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The periplasmic nitrate reductase (NAP) from Paracoccus

pantotrophus is a soluble two-subunit enzyme (NapAB) that

binds two haem groups, a [4Fe–4S] cluster and a

bis(molybdopterin guanine dinucleotide) (MGD) cofactor that

catalyses the reduction of nitrate to nitrite. In the present study

the effect of KSCN (potassium thiocyanate) as an inhibitor and

Mo ligand has been investigated. Results are presented that show

NAP is sensitive to SCNw (thiocyanate) inhibition, with SCNw

acting as a competitive inhibitor of nitrate (K
i
E 4.0 mM). The

formation of a novel EPR Mo(V) species with an elevated g
av

value (g
av

C 1.994) compared to the Mo(V) High-g (resting)

species was observed upon redox cycling in the presence of

SCNw. Mo K-edge EXAFS analysis of the dithionite-reduced

NAP was best fitted as a mono-oxo Mo(IV) species with three

INTRODUCTION

Three distinct classes of enzyme catalyse the bacterial reduction

of nitrate to nitrite. Two of these enzymes are associated with

energy-conserving respiratory electron-transport pathways and

one with nitrate assimilation [1]. One of the respiratory enzymes

is membrane-anchored, with an active site in the cytoplasm, and

the other is a water-soluble periplasmic enzyme [2]. The as-

similatory enzymes are located in the cytoplasm [1]. Sequence

analysis has led to the conclusion that all the bacterial nitrate

reductases are members of the subgroup of molybdoenzymes

that bind the molybdopterin guanine dinucleotide (MGD) form

of the molybdopterin cofactor [2]. The soluble periplasmic nitrate

reductase (NAP) from Paracoccus pantotrophus (previously

classified as Thiosphaera pantotropha [3] and Paracoccus

denitrificans GB17) contains a 16 kDa dihaem c-type cytochrome

subunit (NapB) and an 80 kDa catalytic subunit (NapA) that

binds an N-terminal [4Fe–4S] cluster and the MGD cofactor

[2,4–6]. NapA exhibits a high degree of sequence similarity to the

MGD-binding polypeptides of bacterial assimilatory nitrate

reductases (NAS) and formate dehydrogenases, both of which

also bind an N-terminal iron–sulphur cluster and MGD [2,7].

NAP and NAS are quite distinct from the membrane-bound

nitrate reductase (NAR), which is a three-subunit enzyme

consisting of an integral membrane di-b-haem cytochrome, a

water-soluble electron-transferring subunit that binds four iron–

sulphur clusters and a large 140 kDa catalytic subunit that binds

the MGD cofactor [2].

Abbreviations used: MGD, molybdopterin guanine dinucleotide ; NAP, periplasmic nitrate reductase ; NAR, membrane-bound nitrate reductase ; NAS,
assimilatory nitrate reductase ; DMSOR, dimethyl sulphoxide reductase ; TMAO, periplasmic trimethylamine N-oxide reductase ; MV+, Methyl Viologen
radical.
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Mo–S ligands at 2.35 A/ (1 A/ ¯ 0.1 nm) and a Mo–O ligand at

2.14 A/ . The addition of SCNw to the reduced Mo(IV) NAP

generated a sample that was best fitted as a mono-oxo (1.70 A/ )
Mo(IV) species with four Mo–S ligands at 2.34 A/ . Taken

together, the competitive nature of SCNw inhibition of peri-

plasmic nitrate reductase activity, the elevated Mo(V) EPR g
av

value following redox cycling in the presence of SCNw and the

increase in sulphur co-ordination of Mo(IV) upon SCNw binding,

provide strong evidence for the direct binding of SCNw via a

sulphur atom to Mo.

Key words: EPR spectroscopy, EXAFS spectroscopy, ligand

binding, molybdoenzymes.

The crystal structure of monomeric NapA from Desulfo�ibrio

desulphuricans has been reported recently [8] and has revealed the

presence of two MGD moieties per polypeptide (bis-MGD). This

is consistent with crystal structures of three other members of the

MGD family, namely the soluble periplasmic dimethyl sulph-

oxide reductases (DMSOR) from Rhodobacter capsulatus and

R. sphaeroides, the soluble formate dehydrogenase H from

Escherichia coli, and the periplasmic trimethylamine N-oxide

reductase (TMAO) from Shewanella massilia [9–13]. These two

MGD moieties can provide up to four thiolate ligands to the

Mo, although in the case of one structure of the DMSOR

the dithiol of one MGD moiety is not co-ordinated to the Mo

atom [10]. This indicates some flexibility in the catalytic site and

this is reflected in a number of different Mo(V) EPR signals

observed for these enzymes [14,15]. The most common and best

documented change in the Mo co-ordination sphere that gives

rise to EPR g
av

value shifts is variation in the number of

sulphur ligands and a correlation between increasing sulphur co-

ordination and increasing g
av

is evident from model compound

studies [16,17]. Release of a pterin dithiol from the Mo co-

ordination sphere may account for the decrease in g
av

observed

under certain reducing conditions in both NAP [15] and DMSOR

[14]. Unusual Mo(V) signals with very high g
av

values (" 2.00)

are observed in the assimilatory nitrate reductases of Azotobacter

�inelandii [18] and Synechococcus sp. (L. M. Rubio, C. S. Butler,

D. J. Richardson, B. C. Berks, E. Flores and A. Herrero,

unpublished work) and can also be generated in NAP by redox

cycling in the presence of cyanide [15]. In this case, cyanide is a
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non-competitive inhibitor of NAP and does not bind at the Mo

atom [15]. EXAFS analysis supports this observation and shows

that the binding of cyanide somewhere in the active-site pocket

causes a change in the Mo co-ordination geometry. This results

in a significant distortion of the bond lengths of the co-ordinating

sulphur ligands that may then lead to an increase in the observed

g
av

.

In order to understand how the different spectroscopic proper-

ties of these molybdopterin enzymes are related to changes in

sulphur co-ordination, it is clearly important to study the effect

of binding exogenous sulphur ligands. Furthermore, novel Mo-

containing enzymes that have been implicated in the reduction

of tetrathionate and thiosulphate have been identified recently

[19]. The Mo cofactor within these enzymes acts as a sulphur-

atom transferase by catalysing a reductive cleavage of a

sulphur–sulphur bond [19] – a previously unrecognized function

of the molybdopterin cofactor in biology. Consequently, this has

generated further interest in the interaction of Mo with exogenous

sulphur-containing ligands. In the present paper we have investi-

gated the effect of KSCN (potassium thiocyanate) on the

periplasmic nitrate reductase from P. pantotrophus as both a

catalytic inhibitor and as a potential ligand of the Mo. The effects

of SCNw (thiocyanate) on the activity, EPR and EXAFS of NAP

are discussed in the context of this anion binding directly to Mo

through its sulphur atom.

EXPERIMENTAL

Purification and activity assays

P. pantotrophus M6 was grown anaerobically on nitrate and the

NapAB complex purified as described by Berks et al. [5]. Enzyme

activity was measured using reduced Methyl Viologen (MV+) as

electron donor as described previously [20]. Under these con-

ditions, turnover was not re-reduction-limited [15], thus per-

mitting the inhibitory effect of SCNw on NAP to be measured.

Preparation of NAP SCNw samples for EXAFS and EPR
spectroscopy

Periplasmic nitrate reductase (E 300 µM) in 20 mM Hepes

buffer, pH 7.2, was reduced with a 50-fold excess of dithionite

and incubated at room temperature for 10 min. KSCN (Sigma)

was added to a final concentration of 10 mM, incubated for

10 min at room temperature and frozen under liquid nitrogen.

For the EPR sample, ferricyanide was added (3 mM) to generate

the Mo(V) EPR-detectable species.

EPR spectroscopy

EPR spectroscopy was performed on an X-band ER200-D

spectrometer (Bruker Spectrospin; Bruker, Karlsruhe, Germany)

interfaced to an ESP1600 computer and fitted with a liquid-

helium-flow cryostat (ESR-9; Oxford Instruments, Oxford,

U.K.). Mo(V) EPR spectra were recorded at 60 K, E 9.64 GHz

microwave frequency, 2 mW microwave power and 0.1 mT field

modulation amplitude. Spin concentration of samples was de-

termined from integrations of their EPR absorption spectra by

comparison with those of a 2 mM CuII-EDTA standard as

described previously [21].

EXAFS spectroscopy

Mo K-edge X-ray absorption spectra were recorded in

fluorescence mode on frozen solutions at E 10 K on the 6T-

wiggler magnet beam-line, station 16.5 of the Synchrotron

Radiation Source at the Daresbury Laboratory, Warrington,

Cheshire, U.K., operating at 2 GeV with an average current

of 150 mA. An Si(311) double crystal monochromator was

used, with a vertically focusing mirror, which removed higher

harmonics. The fluorescence was monitored using a liquid-

nitrogen-cooled solid-state 30-element Canberra detector. The

monochromator was calibrated at the start of run using an Mo

foil, setting the position of the first peak of the derivative of

the foil edge to 19999 eV. During multiple scanning of the

sample, the edge position did not vary. Each spectrum was

collected over E 45 min.

Analysis of EXAFS data

The raw data were summed using the Daresbury program

EXCALIB, and background subtraction was performed using

EXBACK. The isolated k$-weighted EXAFS data were analysed

using EXCURV98 [22], employing the single-scattering spherical

wave approximation [23,24]. Phaseshifts were derived from ab

initio calculations using Hedin–Lundqvist potentials and von

Barth ground states [25]. The theoretical fits were obtained by

adding shells of backscattering atoms around the central absorber

atom and refining the absorber-scatterer distances, r, the Debye–

Waller type factor, 2σ#, and the Fermi energy correction, E
f
, to

get the best agreement with the experimental data.

RESULTS

Effect of SCNw on NAP enzyme kinetics

NAP was assayed using MV+ as electron donor and nitrate as

electron acceptor [20]. Under these assay conditions NAP is

incubated for approx. 2 min prior to the addition of oxidant.

From the dependency of the maximum rate on nitrate con-

centration, a K
m

of C 1.0 mM and k
cat

of C 250 sw" was

calculated, these values are consistent with those published

previously [15]. NAP in turnoverwas demonstrated to be sensitive

to inhibition by KSCN when added at concentrations " 1 mM.

The double-reciprocal (1}� versus 1}[S]) plot for SCNw inhibition

(Figure 1) shows clearly that SCNw displays competitive

Figure 1 Inhibitory effect of potassium SCNw on NAP activity

Double-reciprocal plots (1/v versus 1/[S]) showing competitive inhibition by potassium SCNw.

(+) No inhibitor present. Inhibition was measured with [SCNw] at 1 mM (E) and 10 mM

(_). Enzyme concentration was 0.1 µM in 20 mM Hepes, pH 7.2, at 30 °C. The reaction was

started by the addition of nitrate, and the reoxidation of MV+ was monitored at 600 nm.

Each continuous line is the best fit where each point represents the mean (n ¯ 3) ; the

error was ! 5% in each case.
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Figure 2 Mo(V) EPR signals of NAP

(A) High-g (resting) ; (B) High-g (thiocyanate) and (C) Very High-g. Enzyme concentrations were

E 300 µM in 20 mM Hepes, pH 7.2. Conditions of measurement : microwave frequency,

9.64 GHz ; microwave power, 2 mW; modulation amplitude, 0.1 mT ; temperature, 60 K.

inhibition. From these data, the observed K
i
for SCNw inhibi-

tion was determined to be 4.0³0.6 mM. This type of inhibition

suggests that both SCNw and nitrate bind at the same site, thus

it would seem likely that SCNw is a direct ligand to the active-site

Mo.

Effect of SCNw on Mo(V) EPR after redox cycling

The High-g (resting) EPR signal can be detected in the ‘as

prepared’ resting sample and accounts for 2.5–10% of the total

Mo (Figure 2A). It has rhombic character, but exhibits unusually

low anisotropy (Table 1). The signal is split by two weakly

interacting I¯ 1}2 nuclei, A"
av

¯ 15.41 MHz and A#

"
¯

7.85 MHz; the weaker splitting can only be detected in the g
"

region. A novel Mo(V) EPR signal could be generated in NAP

by reducing the enzyme with dithionite, adding KSCN (10 mM),

and then re-oxidizing with ferricyanide or air (Figure 2B).

Addition of SCNw to the ‘as-prepared’ enzyme did not affect the

High-g (resting) EPR signal, suggesting that reduction of NAP to

Table 1 Representative EPR parameters for various signals of NAP

Signal g1 g2 g3 gav

Anisotropy

(g1–g3)

Rhombicity

(g1–g2)/(g1–g3)

A1

(MHz)

A2

(MHz)

A3

(MHz)

Aav

(MHz) Reference

High-g (resting) 1.998 1.990 1.980 1.989 0.018 0.46 17.93, 7.85* 14.57 14.01 15.41 This study [15]

High-g (thiocyanate) 2.008 1.991 1.985 1.994 0.023 0.74 18.78 18.50 15.41 17.66 This study

Very High-g 2.022 1.999 1.993 2.005 0.029 0.80 20.74 20.74 18.50 19.90 This study [15]

* Interaction with a second I ¯ 1/2 nucleus in this species could be resolved only in the g1 feature.

Figure 3 k3-weighted EXAFS and Fourier transform of the Mo(IV) form of
NAP with bound SCNw

(A) Dithionite-reduced. Sample concentration was C 600 µM in 20 mM Hepes, pH 7.2.

(B) Dithionite-reduced plus SCNw. The sample concentration was decreased to E 400 µM

in 20 mM Hepes, pH 7.2, by the addition of SCNw to a final concentration of 10 mM.

an Mo(IV) species was a prerequisite to SCNw binding. The

signal observed in the SCNw treated samples has a g
av

of 1.994

and displays Curie temperature-dependence. This new signal we

have classified as an Mo(V) High-g signal and is subsequently

referred to as the ‘High-g (thiocyanate)’ signal. It is also evident,

particularly at higher field values, that a small percentage of the

High-g (resting) signal remains detectable in this sample, indi-

cating incomplete conversion into High-g (thiocyanate) species.

Like the High-g (resting) signal, High-g (thiocyanate) is also split

by weakly interacting I ¯ 1}2 nuclei (A
av

¯ 17.66 MHz; Table

1), which remained in spectra collected from enzyme exchanged

into #H
#
O buffer and probably arises due to a methylene proton

of the co-ordinating cysteine ligand. EPR signals from the

oxidized [3Fe–4S] cluster and haem c of the High-g (thiocyanate)

sample were identical with those of samples containing High-g

(resting) signals, demonstrating that SCNw is not interacting

with other redox centres within the enzyme. The EPR spectrum

of the Very-High-g species of NAP formed by redox cycling in

the presence of cyanide is included for comparison (Figure 3C).

# 2000 Biochemical Society



862 C. S. Butler and others

Table 2 Comparison of various fits to the EXAFS data of the nitrate reductase samples

n is the number of scatterers³20% ; r is the Mo-scatterer distance³0.02 A/ ; 2σ 2 is the Debye–Waller factor³20%. Fits shown in bold type represent the best fits obtained for each sample.

Sample and state

Mo?O Mo–O Mo–S

Residualn r (A/ ) 2σ 2 (A/ 2) n r (A/ ) 2σ 2 (A/ 2) n r (A/ ) 2σ 2 (A/ 2)

Dithionite–reduced 1 1.74 0.007 1 2.14 0.003 3 2.35 0.006 38.9
1 1.74 0.007 1 2.19 0.013 4 2.34 0.009 39.6

1 1.73 0.008 – – – 3 2.34 0.005 40.2

2 1.74 0.019 – – – 3 2.33 0.005 43.1

1 1.73 0.007 – – – 5 2.34 0.011 43.6

– – – – – – 5 2.34 0.011 53.4

Dithionite–reducedthiocyanate 1 1.70 0.006 – – – 4 2.34 0.010 58.2
1 1.69 0.006 – – – 4 2.35 0.010

1 2.20 0.018 58.6

1 1.70 0.005 – – – 5 2.34 0.013 58.6

1 1.69 0.006 1 2.01 0.012 4 2.34 0.010 59.2

1 1.69 0.006 1 2.00 0.016 3 2.33 0.006 59.6

1 1.70 0.006 – – – 3 2.34 0.006 59.8

2 1.69 0.009 – – – 4 2.34 0.010 61.7

EXAFS analysis of SCNw-treated NAP

The ‘as prepared’ NAP was reduced with a 50-fold excess of

dithionite and incubated at room temperature for 10 min. EPR

analysis revealed a decrease in intensity of the Mo(V) High-g

(resting) signal to approx. 2.5% of the total Mo content ; thus

the sample was assumed to be 97.5% Mo(IV). The Mo(IV)

K-edge EXAFS (Figure 3A) of the reduced sample was obtained

and the data was best-fitted with one oxygen atom at 1.74 A/ , one

oxygen atom at 2.14 A/ and three equivalent sulphur atoms at

2.35 A/ (Table 2). This fit is consistent with the data obtained

previously for dithionite-reduced samples [15]. To a sample

of reduced NAP, KSCN was added to a final concentration of

10 mM and incubated for a further 10 min at room temperature.

EXAFS analysis (Figure 3B) of the SCNw bound sample was

recorded, and the data fitted best with one oxygen atom at 1.70 A/
and four sulphur atoms at 2.34 A/ (Table 2). Attempts to fit the

data with three sulphur atoms at the same distance, gave larger

residuals (Table 2). Confirmation that Mo remained Mo(IV)

upon the addition of SCNw was obtained by monitoring the Mo

K-edge position which remained at 20008 eV. The increase in

sulphur co-ordination, in combination with the competitive

inhibition by SCNw and the generation of a novel Mo(V) High-g

(thiocyanate) EPR species is taken as evidence for the direct

binding of SCNw via the sulphur atom to the Mo(IV) species of

NAP.

DISCUSSION

In the present paper the effect of KSCN as an inhibitor of the

periplasmic nitrate reductase (NAP) from P. pantotrophus has

been investigated. Results are presented that show NAP is

sensitive to SCNw inhibition, with SCNw acting as a competi-

tive inhibitor of nitrate. The observed K
i
of E 4.0 mM for SCNw

inhibition is slightly lower than that reported for the competi-

tive inhibition by the azide anion (K
i
E 11 mM) [15], but again

demonstrates that NAP from P. pantotrophus is poorly sensitive

to anionic inhibition. Analysis of the Mo K-edge EXAFS of the

dithionite-reduced NAP was best-fitted as a mono-oxo Mo(IV)

species with three Mo–S ligands at 2.35 A/ and an Mo–O ligand

at 2.14 A/ , in agreement with previous results [15]. The three

sulphur ligands must arise from the co-ordinating cysteine ligand

and one pterin dithiol. Thus the second pterin has dissociated

from Mo under these reducing conditions. We have suggested

previously that the possible lability of one of the pterin dithiolene

ligands may play an important role in catalysis by allowing

substrate binding and}or modulating redox potential [15]. The

addition of SCNw to reduced Mo(IV) NAP generated a sample

that was best fitted as a mono-oxo (1.70 A/ ) Mo(IV) species with

four Mo–S ligands at 2.34 A/ . The additional sulphur ligand at

2.34 A/ may be taken as evidence for the direct binding of SCNw

to Mo(IV). It should be noted that attempts to fit three sulphur

ligands plus a long bond (2.00 A/ ) oxygen}nitrogen produced a

significantly worse fit. Thus it would appear that, given the

option of SCNw forming a bond via the nitrogen (Mo(IV)–NCS)

or via the sulphur (Mo(IV)–SCN), that the sulphur provides the

favoured Mo ligand.

EPR analysis has revealed the formation of a novel Mo(V)

EPR spectrum upon redox cycling in the presence of SCNw.

Because the Mo(V) High-g (thiocyanate) species only represents

approx. E 10% of the sample, no direct evidence from EXAFS

for either the co-ordination geometry or sulphur co-ordination

number can be obtained and, as a consequence, we can only

speculate as to the likely co-ordination sphere of the Mo(V)

High-g (thiocyanate) species. The EPR spectrum for the SCNw

sample is interesting, since it displays a g
av

value higher than that

of the Mo(V) High-g (resting) signal. The most common change

in the Mo co-ordination sphere that gives rise to such g
av

shifts

is variation in the number of sulphur ligands, and a correlation

between increasing sulphur co-ordination and increasing g
av

value has also been reported for studies on model compounds

[16,17]. Similarly, a decrease in g
av

accompanies the Mo–SH-to-

Mo–OH transition seen in molybdopterin-containing hydroxyl-

ases [17]. However, an alternative explanation for elevated g
av

values might involve conformational changes around the Mo

centre. Such changes appear to be induced by cyanide binding to

NAP. In this case, cyanide is a non-competitive inhibitor of NAP

and does not bind at the Mo atom [15]. EXAFS analysis suggests

that the binding of cyanide within the active-site pocket causes

a change in the Mo co-ordination geometry. This results in a

significant distortion of the bond lengths of the co-ordinating

pterin sulphur ligands that may lead to an increase in the

observed g
av

.

The combined evidence of (i) the competitive nature of SCNw

inhibition of periplasmic nitrate reductase activity, (ii) the
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Scheme 1 Model for the binding of SCNw to Mo(IV) of NAP

(A) ‘ As prepared ’ oxidized Mo(VI) NAP. (B) Dithionite reduced to Mo(IV) and binding of SCNw.

(C) Predicted structure of Mo(V) High-g (thiocyanate) species following oxidation by ferricyanide.

increase in sulphur co-ordination of Mo(IV) upon SCNw binding

and (iii) the elevated Mo(V) EPR g
av

value following redox

cycling in the presence of SCNw makes a compelling argument

that the Mo(V) High-g (thiocyanate) species is co-ordinated by

an additional sulphur ligand rather than the SCNw, inducing

changes in the Mo-pterin co-ordination geometry. We have

shown previously that the Mo(V) High-g (resting) species is

completely insensitive to changes in pH and the binding of

exogenous ligands [15]. On the basis of these observations we

have considered it unlikely that the Mo(V) High-g (resting)

species has any vacant co-ordination sites and have therefore

suggested that it is co-ordinated by five sulphur ligands – four

provided by the two pterins and a fifth sulphur ligand from a co-

ordinating cysteine ligand (Cys")"). Given that the novel Mo(V)

High-g (thiocyanate) EPR species has a g
av

value of 1.994

compared with the g
av

of 1.989 for the High-g (resting), we

suggest that this species may be co-ordinated by six sulphur

ligands – four provided by the two pterins, one from Cys")" and

one from the co-ordinated SCNw (Scheme 1).

The observation of the direct binding of exogenous sulphur

ligands to the molybdopterin cofactor of NAP may have

implications for the mechanism of sulphur reduction by the Mo-

containing enzymes that are involved in tetrathionate and

thiosulphate respiration [19]. On the basis of the results presented

herein, the direct binding of tetrathionate to the Mo(IV) form of

tetrathionate reductase, via a sulphur atom would seem likely.

With tetrathionate bound to Mo(IV), the oxidation of Mo(IV) to

Mo(VI) would then result in the two-electron reductive cleavage

of the tetrathionate sulphur–sulphur bond, forming two

molecules of thiosulphate (S–SOw

$
).

In conclusion, these results have demonstrated, for the first

time, that the periplasmic nitrate reductase from P. pantotrophus

is inhibited by high concentrations of KSCN. The formation of

the novel EPR Mo(V) High-g (thiocyanate) species with elevated

g-values upon redox cycling in the presence of SCNw, and the

presence of an additional sulphur ligand at 2.34 A/ in the co-

ordination sphere of the Mo(IV) SCNw bound species suggest

that SCNw binds directly to Mo(IV) through a sulphur ligand.

These results further demonstrate that the catalytically active site

of NAP is flexibly with the Mo able to accommodate variability

in the nature and number of the ligands to which it is attached.

Furthermore, the ability to generate an SCNw-bound form

of Mo(IV) may prove useful as a probe for the understanding of

sulphur-atom-transfer reactions catalysed by MGD-containing

enzymes.
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