (SOD) (2 mg/mL) (Fig. 3a).

SOD inhibited formazan product formation which

resulted in A450 at 60 min that was 86% lower than in

the reactors without added SOD. To determine if the

generation of superoxide anion is dependent on

molecular oxygen, these experiments were repeated

in deoxygenated solution. Similar to the experiments

performed under oxygenated conditions, we observed

approximately 30-fold greater A450 relative to the

control following 60 min of reaction (Fig. 3b).

Together, these results indicate that the reduction of

tellurate by cysteine generates superoxide via a

reaction mechanism that does not involve molecular

oxygen.

Discussion

The results showed that cystine supplementation to the

culture medium of E. coli significantly increased

tellurate toxicity (Fig. 1c). This toxicity effect is

similar to previous observations that have been made

with tellurite-exposed cells. The addition of either

Table 1 Minimal inhibitory concentration for tellurate in E. coli wild type and cystine transporter knock-out strains

Tellurate MIC (mM)

K-12 wt DydjN DfliY

M9 medium with 0.4% glucose 1 1 1.1

M9 medium with 0.4% glucose and cystine (0.17 mM) 0.05 0.6 0.05

Fig. 2 In vitro reaction between cysteine and tellurate. a Te

K-edge XANES data and b corresponding EXAFS data from the

abiotic cysteine reactions and E. coli samples. The experimental

spectra match the Te(0) standard, indicated by the suppressed

white line (XANES) and the peak from Te0–Te0 coordination in

the Te(0) standard (EXAFS). c Tellurium and cysteine

concentrations remaining in solution as a function of the initial

concentration of cysteine added. The initial tellurate concen-

tration in each reactor was approximately 0.5 mM. Final

tellurium (black circles) and cysteine (open squares) concen-

trations were measured after 24 h of reaction

123

942 Biometals (2021) 34:937–946



cysteine or cystine to culture media enhances the

toxicity of tellurite in E. coli (Scala and Williams

1963) and in the purple non-sulfur bacterium

Rhodobacter sphaeroides (Moore and Kaplan 1992).

Furthermore, cysteine, glutathione, 2-mercap-

toethanol, and dithiotreitol have been shown to

enhance tellurite toxicity in Staphylococcus aureus

(Pugin et al. 2014; Turner et al. 2007). Once

transported inside the cell, cystine is reduced to

cysteine (Chonoles Imlay et al. 2015). We observed

that an E. coli knock-out strain deficient in the cystine

transporter YdjN showed greater resistance to tellurate

in the presence of cystine compared to the wild-type

strain grown under the same conditions (Table 1). This

suggests that cystine-mediated tellurate toxicity is

dependent upon transport of the extracellular cystine

into the cell where it would be reduced to cysteine. We

propose that intracellular cysteine is the thiol species

enhancing the toxicity of tellurate.

The thiol-oxidizing agent diamide was used to test

the impact of intracellular disulfide stress on tellurate

toxicity. Diamide oxidizes sulfhydryl moieties within

the cytoplasm (Kosower et al. 1969). Cultures that

were pre-grown with diamide prior to tellurate expo-

sure showed greater resistance to tellurate compared to

cultures without pre-oxidation of the thiol pool

(Fig. 1b). We noted also that the diamide pre-

treatment resulted in less visible precipitation of dark

Te(0) solids in the culture medium, leading us to

hypothesize that tellurate reduction and toxicity are

both linked to the intracellular thiol pool of E. coli.

Cysteine reduced tellurate to Te(0) in vitro (Fig. 2),

and the reaction generated superoxide anion (Fig. 3).

We note that the concentrations of cysteine used for

our experiments are relevant to the cytoplasmic

concentrations of cysteine reported previously for

E. coli (Park and Imlay 2003). Interestingly, tellurate

did not react with glutathione even when glutathione

was provided in excess. Notably, the standard reduc-

tion potentials of the cystine/cysteine and glutathione

disulfide/glutathione redox couples are very similar

(- 250 and - 264 mV, respectively) and the standard

reduction potentials for the tellurate/tellurite and

tellurite/elemental tellurium redox couples are rela-

tively high (? 892 mV, and ? 827 mV, respectively)

(Bouroushian 2010; Park and Imlay 2003). Thus,

tellurate reduction by either cysteine or glutathione is

thermodynamically favorable. The lack of glutathione

reactivity suggests that other factors control the

differences in their observed reactivities with tellurate.

Interestingly, cysteine and glutathione also differ

greatly in their reactivities with free intracellular iron.

The contrasting reactivity of the two thiols towards

iron is thought to be related to the differences in

coordination chemistry and the rates of electron

transfer (McAuliffe and Murray 1972; Park and Imlay

2003). A similar phenomenon may be occurring here

with tellurate.

Tellurate exposure resulted in cytoplasmic ROS

formation in E. coli (Fig. 1a). Induction of intracellu-

lar oxidative stress by tellurate is similar to the toxicity

mechanism of many other metals and metalloids,

including selenite (Bébien et al. 2002), selenate

(Bébien et al. 2002), tellurite (Pérez et al. 2007), gold

(Muñoz-Villagrán et al. 2020), silver (Tian et al.

2018), copper (Dupont et al. 2011), and cadmium

Fig. 3 Generation of superoxide anion during reduction of

tellurate by cysteine. a Formation of the superoxide anion

during tellurate (0.5 mM) reduction by cysteine (3 mM) under

normal atmospheric conditions. Each data point is the average of

three replicates and error bars represent ± SD. Error bars are

present but are often smaller than the plotted point. b Formation

of the superoxide anion during tellurate (0.5 mM) reduction by

cysteine (3 mM) under anoxic conditions
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(Pacheco et al. 2008). For example, tellurite reduction

in vitro by the E. coli catalase or NADH-dehydroge-

nase II enzymes have been shown to generate super-

oxide anion (Dı́az-Vásquez et al. 2014; Pérez et al.

2007). Reduction of selenite with glutathione or

cysteine also results in the formation of superoxide

(Kessi and Hanselmann 2004; Kramer and Ames

1988; Spallholz 1994). Likewise, we demonstrate here

that reaction between tellurate and cysteine yields

superoxide. Formation of superoxide within the cyto-

plasm of cells can directly damage the [Fe-S] centers

of enzymes, cause membrane lipid peroxidation, as

well as protein oxidation (Chasteen et al. 2009).

Subsequent Fenton or Haber–Weiss reactions can also

generate hydroxyl radicals which cause DNA damage

(Imlay and Linn 1988).

In contrast to the common paradigm of reduction of

toxic metals and metalloids to their less toxic forms as

a cellular defense mechanism (Bruins et al. 2000), this

work and prior studies (Dı́az-Vásquez et al. 2014;

Pérez et al. 2007) indicate that the reduction of

tellurium oxyanions generates harmful ROS. While

Te(0) is indeed less toxic than either tellurite or

tellurate, arriving at that point appears to come at a

significant and often deadly cost (Borsetti et al. 2005;

Pérez et al. 2007; Tremaroli et al. 2007). As cysteine is

ubiquitous across all domains of life, the mode of

tellurate toxicity described here likely extends beyond

E. coli to other prokaryotic and eukaryotic organisms.
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