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ABSTRACT: In the phototrophic non-sulfur bacteriuRhodobacter capsulatushe biosynthesis of the
conventional Mo-nitrogenase is strictly Mo-regulated. Significant amounts of both dinitrogenase and
dinitrogenase reductase were only formed when the growth medium was supplemented with molybdate
(1 #M). During cell growth under Mo-deficient conditions, tungstate, at high concentrations (1 mM), was
capable of partially£25%) substituting for molybdate in the induction of nitrogenase synthesis. On the
basis of such conditions, a tungsten-substituted nitrogenase was isolatel.foapsulatusvith the aid

of anfA(Fe-only nitrogenase defective) mutant cells and partially purified by Q-sepharose chromatography.
Metal analyses revealed the protein to contain an average of 1 W-, 16 Fe-, and less than 0.01 Mo atoms
per azf--tetramer. The tungsten-substituted (WFe) protein was inactive in reducimgndNmarginally

active in acetylene reduction, but it was found to show considerable activity with respect to the generation
of H, from protons. The EPR spectrum of the WFe protein, recorded at 4 K, exhibited three distinct
signals: (i) anS= 3/2 signal, which dominates the low-field region of the spectrgn¥ @.19, 3.93) and

is indicative of a tungsten-substituted cofactor (termed FeWco), (ii) a marginad/2 signal § = 4.29,

3.67) that can be attributed to residual amounts of FeMoco present in the protein, and (iii) &broad

1/2 signal § = 2.09, 1.95, 1.86) arising from at least two paramagnetic species. Redox titrational analysis
of the WFe protein revealed the midpoint potential of the FeWEp € —200 mV) to be shifted to
distinctly lower potentials as compared to that of the FeMdge ¢ —50 mV) present in the native
enzyme. The P clusters of both the WFe and the MoFe protein appear indistinguishable with respect to
their midpoint potentials. EPR spectra recorded with the WFe protein under turnover conditions exhibited
a 20% decrease in the intensity of the FeWco signal, indicating that the cofactor can be enzymatically
reduced only to a small extent. The data presented in the current study demonstrate the pivotal role of
molybdenum in optimal Mfixation and provides direct evidence that the inability of a tungsten-substituted
nitrogenase to reduce;Ns due to the difficulty to effectively reduce the FeW cofactor beyond its semi-
reduced state.

The biological fixation of molecular nitrogen gN-one ventional molybdenum-containing nitrogenas#é-6ystem),
of nature’s most fundamental processesmediated by the ~ which is the only system known to be present in af N
enzyme system nitrogenase, which is present in a smallfixing microorganisms. The two types of alternative (i.e.,
number of bacteria and archaea. Nitrogenase is composednolybdenum-independent) nitrogenase systems found in
of two oxygen-labile metalloproteins: dinitrogenase and diazotrophs are (i) the vanadium-dependent nitrogenask (
dinitrogenase reductase. Three genetically distinct but relatedand (ii) the iron-only nitrogenaseai(f), which lacks both
types of nitrogenase systemsif( vnf, andanf)* have been  molybdenum and vanadium. A third alternative, but com-
proven to occur in nature (for review, see réfand2). The pletelynif/vnf/antindependent nitrogenase system, has been
most common, and best characterized system, is the conrecently reported to occur fBtreptomyces thermoautotrophi-

T This work was supported by a Deutsche Forschungsgemeinschaft?(;'lrsl(\ls)'rzglljsczgﬁyfr::)emagﬁears t%denv.z t?e eIeCtrolnz rte qtl:lge d
(DFG) grant to AM. and K.S. Nz peroxide oxidation coupled to

* Corresponding author. Phonet- 49 (521) 106-6153. Fax: 49 oxidation.

(521) 106-6003. E-mail: a.mueller@uni-bielefeld.de. - .
£ This paper is dedicated to the late Dr. Werner Klipp. The dinitrogenase component (MoFe protein) of the

§ University of Waterloo. classical nitrogenase system is @gp, heterotetramerl\,
""Universita Bielefeld. ~240 kDa) and contains two sets of two unique mesailfur

1 Abbreviations: nif, nitrogen fixation;»nf, vanadium dependent . iR ;
nitrogen fixation; anf, alternative nitrogen fixation; EPR, electron clusters: the FeMoco, which is comprised of molybdenum/

paramagnetic resonance; FeMoco, ironolybdenum cofactor; FeWco,  iron/sulfur as well as homocitrate in a ratio of 1:7:9:1 and
iron—tungsten cofactor; ICPMS, inductively coupled plasma-mass an FS; cluster, termed P clusted<8). The FeMoco is
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The second protein component, dinitrogenase reductasdications. The standard growth medium consisted of
(Fe protein), which is present in alif, vnf, and anf KH,PQ, (final concn: 7.4 mM), MgS® (0.8 mM), NaCl
nitrogenases, is a homodimén(~64 kDa), containingtwo (1.7 mM), CaC} (0.35 mM), MnC} (18 uM), EDTA (60
nucleotide (MgATP or MgADP) binding sites, and one uM), ferric citrate (0.75 mM)-lactate (12 mM), and-serine
conventional Fg5, cluster, bridging the two subunitd3). (5 mM) as the sole nitrogen source. Under nitrogen-limiting
During the catalytic cycle, the Fe protein forms a complex growth conditions, which guarantee the expression of nitro-
with the MoFe protein, thereby facilitating the transfer of genase with maximal specific activities, a serine concentra-
one single electron from its E® cluster to dinitrogenase, tion of 2.3 mM was used. In cases where molybdenum had
an event that is accompanied by the concomitant hydrolysisto be strictly omitted from the growth medium (e.g., for the
of two molecules of MgATP 14—16). Apart from serving isolation of the tungsten-containing nitrogenaselactate
as the physiological electron donor to the MoFe protein, the (supra pure, from Sigma-Aldrich) was used, and the stock
Fe protein is also involved in FeMoco biosynthesis and solution of ferric citrate (38 mM) was purified by an
maturation of the cofactorless apodinitrogendgkgé 18). activated-carbon metho@9, 30). The medium was further

The discovery of two functional alternative nitrogenase Supplemented with thiamine (8y/L) and biotin (8ug/L),
systems led to speculations about the role of molybdenumand the pH was adjusted to 6.8. Spectinomycin was added
and vanadium in Mo- and V-dependent nitrogen fixation, to the medium (final concn: 1fig/mL) for the cultivation
respectively. In view of the similarities between molybdenum of anfAcells, whereas no antibiotic was used in the case of
and tungsten, several attempts have been made to replacte wild-type strain. Cultures were purged with argon for
the molybdenum center in the cofactor of the conventional 20 min prior to their cultivation under phototrophic anaerobic
nitrogenase by tungsten, to gain an insight into the role of conditions at 35C.
the heterometal in the enzyme. Although the effect of In experiments designed to investigate the influence of
tungstate, added to cultures of-fixing microorganisms, on ~ molybdate and/or tungstate in the growth medium on
nitrogenase expression and activity has been investigated tdlitrogenase activity and expression, the medium was supple-
some extent19—22), only one report by Hales and Case mented with NaMoO, and/or NaWO, in required amounts
provided conclusive evidence for tungsten-incorporation into (See Results section). For the isolation of the tungsten-

the cofactor ofAzotobactervinelandii nitrogenase 43). substituted nitrogenase from thanfA mutant, a final
However, the isolated tungsten-containidg vinelandii concentration of 1 mM NAVO, in the growth medium was
protein has been shown to contain considerable amounts ofused.

molybdenum and to be active in,Kixation. Metal analyses Preparation of Cell-Free Extracts and Purification of

have revealed active protein preparations to contain one W-Nitrogenase The protocol employed for the preparation of
and one Mo-center per protein tetramer. Hence, the activity cell-free extracts as well as the isolation and purification of
observed has been solely attributed to the presence ofthe conventional nitrogenase was similar to that described
FeMoco. The contamination with FeMoco in these protein earlier 80, 31). All steps were carried out under strictly
preparations was likely based on the difficulty to remove anaerobic conditions. Buffers were flushed with-fGee
traces of molybdenum from the growth medium in this argon and contained N&0O; (final concn: 4 mM). Prior to
organism because of the presence of a highly specific Mo- their centrifugation (13 00§ 1 h, 4°C), the cell suspension
storage protein4). Further characterization of the tungsten- Wwas supplemented with N&O, (4 mM) to guarantee
substituted nitrogenase from. vinelandii has not been  reducing conditions during the centrifugation step. After
pursued. More importantly, a Mo-free tungsto-nitrogenase resuspension, the cells were disrupted by lysozyme treatment
has yet to be isolated and characterized. as reported preyioustSQ). The resulting extract was
This report pertains to the purification and partial char- Supplemented with N&0O, (2 mM) and subsequently
acterization of a tungsten-substituted nitrogenase, isolatedcentrifuged (200 00§ 1 h, 4°C) to remove all cell debris
from ananfA mutant of the phototrophic non-sulfur bacte- and membrane particles. The supernatant was referred to as
rium Rhodobacter capsulatublsing this particular strain of ~ crude extract. . .
this organism, we were able to (i) minimize the accumulation ~ The dinitrogenase component was isolated and partially
of molybdenum in cells cultivated under Mo-deficient Purified by one Q-sepharose chromatography step. The
conditions (in view of the absence of a Mo-storage protein) column (internal diameter: 2.5 cm) contained 60 mL of gel
and (ii) overcome the expression of the Fe-only nitrogenase@nd was cooled to 8 with a cryostat. Tris-buffer (S0 mM,
(anfregulated) under conditions of Mo-deprivatidtb(26). pH 7.6) containing NaCl (150 mM), glycerol [10% (v/V)],

Furthermore, sincB. capsulatuss devoid of thennf-system, ~ and sodium dithionite (4 mM) served as the equilibration
only nif-genes are expressed under growth conditions favor-Puffer and was used throughout the entire purification
able to tungsten incorporation into the cofactor. procedure. The cell-free extract was applied to the Q-
sepharose column, followed by the stepwise elution with 50
MATERIALS AND METHODS 60 mL of NaCl solutions (in equilibration buffer) of

increasing concentrations (200/250/300/350/400 mM). The
Bacterial Strains and Plasmid3he organisms used were dinitrogenase component was eluted with 300 mM NacCl,
R. capsulatusvild-type strain B10SZ7) and a spectinomy-  whereas the Fe protein was recovered with 350 mM NaCl.
cin-resistantinfAinsertion mutant25), which was generated  The dinitrogenase component was finally concentrated to
from B10S. approximately 1 mL by anaerobic ultrafiltration as described
Growth Medium and Culture ConditionShe composition  earlier 32).
of the growth medium and the culture conditions were as  Assay of Nitrogenase Aeily (CH, Reduction) The
those reported previousl2®) but with some minor modi-  whole-cell assay was performed as reported previo@8y (
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Prior to the anaerobic transfer of the cell suspension into Western Immunoblot AnalysigVestern immunoblot ex-
Ar-pregassed test tubes, Ti(lll)-citrate was added at a final periments were conducted essentially by the method of
concentration of 0.25 mM to remove residual oxygen. The Towbin et al. 88), using the protocol described previously
assay was initiated by the injection of 26D of C,H, (~5% (32).
of the gas phase) and terminated after 1 h. Assays with cell- Metal AnalysesThe Mo, W, Re, and Fe content of cell-
free extracts or isolated dinitrogenase were performed asfree extracts and purified protein preparations was quantified
documented earlier3Q). by inductively coupled plasmamass spectrometry (ICP
Protein Determination The protein content was deter- MS), using a Perkin-Elmer/Sciex IGRQMS Elan 6000
mined by the Biuret method. The whole-cell procedure was (Concord, Ontario, Canada). Protein samples were prepared
carried out as described by Schmidt et 8B)( whereas the in nitric acid (2%). External calibration of the IGRnass
protein content of extracts and isolated protein preparationsspectrometer was achieved using standard metal solutions
was determined by the method of Beisenherz et3). ( (blank, 0.05, 0.1, 1, 10, 25, 50, 1@@/L) prepared in nitric
SDS-PAGE The purity of protein components and acid (2%). Rhodium (1Qug/L) was added as an internal
molecular masses of the subunits were routinely analyzedstandard to all samples and all calibration solutions to
by Tris-glycine SDS-PAGE, according to the method of compensate instrumental drift and signal depression from
Laemmli 35). The stacking gel contained acrylamide [4.8% matrix ions. The calibration curves were calculated by linear
(w/v)] and bisacrylamide cross-linker [0.13% (w/v)], whereas regression.
the resolving gel was comprised of 12.5% (w/v) acrylamide  EpRr Measurement&PR (X band) spectra were recorded
and 0.33% (w/v) bisacrylamide. The protein samples were on a Bruker ECS 106 spectrometer equipped with an ECS
supplemented with dithioerythritol (20 mM) prior to their 041 MR Bruker microwave bridge and an Oxford Instru-
denaturation. Soybean trypsin inhibitor (20.1 kDa), carbonic ments ESR 900 helium flow cryostat. All spectra were
anhydrase (29 kDa), glyceraldehyde-3-phosphate dehydroecorded at 9.45 GHz, a modulation frequency of 100 kHz,
genase (36 kDa), egg albumin (45 kDa), and bovine albumin 3 modulation amplitude of 1 mT, a conversion time of 0.04
(66 kDa) were used as protein standards. 3 s, and a time scale of 0.08 s. All other experimental
ImmunoassaysAntisera, containing monospecific, poly-  conditions (temperature, microwave power, and receiver
clonal antibodies against purified dinitrogenase (R¢and gain) are given in the Results section.
dinitrogenase reductase (R§2respectively, were employed = pe oy Titrations Redox titrations were performed with

in a!l immunoa_lssays. Antibodies against the iron prot_ein of the aid of a combined platinumAg/AgCl electrode (PT
the iron-only nitrogenase (Rt were used to detect the iron  4840.\15.57/80, Mettler Toledo, Steinbach, Germany) as
protein of tghoe conventional nitrogenase since antibodies yeqcribed previouslydg). All potentials were quoted relative
against RcZ were not available. In this cont(eext, LIS {5 the standard hydrogen electrode. Prior to the redox
important to note that both Fe proteins (Re2RcZ®) have iyration, the protein samples were subjected to buffer
been shown to be serologically relate30) exchange by gel filtration on Sephadex G-25 equilibrated

_ Single _Rad_ial Immunodiffusion AssaySingle .radial with HEPES buffer (50 mM, pH 7.4) containing b&O,
immunodiffusion assays were performed according to the (1 mM). It is pertinent to note that the reducing agent was

method of Mancini et al.36), using the conditions described 4t engirely removed from the protein preparations in view
by Catty and Raykundali() with some modifications. The ¢ yheir extreme lability in the presence of trace amounts of
assay was carried out in 1% (w/v) agarose gels, which were o,y aen For the sake of direct comparison, MoFe and WFe
prepared as follows: agarose was dissolved in hot diethyl oqtein samples were treated under analogous conditions. The
barblt'urate/acetellte buffer (50 mM, pH'8.6) containing sodium ¢4 sample solution (3 mL) containing a number of redox
5,5-diethyl barbiturate (22 mM), sodium acetate (22 mM), e qiators 89) and 2 mg of protein per mL was adjusted to
and sodium azide (6 mM). After the addition of polyethylene o gesired redox potentials by the stepwise addition of a
glycol 6000 [3% (w/v)], aliquots of 11.5 mL were withdrawn Ka[Fe(CN)] solution as oxidant and N&O; as reductant.
from the mixture, placed into glass test tubes, cooled t0 56 after equilibration (i.e., after a constant potential of the

°C in a water bath, and supplemer)Fed with the required g tion had been achieved), which usually required 2 min
amount of antiserum (0.5 mL of anti:R¢Y). The gel (12 ot incypation, 17Q:L samples were withdrawn from the
mL) was evenly poured onto 7.5 9 cm glass plates (0.18  iyation solution with a gastight syringe, placed in an Ar-

mL/c¥) and subsequently allowed to solidify at room eqagsed EPR tube and immediately frozen in liquid
temperature. A punchZ( 3 mm) was employed to cut out nitrogen.

circular wells (4x 5 well pattern).

Antigen samples (containing dinitrogenase) were prepared
as follows: an appropriate amount of cell-free extract was
supplemented with SDS (35 mM) and boiled for 10 min.
Triton X-100 [2% (v/v)] was subsequently added, and the
wells were filled with antigen samples (44 each). A range
of standard antigen solutions (purified dinitrogenase of
known concentration) was always included in the assay for
calibration. The loaded gel was stored in a damp storagepesyLTSs
box for 24 h at 4°C to allow for the formation of stable
precipitation rings. The amount of dinitrogenase present in  Influence of Tungstate on the Catalytic Adly of Nitro-
the samples was deduced from the diameter of the precipita-genase Tungstate has been shown to influence nitrogenase
tion rings as documented in the literatuB); activity and expression, as well as molybdate-uptake in

The relative concentration of paramagnetic species was
determined by measuring the amplitude of ¢fve 3.67 zero-
crossing feature in the EPR spectrum for quantitation of the
FeMoco signal and that of thg = 3.93 resonance for
guantitation of the FeWco signal. The quantitation of the
S = 1/2 signal of the one-electron-oxidized P cluster was
achieved similarly, using thg= 1.96 zero-crossing feature.
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Table 1: Influence of Tungstate in the Growth Medium on the
Catalytic Activity of Nitrogenase imnfA Cells

100

i’ | cultivation in the presence®df  acetylene reduction to ethylehe
g of MoOs2 WO
§ w0l (uM) (uM) nmol h™* mL~* %
o 1 1770 100
o 20 1 1 1450 82
A . 1 10 1240 70
0 Ly . 1 100 20 9
0 02 04 06 08 1 10 1 500 e o2
[MoO,” ] (1M) 1 1000 90 5
FiGURe 1: Dependence of nitrogenase activity on the MO <0.00% 125 7
concentration in the growth medium in the absence and presence _ <0.005 1000 4 0.2

of WO, anfAcells were cultivated under anaerobic, phototrophic  a cells were cultivated under anaerobic, phototrophic conditions in

conditions in the presence of serine (final concn: 5 mM). The ihe presence of serine (5 mM), and their activity (production of ethylene
molybdate concentration was varied as indicated in the figure. The fom acetylene) was determined in the late log growth phzSae

formation of GH, was measured with whole cells of the late log precision of the acetylene reduction rate determinations was within the
phase as outlined in the Materials and Methods section. 100% range of+10%.c Cells were grown without added molybdate. The
activity corresponded to 2500 nmobid, produced mL* h* (i.e., residual Mo concentration in the medium, resulting from Mo impurities

approximately 100 nmol/mg min)®, absence of W™ O, in chemicals, was estimated (by IERIS) to be less than 5 nM.
presence of Wg3~ (final concn: 10uM).

various organisms10—22, 40). In view of the lack of a marginally active Mo-sta_lrved W.cellls were almost identical
comparative study on the effect of tungstate (and molybdate (data not shown) and yielded similkl, values ¢-0.55+
as reference) in the growth medium on nitrogenase activity 0-07 mM). This result suggests that in W cells acetylene
of whole cells ofR. capsulatuswe addressed this aspect by reduction to ethylene is due to the presence of traces of
cultivating theanfA mutant of this organism with varying ~FeMoco-containing nitrogenase molecules rather than to the
concentrations of molybdate in the absence and presencéatalytic activity of a tungsten nitrogenase.
(final concentration 1QtM) of tungstate. The mutation in Influence of Tungstate and Molybdate on the Expression
anfArenders the cells incapable of expressing the iron-only of the Nitrogenase Component Proteids essential pre-
nitrogenase oR. capsulatug25, 26). Serine, which has  requisite for the isolation of a tungsten-substituted nitroge-
previously been shown not to repress nitrogenase synthesigiase fromR. capsulatugoncerns the expression of compo-
(28), was generally used as the source of nitrogen insteadnent proteins in a Mo@ -depleted growth medium sup-
of N, to guarantee cell growth also in the absence of plemented with WG ™. Hence, the aspects that needed to
molybdate. be considered in the studies designed to achieve expression
As indicated in Figure 1, the presence of tungstate in the Of the tungsternitrogenase are (i) Is the biosynthesis of
medium significantly altered the dependence of nitrogenaseMoFe and Fe protein Mo-regulated (i.e., is Mo essential not
activity (C;H,-reduction assay) on the Mo concentration. In only for the production of a catalytically active, cofactor-
the absence of tungstate, half of the maximal activity (1250 containing MoFe protein but also for the biosynthesis of the
nmol ethylene produced per hour per mL cell suspension) cofactorless apo-MoFe protein as well as the Fe protein) and

was observed with cells supplemented with 0,081 (ii) if Mo serves as an inducer for the expression of these
MoO,2". However, when cells were grown at this molybdate proteins, can tungstate also fulfill this role?
concentration in the presence of tungstate 4M0), their In this context, it is interesting to note that while the Mo

activity was found to be marginal. To achieve 50% activity regulation (repression) of the alternative iron-only nitrogenase
with WO42~-containing cultures, a concentration of ca. 0.7 has been extensively studie@8( 31, 41, 42), virtually
uM MoO,> was required. Hence, in the presence of nothing is known regarding the effect of molybdate on
tungstate, the concentration of MgOin the growth medium  expression of the conventional Mo-nitrogenaseRincap-
needs to be increased almost 10-fold to reach activities sulatus Hence, the production of nitrogenase was examined
comparable to those observed in its absence (Figure 1). at different MoQ?~ and WQ?™ concentrations in the growth
When cells of thenfAmutant were cultivated at a constant medium, using SDSPAGE and subsequent Western im-
concentration of MoG¥~ (1 uM) and the concentration of — munoblot analysis for the unequivocal identification of the
tungstate in the growth medium was varied-@0mM), a MoFe protein.
strong inhibitory effect on nitrogenase activity was only In the first set of experiments, cells of tleafA mutant
observed with & 100-fold excess amount of tungstate over were cultivated in the presence of MgO at various
molybdate (Table 1). At a concentration of 1 mM tungstate concentrations, and the cell-free extracts were analyzed by
(1000-fold excess), the activity was found tobB% of that SDS-PAGE (Figure 2A) and Western immunoblots (Figure
recorded in its absence. Cultures to which neither molybdate2B). The amounts of detectahig(56 kDa)- ands (53 kDa)-
nor tungstate was added exhibited a similarly low activity subunits of the MoFe protein were found to increase with
(7%). This residual activity appears to arise from traces of increasing concentrations of M@® in the growth medium.
Mo impurities (3-4 nM) brought into the medium by other  In particular, Western blot analysis revealed the presence of
chemicals. A Mo-starved but tungstate (1 mM)-supplemented significant amounts of MoFe protein subunits only when cells
culture showed only marginal nitrogenase activitd(2%). were cultivated in a growth medium supplemented with
It is interesting to note that acetylene saturation curves MoO,2~. Thus, Mo-starved cells were found to express
recorded for both the highly active Mo cells and the extremely low amounts of MoFe protein (weak bands of the
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’\ 1 2 3 lf s & 7 Table 2: Quantification of the MoFe Protein in ExtractsanffA

Mutant Cells Cultivated in the Absence and Presence of MoO

'E :.g —\}’if?iffiil/_— cmmew®  agwo

g iﬂ st _:f ;rlt);uin cultivation in the presence of MoFe protein content/
j” kDa MoO,2 WO2~ total protein content

e (M) (M) (%)

<0.005 2.5
. . . . 0.01 5
FiIGURE 2: Analysis of the influence of Mog~ on MoFe protein 0.02 8
expression by SDSPAGE (A) and Western immunoblot (B3nfA 0.05 15
cells were cultivated in the presence of serine (2.3 mM) as well as 01 20
MoO42~ in various amounts and harvested after 20 h of growth. 0.2 40
After extract preparation, the soluble proteins were electrophoresed 1.0 40
on two SDS-polyacrylamide gels under the same conditions. One <0.005 1000 10
of the gels was stained with Cooamassie brilliant blue (A), whereas 1.0 1000 15

the other gel was used for immunoblot analysis (B). For each — - .
sample, 36-40 ug of extract protein was electrophoresed. The Cells were grown, and extracts were prepared as descrlbgd in the
protein samples for Western blot analysis were each diluted 1:5. /6gends of Figures 2 and SThe quantitation of the MoFe protein in

M, protein marker (only in SDS gel); lane 1, cultivation in the extract preparations was achieved py radial |mmunod|ffu§|0n as outlined
absence of added Ma® (presence of traces of Mo impurities); I t_he Materials and Methods section. The MoFe protein content was
lane 2, 0.01M MoO,2"; lane 3, 0.0«M MoO42~; lane 4, 0.05 divided by the total protein content in the extracts (determined by the
M MoO,2; lane 5, 0.1uM MoO,2~; lane 6, 0.2uM MoOZ2~; Biuret method, reB84). The error of these determinations was estimated

and lane 7, kM MoOz. to be <12%.

subunits in Figure 2B, lane 1), presumably because of trace A B
amounts of Mo impurities present in the growth medium. 12 3 4 23 4

It is pertinent to note that the weak band detected with =
the mobility corresponding to that of tleesubunit in lanes E ! _\p— = e '

1-3in the SDS gel (extracts of cells cultivated in the absence
or at very low MoQ?" concentrations) is likely to arise from
a non-nif protein, in view of the following observations: (i)
The protein could not be detected in Western blots using
antibodies against the MoFe protein, (i) SPBAGE Ficure 3: Analysis of the influence of W@~ on MoFe protein
performed with extracts prepared from wild-type cells grown expression by SDSPAGE (A) and Western immunoblot (BanfA
in the presence of N (40 i e, under condions of _ SSELer etes B pisence of srne (2 Tl s el
total nitrogenase repression) exhibited a pattern of ba”dszo ﬁ/ofgrowth After e?dract preparation, the soluble fractions were
identical with that obtained with extracts from Mo-starved supjected to SDSPAGE as outlined in the legend of Figure 2.
cells grown on serine, and (iii) the mobility of the additional Lane 1, cultivation in the absence of added M&Q(application
weak band is distinct from that of thesubunit band when  of 30ug of protein); lane 2, 1 mM WG~ (26,9 of protein); lane
SDS-PAGE is performed in Tris-tricine (data not shown). :f 1,\%'\'\’/" '\’(')084 43 1 me WO;? " (28 ug of protein); and lane 4,
The amount of MoFe protein present in the extracts, #M MOO4 (40 ug of protein).
estimated by radial immunodiffusion (Materials and Meth- (Mod) system irR. capsulatuswhich has been shown to be
ods), was in agreement with the data obtained from Westernnegatively regulated by Mo@®  (41). In fact, preliminary
blots (Table 2). The MoFe protein content of cells cultivated studies on Mo-uptake defective mutants revealed at least the
under Mo-deficient growth conditions was ca. 6% of that of 27 kDa protein to be a component, presumably the periplas-
cells grown under optimal expression conditions (a2  matic MoQ? -binding protein ModA, of the Mod system
uM MoQO4?7). This result is in excellent agreement with the (data not shown).
residual activity determined with Mo-deficient cultures In the second set of experiments, the influence of /VO
(Table 1). on the expression of nitrogenase structural genes was
In analogous electrophoresis and immunoblot experimentsinvestigated. Of four cultures, two control cultures, one
with antibodies against the dinitrogenase reductase, it wasgrown under Mo-deficient conditions and the other in the
demonstrated that the formation of this component protein presence of kM MoO.*, were included in the study. Of

— 27 kDa

showed a very similar dependency on the MbCconcen- the other two cultures, one contained only WWO(1 mM),
tration in the medium (data not shown). This result suggestswhile the second was grown on both WO (1 mM) and
that both nitrogenase components are co-regulated. MoO42~ (1 uM). The soluble fractions of the cell-free extracts

SDS-PAGE analysis of extracts from Mo-starved cells were subjected to SDSPAGE (Figure 3A) and Western
and those grown at low concentrations of molybdate (Figure immunoblot analysis (Figure 3B). In the case of the extract
2A) revealed several bands corresponding to proteins with of Mo-deficient cells, only extremely weak- and5-bands
molecular weights of 27, 33, and 40 kDa, respectively. Since were detectable (Figure 3B, lane 1), whereas the extract of
these proteins failed to react with antibodies raised againstW-grown cells displayed relatively strong subunit bands
the MoFe protein, the possibility of them being proteolyti- (Figure 3B, lane 2), indicating that W® also functions as
cally degraded MoFe protein fragments appears remote.an inducer for nitrogenase expression. However, the ability
Furthermore, since these proteins appear to be expressed onlgf WO,>~ to induce nitrogenase synthesis is far less
at low concentrations of molybdate, it is not inconceivable pronounced than that of Mo® (Figure 3, compare lanes 2
that they are part of the high-affinity molybdenum-transport and 4). Quantitative radial immunodiffusion analysis (Table
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genase component was recovered from the above gel
filtration matrix at an effluent volume indicative of the
protein’s presence in the tetrameric staid (~200—-250
kDa). Significant further purification of the protein was,
however, neither achieved by gel filtration on Sephacryl
S-200 nor by other methods such as chromatography on
Octyl-Sepharose. More importantly, such procedures tended
to result in a substantial destabilization of the dinitrogenase
component, as indicated by the partial loss of tungsten and
iron. Thus, the W-containing protein appears to be more
labile than the MoFe protein, and its clusters may be
Ficure 4: SDS-PAGE of the partially purified tungsten-substituted  destroyed through the influence of extreme dilution (as in
dinitrogenase. M, protein marker; lane 1, _cell-free extract of cells the case of the gel filtration) and/or high salt concentrations
e |(nBBh0e e Nac] ?:;gt?gﬁ)t_ate (1 mM); and lane 2, Q-sepharose o 1 h|5ved in chromatographic procedures involving Octyl-

Sepharose). In light of these observations, the preparation
2) revealed that although the dinitrogenasef/total protein ratio recovered from Q-sepharose was used for the subsequent
in WO42-grown cells was four times lower than that investigations.

observed in cultures supplemented with M&Q>0.2uM), ICP—MS analysis of the (partially) purified dinitrogenase
it was four times higher than that in cells cultivated in the component revealed the presence oftD(15) W, 16 &2)
absence of W~ and MoQ?". Fe, and less than 0.01 Mo atoms per protein tetramer. These

To exclude the possibility that the stimulation of nitroge- values were estimated on the basis of the dinitrogenase
nase synthesis in Mo-deficient medium was caused by tracesoncentration (determined by radial immunodiffusion) in the
of MoO42~ present in NaVO,, a tungstate solution (1 mM)  sample used for metal analysis. Since previous studies have
was analyzed by ICPMS. Such analysis revealed the shown that the material recovered from Q-Sepharose with
solution to contain MoG¥~ at a concentration of only 5 nM. 300 mM NacCl is free of other iron-containing proteirgz),
Hence, the induction of nitrogenase synthesis noted in thethe detection bl W and 16 Fe atoms appears to be indicative
presence of tungstate appears to be due to the anion’sof the presence of one FeW cofactor (W&$ and one P
stimulatory action and not to be attributable to trace amounts cluster (FgS;) molecule on average per tetramer. Hence, the
of extraneous Mo introduced into the growth medium by designation of this protein component as a tungsten dinitro-
impure chemicals. genase or WFe protein appears justified. It is pertinent to

In conclusion, tungstate is capable of partially replacing note that the incorporation of just one single FeW cofactor
molybdate in the induction of nitrogenase synthesis. It molecule into a tungsten-substituted dinitrogenase has also
inhibits the latter’s inducer activity, however, when present been reported for thé. vinelandii protein 23). However,
at high concentrations (compare lanes 3 and 4 of Figure 3B,in the latter case the second cofactor binding site was

and Table 2). occupied by the FeMo cofactor (the relevant dinitrogenase
Purification and Characterization of the Tungsten- preparation contained equal amounts of W and Mo), whereas
Substituted Nitrogenaséhe ability of WQ?~ to induce in the R. capsulatuspreparations significant amounts of

nitrogenase expression under Mo-deficient growth conditions molybdenum, and thus, of the FeMoco were absent.
provided the basis for the isolation and characterization of a  C;H,-reduction assays performed with concentrated tung-
tungsten-nitrogenase fromR. capsulatus The tungsten-  sten—dinitrogenase samples revealed the protein to be only
substituted dinitrogenase component was isolated &iofA marginally active (1 nmol ethylene formed per min per mg
cells grown in Mo-deficient medium in the presence of of protein). Thus, the protein, in agreement with the in vivo
WO, (final concn: 1 mM) and partially purified by chro-  activities, was approximately 1000-fold less active than the
matography on Q-sepharose. The majority of the dinitroge- original FeMoco-containing enzym8(@). N, reduction was
nase component was eluted with 300 mM NaCl, whereas not detected.
the Fe protein (dinitrogenase reductase) was recovered in Despite such negligible catalytic activities, the tungsten
the 350 mM NacCl fraction. There was no difference between nitrogenase exhibited relatively high rates of éolution.
the elution profiles of crude extracts obtained from &améA Under an Ar atmosphere in the absence of an added substrate
mutant grown in the presence of WOand of extracts from  and at a 2-fold molar excess of the Fe protein, a specific
the wild-type strain grown in the presence of MO activity of 102 nmol H/min/mg of protein was determined.
However, the yield of the dinitrogenase component from After appropriate corrections for the contribution from the
WO42 -grown cells was relatively low (3012 mg from a protein impurities associated with the 300 mM NacCl fraction,
6-L culture), owing to a diminished expression of the this value corresponds to approximately 25% of the H
dinitrogenase component (see Table 2). SBPAGE analysis evolving activity reported for the native MoFe proteB0).
(Figure 4) revealed the dinitrogenase component to be theFurthermore, Hproduction was not inhibited by acetylene,
predominant protein (with an estimated purity of ap- a finding that is in accordance with it not being a substrate
proximately 70%) and to be virtually devoid of the Fe of the tungsternitrogenase. In contrast, the; ldvolution
protein. catalyzed by the Mo nitrogenaseRf capsulatusvas almost

In an attempt to obtain homogeneous protein preparationscompletely inhibited in an atmosphere containing 20%
and to determine the quaternary structure of the tungsten-(v/v) acetylene 30).
substituted dinitrogenase, the 300 mM NaCl fraction was EPR Spectroscopic Characterization of the Tungsten
subjected to gel filtration on Sephacryl S-200. The dinitro- Substituted Nitrogenas&trong support for the incorporation
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conditions. The sample contained 15 mg/mL tungsten-substituted
dinitrogenase protein, 0.5 mg/mL Fe protein (isolated and purified
from B10S), ATP (10 mM), MgGl (10 mM), creatine phosphate
(10 mM), NaS;04 (6 mM), 200ug of creatine kinase, and,Nh
HEPES buffer (100 mM, pH 7.6). The reaction was initiated by
the addition of ATP and incubated for 2 min at room temperature
under N atmosphere. The spectrum was recorded as outlined in
the legend of Figure 5.

Ficure 5: EPR spectrum of the WFe protein. The protein sample
contained 20 mg of dinitrogenase protein per mL (in 300 mM NacCl
elution buffer, pH 7.6). The spectrum was recorded & with a
microwave power of 20 mW, a receiver gain of %51, and 5
scans. The other experimental conditions are given in the Materials
and Methods section. For comparison, the low field spectrum of
the FeMo cofactor (bound to the MoFe protein isolated from B10S)
is presented below the main spectrum.

Table 3: g Values of EPR-Active Species in Tungsten-Substituted trogen, and the Fe protein), the Mqu p_rqtem IS furth.er
Dinitrogenase Preparations frofh capsulatugndA. vinelandii reduced, and thus, capable of reducing d'n!trOgen' During
turnover at a molar excess of the MoFe protein (low electron

R. capsulatus Auinelandie flux), the intensity of the FeMoco EPR signal has been shown
g values to be lowered by approximately 2/3 of its original intensity
FeWco 66: 3:/)5%) ?'12953)3?2' (2(.203)9 4.§§, g.gg, gg% because of the reduction of 2/3 of all cofactor molecules,
FeMoco 6= 4.29); 3.67, (2.01 4.33, 3.68, (2. i P i ;
S—1/2 signal 500 1.05,1.86 510 192, 1.65 leading to an EPR silent integer spin stad®, (43). When

—~  the WFe protein was subjected to similar turnover conditions,
ag values taken from reR3. b Value of the resonance, given in the FeWco signal intensity decreased only slight{20%),

parentheses, was undetectable because of interference wih=the . . )
1/2 signal.c This resonance was unresolved because of the low FeMoco whereas the small FeMoco signal disappeared almost com

concentration in the sample and interference with the FeWco signal. pletely from the EPR spectrum (Figure 6). The drastic
reduction of the FeMoco signal led to a purer FeWco

of tungsten into the cofactor of the W-containing nitrogenase spectrum, showing a more pronounced peak at 3.93.

is derived from the EPR spectrum of the JSz0,-reduced The results presented above demonstrate that (a) the peak at
WFe protein, which significantly differs from that of the g= 3.67 observed in the spectrum of the dithionite-reduced
MoFe protein 89). As shown in Figure 5, two dominant sample is in fact due to an FeMoco contaminant and (b)
EPR signals, ar§ = 3/2 and anS = 1/2 signal, were under the turnover conditions applied, the FeWco cannot be

detectable in the spectrum of the WFe protein. Bye 3/2 as readily reduced enzymatically to an EPR-silent state as
signal @ = 4.19 and 3.93) is indicative of the presence of the FeMoco.
an FeWco. The putative thiigly value of this rhombic signal The broadS = 1/2 signal located in the high field region

at high field, which is expected to be situated ngar 2.01, (g = 1.8-2.1) is the most prominent signal in the EPR
is completely obscured by th® = 1/2 signal (Figure 5).  spectrum of theRhodobacteMWFe protein (Figure 5) and
The S= 3/2 signal of the WFe protein resembles that of the differs fundamentally from conventional P cluster signai (
MoFe protein ¢ = 4.29, 3.67, 2.01), the spectrum of the 39, 44). A very similar signal has also been observed with
latter species also being shown in the figure for comparison.the analogous W-containing protein frok. vinelandii,
The small peak aj = 3.67 within the WFe protein spectrum  which was termed S3 signal and was tentatively assigned to
indicates the presence of a slight contamination of the WFe an Fe-S cluster 23). It is important to note that in the case
protein with the FeMo cofactor. This observation is consistent of the Rhodobacteprotein, the line shape of this signal in
with the demonstration of residual catalytic activities in such the turnover spectrum was different from that depicted in
dinitrogenase preparations and the low Mo content deter- Figure 5 (dithionite-reduced state). Instead of one broad peak,
mined by ICP-MS. Theg values of the FeW cofactor signal, theS= 1/2 signal showed three resolved peakg &t 2.00,
which are in closer proximity than theevalues of the FeMo 1.95, and 1.86 (Figure 6). As the high field region of the
cofactor signal, reflect a significantly higher rhombicity of turnover spectrum has not yet been published for Ahe
the W-containing cluster. A very similar FeWco-associated vinelandii protein, it remains uncertain whether a change in
signal has been observed in the case of the tungstendine shape would be also observable in that case.
substitutedA. vinelandii dinitrogenase (see Table 3). Because  For further characterization of the signals in the EPR
of the higher molar Mo/W ratio in the latter case, the FeMoco spectrum of the dithionite-reduced WFe protein, the tem-
signal was, however, significantly stronger than that of the perature and microwave power dependencies of signal
FeWco @3). intensities were investigated. As presented in Figure 7A, the
The FeMo cofactor of the N&,O4-reduced MoFe protein  intensity of the FeWco signal decreased with increasing
is present in the semi-reduced state. Under enzymatictemperatures. Maximal signal intensity was observed at 4
turnover conditions (i.e., in the presence of MgATP, dini- K. In a comparative study, the maximum intensity of the
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Ficure 8: Redoxtitration of the FeWco signal from the WFe protein

20 mW

B W and the FeMoco signal from the native MoFe protein. The redox

) 1 1 1 L i L L P . . titration was performed as described in the Materials and Methods

150 250 350 150 250 350 section. The spectra of the tungsten-substituted protein (2 mg/mL)
Magnetic field (mT) were recordedtad K with 20 mW and a receiver gain of 26

1(P. The data collected from the redoxtitration of the native enzyme
(39) are included in this figure. Thg = 3.93 resonance was used
for the determination of relative intensity of the FeW cofactor signal.
W, FeWco (values at potentials—100 mV were arbitrarily set to
zero since the amplitude of the FeWco signal could not be
determined accurately because of noi®)FeMoco.

FIGurRe 7: Temperature and microwave power dependence of EPR
signals of the WFe protein. The protein sample contained 20 mg
of dinitrogenase protein per mL (in 50 mM Tris/HCI buffer, pH
7.6,+ 4 mM NaS;0,4). Temperature dependence (A): The spectra
were recorded at temperatures indicated in the figure with a
microwave power of 20 mW and a receiver gain of.2dicrowave
power dependence (B): The spectra were recorded with 1.25, 5,
and 20 mW at 4 K and a receiver gain of 2510°, and 5 scans. of the FeWco was fuIIy restored. ThUS, the FeWco can be

reversibly oxidized and reduced in the range frew#70 to

FeMoco signal, measured with the native enzyme, was also+50 mV.
found to be at 4 K. However, the intensity of the FeMoco It is important to note that the recorded FeWco signal
signal decreased more rapidly with increasing temperaturesintensities do not appear to obey the Nernst relationship. The
compared to that of the FeWco signal (data not shown). origin of this phenomenon is presently unknown. Since it
Power saturation studies revealed the FeWco signal to behas been assured that a redox equilibrium was established
only slightly saturated at powers5 mW (Figure 7B). In at the time of sample collection (see Materials and Methods),
contrast, saturation effects of the FeMoco signal of the native the non-Nernst character of the redox curve is not a
enzyme were clearly observable at 5 mW (data not shown). consequence of a nonequilibrium titration.
In conclusion, both microwave power and temperature The negative slope of the redox curve at low potentials
dependence of the intensities of the FeMoco and FeWco EPRsuggests that maximal intensity of the FeWco signal could
signals were similar but not identical. not be obtained in the course of the redox titration. Hence,

Maximal intensity of the broa® = 1/2 signal was also  the relative signal intensity at470 mV was arbitrarily set
observed B4 K (Figure 7A). At higher temperatures, a to 100%. On the basis of this definition, the calculated
resonance centered gt= 2.03 appeared in the spectrum, midpoint potential was approximateky200 mV (50% of
indicating that this signal arises from at least two different the measurable signal intensity). Compared toEh@f the
EPR-active species. In contrast to the FeWco signal, the FeMoco 50 mV), the midpoint potential of the FeWco is
S= 1/2 signal was easily saturated at microwave powers asthus shifted by at least 150 mV to more negative potentials.

low as 1 mW. These observations provide the first direct evidence for the
For the characterization of the redox behavior of the Few FeWco not undergoing reduction as readily as the FeMoco.
cofactor, the tungsten-substituted nitrogenase fRancap- During the course of the redox titration, &8s~ 1/2 signal

sulatuswas subjected to redox titrational analysis. The data indicative of the P cluster in its one-electron-oxidized state
obtained were compared to those collected with the FeMo (g = 2.06, 1.96, 1.84) was observed at 16 K in the range
cofactor of the unaltered MoFe proteiB9). The redox between—300 to+50 mV. Theg values as well as the redox
titration curves of both cofactorsS(= 3/2 signals) are  behavior appeared to be indistinguishable from those of the
presented in Figure 8. The midpoint potentil) of the P clusters present in the FeMoco-containing dinitrogenase
transition of the semi-reduced to the oxidized state of the (ref 39, data not shown). In conclusion, the replacement of
FeMoco present in the Mo enzymeRf capsulatukias been Mo by W in the cofactor dramatically influences its redox
determined to be approximatety50 mV. Maximal intensity behavior, whereas that of the P clusters appears unaffected.
of the S= 3/2 FeMoco signal was reached at potentials lower A reliable redox titrational analysis of the bro&d= 1/2

that —300 mV. In the range from-470 (lowest possible  signal (see Figure 5) was not possible under the experimental
redox potential under the applied conditions)+800 mV, conditions employed because of an overlap by the P cluster
the signal intensity was constant. This observation is in signal as well as by g = 2.01 radical signal arising from
marked contrast to the results obtained with the FeWco the electron mediators present in the sample.

present in the tungsten-substituted nitrogenase. With increas- Can Molybdenum Be Replaced by Rheriu®m the basis

ing redox potentials (starting from470 mV), the intensity  of the chemical similarities between Re and Mo, it has been
of the FeWco signal was found to continuously decrease. speculated that a Re-containing nitrogenase (Re as part of a
At potentials higher than-100 mV, the intensity of the = FeReco) may be (i) formed under suitable conditions and
FeWco signal could not be reliably assessed because of gii) capable of reducing dinitrogend®). Especially the

low signal-to-noise ratio. When the oxidized samptes( potential of both Mo and Re to participate in multielectron-
mV) was rereduced te-470 mV, the original signal intensity  transfer processes, a crucial feature for nitrogenase function,



3854 Biochemistry, Vol. 42, No. 13, 2003 Siemann et al.

makes the above-noted hypothesis attractiu®, (46). protein, however, has been shown to contain molybdenum
However, preliminary studies on cells of taefAmutant of and tungsten in equal amounts. The difficulty to impose Mo-
R. capsulatusevealed that neither cell growth nor in vivo depleted conditions oA. vinelandiicells and hence to isolate
nitrogenase activity was significantly influenced by the a Mo-free tungsten-substituted nitrogenase may have been
presence of KRe©(up to 1 mM) in the growth medium.  due to the presence of a high-affinity Mo-storage protein.
Because of the lack of any significant effects of perrhenate Similar studies with other organisms have not been reported,
on nitrogenase activity, the ability &@hodobactercells to and more importantly, a Mo-free tungstoitrogenase has
assimilate this anion was investigated. yet to be isolated.

Three cultures of thanfAmutant were cultivated, one in In view of the lack of a Mo-storage protein and the
the presence of R&O(lOﬂM) and the others in the absence avallablllty of an anfA mutant, which is incapable of
and presence of Mo (1 M), respectively. Prior to cell ~ €xpressing the Fe-only nitrogenase under conditions of Mo
disruption by NaOH, the cells were subjected to treatment deprivation,R. capsulatusvas chosen in the current inves-
with acetone to remove both the photosynthetic and the tigations to isolate and characterize a tungsten-substituted
carotinoid pigments that would interfere with protein deter- Nitrogenase. To optimize the conditions for its production
mination @3), as well as theR. capsulatuspecific simy  in this organism, the influence of both WO and MoQ?~
capsula, which has been found to adsorb molybdate, and todn nitrogenase activity and expression was investigated. The
a smaller extent, also perrhenate (data not shown). Followingésults presented in this study demonstrate that, WO
cell disruption and removal of cell debris by centrifugation, inhibits nitrogenase activity in a competitive manner, a
the Mo and Re content of the supernatant was determinedfinding previously documented fé. vinelandiito arise from
by ICP—MS. These studies revealed that cells grown in the the competition of both anions for oxoanion transport into
absence of supplemented Mo containetd nmol Mo/g of ~ the cell (19). The inability of ModA, the periplasmatic
protein, whereas the Mo content of cells cultivated in the MoOs*"-binding protein component of the high-affinity
presence of molybdate (@M, i.e., at optimal concentration) ~molybdenum-transport system, to discriminate between
was estimated to be-350 nmol/g of protein. In contrast, MoOs*~ and WQ?  appears to be the basis for such
the Re content of cells grown in a perrhenate-containing Competition and is mainly due to the similar size of both
medium (10uM) was found to be less than 0.1 nmol of the anions 49). Recently, a transport protein (TupA), which is
metal ion per gram of protein. These results indicate (i) the highly specific for tungstate but not for molybdate, has been
inability of Rhodobactecells to accumulate the perrhenate identified in Eubacterium acidaminophilurgg0). Although
ion, an observation consistent with the lack of any significant the molecular basis for such specificity is currently unknown,
effects of this anion on both cell growth and nitrogenase the observation of this phenomenon demonstrates that
activity and (i) the ability ofRhodobactecells to effectively discrimination between both anions is also possible on the
assimilate molybdate from traces of this anion present in the 0Xyanion level.
growth medium (note that the Mo content of Mo-deprived ~ The production of a tungsten-substituted nitrogenase
cells is 2 orders of magnitude greater than the Re content offequires the structural genes encoding the protein to be
Re-grown cells). In conclusion, investigations on the replace- expressed under Mo-deficient growth conditions in the
ment of Mo by Re in nitrogenases using whole cellRof ~ presence of W¢~. While MoOs~ is not required for the
capsulatusappear to be futile by virtue of their inability to ~ Synthesis of nitrogenase proteinskn pneumoniag51), it
assimilate perrhenate ions. Apparently, the transport sys-appears to be essential for the expression of the Mo-
tem(s) for molybdate and tungstate are not effective in the dependent nitrogenase structural genes.innelandii (52).
uptake of perrhenate. Future studies may therefore be directedn the current study, Mog@~ was found to be an absolute
toward the in-vitro incorporation of Re into the cofactor using Nnecessity for nitrogenase synthesi®ircapsulatusAlthough
cell-free extracts. Alternatively, whole cells of other diazo- disconcerting at first glance in view of the lack of the MoFe
trophic organisms such as those Af vinelandii may be protein in cells cultivated under Mo-deficient conditions, the

employed. observation of WG~ being capable of inducing nitrogenase
synthesis irkR. capsulatugin the absence of Mo in the
DISCUSSION growth medium) served as the basis for the isolation and

characterization of a tungsten-substituted nitrogenase from

The inhibitory effect of tungstate on the growth of thjs organism.
diazotrophic organisms has been well-documented. For \etal analysis of the isolated protein indicated that (i)
instance, it has been demonstrated that £VQnhibits molybdenum is not incorporated into the cofactor in signifi-
MoO4*~ uptake inA. vinelandii (19) and that tungsten is  cant amounts, (i) on average only one cofactor binding site
incorporated into nitrogenase, rendering the protein inactive jg occupied by an FeW cofactor molecule, while the second
(20, 22). Several spontaneous W-resistant mutants have beeryne appears to be empty, and (iii) on average only one P
reported to grow diazotrophically in the presence of WO cjyster molecule is present in the protein tetramer. It is
(23, 47, 48); however, a recent study has revealed that the jnteresting to note that the incorporation of just one single
ability of these mutants to fix nitrogen is due to the EFewco molecule has also been reported for the tungsten-
expression of an alternative nitrogenase and that W tolerancespstitutedA. vinelandii nitrogenase 43), although in this
is based on a defect in one of the genes encoding the Mo-case the second cofactor binding site has been demonstrated
transport system4g). to be occupied by an FeMoco molecule. The observations

Direct evidence for the incorporation of tungsten into recorded in the present study on fRieodobactenitrogenase
nitrogenase (i.e., the cofactor) has so far been only providedmay be construed to indicate that only one FeWco and one
in the case ofA. vinelandii (23). The isolated tungstoe P cluster molecule are incorporated into the WFe protein.
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Alternatively, half of the protein molecules may be fully the turnover experiments presented in the current study. The
assembledd(z3, tetramers harboring two P cluster and two replacement of Mo by W in the cofactor was found to result
FeWco molecules), whereas the other half may be devoidin a decrease of thEy, value by at least 150 mV. At redox

of any cluster species. Because of the increased lability of potentials > —470 mV, only a portion of all FeWco
the WFe protein (see section on enzyme purification and molecules appears to be in the semi-(dithionite)reduced state.
characterization) and partial denaturation of incompletely This resultis in accordance with the observation that, despite
assembled (with respect to cofactor insertion) WFe protein the vast excess of tungsten over molybdenum in the protein
molecules, the latter possibility appears to be more plausible.(W/Mo > 100), the intensity of the FeWco EPR signal is

The most compelling evidence for tungsten incorporation only 5-fold of that noted with FeMoco. In agreement with
into the cofactor of théR. capsulatuslinitrogenase derives  the above considerations, the amplitude of the FeWco signal,
from its EPR spectrum. A domina®= 3/2 signal atg = detected with theA. vinelandii protein, was significantly
4.19, 3.93 £2.01; obscured), which distinctly differs from smaller than that of the FeMoco signal, although both
that displayed by the FeMocqg & 4.29, 3.67, 2.01), was  cofactors have been reported to be incorporated into the
observed in the spectrum. This signal has also been detectegrotein in equal amount®8). Furthermore, under turnover
in the EPR spectrum of the tungsten-substitutedinelandii conditions (i.e., in the presence of the Fe protein, ATP, and
nitrogenase and has been proposed to arise from the FeWN,), the intensity of the FeWco signab & 3/2) was only
cofactor 3). The assignment of th8 = 3/2 signal to the slightly (~20%) diminished, whereas that of the FeMoco
FeWoco in theR. capsulatuspectrum, however, is not solely  signal was reduced to approximately 1/3 of its original
based on a comparison with the wvinelandii spectrum. intensity. This result confirms that the FeWco is less prone
Studies with several synthetic Mo/Fe/S and W/Fe/S clustersto enzymatic reduction than the FeMoco.

(with S= 3/2) have revealed the EPR signals recorded with  Despite the low midpoint potential of the FeWco and the
the tungsten-containing species to be narrower (less rhombichegligible catalytic activities with respect to i, and N

than those measured with the analogous Mo clust&3s ( reduction, the tungsten-substituted nitrogenase was found to
55). This observation is also in agreement with theoretical effectively reduce protons to hydrogen at a rate approxi-
considerationsgb). mately 25% of that noted in the case of the native FeMoco-

As regards the broai= 1/2 feature in the EPR spectrum, containing MoFe protein30). This unprecedented observa-
the observation of its averaggevalue being less than 2 (see tion suggests that (i) the W-substituted nitrogenase is indeed
Table 3) suggests that this signal derives from a reduceda true enzyme in that it catalyzes the reduction of protons to
Fe/S cluster. Whether such a signal originates from an hydrogen and (ii) the generation of;Hs uncoupled from
incompletely assembled cofactor and/or from a decomposi-the reduction of gH, or N,. As regards the latter aspect,
tion product of the FeWco (note that the temperature the uncoupling of Hevolution from N and GH, reduction
dependence depicted in Figure 7 indicated the presence ohas so far not been observed. The above-mentioned slight
at least two EPR-active species in the spectrum) still remains(but not negligible) reduction of the intensity of the FeWco
to be established. As this type of spectrum has never beensignal under turnover conditions may be a reflection of
observed with MoFe proteins but only with W-containing ~20% of the cofactor molecules being reduced to a state
dinitrogenases (present work and 28j, it is likely that the from which proton, but not €4, or N, reduction, can occur.
S=1/2 signal is related to the FeW cofactor rather than the The observation that the WFe protein reduces protons but
P cluster. The possibility of a mixture of signals of both not GH, or N is in line with the generally accepted Lowe
FeWco and P cluster fragments can, however, not beThorneley mechanism for the nitrogenase catalytic cycle
excluded at the present time. (58—61), in which two consecutive coupled electron and

Activity measurements performed with the tungsten- proton-transfer events lead to the generation of a two-electron
substitutedR. capsulatusiitrogenase revealed the protein reduced MoFe protein species;k). ExH, is proposed to
to be only marginally active in mediating,8, reduction. undergo further reduction with concomitant proton transfer
The noted residual activity may be due to the incorporation to form EHs, which is capable of binding Nupon the release
of the FeMoco into some protein molecules. However, the of one H molecule. However, under conditions of low
possibility of the FeW cofactor serving as the site gHE electron flux (e.g., at a MoFe protein/Fe protein molar ratio
reduction to a very small extent cannot be completely of >5:1), EH, may be reoxidized to Eupon the release of
excluded at the present time; Neduction was not observed. H; before it can undergo further reduction tgHz (62, 63).

The notion that an FeWco-containing dinitrogenase should The catalytic competence of the WFe protein with respect
be inactive because of the difficulty to sufficiently reduce to H, evolution may thus be a reflection of the protein being
the cofactor is widespread®). This view derives support  partly reduced, at least, to itsyi, stage. Slow and less
mainly from basic knowledge on Mo/W chemistry (recently effective reduction of the cofactor may also form the basis
reviewed in ref56) and from comparative studies on for the observed low MC;H, but relatively high H
W-containing complexes5@, 54) as well as tungsten- reduction rates in the case of the vanadium and in particular
substituted forms of the Moco-containing enzymes, sulfite the iron-only nitrogenase$0Q, 64).
oxidase $7) and DMSO reductaseb6), which generally Although the site of N binding and reduction remains a
possess more negative midpoint potentials than their Mo subject of debate, models (mainly based on theoretical
counterparts. For instance, the midpoint potentials of the Mo calculations) in which the substrate binds to the unusual
and W forms of DMSO reductase have been shown to differ trigonal prismatic FeS core of the cofactor rather than to the
by ~325 mV (6). The first concrete evidence that also the Mo atom itself have been favored (see 8&ffor review). It
midpoint potential of the FeWco is lower than that of the is pertinent to note, however, that a very recent high-
FeMoco was obtained from the redox titrational data and resolution crystallographic analysis of the MoFe prot&) (
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has revealed the presence of a light atom [presumablyin the cofactor, involved in the reduction of;Nn this
nitrogen @6, 67)], ligated to the six Fe atoms of the trigonal organism, is still unknown.

prism. Such a feature would allow for a tetrahedral coordina- In light of these considerations, the question arises as to
tion environment around the six Fe atoms instead of the whether the tungsten-substituted nitrogenade. @iapsulatus
earlier accepted trigonal arrangement. In view of these can also function (at least partly) at temperatures distinctly
findings, considerable caution appears warranted in the higher than 30C (the temperature used to assess its catalytic
interpretation of theoretical calculations on the mode of N activity). The effect of temperature on the catalytic compe-
binding since these are based on the FeMoco havingtence of theR. capsulatusVFe protein, however, has yet to
coordinatively unsaturated (trigonal) Fe atoms. Nonetheless,be investigated in detail. Furthermore, based on the observa-
the marked difference in the catalytic profiles and the redox tions that (i) the concentration of W@ near hydrothermal
properties of the MoFe and WFe proteins recorded in the vents (black smokers) is approximately 1000-fold as com-
present study clearly underscore the importance of the typepared to its average concentration in the s& énd (ii) a

of heterometal atom in the cofactor of nitrogenase for bio-available form of Mo in these anaerobic environments
catalytic function. A recent density functional theory (DFT) may essentially be absert5) and based on the notion that
study on the association of ;N0 the Mo center after life might have evolved in such niches, it is not inconceivable
dissociation of one of the carboxyl groups of homocitrate that tungste-nitrogenases may have been operative as an
(albeit still based on the trigonal coordination of the six ancestral version of today’s Mo-nitrogenases. Whether
central Fe atoms) has revealed that binding and partial hitrogenases indeed served to fix iN these early stages of
reduction of the substrate is more likely to occur on Mo than €volution or fulfilled a different purpose (e.g., the removal
on the central Fe atom$8). If one of the crucial steps in of toxic cyanide ions) still remains a matter of controversy
the catalytic mechanism is indeed the partial dissociation of (76).

homocitrate from Mo with subsequent binding of té the In summary, the present studies have revealed that a
heterometal atom, as proposed by @serg et al. §9), then tungsten-substituted FeWco-containing dinitrogenase can be
the replacement of Mo by W in the cofactor would likely isolated fromR. capsulatus The protein appears to be
lead to a decrease in the rate of the metalygen-  inactive in mediating @4, and N reduction but shows
(homocitrate) bond cleavage because of the higher activationconsiderable activity in generating fffom protons. While
energy required to break a0 bond relative to a MeO the inability to reduce the former two substrates may be
bond 66) and may thus result in significantly diminished attributed to the significantly lower midpoint potential of the
activities. FeWoco, the observedzvolution indicates that the cofactor

can be, at least partly, enzymatically reduced. Since the role
of molybdenum in nitrogenase has yet to be identified,
comparative studies on both the MoFe and the WFe protein
may prove particularly useful in addressing this aspect, which
has for so long puzzled the scientific community. Future
studies on the WFe protein will therefore aim at gaining
insights into such aspects as the temperature-dependence of
its activities (including those with substrates other thadLC

N, HT) as well as the pH dependence of the redox potential
of the cofactor.

Although the above considerations as well as the observa-
tions reported in the current study appear to suggest that
functioning W nitrogenases do not exist in nature, it is
interesting to note that the methanogktethanococcus
thermolithotrophicusis capable of fixing nitrogen in the
presence of tungstaté®. The nitrogenase of this organism
differs significantly from all known nitrogenase systems in
that it is able to catalyze Nreduction at high temperatures
(~60°C). Furthermore, the. subunit of theMethanococcus
dinitrogenase component exhibits only ca. 40% similarity
(on the amino acid level) with that of Mo nitrogenases of ACKNOWLEDGMENT
several other organism3J).
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