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The genetic identity and cofactor composition of the bacterial tellurate reductase are currently unknown. In this study, we exam-
ined the requirement of molybdopterin biosynthesis and molybdate transporter genes for tellurate reduction in Escherichia coli
K-12. The results show that mutants deleted of the moaA, moaB, moaE, or mog gene in the molybdopterin biosynthesis pathway
lost the ability to reduce tellurate. Deletion of the modB or modC gene in the molybdate transport pathway also resulted in com-
plete loss of tellurate reduction activity. Genetic complementation by the wild-type sequences restored tellurate reduction activ-
ity in the mutant strains. These findings provide genetic evidence that tellurate reduction in E. coli involves a molybdoenzyme.

Tellurium (Te) is a metalloid element used for a variety of in-
dustrial applications, including metallurgy, chemical manu-

facturing, electronics, and nanotechnology (1– 4). The disposal of
mine tailings and tellurium-containing waste has led to an in-
crease in environmental contamination (5). When released into
the environment, tellurium undergoes redox transformations and
can be mobilized as the dissolved Te oxyanions tellurate [Te(VI);
TeO4

2�] and tellurite [Te(IV); TeO3
2�]. These oxyanions are

highly toxic to microbiota (6) and cause inhibitory effects to most
microorganisms at concentrations as low as 1 �g/ml (1, 4). While
naturally occurring Te-resistant bacteria have been isolated that
are able to grow in the presence of elevated Te concentrations (7,
8) and several genetic elements have been linked to Te resistance
(9), the molecular mechanisms of bacterium-tellurium interac-
tions remain poorly understood.

Microorganisms are known to catalyze the reduction of toxic
tellurite into sparingly soluble and less toxic elemental tellurium
[Te(0)] (10–15). In comparison, little is known about the micro-
bial reduction of tellurate, even though Te(VI) is the dominant
form of Te in the hydrosphere (16, 17). Recently, Shewanella spe-
cies isolated from deep-ocean hydrothermal vent worms were dis-
covered to respire Te(VI) as a terminal electron acceptor (18), and
the anaerobic bacteria Sulfurospirillum barnesii and Bacillus sel-
enitireducens were found to generate energy for growth on lactate
by the reduction of Te(VI) to Te(0) (7). A Gram-positive bacte-
rium, Bacillus beveridgei, was recently isolated that can also grow
by reducing Te(VI) to Te(0) (8). The genetic identity and cofactor
composition of enzymes that catalyze tellurate reduction in these
bacteria, as well as other Te(VI) reducers, are currently unknown.

The molybdenum cofactor forms the active site of several im-
portant bacterial redox proteins, including the enzymes that cat-
alyze the reduction of selenium and arsenic (15, 19–23), two met-
alloid elements that share similar chemical characteristics with
tellurium. In selenate [Se(VI)]- and arsenate [As(V)]-reducing
bacteria, the assembly of the molybdoenzymes is dependent on
molybdenum import into the cell and biosynthesis of the molyb-
dopterin cofactor. Previous studies have demonstrated that mo-
lybdate uptake in Escherichia coli is facilitated by an ABC-type
transporter, and the molybdopterin cofactor is constructed via
a biosynthetic pathway encoded by the moa-mog gene system
(24, 25). To date, the roles of molybdate transporter and
molybdopterin biosynthesis genes in tellurate reduction have
not been studied.

In this study, experiments were carried out to investigate the

reduction of Te(VI) to Te(0) by E. coli K-12. E. coli mutants car-
rying single mutations in the molybdopterin biosynthesis (moa-
mog) and molybdate transporter (modABC) gene systems were
tested for tellurate and tellurite reduction activity. Genetic com-
plementation by the wild-type sequences was also performed to
restore activity in the mutant strains that lost the ability to reduce
Te(VI). The results provide genetic evidence that the tellurate re-
ductase in E. coli is a molybdopterin-containing enzyme.

MATERIALS AND METHODS
Tellurate reduction experiments. All strains were grown aerobically and
maintained on LB agar (Difco) (see Table S1 in the supplemental mate-
rial). Tellurate reductase activity for wild-type E. coli strain K-12 was
determined by first growing cells in LB broth overnight at 37°C, reaching
an optical density at 600 nm (OD600) of 1.6 � 0.2. Cultures were centri-
fuged, and a condensed culture was dispensed into flasks of LB containing
50 �M Na2TeO4. Samples were taken at periodic intervals, and the black
Te(0) precipitate and cells were removed by filtration (0.45-�m pore
size). The total dissolved tellurium remaining in the media was analyzed
using inductively coupled plasma optical emission spectrometry (Varian
Inc., Palo Alto, CA) at a wavelength of 214.282 nm. Te standards for the
calibration curve were prepared with the same LB broth as that used in the
experiments. Control experiments were conducted with cells that were
heat killed in a water bath at 80°C for 30 min. All experiments were carried
out with triplicate cultures.

Tellurate reduction activity was determined for the following E. coli
mutant strains: �moaA (EcoGene accession number EG11595), �moaB
(EG11596), �moaC (EG11666), �moaD (EG11597), �moaE (EG11598),
�mog (EG11511), �modA (EG12427), �modB (EG10002), �modC
(EG10152), �fnr (EG10325), �menA (EG11880), �menC (EG11532),
�menD (EG10579), �menE (EG12437), �tatB (EG14322), and �tatC
(EG11479) (see Table S1 in the supplemental material) (26). Tellurate
reduction activity was also determined for moaA, modB, and mog mutants
carrying plasmids described in Table S1. Tellurate reductase activity in the
mutant strains was determined by growing strains in LB broth overnight
at 37°C, reaching an OD600 of 0.85 � 0.05 before spiking with 50 �M
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tellurate, and taking a sample after 24 h. Te(0) precipitates were removed
by filtration (0.45 �m), and the loss of dissolved tellurium from the media
was quantified using the inductively coupled plasma optical emission
spectrometry method described above. The mutant strains were also
screened for their ability to reduce tellurite and selenate. To test for tellu-
rite reduction activity, overnight LB cultures were spiked with 50 �M
Na2TeO3 and visually examined for the formation of black Te(0) after 1
day. To test for selenate reduction activity, the mutant strains were grown
in LB broth amended with 1 mM sodium selenate and visually examined
for the formation of red elemental selenium [Se(0)].

Tellurate reduction activity was also examined in E. coli mutant strains
carrying single mutations of the following genes encoding molybdenum-
containing oxidoreductases: dmsA, ynfE, ynfF, bisC, torA, torZ, fdhF, fdoG,
fdnG, napA, narG, narZ, ydeP, and yfgD (26). Tellurate reduction in these
mutants was determined in overnight LB cultures spiked with 50 �M
tellurate and visually examined for the formation of black Te(0) after
1 day.

Genetic complementation. In order to establish the role of the modA,
moaA, and mog genes in tellurate reduction activity, genetic complemen-
tations were performed with the E. coli mutants. To clone the moaABCDE
operon for complementation of the moaA mutant, a primer set was con-
structed that consisted of forward primer moa-F1 (5=-GCGAAATAGCA
CGATCATGACGC-3=), positioned 218 bp upstream of the start codon
for the moaA gene, and reverse primer moa-R1 (5=-GCGTAAACGTATG
TACTGAGCGG-3=), positioned 44 bp downstream of the stop codon for
the moaE gene. The Phusion High-Fidelity PCR kit was used by following
the protocol described by the manufacturer (New England BioLabs Inc.,
Ipswich, MA). The 2,991-bp amplified product was purified using an
UltraClean 15 DNA purification kit (Mo Bio, Carlsbad, CA), and then A
tails were added to the blunt-ended proofreading enzyme DNA fragments
through a second PCR cycle of 72°C for 20 min. The refined product was
cloned into the pCR2.1-TOPO vector using the One Shot TOP10 protocol
as described by the manufacturer (Life Technologies, Grand Island, NY).
The clone was designated pECA27. To clone the modABC operon for
complementation of the modB mutant, a primer set was constructed that
consisted of forward primer mod-F1 (5=-CAACTTCCTGCTTTTCCTGC
CG-3=), positioned 127 bp upstream of the start codon for the moaA gene,
and reverse primer mod-R1 (5=-GCCCAGTTCATTTATAGCCACC-3=),
positioned 8 bp downstream of the stop codon for the modC gene. The
2,682-bp amplified product was cloned into the pCR2.1-TOPO vector,
resulting in pECD25. Finally, to clone the mog mutant, a primer set was
constructed that consisted of forward primer mog-F1 (5=-GGTCACGCT
ACCTCTTCTGAAGC-3=), positioned 89 bp upstream of the start codon
for the mog gene, and reverse primer mog-R1 (5=-TTATTCGCTAACGT
CGCGTCTTGC-3=), consisting of the last 24 bp of the mog sequence. The
677-bp amplified product was cloned into pCR2.1-TOPO vector, result-
ing in pECG07. The purified plasmids pECA27, pECD25, and pECG07
were subsequently transformed into JW0764-2, JW0747-1, and
JW0008-5, forming ECMOAC, ECMODC, and ECMOGC (see Table S1
in the supplemental material), respectively, by following established pro-
cedures (Invitrogen by Life Technologies, Grand Island, NY).

RESULTS

E. coli K-12 cells incubated with Te(VI) removed more than 70%
of the dissolved Te from the culture medium within 48 h (Fig. 1).
The loss of Te(VI) was concurrent with the formation of black
Te(0) precipitates, which was visible after 3 h of incubation. No
loss of dissolved Te(VI) was observed in control experiments con-
ducted with heat-killed cells.

To determine if molybdopterin biosynthesis genes were re-
quired for tellurate reduction, Te(VI) reduction experiments were
conducted using E. coli K-12 mutant strains containing single-
gene mutations in the moaABCDE operon or the mog gene. Dele-
tion of the moaA gene resulted in the complete loss of tellurate

reduction activity (Fig. 2). Tellurate-containing media inoculated
with the �moaA mutant strain showed no tellurate loss and did
not form black Te(0) precipitates. E. coli mutants deleted of either
the moaB or moaE gene also were unable to reduce Te(VI) (Fig. 2).
Transformation of pECA27 into the mutant strain JW0747-1,
with the moaA deletion, restored the mutant’s ability to reduce
Te(VI), although the rates of tellurate reduction were slightly
lower. The mutant strain JW0008-5, deleted of the mog gene, was
also defective in Te(VI) reduction activity (Fig. 2). Complemen-
tation of the E. coli mog mutant with pECG07 fully restored the
abolished phenotype.

To determine if molybdate transporter genes were required for
tellurate reduction, experiments were conducted using E. coli mu-
tant strains containing single gene mutations in the modABC
operon. Deletion of either the modB or modC gene resulted in the
complete loss of tellurate reduction activity (Fig. 3). Complemen-
tation of the E. coli modB mutant with pECD25 fully restored the
tellurate reduction activity.

Mutation of molybdopterin biosynthesis genes (moaABCD
and mog) and molybdate transporter genes (modABC) had no
effect on tellurite reduction activity (Table 1). All mutant strains
tested in this study were able to reduce Te(IV) to Te(0), indicating
that tellurite reduction is catalyzed by a mechanism that is differ-
ent from that of the tellurate reduction protein. In contrast, mu-
tation of molybdate uptake and molybdopterin biosynthesis genes
abolished Se(VI) reduction activity in E. coli (Table 1). The muta-
tion of the fumarate nitrate reduction regulator gene (fnr) and
genes in the twin arginine translocation pathway (tatBC) also re-
sulted in the complete loss of Se(VI) reduction activity but had no
effect on the reduction of tellurate or the reduction of tellurite to
elemental tellurium (Table 1).

Finally, the tellurate reduction activity of E. coli mutants car-
rying single mutations of genes encoding molybdenum-contain-
ing oxidoreductases were tested. Table 2 shows the activity of E.
coli mutants with single mutations of the genes dmsA, ynfE, ynfF,
bisC, torA, torZ, fdhF, fdoG, fdnG, napA, narG, narZ, ydeP, yheS,
and yfgD. All of these mutant strains tested positive for tellurate
reduction.

FIG 1 Tellurate reduction by wild-type Escherichia coli K-12. �, live cells; �,
heat-killed cells. Symbols and error bars represent the averages and standard
deviations from triplicate experiments.
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DISCUSSION

Mutants carrying deletions in the molybdopterin biosynthesis
pathway lost the ability to reduce tellurate, and complementation
by the wild-type sequence restored tellurate reduction activity in
the �moaA and �mog mutant strains (Fig. 2). In E. coli, the protein
product of moaA is responsible for converting GTP to cyclic
pyranopterin monophosphate (cPMP) (25). Because cPMP is a
critical intermediate in the biosynthesis of molybdopterin, muta-
tion of the moaA gene prohibits the formation of the molybdenum
cofactor. Similarly, the product of moaE is an essential component
of the MPT synthase protein that inserts two sulfur atoms into

cPMP. Mutation of the moaE gene prevents insertion of the
dithiolene functional groups, which are required for Mo ligation
by cPMP. In the final step of molybdenum cofactor synthesis,
molybdenum is chelated and incorporated into molybdopterin by
the action of the mog protein. Deletion of the mog gene precludes
the incorporation of molybdenum into molybdopterin; thus, it
inhibits the formation of an active tellurate reductase.

Mutants carrying deletions of modB and modC, genes that are
required for molybdate transport, also lost the ability to reduce
tellurate (Fig. 3). The protein product of modB provides the trans-
membrane channel necessary to transfer molybdate across the cy-
toplasmic membrane (24). Mutants carrying modB gene deletions
thus are unable to transport molybdate ions from the periplasm
into the cell. ModC is the ATPase subunit that serves as an ener-
gizing protein of the molybdate transport system. Mutation of the
modC gene hampers ATP binding and energization of molybdate
transporter. The loss of the molybdate transporter system into the
cell impedes the delivery of molybdenum to molybdopterin,

FIG 2 Tellurate reduction in E. coli mutants carrying deletions of molybdopterin biosynthesis genes. The symbol � represents the deletion of a gene, and ::
represents the genetic complementation of a gene by insertion of a plasmid. Rates of Te reduction by wild-type and mutant strains are shown, and error bars
represent standard deviations for parallel triplicate experiments. Shown are values for the E. coli K-12 wild type (K-12 Wild) and mutants JW0764-2 (�moaA),
JW0765-1 (�moaB), JW0768-1 (�moaE), and JW0764-2 complemented with pECA27 (�moaA::moaABCDE), mutant JW0008-5 (�mog), and JW0008-5
complemented with pECG07 (�mog::mog).

FIG 3 Tellurate reduction in E. coli mutants carrying deletions of molybdate
transporter genes. The symbol � represents the deletion of a gene, and :: rep-
resents the genetic complementation of a gene by insertion of a plasmid. Rates
of Te reduction by wild-type and mutant strains are shown, and error bars
represent standard deviations for parallel triplicate experiments. Shown are
values for the E. coli K-12 wild type (K-12 Wild) and mutants JW0747-1
(�modB), JW0748-2 (�modC), and JW0747-1 complemented with pECD25
(�modA::modABC).

TABLE 1 Te and Se reduction activity in E. coli mutants

Strain Te(VI) Te(IV) Se(IV)

Wild type � � �
�fnr � � �
�moaA � � �
�moaB � � �
�moaC � � �
�moaD � � �
�moaE � � �
�tatB � � �
�tatC � � �
�modA � � �
�modB � � �
�modC � � �
�mog � � �
�ubiH � � �
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which further supports the hypothesis that the active site of the
tellurate reductase contains the molybdenum cofactor.

In addition to the loss of Te(VI) reduction activity, mutation of
the molybdate uptake and molybdopterin biosynthesis genes in E.
coli also eliminated the ability to reduce Se(VI) (Table 1). Selenate
reduction in E. coli is mediated by the molybdopterin-containing
nitrate reductase, as well as the protein products of the genes ynfE
and ynfF (15, 27). The ynfE and ynfF proteins are also predicted to
bind a molybdopterin cofactor; thus, they require molybdenum
for their catalytic activity. The molybdopterin-containing selenate
reductases in E. coli exhibit functions similar to those of the mem-
brane-bound respiratory dimethylsulfoxide (DMSO) reductase.
First, the selenate reductase carries an N-terminal twin-arginine
translocation (TAT) signal sequence. The experimental data indi-
cate that mutation of the genes tatB and tatC in E. coli, which
obstructs protein export via the TAT system, causes complete loss
of Se(VI) reduction activity (Table 1). This is similar to the TAT-
dependent selenate reductase in Enterobacter cloacae SLD1a-1
(28). Second, the E. coli selenate reductase is connected to the
electron transport chain using electrons supplied by menaquinol
to reduce selenate to selenite. Previously, we demonstrated that E.
coli mutants carrying a deletion of either the menD, menC, or
menE gene in the menaquinone biosynthesis pathway was unable
to reduce selenate (29). Finally, upstream of the ynfE gene is a
conserved sequence for the FNR (fumarate nitrate reduction reg-
ulator) protein binding site, and deletion of the fnr gene from E.
coli abolishes selenate reduction activity (Table 1). The expression
of the ynfE and ynfF genes are similar to that of the selenate reduc-
tase gene in E. cloacae SLD1a-1, which is regulated by the global
anaerobic regulator FNR (30).

A suite of E. coli mutants were examined for Te(VI) and Te(IV)
reductase activity, and comparison to selenate reduction provides
insights into the characteristics of the tellurate reductase. The de-
letion of the tat genes does not eliminate tellurate reductase activ-
ity (Table 1), suggesting that E. coli harbors a tat-independent
tellurate reductase. One possibility is that the tellurate reductase is
similar to the tat-independent nitrate reductase (narG), which is a
molybdopterin-containing enzyme that catalyzes oxyanion re-
duction inside the cytoplasm. Furthermore, deletion of the fnr
gene does not inhibit tellurate reduction (Table 1), indicating that
unlike the selenate reductase, E. coli does not regulate the expres-

sion of the tellurate reductase under anaerobic conditions. We
were unable to grow E. coli using tellurate as the sole terminal
electron acceptor (data not shown), and it does not appear that
tellurate reduction is an anaerobic respiratory process. Therefore,
it is doubtful that the tellurate reductase in E. coli is associated with
the electron transport chain.

Analysis of the E. coli genome indicates that there are 15 genes
that encode putative molybdoenzymes (Table 2). In an attempt to
identify the tellurate reductase, we tested if single deletions of
these molybdoenzyme genes resulted in loss of Te reduction ac-
tivity. None of the mutants that were examined lost the ability to
reduce tellurate. This suggests that multiple different molybdoen-
zymes are able to catalyze tellurate reduction; therefore, deletion
of a single molybdoenzyme gene does not abolish Te(VI)-reduc-
ing activity. If this is the case, then tellurate reduction might be a
secondary activity of a molybdoenzyme for which the primary
function is the reduction of another substrate.

An interesting question is whether or not other tellurate-re-
ducing bacteria, including Te(VI)-respiring microorganisms, also
employ a molybdopterin-containing enzyme for tellurate reduc-
tion. Intriguingly, genome sequences for Te(VI)-respiring bacte-
ria Bacillus selenitireducens and Sulfurospirillum barnesii contain
the modABC transporter genes for molybdate uptake and the
moaE gene for molybdopterin biosynthesis. Pending the establish-
ment of genetic systems in these microorganisms, our results sug-
gest that mutation of molybdate transporter and molybdopterin
biosynthesis genes is an effective method for determining if the
respiratory tellurate reductase is a molybdopterin-containing en-
zyme.
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