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Abstract—The salt-tolerant Rhodotorula glutinis yeast strain grew in medium containing nitrate, 1 mM tungsten, and trace
amounts of molybdenum (as impurities from the reagents used). Isolation of electrophoretically homogenous preparation of
nitrate reductase from the RA. glutinis cells grown under these growth conditions is described. The isolated nitrate reductase
is a molybdenum-containing homodimer with molecular mass of 130 kD, containing 0.177 mol of Mo per mol of the enzyme.
The activity of the enzyme is maximal at pH 7.0 and 35-45°C and is inhibited by low concentrations of azide and cyanide.

The enzyme is almost insensitive to 1 mM tungsten.

Key words: nitrate reductase, tungsten, molybdenum

Nitrate reductase, a key enzyme in nitrate assimila-
tion in eukaryotes [1] as well as in both nitrate assimila-
tion and dissimilation in prokaryotes [2], contains in the
active site molybdenum (Mo) as molybdenum cofactor
(Mo-co).

A large body of research on plants and microorgan-
isms has shown that tungsten (W) is an antagonist of
molybdenum (Mo), and the replacement of Mo in the
growth medium by W results in the synthesis of inactive
nitrate reductase and some other Mo-containing
enzymes [3-5]. Therefore, W, sharing physical and chem-
ical properties with Mo and replacing Mo in Mo-con-
taining enzymes to form catalytically inactive enzyme
analogs, is a useful tool in elucidating the properties and
functions of Mo in Mo-enzymes [6].

Recently, W-containing enzymes (formate dehydro-
genase, aldehyde:ferredoxin-oxidoreductase, formalde-
hyde:ferredoxin-oxidoreductase, etc.), in which W could
not be replaced by Mo, were described [7, 8]. Pterin-con-
taining W-cofactor, an analog of Mo-cofactor of Mo-
containing enzymes, was found as the active site of these
enzymes [7, 9, 10].

However, there are some enzymes that exhibit cat-
alytic activity with both Mo and W, albeit to a lesser
extent with W (formyl-methanofurane dehydrogenase,
trimethylamine-N-oxidoreductase, etc.) [11-13]. Mo-
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lybdopterin, coordinating (liganding) both Mo and W, is
the active site of these enzymes.

Finally, there is now ample evidence that W positive-
ly affects nitrate reductase activity. Low (1.36-5.44 nM)
W concentrations, being added to the soil, stimulated
nitrate reductase of plants [14]. The stimulatory effect of
W was postulated to be due to its stabilizing effect on the
nitrate reductase, thus preventing its inactivation and
allowing the replacement of W by trace amounts of ambi-
ent Mo with concomitant activation of the W-containing
analog of the enzyme. It is also conceivable that the
enhanced activity of the nitrate reductase in plants grown
in the presence of equimolar concentrations of Mo and W
relies on hypersynthesis (immunochemically detected) of
the nitrate reductase apoprotein [15].

Previously [16], we have shown that a salt-tolerant
Rhodotorula glutinis yeast strain, unlike many other
microorganisms, including the salt-sensitive RA. glutinis
strain, is able to grow in the presence of high (1 mM)
equimolar concentrations of W and Mo. Moreover, these
conditions promoted enhanced cell growth and elevated
nitrate reductase activity. This prompted us to examine
the effect of W in the absence of added Mo on cell
growth, activity, and intracellular distribution of nitrate
reductase(s), as well as to purify and characterize nitrate
reductase(s).

The nitrate reductase isolated from the salt-sensitive
Rh. glutinis strain belongs to the class of NAD(P)H:
nitrate-oxidoreductases [17].
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MATERIALS AND METHODS

Glycerol, calcium pantothenate, inositol, nicotinic
acid, p-aminobenzoic acid, riboflavin, thiamine
hydrochloride, biotin, folic acid, and EDTA were pur-
chased from Sigma (USA); methyl viologen, N-(1-naph-
thyl)ethylenediamine, and sodium dithionite from Serva
(Germany); Coomassie Brilliant Blue G-250 from Ferak
(Germany); Toyopearl HW-55F from Toyo Soda (Japan).
All other chemicals of analytical grade (of highest quality
available) were obtained from domestic suppliers.

Organism and growth conditions. The salt-tolerant
Rhodotorula glutinis yeast strain was obtained as a pure
isolate from leaf surfaces of salt-excreting Atriplex hal-
imus, a plant found in the Negev desert (Israel) growing
under high soil salinity and sharp daily fluctuating tem-
perature and humidity. The strain was purified using
selective media and identified as Rhodotorula glutinis
(Fresen) on the basis of its morphological, physiological,
biochemical, and chemotaxonomic properties. The valid-
ity of the identification was confirmed by the
International Mycological Institute (UK).

Cells were routinely grown at 28-30°C with orbital
agitation (220 rpm) in 750-ml flasks in 100-150 ml of lig-
uid modified Rider’s medium, pH 4.5-4.6, containing
(g/liter): MgSO,7H,0, 0.5; NaCl, 0.1; CaCl,2H,0,
0.05; KH,PO,, 8.6; KNO,, 0.3; glycerol, 7.5;
Na,WO0,-2H,0, 0.33, supplemented with microelements
and vitamins as described earlier [16]. In the control
experiments, Na,WO,2H,0 was omitted and the medi-
um contained only trace amounts of Mo as impurities
from the reagents used. Cell growth was monitored tur-
bidimetrically by measuring the absorbance at 540 nm
(ODsy). Cells were harvested during exponential growth
at specified time points corresponding to maximal nitrate
reductase activity.

Cell extract was obtained by cell disruption in a
French press at 100-150 atm as described previously [16].
The homogenate was centrifuged at 19,000g for 20 min at
4°C, and the supernatant (the cell-free extract) was used
for nitrate reductase purification.

Nitrate reductase purification. The enzyme was puri-
fied to homogeneity by a combination of several proce-
dures, including ammonium sulfate precipitation (0-
40%) and ion-exchange chromatography on a DEAE-
Toyopearl 650M (2.1 x 2.6 cm) column. The precipitated
material was desalted, resuspended in 10 mM sodium
phosphate buffer, pH 7.0, and loaded onto the column.
The column was washed with 40 mM sodium phosphate
buffer, and the nitrate reductase was eluted with a 40-
100 mM sodium phosphate gradient. The buffers were
supplemented with 10% glycerol as a stabilizer. The par-
tially purified nitrate reductase was further purified using
gel chromatography on a Sephacryl S-200 (2.5 x 93 cm)
column, which had been equilibrated with 50 mM sodi-
um phosphate buffer, pH 7.0, and then by ion-exchange
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chromatography on a DEAE-cellulose DE-52 (1.1 x
2.5 cm) column equilibrated with 20 mM sodium phos-
phate buffer, pH 7.0. The enzyme was eluted with a 0-
0.2 M KCl gradient. The buffers were supplemented with
10% glycerol and 2 mM 2-mercaptoethanol as stabilizers.

All purification steps were performed at 4°C. The
enzyme was purified 280- and 43-fold on protein and spe-
cific activity basis, respectively. The specific activity of the
purified enzyme was rather high (for eukaryotic nitrate
reductases), attaining 1.3 umol NO; formed for 1 min
per mg of protein.

Assay of nitrate reductase activity. Nitrate reductase
activity was assayed with dithionite-reduced methyl vio-
logen or bromophenol blue as electron donors. The incu-
bation medium contained 80 mM sodium phosphate
buffer, pH 7.0, 0.8 mM methyl viologen (or 0.5 mM bro-
mophenol blue), 20 mM KNO;, 2 mM sodium dithion-
ite, and 20-100-pl aliquots of enzyme preparations. The
reaction was initiated by the addition of dithionite and
terminated by the addition of a mixture containing 500 pl
of 0.6% sulfanilic acid in 20% HCI and 500 pl of 2 mM
N-(1-naphthyl)ethylenediamine. The absorbance at
548 nm was measured after 15 min required for color
development. One unit of enzyme activity was defined as
the amount of enzyme forming 1 nmol of NOj per min
at 40°C.

Protein was determined by the method of Bradford
[18] with bovine serum albumin as standard.

Gel chromatography for separation of nitrate reduc-
tase isoforms, determination of their molecular masses,
and molybdenum cofactor content and W distribution
was performed at 4°C using a Toyopearl HW-55 (fine)
(2.6 x 89 cm) column equilibrated with 50 mM sodium
phosphate buffer, pH 7.5, supplemented with 100 mM
KCl and 0.5 mM Na-EDTA.

Molybdenum cofactor was determined as described
earlier [19]. Aliquots of the homogenous nitrate reductase
were heated at 90°C for 90 sec to ensure molybdenum
cofactor dissociation. The reaction medium contained
2 mM reduced glutathione and 2 mM ascorbic acid to
protect the molybdenum cofactor. Then the treated
preparations were incubated at 5°C for 20 h in the pres-
ence of 2 mM sodium molybdate and 100 ul of the cell-
free extract from N. crassa nit-1 mutant bearing the
nitrate reductase with defective molybdenum cofactor.
After complementation, activity of the resulting nitrate
reductase was determined with NADPH as the electron
donor.

Non-denaturing polyacrylamide gel electrophoresis
(native PAGE) was carried out using a linear (5-15%) gel
gradient in the plate (11 x 11 cm, 1-mm thick) by the
method of Davis [20]. Tris-HCI, pH 8.8, was used as the
electrophoresis buffer. To determine the molecular mass
of the homogenous nitrate reductase we used the follow-
ing Electrophoresis HMW Calibration standards (with
their M,): thyroglobulin (669 kD), ferritin (440 kD),
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catalase (232 kD), lactate dehydrogenase (140 kD), and
bovine serum albumin (67 kD) (Pharmacia, Sweden).

SDS-PAGE with a 5-20% linear gel gradient was
performed according to the Laemmli method [21]. To
determine the molecular masses of the enzyme subunits
we used the following Electrophoresis HMW Calibration
standards (with their molecular masses): thyroglobulin
(330 kD), ferritin (220 kD), bovine serum albumin
(67 kD), catalase (60 kD), lactate dehydrogenase
(36 kD), and ferritin (18.5 kD) (Pharmacia).

Proteins resolved by SDS-PAGE were visualized
with silver by the method of Nesterenko [22].

Tungsten in the protein fractions was determined by
the kinetic method designed in our laboratory [23].

Metal determination. Metals in the homogenous
nitrate reductase were analyzed by flame atomic emission
spectrometry and flame mass-spectrometry with an
Optima 2000 DV and ELAN 9000 (Perkin Elmer, USA),
respectively.

RESULTS AND DISCUSSION

Previously we have shown [16] that | mM W, being
added to the medium containing nitrate and Mo,
enhanced growth of the salt-tolerant Rh. glutinis yeast
strain and stimulated its nitrate reductase activity. Figure
1 depicts that addition of 1 mM W to the medium, con-
taining nitrate and only trace amounts of Mo (as impuri-
ties from the reagents used), inhibited growth of the same
Rh. glutinis strain as compared to the control (Mo-con-
taining) medium and retarded the growth onset inducing
a 40-60-h lag-phase. Following optimization of growth
conditions of yeast cells, maximal nitrate reductase activ-
ity (13.9-15.4 nmol of NOj; formed for 1 min per mg of
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Fig. 1. Growth curves of RA. glutinis in the control medium (/)

and in the presence of 1 mM Na,WO, (2).
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Fig. 2. Gel chromatography of the RhA. glutinis cell-free extract on
the Toyopearl HW-55 (fine) column: 7) absorbance at 280 nm; 2)
activity of nitrate reductase, nmol of NO; formed for 1 min; 3)
activity of molybdenum cofactor, nmol of NO; formed for 1 min;
4) tungsten (W) content, ug/ml.

protein) was found in exponentially (100-110 h) growing
cells. Cells harvested at this growth phase were used for
obtaining the cell-free extract and then for isolation and
purification of nitrate reductase.

Based on gel-filtration chromatography on a
Toyopearl HW-55 (fine) column, the RA. glutinis cell-free
extract contained two peaks of nitrate reductase activity,
suggesting the existence of two enzyme isoforms with dif-
ferent molecular masses (Fig. 2).

The fractions pooled from the Toyopearl HW-55
(fine) column were examined for the presence of molyb-
denum cofactor. After complementation with the apo-
nitrate reductase of the Neurospora crassa nit-1 mutant,
the elution profile of nitrate reductase activities matched
that of molybdenum cofactor activities, suggesting the
presence of two nitrate reductase isoforms incorporating
molybdenum cofactor in their active sites. Tungsten was
found only in the higher molecular mass nitrate reductase
fraction. This means that the low molecular mass fraction
held only Mo, while the high molecular mass fraction
contained Mo and possibly W. As expected, in the control
experiments (not shown), when yeast cells were grown in
medium supplemented with 1 mM W and 5 mM ammo-
nium (as the sole source of nitrogen), the high molecular
mass fractions separated by gel chromatography did not
display nitrate reductase activity (ammonium is known to
repress synthesis of nitrate reductase). Nevertheless, they
contained W, probably in the form of the W-binding pro-
tein. Thus, the W-containing fraction revealed by gel
chromatography most probably was composed of the W-
binding protein and the high molecular mass isoform of
nitrate reductase containing Mo or both Mo and W.
Inasmuch as the latter lost most of its W during enzyme
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Fig. 3. Native (a) and denaturing SDS-PAGE (b) of the homog-
enous nitrate reductase (2). Lanes I: standard protein markers
(kD).

purification and because its contribution to the total cel-
lular nitrate reductase activity was insignificant (from
14.4 to 35.0% depending on the cell grinding method
used), we have focused our efforts on studying the low
molecular mass Mo-containing isoform of nitrate reduc-
tase.

Using a combination of ammonium sulfate (0-40%)
precipitation, ion-exchange chromatography on a
DEAE-Toyopearl 650M column, gel chromatography on
a Sephacryl S-200 column, and ion-exchange chro-
matography on a DEAE-cellulose DE-52 column (for
detail, see “Materials and Methods”), nitrate reductase
was purified to homogeneity (Fig. 3a).

Gel chromatography on the Toyopearl HW-55 (fine)
column showed an apparent molecular mass of the puri-
fied nitrate reductase of 127-143 kD. SDS-PAGE
revealed a single protein band with molecular mass of
65 kD (Fig. 3b), thus indicating that the enzyme is a
homodimer with molecular mass of 130 kD.

Tungsten is known to be a biological antagonist of
Mo, and addition of W to medium generally results in for-
mation of inactive analogs of Mo-containing enzymes.
The ability of the Rh. glutinis yeast to grow in Mo-deprived
W-containing medium suggests either synthesis of alter-
native enzymes or tolerance of the existing enzymes to W.
The detection of molybdenum cofactor in the active site of
the isolated nitrate reductase, and insensitivity of nitrate
reductase to usually inhibitory action of 1 mM W are argu-
ments in support of the second suggestion.
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The purified nitrate reductase was W-free and con-
tained 0.177 mol Mo per mol of the enzyme. The relative
low content of Mo in the enzyme may be due to a well-
known ability of W to induce overexpression of the struc-
tural gene of nitrate reductase in organisms grown in W-
containing medium, giving an increase in the level of
apo-nitrate reductase [15, 16].

The purified nitrate reductase from Rh. glutinis has
an elevated temperature optimum (35-45°C), which is
not typical for mesophilic organisms. Activity of the
nitrate reductase was the highest at pH 6.5-7.5 (maximal
at 7.0), which coincides with the pH optimum of most
intracellular enzymes.

Among the most important kinetic characteristics of
an enzyme is its affinity for the substrate. Dixon (a) and
Lineweaver—Burk (b) plots describing the rate of reaction
as a function of nitrate concentration (Fig. 4) indicated
rather low affinity of the RhA. glutinis nitrate reductase for
substrate (an apparent K, value for nitrate of 0.74 *
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Fig. 4. Dependence of activity of the homogenous nitrate reduc-
tase on nitrate concentration expressed as Dixon (a) and
Lineweaver—Burk (b) plots.
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Fig. 5. Effect of azide (/) and cyanide (2) on activity of nitrate
reductase.

0.08 mM) [24]. V,. attained 9.35 £ 0.31 nmol of NO;
formed per min.

Cyanide and azide inhibit enzyme activity, liganding
metals in the enzyme active site. Activity of the nitrate
reductase from Rh. glutinis was inhibited by low concen-
trations of cyanide (K; = 9.4 uM) and azide (K, =
44.0 uM) (Fig. 5), which is in a good accordance with the
data available for the nitrate reductase from the salt-sen-
sitive Rh. glutinis strain [17].

Thus, the used salt-tolerant RhA. glutinis strain, unlike
the salt-sensitive RA. glutinis strain, grew in medium con-
taining | mM W and synthesized nitrate reductase, differ-
ing from the salt-sensitive counterpart by an elevated
temperature optimum and surprisingly high tolerance to
W.

What are the reasons for the high tolerance of the
nitrate reductase to W? Previously it has been shown that
microorganisms [25] and higher plants [26] grown in the
presence of high concentrations of toxic metals can syn-
thesize metal-binding proteins and peptides. It is possible
that the yeasts used possess the same defense mecha-
nisms.

The high molecular mass fraction of the Rh. glutinis
nitrate reductase was found to contain W (see Fig. 2), its
maximal level attaining 0.8-1.7 pg/ml, thus giving good
indirect evidence for the potential biosynthesis of W-
binding protein(s). Biosynthesis of the W-binding protein
did not depend on the nitrogen source (it occurred in the
presence of ammonium, known to repress biosynthesis of
nitrate reductases), and was induced (promoted) by high
W concentrations in the medium. All our attempts to iso-
late the W-binding protein using routine approaches such
as applying detergents, e.g., Triton-X-100, Tween-80,
Tween-85, hexadecyltrimethyl ammonium bromide,
sodium cholate, and urea (up to 5 M), or purification by
ion-exchange and affinity gel chromatography have not
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been successful because of rapid loss of W. On exposure to
lipolytic enzymes, the W was released, and on exposure to
solvents (chloroform—isopropanol) the protein was found
in the chloroform fraction, suggesting a high level of
lipids in this protein.

We have found that the W-containing protein binds
both W and Mo, which may stem from similar physico-
chemical properties of these metals. Tungsten and Mo
have equal atomic (1.40 1&) and ionic (0.68 /o\) radii, sim-
ilar electronegativity (1.4 and 1.3 for W and Mo, respec-
tively), and some other coordination chemistry charac-
teristics are also very similar [27].

It is also conceivable that the observed resistance of
the isolated nitrate reductase to W may be a reflection of
general resistance of enzymes to various stress factors in
the salt-tolerant Rh. glutinis strain. Salt-tolerant yeasts are
known to possess an elevated level of Hsp26p and Hsp12p
(heat-shock proteins) and/or of a protein factor with
molecular mass of 140 kD fraction liganding the
CCCCT-element in the promoter region of genes encod-
ing different enzymes [28].

An insight into the mechanisms underlying adapta-
tion of living organisms to adverse environmental factors
(high concentrations of heavy metals) is of considerable
theoretical and applied interest. Further studies on the
rather unusual (nontrivial) resistance of the Rh. glutinis
yeast to 1 mM tungsten will make possible clearer under-
standing and explanation of this phenomenon.

This study was supported by the Russian Academy of
Sciences (grant on cellular and molecular biology).
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