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The siderophore of Pseudomonas stutzeri KC, pyridine-2,6-bis(thiocarboxylic acid) (pdtc), is shown to detox-
ify selenium and tellurium oxyanions in bacterial cultures. A mechanism for pdtc’s detoxification of tellurite
and selenite is proposed. The mechanism is based upon determination using mass spectrometry and energy-
dispersive X-ray spectrometry of the chemical structures of compounds formed during initial reactions of
tellurite and selenite with pdtc. Selenite and tellurite are reduced by pdtc or its hydrolysis product H,S,
forming zero-valent pdtc selenides and pdtc tellurides that precipitate from solution. These insoluble com-
pounds then hydrolyze, releasing nanometer-sized particles of elemental selenium or tellurium. Electron
microscopy studies showed both extracellular precipitation and internal deposition of these metalloids by
bacterial cells. The precipitates formed with synthetic pdtc were similar to those formed in pdtc-producing
cultures of P. stutzeri KC. Culture filtrates of P. stutzeri KC containing pdtc were also active in removing selenite
and precipitating elemental selenium and tellurium. The pdtc-producing wild-type strain KC conferred higher
tolerance against selenite and tellurite toxicity than a pdtc-negative mutant strain, CTN1. These observations
support the hypothesis that pdtc not only functions as a siderophore but also is involved in an initial line of
defense against toxicity from various metals and metalloids.

Siderophores are iron-specific chelators that are produced
and excreted by microorganisms under iron-limiting conditions
as a part of an iron acquisition system. Some siderophores
chelate metals other than iron, forming soluble or insoluble
metal compounds and affecting the mobility and toxicity of
those metals (8, 17, 47). Pyridine-2,6-bis(thiocarboxylic acid)
(pdtc) is a siderophore produced by Pseudomonas stutzeri KC
and P. putida DSM 3601 and DSM 3602 that has fortuitous
carbon tetrachloride degradation activity (21, 30). Recent re-
search has shown that pdtc promotes iron transport into the
cell (25). P. stutzeri KC, its spontaneous pdtc-negative mutant
CTN1, and other P. stutzeri strains also produce proferrioxam-
ines (pFOs), which are probably their primary siderophores
(A. Zawadzka et al., unpublished data). pdtc is a broad-range
metal chelator; it chelates many transition metals, some heavy
metals, lanthanides, and actinides. In general, micronutrient
metals chelated by pdtc are soluble, while toxic metals form
insoluble precipitates with pdtc (8, 39). Selenium and tellurium
oxyanions are among the toxic metalloids precipitated by pdtc
and pdtc-producing Pseudomonas stutzeri KC cultures.

In nature selenium is present in igneous rocks and fossil
fuels (19). The element is a metalloid that can exist in four
oxidation states. Under aerobic conditions, selenium is present
as toxic and soluble selenate (SeO,*") or selenite (SeO5>") or
as insoluble and nontoxic elemental selenium (Se?). It is an
essential micronutrient at low concentrations but is toxic at
higher concentrations. Selenium is incorporated by organisms
as selenide, and in high concentrations it substitutes for sulfur
in cysteine and methionine, adversely affecting the integrity of
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proteins such as a-keratin and inhibiting the activity of en-
zymes such as glutathione peroxidase. Many bacteria have
been shown to reduce selenite to Se’, thereby eliminating its
toxicity (27, 34, 31); however, the mechanism of detoxification
is unclear. Elemental selenium deposits were found in the
cytoplasm (18, 19), in the periplasmic space (14), and outside
the cells (48) of various organisms, suggesting that different
mechanisms might be involved. Selenium can be reduced en-
zymatically by broad substrate-specific nitrate reductases (35),
molybdenum-containing enzymes (4), or specific selenate re-
ductases in an energy-conserving process (36). It has been
suggested that the cellular pool of thiols, including glutathione
(GSH), is involved in the reduction and resulting detoxification
of both selenite and tellurite (18, 43). When all reduced GSH
in a cell is converted to GS-Se-SG, the cell loses its principal
reducing buffer and thus its nonspecific defense against sele-
nium toxicity. Finally, sulfate-reducing bacterial (SRB) bio-
films were found to precipitate elemental selenium and sulfur
during sulfate-reducing growth as a nonspecific means of se-
lenium removal (16).

Tellurium is another highly toxic metalloid from group 16 of
the periodic table. Tellurium is a relatively rare element found
in nature in the form of metal tellurides (e.g., Pb, Cu, Ag, Au,
and Sb). Industrial waste discharge sites can contain elevated
concentrations of Te (2). Te(IV) as tellurite (TeO52~) is more
toxic to most gram-negative bacteria than Se(IV) in the form
of selenite. The MIC for bacteria lacking resistance determi-
nants is in the order of 1 to 2 pg ml~' for TeO;> (41) and 1
mg ml ™" for SeO5>~ (44). This is the reason tellurite was used
as an antibacterial agent for the treatment of bacterial infec-
tions in the preantibiotic era and is still a component of some
selective growth media (41). Bacterial resistance to tellurite is
poorly understood but is thought to be associated with tellurite
reduction and precipitation of metallic tellurium (27, 34, 38). It
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has been suggested that tellurite entering cells can be reduced
by membrane-associated nitrate reductases (1, 35). Once in-
side the cell, glutathione and other thiol-carrying molecules
are the main mediators of tellurite reduction (43, 45). Also,
terminal oxidases of the respiratory chain in gram-negative
bacteria are involved in the reduction of tellurite (42). Other
mechanisms, including cysteine-metabolizing enzymes and
methyl transferases, may be important resistance mechanisms
against tellurite toxicity (3, 41). Finally, similarly to what occurs
with selenite, tellurite reduction and precipitation by sulfate-
reducing bacteria has been reported (27).

Our current research investigated the nature of selenium
and tellurium precipitates formed upon interaction with pdtc
and the role of pdtc in detoxification of the bacterial environ-
ment. Here we propose a chemical mechanism for interactions
of pdtc with selenite and tellurite. We identified the initial
precipitates of Se and Te as insoluble selenides and tellurides
of pdtc and the hydrolysis products of pdtc. Our data suggest
that hydrolysis and oxidation of those initial precipitates leads
to the formation of elemental Se and Te. We compared the
reduction and precipitation products of selenite and tellurite
mediated by synthetic, high-purity pdtc to the reaction prod-
ucts formed by pdtc-producing P. stutzeri KC and the pdtc-
negative mutant strain CTN1. The nature of the precipitates
formed in bacterial cultures of P. stutzeri KC was similar to the
in vitro reaction products formed by synthetic pdtc. Electron
microscopy analyses showed that in strain KC, elemental sele-
nium and tellurium accumulated mainly extracellularly; how-
ever, pdtc did not completely prevent the accumulation of
intracellular Se” and Te® under our experimental conditions.
The use of pdtc by P. stutzeri KC to reduce selenite and tellu-
rite is to our knowledge a unique system utilizing a siderophore
to carry thiols to the extracellular environment that we de-
scribe here for the first time in bacteria. Our results add a novel
function to the known activities of pdtc that is linked to detox-
ification of the bacterial habitat (5).

MATERIALS AND METHODS

Bacterial strains and culture conditions. The strains used in the present study
included P. stutzeri strain KC (ATCC 55595, wild type, aquifer isolate; C. Criddle,
Stanford University) (9) and strain CTN1 (spontaneous mutant of strain KC,
University of Idaho culture collection) (21). The strains were maintained on
tryptic soy agar plates (Difco, Detroit, Mich.). Media were prepared with deion-
ized water purified to <18 m() resistivity using a WATER PRO PS filtration unit
(Labconco, Kansas City, Mo.). Bacteria were grown in iron-limited acetate me-
dium (DRM) at pH 7.8 (21) or iron-limited glucose-asparagine (GASN) medium
at pH 7.0 (6) for 48 to 72 h at 30°C with constant shaking at 150 rpm.

MIC. The MICs of sodium selenite and potassium tellurite were determined
on agar plates with DRM medium solidified with noble agar (Difco) prepared
with increasing concentrations of Na,SeO; or K,TeO5 (0.1 to 3 mM and 0.01 to
0.1 mM, respectively). The MIC was defined as the lowest concentration of
inhibitor preventing growth of bacteria.

Interactions of pdtc with selenite and tellurite. pdtc was chemically synthe-
sized using 2,6-pyridinedicarbonyl dichloride (Sigma, St. Louis, Mo.) as a starting
compound (15). pdtc stock solutions in dimethylformamide (DMF) or acetoni-
trile were prepared fresh (100 mM). Stock solutions of Na,SeOs; (1 M) and
K,TeO; (100 mM) were prepared in deionized water. To monitor the formation
of pdtc compounds with metalloids by using electrospray ionization-mass spec-
trometry (ESI-MS), the reaction mixtures of pdtc (1 and 2 mM) with selenite or
tellurite (1 mM final concentrations of each) in DMF were prepared, filtered,
and analyzed. For elemental analysis of the precipitates, reaction mixtures of
pdtc with selenite or tellurite (10 mM final concentrations of each) in 0.2 M
Tris-HCI buffer (pH 7.8) were prepared and incubated at 20°C for 7 days. The
precipitates formed were collected by centrifugation (10,000 X g for 5 min),
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washed four times with water, resuspended in methanol, and analyzed by scan-
ning electron microscopy and energy-dispersive X-ray spectrometry (SEM-
EDS). To monitor the disappearance of selenite in the presence of P. stutzeri KC
siderophores, reaction mixtures containing 0.5 mM selenite and 0.5, 1.0, 1.5, and
2.0 mM of (i) pdtc, (ii) proferrioxamine B mesylate salt (pFO B; Sigma, St. Louis,
Mo.), or (iii) both pdtc and pFO B in 20 mM Tris-HCI buffer (pH 7.8) were
incubated at 20°C for 72 h and filtered. The filtrates were analyzed for the
presence of the remaining selenite by using high-performance ion chromatogra-
phy (HPIC).

HPIC. Selenite remaining in the samples was monitored by using a DX-500 ion
chromatography system (Dionex, Sunnyvale, Calif.) equipped with an ED40
electrochemical detector, IonPack AS16 column (Dionex), and IonPack ATC-1
ion suppressor (Dionex). The mobile phase consisted of 100 mM NaOH and
water (solvents A and B, respectively). For selenite remaining in reaction mix-
tures with pdtc or pFO B, elution was performed by using a linear gradient of 5
to 10% A over 10 min and 10 to 100% over 20 min, followed by 100% A for the
next 10 min at a flow rate of 1 ml min~'. The concentration of selenite remaining
in the reaction mixture was compared to the concentration of selenite in the
control samples without added siderophores. For selenite remaining in the bac-
terial cultures and culture filtrates, elution was performed with a linear gradient
of 5 to 20% A over 10 min and 20 to 30% over 20 min, followed by 100% A for
the next 10 min at a flow rate of 1 ml min~'. The concentration of selenite
remaining was calculated relative to the concentration of the selenite in the
sterile-medium controls.

Microbially mediated selenium and tellurium precipitation. Bacteria (strains
KC and CTN1) were grown in DRM or GASN medium to the late logarithmic
phase. To the cultures, 0.5 mM selenite or 0.05 mM tellurite was added, and the
flasks were incubated for another 24 h until cultures turned orange-red or black,
respectively. The cells were harvested for electron microscopy analysis. Another
batch of cultures was allowed to stand at room temperature for several days, the
cells were lysed with lysozyme (2 mg ml~"), and the metalloid precipitates were
centrifuged and washed several times with water to remove the remaining media
and cell components. The precipitates were analyzed by using SEM-EDS. To
monitor the activity of bacterial cell-free spent cultures in selenium and tellurium
precipitate formation, 48-h cultures of P. stutzeri KC and CTN1 in GASN me-
dium were centrifuged (10,000 X g for 20 min) and filtered through 0.22-pm-
pore-size syringe filters. The pdtc concentration in strain KC spent medium was
assayed spectrophotometrically (24). Selenite (0.1 mM) and tellurite (0.05 mM)
were added, and the samples were incubated at room temperature for 7 days.
Selenium and tellurium precipitates formed only in strain KC. Precipitates were
washed extensively with water and subjected to SEM-EDS analysis.

Removal of selenite by bacterial cultures. To monitor the removal of selenite
by bacterial cultures and spent medium components, P. stutzeri KC and CTN1
were grown in GASN medium for 48 h. Half of a culture was used as a
cell-containing 48-h culture, while the remainder was centrifuged (10,000 X
g for 20 min) and filtered through 0.22-wm-pore-size syringe filters to obtain
cell-free spent media. Selenite (0.1 mM) was added to the cultures and
culture filtrates, and the samples were incubated for 24 h at 30°C with
constant shaking at 150 rpm. Selenite remaining in the media was measured
by using HPIC. The pdtc concentration in strain KC spent medium was
assayed spectrophotometrically (24).

ESI-MS/MS. The reaction mixtures containing pdtc and tellurite or selenite
were analyzed by using electrospray ionization-tandem mass spectrometry (ESI-
MS/MS; Quattro II; Waters-Micromass, Ltd., United Kingdom). Samples were
delivered into the source at a flow rate of 5 pl min~! with a syringe pump
(Harvard Apparatus, South Natick, Mass.). A potential of 2.8 kV was applied to
the electrospray needle, and the sample cone voltage was maintained at 15 V.
Detector resolution was set at 15,000, and the source temperature was kept
constant at 100°C. For structural analysis, daughter fragmentation (MS/MS) was
performed. The collision cell was operated at 10 to 15 eV with argon gas pressure
adjusted to give ca. 80 to 90% parent ion fragmentation. All MS and MS/MS
spectra were an average of 18 scans over a mass range of 20 to 1,000 Da.

SEM-EDS. Bacterial cells grown in the presence of selenite and tellurite were
collected and processed for SEM-EDS analysis. The cells were fixed with 2%
(wt/vol) glutaraldehyde in 0.2 M cacodylate buffer, dehydrated with ethanol of
increasing concentrations (40, 50, 70, 80, 90, 95, and 100%), dried on polycar-
bonate membranes (Millipore, Bedford, Mass.) in a critical point drier, and
carbon coated. Precipitates formed by pdtc and bacterial cultures were resus-
pended in methanol and mounted on carbon tape. Specimens were examined
with a LEO Supra 35 VP FESEM equipped with a Thermo Electron System Six
EDS (Zeiss, Thornwood, N.Y.). Accelerating voltages used are shown in the
microscopy image figures. Element ratios were calculated as averages of three to
five sample measurements.
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TABLE 1. Summary of ESI-MS spectra of peaks corresponding
to charged tellurides of pdtc and the pdtc hydrolysis product pctc”

m/z

Ch Molecular
arge -
130Te 1286 126¢ composition
326.8 324.8 322.8 -1 (pdtc)Te

524.7 522.7 520.7 -1 (pdtc),Te
261.9 260.9 259.9 -2 (pdtc),Te
508.7 506.7 504.7 -1 (pdtc)(pete)Te
721.6 719.6 717.6 -1 (pdtc);Te
360.4 359.4 358.4 -2 (pdtc);Te
705.6 703.6 701.6 -1 (pdtc),(pctc)Te

“m/z values are given for the three most abundant tellurium isotopes of the
following natural abundance: '*Te 34.40%, '?*Te 31.79%, and '*°Te 18.71%.
Te-containing compounds were recognized based on this characteristic Te iso-
tope distribution pattern.

Transmission electron microscopy (TEM) and EDS. Bacterial cells grown in
GASN medium in the presence of selenite and tellurite were harvested, fixed
with 2% (wt/vol) glutaraldehyde in 0.1 M cacodylate buffer or 2% paraformal-
dehyde-1.25% glutaraldehyde in 0.1 M phosphate buffer, dehydrated with eth-
anol and acetone, and embedded in Spurr Low Viscosity epoxy resin (Poly-
sciences, Warrington, Pa.). Sections were not stained to avoid any interference
during EDS analysis. Samples were analyzed with a JEOL model JEM 1200 EX
electron microscope (JEOL, Tokyo, Japan) operating at 100 kV. The EDS
spectra were recorded with a KEVEX Micro-X 7000 analytical spectrometer
(Kevex Co., Foster City, Calif.).

RESULTS

MIC:s of selenite and tellurite. The MICs of sodium selenite
determined for pdtc-producing strain KC and pdtc-negative
mutant CTN1 in iron-limited medium were 3 and 0.5 mM,
respectively. The MICs of potassium tellurite determined for
strains KC and CTN1 were 0.1 and 0.075 mM, respectively.

Interactions of pdtc with selenite and tellurite. Upon pdtc
mixture with aqueous selenite solution, a white-yellowish pre-
cipitate formed, which subsequently changed to an orange-red
color, indicating formation of amorphous elemental selenium.
Similarly, when pdtc was mixed with a tellurite solution, an
orange precipitate formed which gradually changed to black,
the color of elemental tellurium. Both initially formed precip-
itates were soluble in DMF; therefore, the DMF solution was
used for ESI-MS/MS analyses. Tellurium-containing com-
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pounds were identified as a series of peaks in ESI-MS spectra
with a pattern of m/z and intensity corresponding to the char-
acteristic isotope distribution of tellurium (Table 1). Several
types of differently charged pyridine-2,6-bis(thiocarboxyl)
tellurides were identified: [pdtcTe] ™, [(pdtc),Te] *, [(pdtc),
Te] 2, [(pdtc);Te] ™, and [(pdtc);Te] 2 Tellurides containing
two or three pdtc and pctc (the pdtc hydrolysis product, pyri-
dine-2-carboxylic-6-thiocarboxylic acid) molecules were ob-
served (Table 1). The presence of Te-containing compounds
with different pdtc-to-Te ratios depended on the molar ratios
of pdtc to tellurite used for the reactions. When equimolar
concentrations were used, (pdtc)Te was detected mainly with
some (pdtc),Te. When a twofold-higher pdtc concentration
was used for the reaction, (pdtc),Te was predominant, with
some (pdtc);Te detectable. In addition, peaks corresponding
to the polymerized pdtc and pctc molecules were detected:
[(pdtc),] ™, m/z 394.9; [(pdtc);] 2, m/z 295.4; [(pdtc)(pete)] Y,
m/z 378.9; and [(pdtc)(pctc),] 2, m/z 279.4. In most samples,
peaks corresponding to the pdtc hydrolysis products dipicolinic
acid [pyridine-2,6-bis(carboxylic acid)] (dpa) ([dpa] ", m/z 166.1)
and pyridine-2-thiocarboxylic acid (ptc) ([ptc] ™, m/z 138.0) were
found (spectra not shown). Structures of the pdtc tellurides were
proposed based on the fragmentation patterns of the parent mol-
ecules seen during ESI-MS/MS daughter analysis (Fig. 1). The
reaction mixture of pdtc with selenite was also analyzed. The pdtc
selenides were not detectable by ESI-MS. However, the initial
color change indicated the formation of pdtc selenide compounds
analogous to that identified for tellurium. Only polymerized pdtc
and pctc molecule peaks were detected in pdtc-treated selenite
solutions.

The concentration of selenite remaining after reaction with
chemically synthesized pdtc at pH 7.8 was also determined
(Table 2). The complete removal of selenite was observed
when a 4:1 pdtc/selenite molar ratio was present in solution.
The decrease in selenite concentration was accompanied by a
change in precipitate color to orange-red. A synergistic effect
was observed when chemically pure proferrioxamine B was
present together with pdtc where selenite was completely re-
moved in the presence of a 2:1 molar ratio of both sid-
erophores compared to selenite. In the reaction where pFO B
alone was present, a maximum of ca. 40% of the selenite was
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FIG. 1. ESI-MS/MS spectrum showing fragmentation of pdtc telluride [(pdtc)'*°Te]™! (m/z 327). The structures of daughter fragments are

shown next to the fragment anion peaks.
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TABLE 2. The percentage of selenite remaining after incubation
with chemically synthesized siderophores of P. stutzeri
KC, pdtc, and pFO B

% SeO3>~ remaining

Siderophore

conen (mM) pdtc pFO B pdtc + pFO B
0.5 88.1(0.7) 96.6 (0.7) 57.7(0.3)
1.0 56.9 (9.2) 67.5 (0.6) 0.2 (0.3)
1.5 16.2 (4.4) 60.0 (0.9) ND
2.0 0.4 (0.03) 63.4 (0.04) ND

“The selenite remaining of 0.5 mM added was measured using HPIC and
values are the means of triplicate measurements, with standard deviations given
in parentheses. ND, not detected.
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removed, and no orange color indicative of elemental selenium
appeared.

The appearance and composition of precipitates formed abi-
otically upon mixing pdtc solution with selenite and tellurite
were examined by using SEM-EDS (Fig. 2B and F and 3B). As
observed by SEM, the selenium particles were spherical, rang-
ing from 300 to 1,000 nm in diameter, whereas the tellurium
precipitate appeared mostly amorphous, with some structured
particles of <10 nm in diameter. In both cases, selenium or
tellurium was detected and accompanied by sulfur. On aver-
age, the selenium precipitate contained sulfur in a ratio of
1:2.09 (Se:S), whereas the tellurium precipitate was composed
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WO = 13 mm__ Sgnel A=SE2
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FIG. 2. SEM images of selenium precipitates formed: in P. stutzeri KC culture filtrate containing nearly 0.1 mM pdtc produced by bacteria (A),
abiotically by chemically synthesized pdtc (B), in P. stutzeri KC culture (C), and in bacterial cultures of P. stutzeri CTN1 (D). (E and F) EDS line
scans of selenium spheres formed in P. stutzeri KC culture filtrate (E) and abiotically by chemically synthesized pdtc (F). Accelerating voltage, 15.0

kV.
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FIG. 3. (A) SEM image and EDS line scan across tellurium pre-
cipitate formed in P. stutzeri KC culture filtrate; (B) EDS spectrum of
tellurium precipitate formed by pdtc.

of Te and S in a ratio of 1:4.05, calculated from the atom
percentage present. When the precipitates were subjected to
extensive washing, the content of sulfur decreased by about
10-fold to, for example, an Se/S ratio of 1:0.2 (Fig. 2F).

We also observed that pdtc reacted in a similar manner with
Te(VI) (tellurate) but at a much lower rate, on the order of
days instead of minutes compared to Te(IV). Although the
reactions proceeded more slowly, the same reaction products
were observed (data not shown).

Removal of selenite by bacterial cultures. Bacterial cultures
of strain KC and CTN1 and spent culture filtrates were exam-
ined for their abilities to reduce selenite. The remaining per-
centage of selenite was calculated as a mean of triplicate deter-
minations and relative to the selenite concentration in
uninoculated culture media. Cultures of both strains were effec-
tive in the complete removal of 0.1 mM selenite added at 24 h of
growth; no remaining selenite was detected by using HPIC. The
culture filtrate (48 h) of strain KC contained 92 uM pdtc and
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reduced 69.3% of the selenite added. The culture filtrate of strain
CTN1 was able to reduce 43.5% of the selenite despite the lack of
pdtc. However, the red precipitate of Se® appeared only in the
strain KC culture filtrate.

Selenium and tellurium precipitates formed in bacterial
cultures. The precipitates formed in bacterial cultures of strain
KC and CTN1 and culture filtrates of strain KC after the
addition of selenite and tellurite were examined by using SEM-
EDS (Fig. 2A and C to E and 3A). The EDS spectra showed
characteristic selenium emission lines at 1.37 keV (SeLw),
11.22 keV (SeKa), and 12.49 keV (SeKp); tellurium gave the
expected emission lines at 3.77, 4.03, 4.3, and 4.57 keV, corre-
sponding to the TeLa,, TeLB,, TeLB,, and TeLry, transitions,
respectively. Only the cell-free culture filtrate of strain KC
containing about 95 uM pdtc was active in selenite and tellu-
rite reduction and element precipitation. Precipitates were
identified as containing elemental Se and Te based on SEM-
EDS analysis and characteristic physical properties of Se and
Te in amorphous elemental form. Particles of selenium were
spherical and contained Se and S in a ratio ranging from 1:0.13
to 1:1.16 (Se:S) depending on the extent of the precipitate
washings applied (Fig. 2A and E). The tellurium precipitate
was composed of very fine particles that were not resolved
using SEM. EDS line scans across Te particle aggregates
showed that these particles are a few nanometers in size (Fig.
3A). EDS point analysis revealed that sulfur distribution within
the Te precipitate was uneven, ranging from 1:0.12 to 1:3
(Te:S) (data not shown). In precipitates formed in bacterial
cultures, selenium and tellurium were detected, together with
several other elements that are components of culture media
and cell debris. In strain KC, selenium was accompanied by
sulfur in a ratio of 1:1.49. The ratio was only 1:0.34 for strain
CTN1. The selenium particles formed by strain KC were
spherical and averaged 100 to 700 nm in diameter (Fig. 2C).
The selenium precipitate formed by strain CTNI1 was often
associated with cell debris and contained particles ranging in
size from several nm to 650 nm in diameter (Fig. 2D). It was
not possible to disperse the tellurium precipitate formed in
bacterial cultures into individual particles where the precipi-
tate was observed as aggregates of one to several micrometers
in size. The tellurium precipitate was associated with strain
CTNI1 cellular debris in particular. The sulfur content was
higher in the precipitate formed in strain KC cultures (1:3.4
[Te:S]) than in CTNI1 cultures (1:0.2 [Te:S]), where the EDS
sulfur signal was similar to the background S signal (images
and EDS spectra not shown).

Location of selenium and tellurium precipitates in bacterial
cultures. To identify whether selenium and tellurium precipi-
tates formed outside the bacterial cells, the cells of strains KC
and CTNI1 from the cultures that reduced the metalloid were
harvested, gently washed, and fixed to allow for examination by
using SEM-EDS. It was observed that in strain KC, large
amounts of selenium precipitate were visible as spherical ag-
gregates outside the bacterial cells (Fig. 4A). Identification of
the selenium within the precipitate was confirmed by EDS
analysis. In strain CTNI, very few extracellular selenium par-
ticles were present (Fig. 4B), and EDS elemental maps showed
a selenium signal in association with the cells (data not shown).
The tellurium precipitate and EDS tellurium signal in whole-
cell mounts of both strains was associated with cell mass, and
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FIG. 4. Scanning electron micrographs of whole mounts of cells of P. stutzeri KC (A) and CTN1 (B). Both strains were grown in iron-limited
medium supplemented with 0.5 mM sodium selenite. Selenium granules are visible as extracellular deposits indicated by an arrow.

no distinguishable extracellular particles were observed (data
not shown). To examine the intracellular localization of the
precipitates, bacterial cells were prepared for TEM observa-
tions. TEM images of cross-sections of the bacteria that re-
duced selenium revealed high-electron-density spherical sele-
nium particles inside the cells (Fig. SA and B). Particle
elemental composition was confirmed by EDS analysis, and
only selenium lines were detected and were not accompanied
by sulfur (Fig. S5E). KC cells had fewer selenium particles
inside than CTNI1 cells, but the intracellular selenium content
was not quantified. TEM images of bacteria grown in the
presence of tellurite also revealed the presence of elemental
tellurium deposits inside the cells (Fig. 5C1 and C2 and D1 and
D2). Te® deposits were clearly associated with cell membranes.
Strain CTN1 cells appeared to have slightly more tellurium
deposited inside the cells than strain KC cells tested under
similar conditions. Similarly to what we observed with sele-
nium intracellular deposits, EDS spectra showed that tellurium
was not accompanied by sulfur deposition (Fig. 5F).

DISCUSSION

pdtc was found to form poorly soluble precipitates when
mixed with selenite or tellurite, and these precipitates were
subsequently converted to elemental selenium and tellurium.
To our knowledge, this is the first observation of a sid-
erophore-type molecule being involved in reduction and pre-
cipitation of metalloid oxyanions. Our observations also add a
novel function (metalloid detoxification) to the various previ-
ously described pdtc activities (8, 21, 25, 37, 39). Based on our
analyses, we propose a mechanism for pdtc chemical interac-
tions with tellurium (Fig. 6). Initially, pdtc hydrolysis and oxi-
dation leads to Te(IV) reduction, and the remaining pdtc and
pdtc hydrolysis products form orange-colored pdtc tellurides.
The hydrolysis of pdtc also leads to the release of H,S (8, 26),
and Te(IV) is abiotically reduced by H,S via a mechanism
similar to that described for SRB (16). pdtc then binds Te
through its carbonyl sulfide moieties, forming intramolecular
tellurotrisulfide or intermolecular tellurotrisulfides analogous
to selenodiglutathione (18). The pdtc tellurides bear no charge
and therefore are poorly soluble in water. Finally, hydrolysis of

pdtc tellurides leads to the formation of black elemental tel-
lurium accompanied by coprecipitation of sulfur that origi-
nates from pdtc’s carbonyl sulfide groups. The color of the
initial precipitate formed differs from that of elemental tellu-
rium. Thus, observations of physical appearance and the con-
firmed presence of pdtc tellurides support our proposed mech-
anism of interaction of pdtc with telluride. The same or a
similar mechanism is possible for selenium interactions with
pdtc. However, we were unable to identify pdtc selenides by
using ESI-MS, probably due to their lower solubility, lower
ionization efficiency, or instability in the ESI-MS source com-
pared to pdtc tellurides. The initial whitish color of the sele-
nite-derived precipitate, which again is different from the or-
ange-red color of elemental Se, and the presence of oxidized
pdtc polymers in the reaction mixture detected by ESI-MS
suggest a similar type of interaction. One can also expect se-
lenium to have chemistry similar to that of tellurium since both
elements belong to group 16 of the periodic table. Pdtc-medi-
ated reactions would be analogous to selenium interactions
with GSH in the Painter reaction (32). GSH reacts with sele-
nite to form selenodiglutathione (GS-Se-SG), which is a sub-
strate for glutathione reductase. Selenodiglutathione reduction
results in formation of unstable glutathione selenopersulfide
(GS-Se™) that dismutates into elemental selenium and re-
duced GS™ (13). Since tellurite is also thiol reactive, it is also
expected to follow a Painter-type reaction (43, 45).

The nature of the compounds pdtc forms with the metalloids
tellurium and selenium must be different from the complexes
the siderophore forms with metals. pdtc forms coordination
compounds (complexes) with many metals, but Se and Te
behave essentially as nonmetals, with increasing metallic char-
acter from Se to Te. Also, Se and Te are more electronegative
than metals, with electronegativities similar to sulfur; there-
fore, the character of the bonds they can form with sulfur is
more covalent than ionic (22). Consequently in the compounds
that pdtc can form with Se and Te, the sulfur atoms of pdtc are
expected to covalently bind the metalloids, thus forming pdtc
selenides and tellurides. The structure of pdtc tellurides was
elucidated by using ESI-MS/MS only when they were solubi-
lized in DMF (Fig. 1). Presumably, the solubility of investi-
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FIG. 5. TEM images of bacteria grown in the presence of selenite and tellurite. (A) P. stutzeri KC at 0.5 mM selenite; (B) P. stutzeri CTNI1 at
0.5 mM selenite; (C1 and C2) P. stutzeri KC at 0.05 mM tellurite; (D1 and D2) P. stutzeri CTN1 at 0.05 mM tellurite. Arrows indicate Se” and Te”
deposits localized in the electron-dense particles inside the cells. The compositions of the deposits were confirmed by EDS analysis. (E) Spectrum
of intracellular Se° deposit; (F) spectrum of intracellular Te” deposit. The Ni signal is due to the grid used for microscopy.

gated compounds in water was too low for MS detection. The
fragmentation of the [(pdtc)Te] ! molecular ion also indicated
a strong interaction between pdtc’s pyridine nitrogen and tel-
lurium atoms that led to the pyridine-Te fragment ion ob-
served (Fig. 1).

The appearance and composition of the metalloid precipi-
tates formed abiotically by chemically synthesized pdtc were
compared to those of the precipitates formed by bacterial
cultures of P. stutzeri KC and CTN1 and by culture filtrates of
strain KC (Fig. 2 and 3). Only in the cell-free spent culture
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FIG. 6. Proposed interactions of pdtc with tellurium. Tellurite and tellurate are reduced by pdtc or its hydrolysis product H,S and subsequently
bound by pdtc and pdtc hydrolysis products, including pctc and dpa. Initially formed zero-valent tellurides release elemental Te and Se. The
reaction pathways are shown qualitatively, not stoichiometrically. Using ESI-MS, all products were detected as charged molecules, and their
structures were deduced from ESI-MS/MS daughter analysis (see Table 1 and Fig. 1).

filtrate of P. stutzeri KC containing pdtc did the addition of
selenite result in a red precipitate. When tellurite was added to
the cell-free spent culture filtrate of P. stutzeri KC, the filtrate
changed color to dark brown, suggesting pdtc as a reducing
agent. The appearance and elemental makeup of these precip-
itates were more similar to those of precipitates formed in an
abiotic reaction with pdtc than in the bacterial cultures of
strain CTN1. In the precipitates formed in strain KC cell-free
culture filtrates and cultures containing bacteria, the presence
of elevated amounts of sulfur was similar to that seen in the
precipitates formed by chemically synthesized pdtc. These ob-
servations suggest that pdtc is mainly responsible for extracel-
lular reduction and precipitation of these metalloids. The
lower content of sulfur in biologically formed precipitates of
strain KC than in those formed during pure pdtc-mediated
reactions can be explained by the fact that the precipitate
purified from the bacterial cultures contained both extracellu-
lar particles formed by pdtc and intracellular deposits that did
not contain sulfur (Fig. SE and F). pdtc reactivity toward sel-
enite results in a precipitate with properties similar to those of
extracellular selenium precipitated by SRB (16). The SRB-
produced precipitate contained both elemental selenium and
sulfur in a ratio of 1:1.5 as opposed to 1:2 predicted by the
reaction equation SeO5*~ + 2HS™ + 4H* — Se° + 28° +
3H,0. The presence of sulfur in selenium and tellurium pre-

cipitates formed by pdtc is indicative of pdtc thiol group in-
volvement in metalloid oxyanion reduction, and elemental se-
lenium and tellurium precipitation was a result of pdtc and
pdtc selenide and telluride hydrolysis. The reduction of
SeO;*~ to Se' requires four electrons and six protons; there-
fore, 2 moles of pdtc (four thiol equivalents) would be required
to reduce 1 mol of selenite (or tellurite). Our results showed,
however, that only a fourfold-higher molar concentration of
pdtc completely removed selenite (a twofold excess over the-
oretical) and only a twofold higher concentration in the pres-
ence of pFO B (Table 2). We speculate that pFO B catalyti-
cally assisted with electron transfer in the reduction reaction
when complexed with traces of transition metals. Similarly, the
disappearance of ~40% of the selenite from CTNI culture
filtrates may be attributed to unidentified interactions of sele-
nite with proferrioxamines produced by this strain (data not
shown), which is similar to what was found for chemically pure
pFO B (Table 2), where no elemental selenium formation was
observed. The higher sulfur content of the tellurium precipi-
tate formed by pdtc (1:4 ratio of Te to S) may indicate that the
precipitate contains some pdtc molecules as pdtc tellurides
(Table 1) or polymerized pdtc. The abundance of tellurides
with different pdtc/Te ratios depended on the initial molar
ratio of pdtc to tellurite used in the reactions and was consis-
tent with the known dependence of such reaction products on



VoL. 72, 2006

the ratios of the reactants in the transformation of selenite by
GSH (18). In contrast, EDS analysis of intracellular selenium
and tellurium precipitate did not show the presence of signif-
icant amounts of sulfur (Fig. SE and F). Similarly, both washed
selenium and tellurium precipitates formed by strain CTN1
had low or no sulfur content. This indicates that the mecha-
nisms involved in intracellular Se and Te deposit formation are
different from those occurring extracellularly.

Based on the elemental composition and spherical shape of
selenium particles compared to the amorphous character of
tellurium precipitates formed by pdtc, it appears that the par-
ticle relates directly to the properties of the elements involved.
Elemental selenium is known to have six allotropic forms; the
red nonmetallic forms have three types of eight-member rings
(Seg) packed differently in the crystals and one amorphous
form containing polymeric Se chains (23). Oremland et al. (31)
proposed that selenium nanospheres produced by Se-respiring
bacteria are composed of interconnected three-dimensional
nets of selenium where both ring (Seg) and chain structures
exist and should result in a spherical shape. Se spheres formed
by reaction with pdtc may have a similar structure where sulfur,
which can also form polymeric ring structures, seems to be
intercalated in the Se matrix. This suggestion follows from the
observation that the sulfur content in Se particles formed by
pdtc was variable and depended on the conditions during
which the particles formed. Also, extensive washing of sele-
nium precipitates resulted in a lower S content as observed in
our SEM-EDS studies. On the other hand, tellurium has only
one crystalline form that is similar to gray Se and contains
infinite spiral chains of Te atoms with metallic interactions
stronger than in Se (23), a characteristic that may explain the
unstructured character of Te precipitates formed by pdtc.

Electron microscopy and EDS analyses also allowed for lo-
calizing the sites of elemental selenium and tellurium deposi-
tion in bacterial cultures. SEM images of strain KC cultures
clearly showed the abundance of extracellular spherical depos-
its of selenium (Fig. 4A) similar to those found in SRB biofilms
(16). SEM images of strain CTN1 whole-cell mounts revealed
little extracellular selenium precipitate (Fig. 4B). It is possible
that sample preparation for SEM removed part of the extra-
cellular precipitates, but since the treatment was the same for
samples of both strains, we conclude that any losses were
proportional to the original abundance. Therefore, we can still
compare the quantities of extracellular precipitates found in
strain KC and CTNI1 cultures. TEM analysis showed the pres-
ence of spherical electron-dense selenium particles present
inside the cells of both strains KC and CTNI1 (Fig. 5A and B);
however, intracellular selenium deposits were observed to be
more abundant in strain CTN1. Clearly, pdtc was able to re-
duce and precipitate large amounts of selenium outside strain
KC cells but, in the culture conditions used here, did not
completely prevent the entrance of selenite into the cells. We
do believe that extracellular precipitation plays a significant
role in preventing selenite toxicity, as was shown by our exam-
inations of MICs for selenite in stationary cultures of strain
KC. Tellurium precipitates were more difficult to observe via
SEM, and no clearly visible precipitates were located extracel-
lularly. SEM-EDS analysis indicated the presence of tellurium
in association either with cells or extracellular matter, but no
distinctive particles were seen in whole-cell mounts, possibly
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due to their fine particulate structure (images not shown).
TEM images revealed the presence of intracellular Te® depos-
its associated with cell membranes of both strains (Fig. 5C and
D). Although strain KC cells had less tellurium deposited in-
tracellularly, pdtc production did not prevent the entrance of
tellurite into cells under our experimental conditions. In addi-
tion, the tellurite MIC for strain KC was not considerably
higher, as was the case for selenite, demonstrating a higher
toxic effect of tellurite and less effective pdtc-mediated detox-
ification. In addition, tellurite was shown to be ~1,000-fold
more toxic to Escherichia coli than selenite (43); however, pdtc
was previously shown to protect four other bacterial strains
that do not produce pdtc from Te toxicity (8). This suggests a
decreased bioavailability of tellurium caused by pdtc.

In other studies, selenium and tellurium precipitates were
found in different cellular locations or extracellularly depend-
ing on the mechanism of their formation, and detoxification
mechanisms were suggested to be different between selenite
and tellurite (16, 19, 20, 28, 31, 42). To refine the findings of
tellurium precipitate localization, the biofilms of strain KC and
CTN1 were grown in the presence of tellurite and analyzed by
SEM-EDS after only gentle washing (data not shown). No
pronounced differences were found, and we concluded that the
extremely fine size of the tellurium precipitate did not allow for
its visualization in extracellular locations by using SEM.

pdtc-mediated selenium and tellurium precipitation is not
the only defense mechanism against metalloid toxicity that P.
stutzeri KC possess. In strain CTN1, a pdtc-negative mutant of
strain KC, the mechanism of Se and Te reduction has to be
associated exclusively with intracellular mechanisms since no
selenium or tellurium precipitation occurred in the cell-free
spent culture filtrate of CTN1, but cell-containing cultures
were active in metalloid reduction. We can view those intra-
cellular mechanisms as a second line of defense in strain KC.
Selenite and tellurite that circumvent the initial line of P.
stutzeri KC protection (extracellular pool of pdtc) can enter
cells through sulfate (selenite) and phosphate (tellurite) up-
take systems (41). Once in the periplasmic space or cytoplas-
mic membrane vicinity, selenite and tellurite can be acted on
by the terminal oxidases of the respiratory chain (42) or nitrate
reductases, as shown for other denitrifying bacteria (1, 35).
Since in our experiments bacteria were grown aerobically, the
latter mechanism is unlikely, although Sullivan et al. (40) re-
ported the presence of constitutively expressed nitrate reduc-
tase in another strain, P. stutzeri ATCC 14405, and such an
enzyme might be expressed by KC as well. Finally, selenite and
tellurite can enter the cytoplasm, where they can be reduced by
glutathione and/or other reductants (18, 43, 45). The location
of intracellular metalloid deposits in P. stutzeri KC and CTN1
indicates the involvement of a membrane-associated mecha-
nism in the case of tellurite reduction and a cytoplasm-located
selenite reduction system. This observation is in line with the
recent findings of Lohmeier-Vogel et al. (28), who suggested
different routes for selenite and tellurite reduction within E.
coli cells.

We can conclude that in addition to all other previously
known pdtc functions, pdtc production and excretion serves as
an extracellular metalloid reduction and thus an environmental
detoxification mechanism for P. stutzeri KC. The conclusion
that pdtc mediates toxic selenite reduction and Se° precipita-
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tion was confirmed by selenite removal in abiotic reactions
(Table 1), as well as by spent culture filtrate of the pdtc-
producing strain KC. The compositions and appearances of
selenium and tellurium precipitates formed in P. stutzeri KC
cultures and in abiotic reaction of pure pdtc were similar,
indicating a common route for their formation. pdtc can be
considered a preventive measure against selenite and tel-
lurite toxicity before these metalloid oxyanions enter bacterial
cells. Thiol-containing molecules such as pdtc once excreted to
the environment can perform functions analogous to intracel-
lular thiols. Unlike many other reductive detoxification mech-
anisms, pdtc-mediated selenite and tellurite reduction can take
place in aerobic conditions. The great versatility of pdtc inter-
actions with environmental contaminants, including metal-
loids, metals, and chlorinated solvents such as carbon tetra-
chloride, make P. stutzeri KC an excellent candidate for use in
bioremediation (8, 11). Microbially mediated or biomimetic
processes are gaining more interest for remediation technology
since they often present solutions that are more cost-effective
and of lower environmental impact. Microbial metabolism can
substantially influence metal speciation and thus metal mobil-
ity and toxicity. Therefore, microbially driven redox reactions
and metal solubilization and precipitation processes such as
those involving pdtc need to be investigated in efforts to de-
velop new bioremediation technologies (7, 10, 12, 27, 29, 33,
46). Finally, the physical properties of pdtc-precipitated ele-
mental selenium nanoparticles merit further investigation.
They may potentially possess unique properties that could find
practical application in the field of nanotechnology (31).
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