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CEA/Cadarache, DSV, DEVM, Laboratoire de Bioénergétique Cellulaire, 13108 St. Paul lez Durance Cedex,1 and
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Selenium is part of the amino acid selenocysteine present in
numerous enzymes and is essential to all living cells (42).
Furthermore, selenium can help prevent cancer and other diseases (11). However, at high concentrations this compound,
predominantly in the form of selenate and selenite oxyanions,
is toxic and can cause some environmental problems; for example, in the San Joaquin Valley in central California, bird
malformations due to selenium have been reported (28). Tellurium is not an essential element and is relatively rare in the
environment, but it can be found at high concentrations near
waste discharge sites. It is also extremely toxic, and the MIC
for Escherichia coli is approximately 2 g of potassium tellurite
per ml (3). Nevertheless, some gram-negative organisms are
resistant to potassium tellurite (24). Different explanations for
resistance have been proposed; these include exclusion, increased efflux, and reduction to the less toxic metallic form.
Several genetic determinants have been shown to confer tellurite resistance (15, 27, 44, 45, 48, 50). Although physiological
functions can be attributed to some of these determinants (for
example, tpm and tehB, which exhibit homology with methyl
transferases [1, 8, 19] and arsRDABC, which encodes an oxyanion efflux transporter [45]), most of them exhibit no similarity
to each other or to the locus encoding any enzyme whose
function is known. Therefore, the mechanisms which allow
these loci to confer resistance remain largely unknown (46).
When reduction occurs, intracellular deposition of tellurium
can be observed, and bacteria form black colonies (20, 24).
Resistance to selenium oxides is also partially attributed to
reduction and accumulation of the red amorphous Se0 form in
the cell (12, 14; M. Bébien, J.-P. Chauvin, J.-M. Adriano, S.

Grosse, and A. Verméglio, submitted for publication). For
instance, the photosynthetic bacterium Rhodobacter sphaeroides accumulates tellurium and selenium after reduction of
tellurite and selenite salts (25; Bébien et al., submitted). It is,
however, unable to significantly reduce selenate to the metallic
form (47; Bébien et al., submitted). For some species, like
Thauera selenatis, Sulfurospirillum barnesii, Bacillus selenitireducens, or Bacillus arsenicoselenatis (21, 30, 43), the reduction
of selenate involves a respiratory pathway, generating a proton
motive force. In T. selenatis, a specific selenate reductase (37)
has been purified. This enzyme does not reduce nitrate, nitrite,
chlorate, or sulfate.
Reduction of selenium and tellurium oxides has often been
associated with denitrification. The association of denitrification enzymes with reduction of selenate is based on the observation that nitrate reduction and selenate reduction in situ
have similar profiles as a function of the depth of the sediment
(29). Moreover, in T. selenatis, selenite reduction is due to the
nitrite reductase (11), and in E. coli, mutants with mutations
that affect nitrate reductase synthesis show a marked hypersensitivity to tellurite (3). Two classes of respiratory nitrate
reductases have been identified: membrane-bound enzymes
and periplasmic enzymes (6). The occurrence of a membranebound nitrate reductase has been shown and studied in detail
in a large number of denitrifiers (51). This enzyme, which is
synthesized under anaerobic conditions, is composed of three
subunits: a 112- to 140-kDa catalytic ␣ subunit (NarG) with a
molybdopterin cofactor, a soluble 52- to 64-kDa ␤ subunit
(NarH) with one [3Fe-4S] and three [4Fe-4S] centers, and a
19- to 25-kDa membrane diheme b quinol-oxidizing ␥ subunit
(NarI). A periplasmic nitrate reductase was isolated and first
described in photosynthetic bacteria (36). This enzyme has also
been found in many denitrifiers (5, 39, 40). In R. sphaeroides f.
sp. denitrificans, the periplasmic nitrate reductase consists of a
91-kDa molybdenum-containing catalytic subunit (NapA) and
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Preliminary studies showed that the periplasmic nitrate reductase (Nap) of Rhodobacter sphaeroides and the
membrane-bound nitrate reductases of Escherichia coli are able to reduce selenate and tellurite in vitro with
benzyl viologen as an electron donor. In the present study, we found that this is a general feature of denitrifiers.
Both the periplasmic and membrane-bound nitrate reductases of Ralstonia eutropha, Paracoccus denitrificans,
and Paracoccus pantotrophus can utilize potassium selenate and potassium tellurite as electron acceptors. In
order to characterize these reactions, the periplasmic nitrate reductase of R. sphaeroides f. sp. denitrificans
IL106 was histidine tagged and purified. The Vmax and Km were determined for nitrate, tellurite, and selenate.
For nitrate, values of 39 mol 䡠 minⴚ1 䡠 mgⴚ1 and 0.12 mM were obtained for Vmax and Km, respectively,
whereas the Vmax values for tellurite and selenate were 40- and 140-fold lower, respectively. These low activities
can explain the observation that depletion of the nitrate reductase in R. sphaeroides does not modify the MIC
of tellurite for this organism.
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a 17-kDa diheme cytochrome c (NapB). This enzyme, which so
far has been only partially purified (35), is responsible for the
first reduction step during the denitrification process (18, 34).
Previous studies have shown that this enzyme and the membrane-bound E. coli nitrate reductases are able to reduce tellurite and selenate in vitro (3, 33).
In the present study, we found that this is a general feature
and that nitrate reductases of other denitrifiers are also able to
reduce selenate and tellurite. In addition, purification of the
periplasmic nitrate reductase of R. sphaeroides f. sp. denitrificans IL106 after histidine tagging allowed us to characterize
this activity and to determine the Vmax and Km for each substrate.
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MATERIALS AND METHODS
Bacterial strains, plasmids, and growth conditions. R. sphaeroides f. sp. denitrificans IL106, Paracoccus denitrificans DSM 65, Paracoccus pantotrophus DSM
2944, and Ralstonia eutropha DSM 428 were grown at 30°C in Sistrom minimal
medium supplemented with succinate as the carbon source (7) under anaerobic
or aerobic conditions (100 ml of culture in 250-ml Erlenmeyer flask, 275 rpm).
When necessary, the medium was supplemented with 40 mM KNO3. E. coli
strains were grown at 37°C in Luria-Bertani medium. When appropriate, tetracycline, spectinomycin, and streptomycin were added at concentrations of 1, 50,
and 50 g 䡠 ml⫺1, respectively, for R. sphaeroides and at concentrations of 20, 50,
and 50 g 䡠 ml⫺1 for E. coli.
MIC. The MIC was defined as the lowest concentration of inhibitor that
prevented growth of R. sphaeroides at 30°C on agar plates. Once autoclaved,
Sistrom agar was cooled to 50°C, and K2TeO3 or Na2SeO4 was added to each
flask from a stock solution. The plates were incubated under dark aerobic
conditions or under phototrophic conditions (75 mol of photons 䡠 m⫺2 䡠 s⫺1) in
anaerobic jars (GENanaer; BioMérieux).
Preparation of cell extracts and electrophoresis. Cells were resuspended in 50
mM Tris-HCl (pH 8) and disrupted with a French press at 7 MPa. The crude
extract was centrifuged at 10,000 ⫻ g for 10 min at 4°C to remove unbroken cells,
and then the supernatant was centrifuged at 200,000 ⫻ g for 1.5 h at 4°C. The
supernatant (soluble fraction) was removed, and the pellet (membrane fraction)
was resuspended in the same buffer. Triton X-100 (0.1%) was added to the
samples, and proteins were separated on nondenaturing polyacrylamide gels
(7.5% acrylamide, 0.1% Triton X-100). The running buffer contained 25 mM
Tris-HCl, 192 mM glycine, and 0.02% Triton X-100 (pH 8.3).
Activity staining was done in 50 mM Tris-HCl (pH 8) containing 2 mM methyl
viologen for nitrate reductase activity and in 50 mM Tris-HCl (pH 9.1) containing 2 mM benzyl viologen for tellurite and selenate reduction. The viologen dyes
were reduced with sodium dithionite before 40 mM KNO3, K2TeO3, or Na2SeO4
was added.
Addition of a histidine tag to Nap. A six-histidine tag sequence was introduced
at the C terminus of NapB. To do this, we amplified a 3.2-kb fragment with
primers M13rev (⫺48) (Stratagene) and NB6H (5⬘AAGGTACCTCAGTGAT
GGTGATGGTGGTGTTCCGCCTCGTTGCTGGCCGG3⬘) by using pMS538,
a pRK415 derivative containing napABC (34), as the template. The PCR product
was cloned into pGEMT Easy (Promega). The resulting plasmid was then digested with EcoRI to obtain a 1.3-kb fragment (containing the terminal 796 bp
of napA and napB modified). This fragment was used to replace the 2.8-kb EcoRI
fragment of pMS538. The resulting plasmid, pMS611, contained napAB genes
carrying a His tag sequence fused to the end of the napB coding frame. These
genes are under the control of lac and tet promoters of pRK415 (34). To increase
the levels of transcription of these genes in R. sphaeroides, we introduced the
stronger promoter of the R. sphaeroides puc operon upstream of napA. To do
this, the 0.7-kb PstI-XbaI fragment of pPS400 (32), containing the puc promoter,
was cloned into pMS611 digested with PstI and XbaI. The resulting plasmid
(pMS617) was moved from E. coli to R. sphaeroides nap mutant MS523 (34) by
standard procedures (9).
Purification of the His-tagged periplasmic nitrate reductase. Five 1-liter cultures of nap mutant MS523 containing pMS617 in trans were grown semiaerobically (1-liter culture in a 2-liter Erlenmeyer flask, 150 rpm) until the end of the
exponential phase. A periplasmic extract was prepared as previously described
(31), concentrated, and diluted several times with 20 mM phosphate buffer (pH
8)–250 mM NaCl in order to change the final buffer. The resulting extract was
loaded on a column containing 2 ml of Ni-NTA agarose resin (Qiagen). The

RESULTS AND DISCUSSION
Reduction of tellurite and selenate by periplasmic and membrane-bound nitrate reductases of several species. Despite the
increased number of studies on the resistance of microorganisms to selenium and tellurium oxides, the precise mechanisms
of resistance and reduction remain elusive. We tried to find
specific reductases for these compounds in R. sphaeroides. Tellurite reduction, selenite reduction, and selenate reduction
with methyl viologen as the electron donor were assayed on
nondenaturing gels. For tellurite reduction and selenate reduction, only one band of activity was detected; this band had an
Rf identical to that of the periplasmic nitrate reductase (2). In
E. coli, it has been shown that the membrane-bound nitrate
reductases NR A and NR Z are also able to reduce these
oxyanions (2, 3). In order to determine if this is a general
feature, we tested the capacities of nitrate reductases from
several denitrifiers to reduce tellurite and selenate. Soluble
and membrane extracts were loaded on nondenaturing electrophoresis gels. For soluble extracts, cells were grown under
aerobic conditions. Under these conditions, R. sphaeroides
IL106, P. denitrificans, and P. pantotrophus express a periplasmic nitrate reductase (Nap) (4, 31, 38, 49). As shown in Fig. 1
(lanes A), these enzymes did not migrate with the same Rf
under nondenaturing conditions. The main difference was observed with R. eutropha Nap, which remained in the stacking
gel under our electrophoresis conditions (data not shown). For
each species, the enzyme responsible for tellurite reduction
(lanes B) and selenate reduction (lanes C) migrated with the
same Rf as Nap. In mutant MS523 of R. sphaeroides, which
does not synthesize Nap, neither tellurite nor selenate reductase activity was observed.
The capacities of membrane-bound nitrate reductases (Nar)
to reduce tellurite and selenate were also tested. To do this,
cells were grown under anaerobic conditions in the presence of
nitrate. As observed previously for E. coli (3), the enzyme
responsible for reduction of tellurite (lanes B) and selenate
(lanes C) had the same Rf as the nitrate reductase activity
(lanes A) in P. denitrificans, P. pantotrophus, and R. eutropha.
This shows that the ability of the periplasmic and membranebound nitrate reductases to reduce tellurite and selenate is a
general feature of different denitrifying species. The capacity
of membrane-bound nitrate reductases to reduce various substrates, such as bromate and chlorate, is a well-known phenomenon (13, 26). However, periplasmic nitrate reductases are not
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column was washed (0.5 ml/min) with the same buffer and then with 20 mM
phosphate buffer (pH 8)–250 mM NaCl–15 mM imidazole to remove nonspecifically bound contaminants. The nitrate reductase was finally eluted with 20
mM phosphate buffer (pH 8)–250 mM NaCl–100 mM imidazole.
Enzyme assay. Nitrate, tellurite, and selenate reductase activities were spectrophotometrically assayed at 600 nm and 30°C by using reduced benzyl viologen
as the electron donor (ε600nm ⫽ 14.8 M⫺1 䡠 cm⫺1). Each reaction mixture (4 ml)
contained 50 mM Tris-HCl (pH 7) and 0.5 mM benzyl viologen. The anaerobic
cuvette was degassed and sparged with argon prior to addition of 10 l of freshly
prepared 60 mM Na2S2O4 to reduce the benzyl viologen. Even under these
conditions trace oxygen contamination caused slow oxidation of the viologen dye.
To eliminate participation of oxygen, at the beginning of each assay a volume of
buffer was injected into the cuvette and the initial rate of oxidation was measured. The value obtained was subtracted from the value obtained after injection
of the enzyme in the presence of the substrate. For each assay, 2.3, 70, and 120
g of purified enzyme were used to measure nitrate, tellurite, and selenate
reduction activities, respectively.
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FIG. 1. Nondenaturing electrophoresis of soluble extracts and
membranes of R. sphaeroides f. sp. denitrificans wild type and nap
mutant MS523, P. denitrificans, P. pantotrophus, and R. eutropha. Gels
were stained for nitrate reductase (lanes A), tellurite reductase (lanes
B), or selenate reductase (lanes C) activity with dithionite-reduced
methyl viologen or benzyl viologen.

able to reduce these two compounds and until now seemed to
be specific for nitrate (5, 22). The capacity of nitrate reductases
to reduce such different substrates is quite surprising since the
substrates have different conformations; nitrate is planar, while
chlorate and selenate are tetrahedral and tellurite is trigonal.
We recently obtained NapAB crystals from R. sphaeroides.
Cocrystallization of the enzyme with the different substrates is
also in progress. The resulting crystallographic structures
should provide a precise image of the binding of the different
substrates at the active site.
Purification of the His-tagged nitrate reductase. The capacity of nitrate reductase to reduce selenate and tellurite has
been observed previously only with cell extracts. Thus, it was
interesting to test this property with a purified enzyme.
Periplasmic nitrate reductases of several species have been
purified previously (5, 22, 40). However, the purification procedure required three or four different chromatrographic
steps, and there was loss of activity at each step. In R. sphaeroides IL106, Nap has a high specific activity, but a small
amount is synthesized (31). We therefore decided to add a
six-histidine tag to the cytochrome subunit NapB to facilitate
purification of the enzyme by immobilized-metal affinity chromatography. Plasmid pMS538 containing napABC (34) was
modified by adding six codons for histidine to the 3⬘ end of
napB (see Materials and Methods), resulting in plasmid
pMS611. This plasmid was introduced into nap mutant MS523
so that only the tagged enzyme (NapAB-6His) would be synthesized. To increase the level of synthesis, we cloned the puc
promotor upstream of napA in pMS611 (the puc operon encodes the LHIII light harvesting proteins). With the resulting
plasmid (pMS617), the level of expression of NapAB-6His was

10-fold higher than the level of expression with pMS611. Different growth conditions were tested to obtain the largest
amount of synthesized Nap. A better yield was obtained under
dark semiaerobic conditions than under phototrophic conditions. This is quite surprising since puc operon expression is
greater under phototrophic conditions (17). Expression of the
enzyme was maximal at the end of the exponential phase. A
periplasmic extract was prepared and loaded onto an Ni-NTA
agarose column (see Materials and Methods). From 5 liters of
culture, around 5 mg of purified protein with a specific activity
of 30 mol of nitrate reduced 䡠 min⫺1 䡠 mg⫺1 was obtained.
The purity of the enzyme was tested by gel electrophoresis
(Fig. 2). Analysis of the purified enzyme preparation by using
a sodium dodecyl sulfate-polyacrylamide gel electrophoresis
gel stained with silver (Fig. 2A) revealed only two bands; these
bands had apparent molecular weights of 91,000 and 17,000,
which corresponded to the molecular weights of the NapA and
NapB subunits, respectively. As observed previously for nitrate
reductases from other species (5), NapB does not stain with
Coomassie blue and stains very weakly with silver. Nondenaturing gels loaded with purified enzyme were stained for tellurite and selenate reductase activity (Fig. 2B). The results
obtained with the soluble cell extract were confirmed with the
purified enzyme. This implies that Nap does not require the
presence of a possible product present in the cell extract that
could comigrate on a nondenaturing gel. However, the amount
of enzyme necessary to see significant tellurite or selenate
reductase activity on the gel was greater than the amount
necessary for nitrate. This suggests that the affinity for the
substrate and/or the rate of reduction of the enzyme was higher
for nitrate than for tellurite or selenate. We therefore determined the Vmax and Km values of Nap for each substrate.
Determination of Km and Vmax values for reduction of tellurite and selenate by Nap. The reduction activities were measured spectrophotometrically in an anaerobic cuvette by measuring the oxidation of benzyl viologen. In order to obtain
significant activities, 2, 70, and 120 g of purified enzyme (4.7
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FIG. 2. (A) Silver-stained sodium dodecyl sulfate-polyacrylamide
gel. Lane 1, periplasmic extract of R. sphaeroides (8 g of protein); lane
2, His-tagged purified Nap (0.5 g of protein). MW, molecular weight.
(B) Nondenaturing electrophoresis of His-tagged purified Nap. Gels
were stained for reductase activity with dithionite-reduced methyl viologen. Lane 1, nitrate reductase activity (1 g of protein); lane 2,
tellurite reductase activity (25 g of protein); lane 3, selenate reductase activity (25 g of protein); lane 4, gel stained with Coomassie
brillant blue (5 g of protein).
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mg 䡠 ml⫺1) were used for nitrate reduction, tellurite reduction,
and selenate reduction, respectively. From Lineweaver-Burk
plots (Fig. 3) the Vmax and Km values were calculated for each
substrate. The Km for nitrate was 0.12 mM, and the Vmax was
39 mol 䡠 min⫺1 䡠 mg of protein⫺1. These values are very
similar to the values obtained for P. pantatrophus or R. eutropha (5, 40), which is consistent with the high level of sequence
homology between the Nap enzymes. For selenate reduction,
the Km and Vmax values were 0.27 mM and 0.27 mol 䡠 min⫺1 䡠
mg⫺1, respectively. These values can be compared only to the
values obtained for the only selenate reductase purified so far,
the selenate reductase of T. selenatis, which has Km and Vmax
values of 0.016 mM and 40 mol 䡠 min⫺1 䡠 mg⫺1, respectively
(37). The large difference between the selenate reductase and
Nap specific activities shows that Nap is not an efficient
selenate reductase; both the affinity of the enzyme for the
substrate and the substrate turnover rate are extremely low
compared to those of the T. selenatis enzyme. The Nap affinity
for tellurite is also very low, with a Km value of 0.6 mM. The
catalytic efficiency (Vmax/Km) of Nap, which takes into account
the affinity and the turnover rate of the enzyme, is 200 times
lower for tellurite and 300 times lower for selenate than for
nitrate.
The very low selenate reductase activity of Nap in vitro could
explain the finding that in R. sphaeroides, even when a significant amount of Nap is synthesized, the selenate is not reduced
to elemental selenium, while selenite is reduced (47; Bébien et
al., submitted). Also, the reduction of tellurite by the bacterium is not due to the Nap reductase alone since an R. sphaeroides nap mutant (MS523) is still able to reduce tellurite
(data not shown). To determine the possible role of Nap in the
resistance of the bacteria to tellurite, we determined the MICs
for the wild type and the nap mutant.
MICs. The MICs of tellurite for the wild type and nap
mutant MS523 were determined on plates. The plates were
incubated at 30°C under dark aerobic conditions or phototrophic conditions. As observed previously for several species of
photosynthetic bacteria (24), the MIC depends on the growth

conditions; the MICs were 100 and 280 ppm for aerobic and
phototrophic conditions, respectively. However, under both
types of conditions, the MICs of tellurite were identical for the
wild type and the nap mutant. Deletion of the gene encoding
the periplasmic nitrate reductase in R. sphaeroides IL106 did
not, therefore, modify its resistance to tellurite. However, this
situation is different from that encountered in E. coli, in which
mutants depleted in the two membrane-bound nitrate reductases are hypersensitive to tellurite; the MIC is 0.03 g 䡠 ml⫺1,
compared to 2 g 䡠 ml⫺1 for the wild type (3). However, even
for the wild type, these values are quite low compared to the
value for R. sphaeroides (100 g 䡠 ml⫺1 under aerobic conditions). This means that even if in R. sphaeroides the nitrate
reductase contributes to the same extent as the nitrate reductases of E. coli to resistance to tellurite, its participation is
masked by other reducing pathways and mechanisms which
must be present in vivo in R. sphaeroides but not in E. coli.
This study showed that despite the capacity of Nap to reduce
tellurite and selenate in vitro, the catalytic activity of the enzyme for these substrates is low and the resistance of R. sphaeroides to these substrates cannot be attributed to their reduction by Nap. Efforts to isolate specific selenate, selenite, or
tellurite reductases in this species by using biochemical approaches have been unsuccessful. A genetic study is now in
progress, and some mutants that are not able to reduce oxyanions have already been isolated (Bébien et al., submitted).
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