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hyperfine splitting is observed in the g 1 region of the spectrum and can be best simulated as arising from a single proton with a coupling constant of A 1 ( 1 H) = 1.014 [mT]. The presence of the haem-b moiety in SerC was demonstrated by the detection of a signal at g~3.33 and is consistent with haem co-ordinated by methionine and lysine axial ligands. The combined evidence from EPR analysis and sequence alignments supports the assignment of the periplasmic selenate reductase as a member of the Type II molybdo-enzymes and provides the first spectro-potentiometric insight into an enzyme that catalyses a key reductive reaction in the biogeochemical selenium cycle.

Synopsis

Selenate reductase (SerABC) from Thauera selenatis is classified as a member of the Tattranslocated (Type II) molybdo-enzymes and comprises three subunits each containing redox cofactors. Variable temperature X-band electron paramagnetic resonance (EPR) spectra of the purified selenate reductase complex showed features attributable to centres [3Fe-4S] 1+ , [4Fe-4S] 1+ , Mo(V) and haem-b. EPR monitored redox-potentiometric titration of SerABC complex (hetero-trimetric complex of αβγ subunits) revealed that the [3Fe-4S] cluster (FS4) titrated as n = 1 Nernstian component with a mid-point redox potential (E m ) of +118 ± 10 mV mV for the [3Fe-4S] +1/0 couple. A [4Fe-4S] 1+ cluster EPR signal developed over a range of potentials between 300 and -200 mV and was best fitted to two sequential Nernstian n = 1 curves with midpoint redox potentials of +183 ± 10 mV (FS1) and -51 ± 10 mV (FS3) for the two [4Fe-4S] 1+/2+ cluster couples. Upon further reduction, the observed signal intensity of the [4Fe-4S] 1+ cluster decreases. This change in intensity can again be fitted to an n=1 Nernstian component with a mid-point potential of E m ~-356 mV (FS2). It is considered likely that at low redox potential E m <-300 mV, the remaining oxidised cluster is reduced (S=1/2) and strongly spincouples to a neighbouring [4Fe-4S] 1+ cluster rendering both centres EPR silent. The involvement of both [3Fe-4S] and [4Fe-4S] clusters in electron transfer to the active site of selenate reductase was demonstrated by the re-oxidation of the clusters under anaerobic selenate turnover conditions. Attempts to detect a high-spin [4Fe-4S] cluster (FS0) in SerA at low temperature (5 K) and high power (100 mW) were unsuccessful. The Mo(V) EPR recorded at 60 K, in samples poised at pH 6.0, displays principal g values of g 3 ~1.999, g 2 ~1.996 and g 1 ~1.965 (g av 1.9867). The dominant features at g 2 and g 3 are not split, but

Introduction

The microbial reduction of selenium oxyanions is a key process in the transformation of selenium in the biosphere [START_REF] Stolz | Bacterial respiration of arsenic and selenium[END_REF][START_REF] Stolz | Arsenic and selenium in microbial metabolism[END_REF]. The oxidised and bio-available forms of selenium (selenate

(SeO 4 2-
) and selenite (SeO 3 2-

)) can be utilised as respiratory substrates by some bacteria, resulting in their reduction to elemental selenium (Se 0 ). Elemental selenium readily precipitates and is largely unavailable for assimilation into seleno-proteins [START_REF] Heider | Selenium metabolism in micro-organisms[END_REF]. Whilst a number of organisms respire selenium oxyanions, little is known about the biochemistry of the selenate reductive process. To date, the purification of only two selenate reductases has been reported [START_REF] Schröder | Purification and characterization of the selenate reductase from Thauera selenatis[END_REF][START_REF] Ridley | Resolution of distinct membrane-bound enzymes from Enterobacter cloacae SLD1a-1 responsible for the selective reduction of nitrate and selenate[END_REF]. The enzyme isolated from Enterobacter cloacae SLD1a-1 is membrane-bound and comprises three subunits of ~100 kDa, ~55 kDa and ~36 kDa, with the 100 kDa protein functioning as the catalytic subunit [START_REF] Ridley | Resolution of distinct membrane-bound enzymes from Enterobacter cloacae SLD1a-1 responsible for the selective reduction of nitrate and selenate[END_REF]. Although it was reported that the enzyme complex contained molybdenum, haem and non-haem iron, low protein yields have subsequently prevented any detailed spectroscopic characterisation of these redox cofactors [START_REF] Ridley | Resolution of distinct membrane-bound enzymes from Enterobacter cloacae SLD1a-1 responsible for the selective reduction of nitrate and selenate[END_REF]. The dissimilatory selenate reductase isolated from Thauera selenatis [START_REF] Macy | Thauera selenatis gen-nov, sp-nov, a member of the beta-subclass of proteobacteria with a novel type of anaerobic respiration[END_REF], in contrast, is a soluble periplasmic enzyme and is much more abundantly produced than the membrane-bound enzyme in E. cloacae SLD1a-1. The periplasmic enzyme (termed SER) also comprises three subunits, SerA (96 kDa), SerB (40 kDa) and SerC (23 kDa) and catalyses the two electron reduction of selenate to selenite as shown in reaction [START_REF] Stolz | Bacterial respiration of arsenic and selenium[END_REF].

SeO 4 2-+ 2e -+ 2H + → SeO 3 2-+ H 2 O (1) 
The SerA subunit has an N-terminal cysteine-rich motif (HX 3 CX 3 CX 34 C), probably coordinating a [4Fe-4S] cluster and also contains the molybdenum (Mo) active site in the form of the molybdopterin guanine dinucleotide (bis-MGD) cofactor [START_REF] Schröder | Purification and characterization of the selenate reductase from Thauera selenatis[END_REF][START_REF] Krafft | Cloning and sequencing of the genes encoding the periplasmic-cytochrome B-containing selenate reductase of Thauera selenatis[END_REF][START_REF] Maher | X-ray absorption spectroscopy of selenate reductase[END_REF]. The SerB subunit also has four cysteine rich motifs, which again suggest the presence of a number of iron-sulfur clusters. The SerABC complex also contains a b-type cytochrome as shown by absorption spectroscopy [START_REF] Schröder | Purification and characterization of the selenate reductase from Thauera selenatis[END_REF], and this is presumed to be co-ordinated to the SerC subunit. The selenate reductase shows substrate selectivity and does not reduce nitrate, arsenate or sulphate, but does reduce chlorate (Bydder S and Santini JM, unpublished results). Amino acid sequence alignment of SerA with other molybdenum containing enzymes has shown that it is closely related to the Type-II molydo-proteins [START_REF] Trieber | Engineering a novel iron-sulfur cluster into the catalytic subunit of Escherichia coli dimethyl-sulfoxide reductase[END_REF], a group that also includes the well characterised respiratory membrane-bound nitrate reductase NAR [START_REF] Mcdevitt | Molecular analysis of dimethyl sulphide dehydrogenase from Rhodovulum sulfidophilum: its place in the dimethyl sulphoxide reductase family of microbial molybdopterin-containing enzymes[END_REF][START_REF] Martinez-Espinosa | Look on the positive side! The orientation, identification and bioenergetics of "Archaeal" membrane-bound nitrate reductases[END_REF]. The highly conserved aspartate residue, shown to co-ordinate the Mo in NAR X-ray structures [START_REF] Bertero | Insights into the respiratory electron transfer pathway from the structure of nitrate reductase A[END_REF][START_REF] Jormakka | The Architecture of NarGH reveals a structural classification of MGD enzymes[END_REF] is also conserved in SerA. However, unlike the bacterial membrane-bound nitrate reductase (NarG), the selenate reductase SerA component has a leader sequence that targets the protein complex via the Tat (twin arginine translocase) apparatus to the periplasmic (potential positive, ψ + ) side of the membrane [START_REF] Sargent | Constructing the wonders of the bacterial world: biosynthesis of complex enzymes[END_REF][START_REF] Berks | The Tat protein export pathway[END_REF] and as such places selenate reductase as a member of a distinct subgroup of Tat-translocated D-group (Type II) molybdo-enzymes, that also includes; chlorate reductase (Ideonella dechloratans [START_REF] Thorell | A gene cluster for chlorate metabolism in Ideonella dechloratans[END_REF]), dimethyl sulfide dehydrogenase (Rhodovulum sulfidophilum [START_REF] Mcdevitt | Characterization of the redox centers in dimethyl sulfide dehydrogenase from Rhodovulum sulfidophilum[END_REF]), perchlorate reductase (Dechloromonas species [START_REF] Bender | Identification, characterization, and classification of genes encoding perchlorate reductase[END_REF]) and ethylbenzene dehydrogenase (Aromatoleum aromaticum [START_REF] Johnson | Isolation and characterization of anaerobic ethylbenzene dehydrogenase, a novel Mo-Fe-S enzyme[END_REF][START_REF] Kloer | Crystal structure of ethylbenzene dehydrogenase from Aromatoleum aromaticum[END_REF]). A number of putative enzyme complexes that are predicted to be unusual Tat-dependent nitrate reductases (pNAR) [START_REF] Richardson | The Biochemical, genetic and physiological diversity of prokaryotic nitrate reduction[END_REF][START_REF] Dridge | Developing structurebased models to predict substrate specificity of D-group (Type II) molybdenum enzymes: application to a molybdo-enzyme of unknown function from Archaeoglobus fulgidus[END_REF] have recently been identified in some archaeal genomes, and are also included in this Type II group [START_REF] Martinez-Espinosa | Look on the positive side! The orientation, identification and bioenergetics of "Archaeal" membrane-bound nitrate reductases[END_REF]. Due to the relatively recent identification of this unusual sub-group of molybdo-enzymes, few spectroscopic studies of their redox centres have been reported, with the notable exception of the detailed study by McEwan and co-workers on the dimethyl sulfide dehydrogenase from

Rhodovulum sulfidophilum [START_REF] Mcdevitt | Characterization of the redox centers in dimethyl sulfide dehydrogenase from Rhodovulum sulfidophilum[END_REF]. Consequently, in the present work we have undertaken the first EPR spectroscopic analysis of the SerABC complex from T. selenatis, and probed the centres under oxidised, reduced and turnover conditions. Signals attributed to FeS clusters, haem-b and the Mo centre are reported and the assignment of these signals is discussed in relation to the recent crystal structure of ethylbenzene dehydrogenase (EBDH) [START_REF] Kloer | Crystal structure of ethylbenzene dehydrogenase from Aromatoleum aromaticum[END_REF].

Experimental

Growth of T. selenatis and production of periplasmic fractions.

T. selenatis was grown anaerobically at 30°C in mineral salts medium [START_REF] Macy | Thauera selenatis gen-nov, sp-nov, a member of the beta-subclass of proteobacteria with a novel type of anaerobic respiration[END_REF] containing yeast extract (0.1%), selenate (10 mM) and acetate (10 mM) in 10 litre batch cultures. Cultures were harvested during late log phase (after 16-18 hrs growth) at A 600 0.6-0.7 and spheroplasts were prepared as described previously [START_REF] Schröder | Purification and characterization of the selenate reductase from Thauera selenatis[END_REF]. The spheroplasts were removed by centrifugation (25,000 x g, 20 minutes) and the supernatant containing periplasm was retained.

The purification of the selenate reductase SerABC complex.

Selenate reductase was concentrated by ammonium sulphate precipitation (50-80%) as described previously [START_REF] Schröder | Purification and characterization of the selenate reductase from Thauera selenatis[END_REF]. After centrifugation (25,000 x g, 20 minutes), the precipitated proteins were suspended in 50 mM PIPES buffer pH 6.0, containing 1 M (NH 4 ) 2 SO 4 . The solution was directly loaded onto a Phenyl-Sepharose high performance hydrophobic interaction column, which had been equilibrated with 1M PIPES buffer pH 6.0, containing 1 M (NH 4 ) 2 SO 4 . All chromatography procedures were performed at room temperature. Protein concentration was monitored by measuring the absorbance at 280 nm. After washing the column with one volume of PIPES buffer containing 1 M (NH 4 ) 2 SO 4 , the selenate reductase was eluted from the column with a 1-0 M (NH 4 ) 2 SO 4 gradient in PIPES buffer. Following elution, fractions were assayed for selenate reductase activity using a viologen-based anaerobic microtitre plate assay [START_REF] Ridley | Development of a viologen based microtitre plate assay for the analysis of oxyanion reductase activity: Application to the membrane bound selenate reductase from Enterobacter cloacae SLD1a-1[END_REF], and those showing selenate reductase activity were pooled and concentrated using a 30 kDa cut-off Amicon ultrafiltration cell. The resulting fraction was loaded onto a Superdex 200 gel filtration column (Amersham) that had been equilibrated with two column volumes of 50mM PIPES (pH 6.0). The selenate reductase was eluted in the same buffer, with the fractions being assayed for selenate reductase activity as before, and those containing the activity were concentrated using a 30 kDa cut-off Vivaspin centrifugal concentrator and stored at -80°C. Purity was determined by SDS-PAGE. N-terminal sequence was performed as described previously [START_REF] Ridley | Resolution of distinct membrane-bound enzymes from Enterobacter cloacae SLD1a-1 responsible for the selective reduction of nitrate and selenate[END_REF] using the Molecular Biology Facility, University of Newcastle. In order to determine the metal (Fe and Mo) content of the purified selenate reductase, samples were analysed by inductively coupled plasma mass spectroscopy (ICPMS).

Standards of Fe and Mo were prepared at the following concentrations 1, 5, 10, 25, 50 and 100 ppb. All samples and standards were treated with 6.5% nitric acid and analysed using a thermo X-series ICP-MS spectrometer in accordance with manufacturer's instructions.

Electron paramagnetic resonance spectroscopy

All EPR spectra were measured using a Bruker EMX spectrometer (X-band 9.38 GHz)

equipped with an ER4112HV liquid helium flow cryostat system. Samples were prepared as detailed in the appropriate figure legends. FeS EPR spectra were recorded at a range of temperatures (5-25 K) and microwave powers (2-100 mW) at 9.38 GHz microwave frequency and 0.5 mT field modulation amplitude. Mo(V) EPR spectra were recorded at 60K, ca. 9.38

GHz microwave frequency, 2 mW microwave power and 0.5 mT field modulation amplitude.

Spin concentration of samples was determined from integrations of their EPR absorption spectra by comparison to those of a 2 mM Cu II -EDTA standard [START_REF] Bennett | Mo(V) electron paramagnetic resonance signal from the periplasmic nitrate reductase of Thiosphaera pantotropha[END_REF][START_REF] Butler | Models for molybdenum co-ordination during the catalytic cycle of periplasmic nitrate reductase from Paracoccus denitrificans derived from EPR and EXAFS spectroscopy[END_REF]. EPR monitored redox potentiometric titrations were performed as described previously [START_REF] Jepson | Tuning a nitrate reductase for function: the first spectro-potentiometric characterisation of a bacterial assimilatory nitrate reductase reveals novel redox properties[END_REF]. Spectral simulations were carried out using WINEPR Simfonia Version 1.25 (Bruker). Where simulations are presented, experimental and simulated spectra are aligned with a magnetic field range corresponding to a microwave frequency of 9.3800 GHz.

Homology modelling

Homology modelling was carried out using the homology tools in the software package MOE™. The sequence of T. selenatis SerB was aligned and modelled against the structure of EBDH β-subunit from A. aromaticum (PDB -2IVF B [START_REF] Kloer | Crystal structure of ethylbenzene dehydrogenase from Aromatoleum aromaticum[END_REF]). An ensemble of 30 intermediate models was created and the best intermediate model minimised using the CHARM22 force field to an RMS gradient of 0.01. The quality of the model was assessed by PROCHECK [START_REF] Morris | Stereochemical quality of protein structure coordinates[END_REF][START_REF] Laskowski | PROCHECK: a program to check the stereochemical quality of protein structures[END_REF]. Molecular pictures were created using PyMol [START_REF] Delano | The PyMOL Molecular Graphics System[END_REF].

Results

EPR studies of the iron-sulfur clusters

Selenate reductase purifies as a three subunit complex (Figure 1 inset) and metal analysis has confirmed the presence of 24 ± 2 mol Fe and 0.5 ± 0.1 mol Mo per mol enzyme. Further purification to achieve homogeneity has resulted in a significant loss of activity and a concomitant decrease in the Mo content, consequently, the spectroscopic analysis presented here has been performed on a sample considered to be >80% pure. The only significant contaminant present is a protein of molecular mass ~28 kDa which we have confirmed by Nterminal sequence analysis to be uridine phosphorylase, and as such co-ordinates no EPR detectable clusters [START_REF] Caradoc-Davies | Crystal structures of Escherichia coli uridine phosphorylase in two native and three complexed forms reveal basis of substrate specificity, induced conformational changes and influence of potassium[END_REF]. The variable temperature X-band (9.38 GHz) EPR spectra of as prepared "resting" SerABC (Figure 1) at 10K was dominated by a large signal centered at g av ~2.01, a small isotropic signal at g~4.3 and a feature at g~3.33 (Figure 1). The signal at g~4.3 is typical of that routinely observed for adventitious high-spin Fe III . The line-shape of the large signal at g av ~2.01 is, in general, similar to that observed from proteins containing an oxidised (S=1/2) [3Fe-4S] 1+ cluster; notably the signal displays a low-field sharp positive peak followed by a less intense broad negative tail to high field [START_REF] Cammack | Iron-sulphur clusters in enzymes -themes and variations[END_REF]. The temperature dependence of the signal (Figure 2) shows that the signal broadens rapidly above 15K, such that at 20K the signal is barely detectable. The power dependence of the signal displays a P 1/2 ~ 50 mW at 10K (data not shown). Simulation of the spectrum recorded at 10K gives principal g values of g 1 ~1.991, g 2 ~2.004 and g 3 ~2.026 (g av =2.007) (Figure 2). Assuming a ground state of spin S=1/2, double integration of the signal recorded under non-saturating conditions, when compared to a Cu II -EDTA standard, yields a spin concentration representing a population of ~0.9 [3Fe-4S] clusters per SerABC unit. Upon reduction of the sample by the addition of excess sodium dithionite the signal at g av ~2.01 is no longer detectable and is now replaced by a number of features resolvable in the g~2 region (Figure 3). The principal signal (see simulation) with g values g 1,2 ~1.882 and g 3 ~2.026 (g av ~1.930) can be best described as an axial signal. It again shows temperature dependence and is no longer detectable at 40K, and as such is indicative of a [4Fe-4S] 2+ cluster rather than a HIPIP-type [4Fe-4S] 3+ or a reduced [2Fe-2S] 1+ cluster, which are often detected at temperatures up to 60 K or higher [START_REF] Cammack | Iron-sulphur clusters in enzymes -themes and variations[END_REF]. Power saturation studies (data not shown) demonstrate that this signal is difficult to saturate within the available power range (P 1/2 > 100 mW at 10K). This observed behaviour is consistent with other studies of [4Fe-4S] clusters in related enzymes. The signal shows resemblance to the axial signal observed for the minor conformation of the FS1 cluster in nitrate reductase NarH (Table 1). Since the g av value (1.930) is less than g e (2.00232), the electronic structure of the [4Fe-4S] cluster is more likely to be [4Fe-4S] 1+ than [4Fe-4S] 3+ [START_REF] Mouesca | Spin densities and spin coupling in iron-sulfur cluster: a new analysis of hyperfine coupling constants[END_REF] and is again in agreement with the observed temperature dependence. Assuming a ground state of spin S=1/2, double integration of the [4Fe-4S] 1+ signal, when compared to a Cu II -EDTA standard, yielded a spin concentration representing a population of ~0.5 [4Fe-4S] clusters per SerABC unit. An additional signal is also observed at g~1.999, but is not subject to the same temperature dependence and can probably be assigned to the g 3 feature of the Mo(V) species (see below).

Also, upon reduction, a number of low intensity broad resonances are observed in the g~1.96 region which probably arise due to spin-spin interactions of other reduced centres within the SerABC complex. In order to demonstrate the involvement of both [3Fe-4S] and [4Fe-4S] clusters in electron transfer during selenate turnover, the reduced sample was thawed under nitrogen and treated with selenate and subsequently rapidly (within 5 seconds) refrozen. The selenate re-oxidised spectrum recorded at 10K clearly shows selenate dependent re-oxidation of the [4Fe-4S] 1+ cluster rendering most of its signal EPR silent, with the concomitant reoxidation of the [3Fe-4S] cluster re-generating the S=1/2 signal at g av ~2.01 (Figure 4). This suggests that both types of iron-sulfur clusters play a functional role in electron transfer to the selenate reductase active site and that the [3Fe-4S] cluster observed is not due to iron loss from a more typical [4Fe-4S] cluster. The SerABC samples were electrochemically poised at a range of potentials between ±400 mV. The [3Fe-4S] 1+ cluster EPR signal was lost between the potential range 400 to 0 mV, and the titration could be fitted with a simple n = 1 Nernstian curve from which a midpoint potential of +118 ± 10 mV for the [3Fe-4S] 0/1+ couple could be derived (Figure 5B). The The N-terminal domain of the membrane-bound nitrate reductase (NarG) displays a conserved cysteine rich motif (HX 3 CX 3 CX 35 C) that is involved in the co-ordination of an iron-sulfur cluster (FS0) of the [4Fe-4S] type, yet attempts to detect the cluster in early EPR studies were unsuccessful [START_REF] Magalon | Molybdenum cofactor properties and [Fe-S] cluster coordination in Escherichia coli nitrate reductase A: investigation by site-directed mutagenesis of the conserved His-50 residue in the NarG subunit[END_REF][START_REF] Guigliarelli | Complete coordination of the four Fe-S centres of the β-subunit from Escherichia coli nitrate reductase. Physiological, biochemical and EPR characterisation of site-directed mutants lacking the highest or lowest potential [4Fe-4S] clusters[END_REF]. The involvement of this motif in the co-ordination of a [4Fe-4S] cluster was only demonstrated in the recent crystal structures of NarG from E. coli [START_REF] Bertero | Insights into the respiratory electron transfer pathway from the structure of nitrate reductase A[END_REF][START_REF] Jormakka | The Architecture of NarGH reveals a structural classification of MGD enzymes[END_REF]. A similar structural coordination for FS0 has now also been shown in A. aromaticum EbdA [START_REF] Kloer | Crystal structure of ethylbenzene dehydrogenase from Aromatoleum aromaticum[END_REF]. The FS0 cluster has novel co-ordination provided by the three cysteine ligands with an additional histidine ligand positioned at residue His 49 . It was suggested that such co-ordination might give rise to unusual spectroscopic properties [START_REF] Bertero | Insights into the respiratory electron transfer pathway from the structure of nitrate reductase A[END_REF]. Subsequent EPR studies of NarG [START_REF] Rothery | The catalytic subunit of Escherichia coli nitrate reductase A contains a novel [4Fe-4S] cluster with a high-spin ground state[END_REF] have now shown that FS0 has an unusual high-spin (S=3/2) ground state, giving rise to an EPR signal in the g~5 region of the spectrum. By recording the EPR spectrum at low temperature (5K) and high power (100mW), signals at g~5.023 and g~5.556 were readily detected in dithionite reduced NarG [START_REF] Rothery | The catalytic subunit of Escherichia coli nitrate reductase A contains a novel [4Fe-4S] cluster with a high-spin ground state[END_REF]. A similar cluster in SerA is also presumed to be co-ordinated by one histidine and three cysteine ligands since the motif is conserved. Assuming that FS0 in SerA might also have an unusual high-spin ground state we have also investigated the selenate reductase complex under similar conditions. Whilst a broad feature is observed between 160-180 mT, no peaks at g~5 or 5.5 are observed typical of a high-spin cluster (data not shown).

Whilst it was noted by Rothery et al. [START_REF] Rothery | The catalytic subunit of Escherichia coli nitrate reductase A contains a novel [4Fe-4S] cluster with a high-spin ground state[END_REF], that the FS0 was not observed in apomolybdo-NarGHI, low molybdenum occupancy (~50%) in SerA might also point to low occupancy of FS0, but the total metal content would suggest otherwise. Given that the metal analysis indicates Fe occupancy consistent with 5xFeS cluster and that the selenate-dependent reoxidation of the redox centres of SerB are observed, it would suggest that FS0 is probably present, but in an undetectable state, possibly having a lower equilibrium potential than can be reached by reduction with sodium dithionite.

EPR studies of haem-b

The full-sweep EPR spectrum of the "as prepared" selenate reductase complex revealed a small positive peak at g~3.33. Closer inspection of the selenate re-oxidised sample (Fig 6 ) showed that this signal had increased in intensity and its line-shape is considered typical of the g 3 feature of a rhombic trio, possibly with the g 2 and g 1 resonances either hidden under those arising from the [3Fe-4S] 1+ cluster or are too broad to be observed at X-band. The g 3 signal is similar to a feature observed in the dimethyl sulfide dehydrogenase (DMSDH), that has been studied further by magnetic circular dichroism spectroscopy and been assigned to the g 3 feature of the spectrum of low-spin ferric haem-b in the γ-subunit [START_REF] Mcdevitt | Characterization of the redox centers in dimethyl sulfide dehydrogenase from Rhodovulum sulfidophilum[END_REF]. It would thus seem appropriate that the same g 3 signal can be attributed to a low-spin ferric haem-b in SerC.

EPR studies of the molybdenum centre of SerA

The EPR spectrum of the as prepared SerABC complex recorded at 60K is dominated by resonances, with g-anisotropy consistent with a Mo(V) centre containing a single d 1 unpaired electron (S=1/2) (Figure 7) (Table 1). The spectrum has principal g values of g 3 ~1.999, g 2 ~1.996 and g 1 ~1.965 (g av 1.9867). Comparison of the spectroscopic parameters with other molybdoenzymes shows that the anisotropy of the Mo(V) signal is similar to values reported for other members of the Type II group (Table 1). However, the rhombicity of the signal is notably lower than that from most other members of this group except for the value reported [START_REF] Rothery | Interactions between the molybdenum cofactor and iron-sulfur clusters of Escherichia coli dimethylsulfoxide reductase[END_REF] for DmsA from E. coli. The sample was poised at pH 6.0 and the dominant features at g 2 and g 3 do not resolve splittings consistent with proton hyperfine coupling. Hyperfine splitting is observed in the g 1 region of the Mo(V) spectrum and can be best simulated as arising from a single proton nucleus (I = 1/2) with a coupling constant of A 1 ( 1 H) = 1.014 [mT]. A splitting of 1.014 mT is consistent with that caused by a proton of an equatorial hydroxyl ligand to the Mo(V) centre [START_REF] Bray | The inorganic biochemistry of molybdoenzymes[END_REF] and is in agreement with the postulated structure of the active site derived from EXAFS [START_REF] Maher | X-ray absorption spectroscopy of selenate reductase[END_REF], that places a bound hydroxyl ligand with a short Mo-O bond of 1.81Å. A second, much less intense spectrum is also observed with resonances at higher field (A ~ 4mT)

and probably arises from a mixture of natural molybdenum isotopes ( 95,97 Mo, I = 5/2). Upon reduction with dithionite (Figure 8) there is a decrease in the intensity of the g 3 ~1.999 signal and a loss of the feature at g 2 ~1.965. Treatment of the sample with selenate appears to again enhance features at g 3 ~1.999 and g 1 ~1.965, suggesting that the observed Mo(V) species is formed as an intermediate during selenate turnover. However, the selenate re-oxidised spectrum clearly shows a sharper feature at g ~2.008 and the g 1 ~1.965 feature is no longer split by a proton, and as such might represent a SeO . This group all have a number of common features. Sequence analysis of the catalytic subunits, for example, shows that an aspartate residue is highly conserved amongst this group and in the recent crystal structures of nitrate reductase (NarGH and NarGHI) [START_REF] Bertero | Insights into the respiratory electron transfer pathway from the structure of nitrate reductase A[END_REF][START_REF] Jormakka | The Architecture of NarGH reveals a structural classification of MGD enzymes[END_REF] and ethylbenzene dehydrogenase [START_REF] Kloer | Crystal structure of ethylbenzene dehydrogenase from Aromatoleum aromaticum[END_REF] it has been shown to co-ordinate directly to the Mo centre. This is in contrast to members of the Type I and Type III molybdo-enzymes. In the Type I enzymes, the Mo centre either has no ligand, as is the case for arsenite oxidase, or is liganded via a cysteine (e.g. NAP) or selenocysteine (e.g. FDH). In the Type III enzymes, the Mo centre is co-ordinated via a serine ligand (e.g. DMSO reductase). The distinction of the different co-ordination types observed in the structures of the active sites of these molybdoenzymes is also evident in the EPR parameters recorded for their Mo(V) species [START_REF] Mcdevitt | Characterization of the redox centers in dimethyl sulfide dehydrogenase from Rhodovulum sulfidophilum[END_REF].

Consequently, it was expected that the Mo(V) EPR signals for selenate reductase would be similar to those of other Type II molybdo-enzymes. The combined evidence from all the EPR parameters; g av , anisotropy and rhombicity, show that selenate reductase is indeed better grouped as a Type II enzyme. In light of the recent crystal structures of NarGH (and NarGHI) from E. coli and EBDH from A. aromaticum, the present spectroscopic work provides strong evidence that selenate reductase is correctly grouped and is also likely to have the Mo centre co-ordinated directly by the highly conserved Asp positioned at residue 209 in the SerA sequence. However, it is noted that in the EXAFS analysis of selenate reductase by Maher et al., [START_REF] Maher | X-ray absorption spectroscopy of selenate reductase[END_REF] no evidence was presented in support of an aspartate ligand to Mo and the authors speculated that the structure of the active site might resemble that of the Type I enzyme, arsenite oxidase, with a bis-MGD cofactor in which Mo is not ligated directly via an amino acid ligand [START_REF] Conrads | The active site of arsenite oxidase from Alcaligenes faecalis[END_REF]. Unfortunately, no comparisons can be made between the Mo(V) EPR spectra of selenate reductase and arsenite oxidase since the Mo(V) species in arsenite oxidase is inherently unstable [START_REF] Hoke | Electrochemical studies of arsenite oxidase: an unusual example of a highly cooperative two-electron molybdenum center[END_REF]. Consequently, the one electron reduced Mo(V) state does not accumulate and no Mo(V) EPR spectrum has yet been detected [START_REF] Hoke | Electrochemical studies of arsenite oxidase: an unusual example of a highly cooperative two-electron molybdenum center[END_REF]. The fact that selenate reductase loses the Mo cofactor during purification, suggests that any amino acid ligand The amino acid sequence of SerB shows four potential iron-sulfur cluster binding motifs (Figure 9A). It is also predicted that an iron-sulfur cluster is coordinated to the N-terminal convincing evidence that the conserved Cys-rich motifs co-ordinate similar clusters (Figure 9B). Hence, we consider it highly likely that the [3Fe-4S] 1+ EPR spectrum detected at g av ~2.01 arises from the oxidised cluster FS4 coordinated residues at positions Cys 145 , Cys 166 and Cys 172

(Figure 9C). The other [4Fe-4S] clusters form a sequential numbered (FS3-FS2-FS1) electron conduit through the protein transferring electrons to FS0 and MGD in SerA. SerB and EBDH β-subunit also show homology to the NarH component of the respiratory nitrate reductase, which has been the subject of extensive spectroscopic analysis. The mid-point potentials for the clusters in NarH have been resolved and have E m values of +130 mV (FS1), -420 mV (FS2), -55 mV (FS3) and +180 mV (FS4 -the [3Fe-4S] cluster) [START_REF] Rothery | The molybdenum cofactor of Escherichia coli nitrate reductase A (NarGHI). Effect of a mobAB mutation and interactions with [Fe-S] clusters[END_REF]. Therefore by analogy we suggest that in SerB the cluster potentials are +183 mV (FS1), -356 mV (FS2), -51 mV (FS3) and +118 mV (FS4) (Figure 10). So which centres are spin coupled in the fully reduced sample? It is noted in the crystal structure of EBDH that all the FeS clusters (FS1, FS2, FS3 and FS4) are in close contact (<6.9Å apart). However, the structure shows that clusters FS2 and FS3 (5.4Å apart) are closer together by 1.1Å than clusters FS1 and FS2 (6.6Å apart). It would thus seem most likely that in the fully reduced sample, FS2 and FS3 would be spin coupled. Consequently, we assign the detectable [4Fe-4S] cluster (with EPR features at g 1,2 ~1.882 and g 3 ~2.026) in the fully reduced sample to cluster FS1 and speculate that in SerB it is co-ordinated by residues at positions Cys 15 , Cys 18 , Cys 21 and Cys 212 (Figure 9C).

The EPR signal seen at g~3.33 in the as prepared sample increased in intensity upon selenate re-oxidation. This signal is very similar to a feature observed in DMSDH, that based upon subsequent MCD analysis, has been assigned to the g 3 feature of the spectrum of low-spin ferric haem-b with histidine and methione axial ligands [START_REF] Mcdevitt | Characterization of the redox centers in dimethyl sulfide dehydrogenase from Rhodovulum sulfidophilum[END_REF]. We therefore suggest that the g~3.33 signal seen in selenate reductase also arises due to the presence of the haem-b in SerC, but given the close sequence similarity amongst a number of Tat-translocated D-group molybdoenzymes [START_REF] Martinez-Espinosa | Look on the positive side! The orientation, identification and bioenergetics of "Archaeal" membrane-bound nitrate reductases[END_REF], it is consider more likely that the Fe III is coordinated by the highly conserved methionine (Met 137 ) and lysine (Lys 228 ) residues, as recently demonstrated in the structure of the γ subunit of EBDH [START_REF] Kloer | Crystal structure of ethylbenzene dehydrogenase from Aromatoleum aromaticum[END_REF]. Upon purification, the SerC haem is partially reduced whilst other detectable redox centres appear oxidised, indicating that the b-haem in SerC might have a relatively high redox potential. Complete oxidation is achieved by the addition of selenate, demonstrating its involvement of electron transfer to SerAB (not shown). The similar haem moiety in DMSDH also has a high-redox potential (+315 mV) [START_REF] Mcdevitt | Characterization of the redox centers in dimethyl sulfide dehydrogenase from Rhodovulum sulfidophilum[END_REF] and these studies have suggested that this will help facilitate its role in electron transfer out of the enzyme to a periplasmic electron acceptor. Clearly, selenate reductase works in the reverse direction, transferring electrons via the redox centres to the active site of SerA. The means by which selenate reductase obtains its electrons is currently unknown, but a c-type cytochrome (23 kDa) co-purifies with the reductase complex following ammonium sulphate precipitation and hydrophobic interaction chromatography and has been demonstrated to act as an electron donor to the reductase in vitro (Lowe EC, Bydder S, Santini JM, Butler CS, unpublished results). It Two different [4Fe-4S] signals have been observed for E. coli NAR and are represented as the †major conformation and ‡minor conformation [START_REF] Rothery | The catalytic subunit of Escherichia coli nitrate reductase A contains a novel [4Fe-4S] cluster with a high-spin ground state[END_REF][START_REF] Guigliarelli | EPR and redox characterization of iron-sulfur centers in nitrate reductases A and Z from Escherichia coli. Evidence for a high-potential and a lowpotential class and their relevance in the electron-transfer mechanism[END_REF]. 

  [4Fe-4S] 1+ cluster EPR signal developed over a range of potentials between ±300 mV and was best fitted with two sequential Nernstian n = 1 curves with midpoint redox potentials of +183 ± 10 mV and -51 ± 10 mV for the two [4Fe-4S] 1+/2+ cluster couples. Double integration of this signal yielded a spin concentration representing a population of ~1.5 [4Fe-4S] clusters per SerABC unit. Upon further reduction to <-300 mV Biochemical Journal Immediate Publication. Published on 10 Aug 2007 as manuscript BJ20070669 © 2007 The Authors Journal compilation © 2007 Biochemical Society the observed signal intensity of the [4Fe-4S] 1+ cluster decreases. This change in intensity can again be fitted to an n=1 Nernstian component with a mid-point potential of E m ~-356 ± 10 mV mV (Figure 5B).
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 2 bound intermediate. Experiments to determine the redox potential for the Mo(IV)/Mo(V) and Mo(V)/Mo(VI) couples were not possible at this stage due to insufficient material to produce a series of electrochemically poised samples at concentrations required to observe a resolvable Mo(V) signal. Discussion In the present work we have undertaken a detailed spectroscopic study of the redox cofactors of the periplasmic selenate reductase from T. selenatis and the results presented have resolved signals attributed to centres [3Fe-4S] 1+ , [4Fe-4S] 1+ , Mo(V) and haem-b. Selenate reductase is a member of an expanding group of molybdo-enzymes, which based upon sequence alignments have tentatively been assigned to the Type II clade. The Type II members are a distinct subgroup that include; nitrate reductase (nNAR and pNAR), ethylbenzene dehydrogenase (EBDH), dimethylsulfoxide reductase (DmsABC) and dimethyl sulfide dehydrogenase (DMSDH)

  region of SerA. EPR spectroscopy in this study has clearly resolved two distinct signals that can be attributed to clusters of the [3Fe-4S] and [4Fe-4S] type. The [3Fe-4S] cluster is resolved in the oxidised protein and its EPR signal is lost upon reduction and redox titration reveals a midpoint potential of E m ~+118mV. An axial signal typical of a [4Fe-4S] cluster is observed upon reduction from +400 to -200 mV and the signal intensity can be fitted to two sequential n=1 Nernstian components with mid-point redox potentials of E m ~+183 mV and E m ~-51 mV. Upon further reduction to -400 mV, the observed signal intensity of the [4Fe-4S] cluster decreases. This change in intensity can again be fitted to an n=1 Nernstian component with a mid-point potential of E m ~-356 mV. It would appear from the redox titration that in SerB the three [4Fe-4S] clusters have very similar overlapping spectral features with a strong feature (g 1,2 ) at g~1.882. Upon reduction, two of the [4Fe-4S] clusters are clearly resolved, one at high potential (E m ~+183 mV) and the other at considerably lower potential (E m ~-51mV). The resolution of the third cluster is apparent only by the decrease in signal intensity. It is considered likely that at very low redox potential E m <-300 mV, the remaining oxidised cluster is reduced (S=1/2) and strongly spin-couples to a neighbouring [4Fe-4S] 1+ cluster rendering both centres EPR silent (net spin S=0), thus decreasing the observed signal intensity at g~1.882. Can these EPR signals be assigned to any particular clusters? If we consider the recent crystal structure from EBDH[START_REF] Kloer | Crystal structure of ethylbenzene dehydrogenase from Aromatoleum aromaticum[END_REF], we see that the β-subunit has a structure that resembles an N-terminal ferredoxin, containing two FeS clusters (termed FS1 and FS2) followed by a tandem repeat duplication, containing the second pair of FeS clusters (termed FS3 and FS4). The main difference between the two domains is that cluster FS4 is a [3Fe-4S] type coordinated by only three Cys ligands. SerB shares high sequence identity (55%) to the EBDH β-subunit and modelling the SerB structure on the EBDH β-subunit provides

  is presumed that electrons enter the selenate reductase via SerC and the presence of a highpotential b-haem might facilitate electron transfer from a number of different redox partners.In summary, this work provides the first spectro-potentiometric insight into an enzyme that catalyses a key reductive reaction in the biogeochemical selenium cycle. The variable temperature EPR spectra of the purified selenate reductase complex has revealed features attributable to centres [3Fe-4S] 1+ , [4Fe-4S] 1+ , Mo(V) and haem-b. The involvement of the [3Fe-4S] and [4Fe-4S] clusters in electron transfer to the active site of selenate reductase was demonstrated by the re-oxidation of both clusters under selenate turnover conditions. The combined evidence from EPR spectroscopy and redox potentiometry has revealed four of the five FeS clusters in SerABC, with only FS0 in SerA remaining undetected. The Mo(V) EPR recorded at 60K, gives rise to spectral features similar to those obtained for other aspartate liganded (D-group) molybdoenzymes and provides good evidence in support of the assignment of the periplasmic selenate reductase as a member of the Type II molybdo-enzymes.

Figure 1 .

 1 Figure 1. X-band EPR spectrum of the SER complex as prepared. Enzyme concentration was 70.4 μM in 50 mM PIPES (pH6.0). Conditions of measurement: microwave frequency, 9.38 GHz; microwave power, 2 mW; modulation amplitude, 0.5 mT; temperature 10K. 1 Scan. Inset shows SDS-PAGE resolved SER subunits (20μg total protein) stained with coomassie blue stain.

Figure 2 .

 2 Figure 2. Temperature dependence of the [3Fe-4S] 1+ EPR spectrum. Enzyme concentration was 70.4 μM in 50 mM PIPES (pH6.0). Spectra recorded at the following temperatures; 10K (solid line); 12.5K (dashed line); 15K (dotted line); 20K (dash-dot line) and 25K (dash-dot-dot line). Conditions of measurement: microwave frequency, 9.38 GHz; microwave power, 2 mW; modulation amplitude, 0.5 mT. 1 Scan each. Offset spectrum shows the simulation of the experimental spectrum recorded at 10K.

Figure 3 .

 3 Figure 3. Temperature dependence of the [4Fe-4S] 1+ EPR spectrum. Enzyme concentration was 70.4 μM in 50 mM PIPES (pH6.0). Samples were reduced by the addition of 10 mM sodium dithionite. Spectra recorded at the following temperatures; 10K (solid line); 20K (dashed line); 30K (dotted line) and 40K (dash-dot line). Conditions of measurement: microwave frequency, 9.38 GHz; microwave power, 2 mW; modulation amplitude, 0.5 mT. 1 Scan each. Offset spectrum shows the simulation of the experimental spectrum recorded at 10K.

Figure 4 .

 4 Figure 4. Selenate-dependent re-oxidation of the [3Fe-4S] and [4Fe-4S] clusters. Enzyme concentration was 70.4 μM in 50 mM PIPES (pH6.0) prior to the addition of reactants. Both sodium dithionite and selenate where added to a final concentration of 10 mM. Dithionite reduced (solid line). Selenate re-oxidised under anoxic conditions (dash-dot-dot line). Conditions of measurement: microwave frequency, 9.38 GHz; microwave power, 2 mW; modulation amplitude, 0.5 mT; temperature 10K. 1 Scan each.

Figure 5 .

 5 Figure 5. EPR monitored redox-potentitometric titration of the [3Fe-4S] and [4Fe-4S] clusters. (A) EPR spectra recorded from samples poised at different redox potentials from +400 to -400 mV. Enzyme concentration was ~10 μM in 50 mM PIPES (pH6.0) prior to the addition of reductant. (B) Change in signal intensity as a function of redox potential.

Figure 6 .

 6 Figure 6. EPR spectrum from selenate-oxidised SER complex revealing low-spin Fe(III) haem-b. Enzyme concentration was 70.4 μM in 50 mM PIPES (pH6.0). Conditions of measurement: microwave frequency, 9.38 GHz; microwave power, 2 mW; modulation amplitude, 1 mT; temperature 10K.

Figure 7 .

 7 Figure 7. Mo(V) EPR spectrum from SER complex as prepared. Enzyme concentration was 70.4 μM in 50 mM PIPES (pH6.0). Conditions of measurement: microwave frequency, 9.38 GHz; microwave power, 2 mW; modulation amplitude, 0.5 mT; temperature 60K. 20 Scans. Spectra (a) experimentally recorded; (b) simulation of unsplit spectrum; (c) simulation with the presence of a single proton (I = 1/2) A 1 ( 1 H) = 1.014 [mT].

Figure 8 .

 8 Figure 8. Mo(V) EPR spectra from SER complex under turnover conditions. Enzyme concentration was 70.4 μM in 50 mM PIPES (pH6.0). (a) As prepared oxidised; (b) dithionite reduced and (c) selenate re-oxidised. Conditions of measurement: microwave frequency, 9.38 GHz; microwave power, 2 mW; modulation amplitude, 0.5 mT; temperature 60K. 20 Scans each.

Figure 9 .

 9 Figure 9. Co-ordination of FeS clusters in SerB. (A) SerB sequence showing cysteine rich motifs (underlined); (B) Predicted structure of SerB (right) modelled upon the crystal structure of EBDH β-subunit (left) [20]; (C) Putative SerB FeS cluster ligands.

Figure 10 .Figure 1 .

 101 Figure 10. Electron transfer through SerB ( ), DmsB ( ) and NarH ( ). The E m values of each of the [FeS] clusters is shown. Potentials displayed as substrate represent the mid-point potentials for the couples; selenate→selenite (Eo'~+475 mV), DMSO→DMS (Eo'~+160 mV) and nitrate→nitrite (Eo'~+430 mV). Q-pool indicates ubiquinol (Eo'~+65 mV) and menaquinol (Eo'~-55 mV) [48]. Arrows indicate direction of electron transfer. Data
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  might readily dissociate. The flexible co-ordination of the Asp ligand may be evident when considering the structures obtained for nitrate reductase; in the structure reported by Bertero et al.[START_REF] Bertero | Insights into the respiratory electron transfer pathway from the structure of nitrate reductase A[END_REF], the Mo is co-ordinated by six ligands, four cis-dithiolene sulfur atoms from the bis-MGD and a bidentate ligand from both side chain oxygen atoms from the carboxylate group of Asp 222 . In contrast, the structure reported by Jormakka et al.[START_REF] Jormakka | The Architecture of NarGH reveals a structural classification of MGD enzymes[END_REF] has the Mo again co-ordinated by four cis-dithiolene sulfur atoms, but only a single carboxylate oxygen from

	Asp 222 .

Table 1 .

 1 Footnote:Δg (g e -g av ), Anisotropy (g 3 -g 1 ) and Rhombicity [(g 3 -g 2 )/(g 3 -g 1 )] parameters are provided to allow comparisons to be made between signals.

	Membrane orientation (+/-) distinguishes proteins that are exported to the membrane potential
	positive side (Δψ+) via the Tat-translocase.
	Samples are as follows; 1 DMSDH, dimethyl sulfide dehydrogenase from Rhodovulum.
	sulfidophilum; 2 NarGH, membrane bound nitrate reductase from E. coli; 3 NarGH nitrate
	reductase from Haloarcula marismortui; 4 DMSOR, dimethylsulfoxide reductase from
	Rhodobacter capsulatus; 5 FDH, formate dehydrogenase from Desulfovibrio desulfuricans;
	6 NAP, periplasmic nitrate reductase from Paracoccus pantotrophus; 7 DmsABC,
	dimethylsulfoxide reductase from E. coli.
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