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Abstract Pseudoazurin (Paz) is the physiological elec-

tron donor to copper-containing nitrite reductase (Nir),

which catalyzes the reduction of NO2
- to NO. The Nir

reaction mechanism involves the reduction of the type 1

(T1) copper electron transfer center by the external phys-

iological electron donor, intramolecular electron transfer

from the T1 copper center to the T2 copper center, and

nitrite reduction at the type 2 (T2) copper catalytic center.

We report the cloning, expression, and characterization of

Paz from Sinorhizobium meliloti 2011 (SmPaz), the ability

of SmPaz to act as an electron donor partner of S. meliloti

2011 Nir (SmNir), and the redox properties of the metal

centers involved in the electron transfer chain. Gel filtra-

tion chromatography and sodium dodecyl sulfate–

polyacrylamide gel electrophoresis together with UV–vis

and EPR spectroscopies revealed that as-purified SmPaz is

a mononuclear copper-containing protein that has a T1

copper site in a highly distorted tetrahedral geometry. The

SmPaz/SmNir interaction investigated electrochemically

showed that SmPaz serves as an efficient electron donor to

SmNir. The formal reduction potentials of the T1 copper

center in SmPaz and the T1 and T2 copper centers in

SmNir, evaluated by cyclic voltammetry and by UV-vis-

and EPR-mediated potentiometric titrations, are against an

efficient Paz T1 center to Nir T1 center to Nir T2 center

electron transfer. EPR experiments proved that as a result

of the SmPaz/SmNir interaction in the presence of nitrite,

the order of the reduction potentials of SmNir reversed, in

line with T1 center to T2 center electron transfer being

thermodynamically more favorable.

Keywords Pseudoazurin � Nitrite reductase �
Electrochemistry � Redox titration � EPR

Introduction

The biogeochemical nitrogen cycle performed by bacteria

involves important redox processes that include dinitrogen

fixation, ammonification, nitrification, and denitrification

[1–3]. Distinct types of microorganisms have been shown

to have the machinery to perform these processes. Some

of them, as is the case of rhizobia, live symbiotically in

root nodules of legumes and are widely used in agricul-

ture as fertilizers because of their ability to take dinitro-

gen from the atmosphere [4]. These organisms may also

produce negative impacts in the environment because they

can produce the greenhouse gas N2O and acidification of

soils [5–7].
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Denitrification is the dissimilatory reduction of nitrate to

dinitrogen. Nitrite reductase (Nir) is the enzyme that cat-

alyzes the second step of this process through the one-

electron reduction of NO2
- to NO (Eo0 = 370 mV). In the

denitrifying bacterium Sinorhizobium meliloti this reaction

is catalyzed by a green copper-containing Nir (SmNir)

coded by the structural gene nirK [8–11]. SmNir, like most

copper-containing Nir enzymes reported so far [12–14],

has a homotrimeric structure with two copper atoms per

monomer, one of type 1 (T1; also blue copper) and the

other of type 2 (T2; also normal copper). The T1 and T2

copper centers, which are the electron transfer and the

catalytic centers, respectively, are approximately 12 Å

apart and are bridged by a histidine–cysteine pathway

likely involved in electron transfer [15, 16]. The proposed

reaction mechanism implies that nitrite binds to the T2

center and is converted to NO by reducing equivalents

delivered by an external physiological electron donor

through the T1 center [17].

The physiological electron donors of green Nir enzymes

are small mononuclear copper proteins (approximately

13 kDa) called pseudoazurins (Pazs) that belong to the

cupredoxin family of proteins [18, 19]. Paz harbors a T1

copper site in a distorted tetrahedral geometry that com-

prises the thiolate sulfur atom of a cysteine residue, two

imidazole nitrogen atoms of two histidine residues, and a

weak bond with the sulfur atom of a methionine residue

[20–25]. Paz interacts with structurally different redox

partners, an ability that seems to be associated with the

hydrophobic character of the binding surface centered at

the electron entry/exit point [26]. Other factors such as the

presence of charged side chains and the molecular dipole

moment have also been suggested to play a role in the

orientation of the two redox partners prior to collision [27].

The study of the catalytic mechanism of Nir entails the

investigation of three redox processes, the reduction of the

T1 copper center by the external physiological electron

donor, intramolecular electron transfer from the T1 copper

center to the T2 copper center, and nitrite reduction at the

T2 copper center. We have recently reported the molecular,

kinetic, and spectroscopic properties of a recombinant Nir

(locus tag SMa1250) from S. meliloti 2011 using an arti-

ficial electron donor [11]. The genome sequence of this

bacterium codes for several putative nitrogen-metabolism-

related proteins. A 53-kb segment of pSymA megaplasmid

is particularly rich in such genes, including a complete

pathway for denitrification that surrounds the nitrogen

fixation gene cluster [8, 28]. Two genes coding for Pazs are

present: one of them is located in the pSymA megaplasmid

(azu1, locus tag SMa1243), and the other is situated in the

genophore (azu2, locus tag SMc04047). The product of

azu2 is a small blue cupredoxin involved in sulfur metab-

olism that acts as an electron donor for SorT sulfite

dehydrogenase [29, 30]. The product of azu1, hereafter

SmPaz, is directly related to the denitrification segment of

pSymA, and has not been investigated yet as a physio-

logical electron donor to SmNir.

In this work we report the cloning, expression, and

characterization of SmPaz and its ability to act as an

electron donor to SmNir. The SmPaz/SmNir interaction is

investigated electrochemically. To characterize the elec-

tron transfer chain involved in nitrite reduction, the formal

reduction potentials of the T1 copper center in SmPaz and

the T1 and T2 copper centers in SmNir were evaluated by

cyclic voltammetry and by UV–vis- and EPR-mediated

potentiometric titrations. We analyze the role of SmPaz in

modulating the reduction potentials of the copper centers in

SmNir leading to a thermodynamically favorable electron

transfer process.

Materials and methods

Sinorhizobium meliloti 2011 growth conditions, DNA

extraction, and cloning of azu1

The growth of S. meliloti 2011 cells and DNA extraction

were performed as reported elsewhere [11]. The S. meliloti

azu1 gene (locus tag SMa1243) was amplified using two

specific oligonucleotides (50-CATATGCGCATAATCGC

AAAG-30 and 50-GAGCTCCTATTGGAGGGCCAC-30,
forward and reverse, respectively) which include the NdeI

and SacI restriction sites. Amplification was performed

using Pfu DNA polymerase from Genbiotech according to

the manufacturer’s instructions. The azu1 gene was cloned

into the FauNDI/SacI-digested pET22b(?) vector (Nova-

gen) to obtain p22SPaz expression constructs. The

p22SPaz plasmids were used to transform Escherichia coli

BL21 (DE3) cells.

Overexpression and purification

Escherichia coli BL21 (DE3) cells containing p22SPaz

were aerobically cultured at 30 �C and 200 rpm in lysog-

eny broth supplemented with 0.6 mM CuSO4. Protein

expression was induced at A600 nm * 0.6 using 0.25 mM

isopropyl b-D-thiogalactopyranoside for 3 h. Following cell

harvest and suspension in 20 mM tris(hydroxy-

methyl)aminomethane (Tris)–HCl buffer pH 6.0, cells were

disrupted by sonication. The crude extract was centrifuged

(25,000g for 1 h), and the supernatant was dialyzed for 4 h

against 20 mM Tris–HCl buffer pH 6.0 supplemented with

0.6 mM CuSO4. The soluble fraction was submitted to a

two-step purification process which includes a Source 15Q

matrix column (1.6 cm 9 13 cm, GE Pharmacia Biotech,

equilibrated with 20 mM Tris–HCl pH 6.0 plus 50 mM
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NaCl) and a Superdex 200 matrix column (1.5 cm 9

42 cm, GE Healthcare, equilibrated with 200 mM NaCl/

20 mM Tris–HCl pH 7.0). After the second purification

step, the fractions containing pure SmPaz were collected,

concentrated, and kept at -80 �C until use.

Overexpression and purification of SmNir were per-

formed as reported previously [11].

Protein quantification, molecular mass determination,

and metal analysis

The protein concentration was determined using the Brad-

ford method with bovine serum albumin as a standard [31].

The molecular mass of the as-isolated enzyme was estimated

by gel filtration chromatography using a prepacked Superdex

200 HR 10/30 column (GE Healthcare) equilibrated with

50 mM potassium phosphate buffer and 150 mM NaCl pH

7.6 connected to a high-performance liquid chromatography

device (ÄKTAbasic, GE Healthcare). The molecular mass

markers (GE Healthcare) used for calibration were ferritin

(440 kDa), conalbumin (75 kDa), carbonic anhydrase

(29 kDa), and ribonuclease A (13.7 kDa).

Sodium dodecyl sulfate–polyacrylamide gel electro-

phoresis (15 %) under reducing conditions was performed

according to the method of Laemmli [32]. The molecular

mass markers (GE Healthcare) for calibration were phos-

phorylase b (97.0 kDa), albumin (66.0 kDa), ovalbumin

(45.0 kDa), carbonic anhydrase (30.0 kDa), trypsin inhib-

itor (20.1 kDa), and a-lactalbumin (14.4 kDa).

The copper content of SmPaz was determined by atomic

absorption spectrometry using a PerkinElmer Analyst 800

spectrometer.

Spectroscopic methods

UV–vis spectra were recorded with a PerkinElmer Lambda

20 UV–vis spectrophotometer. EPR measurements were

performed at X-band with a Bruker EMX Plus spectrom-

eter equipped with a universal high-sensitivity cavity

(HSW10819 model) and with an Oxford Instruments

helium continuous-flow cryostat. Spectra were acquired

under nonsaturating conditions. The experimental condi-

tions were as follows: microwave frequency, 9.45 GHz;

modulation field, 100 kHz; modulation amplitude, 2 G;

microwave power, 0.2 mW; temperature, -213 �C. EPR

spectra were simulated with the EasySpin toolbox for

MATLAB� [33].

EPR- and UV–vis-mediated redox titrations

EPR redox titration was performed as reported elsewhere

[34] with some modifications. The SmNir sample

(approximately 200 lM protein in 150 mM Tris–HCl pH

7) was placed in a vessel under anaerobic conditions pro-

vided by a Schlenk-type line. Protein samples (200 lL)

were withdrawn by a gastight syringe from the vessel after

at least 15 min had been allowed for redox equilibrium to

be achieved, loaded into argon-flushed EPR tubes, and

frozen under liquid nitrogen until use.

UV–vis redox titration of SmNir (approximately

200 lM protein in 150 mM Tris–HCl pH 7) was performed

under anaerobic conditions at room temperature as

described elsewhere [35], following the reaction at

586 nm. Dithionite and ferricyanide were the reductant and

the oxidant, respectively, for both titrations. The potentials

were measured using platinum and Ag/AgCl/KCl (3 M)

electrodes calibrated with saturated quinhydrone solution

at pH 7.0 and pH 4.0 at room temperature. All the poten-

tials are referred to the standard hydrogen electrode (SHE).

Electrochemistry

Cyclic voltammetry experiments were performed with an

AUTOLAB type III potentiostat/galvanostat from ECO

Chemie (Utrecht, The Netherlands). The data were col-

lected and analyzed using the GPES software package from

ECO Chemie. A conventional three-electrode configuration

glass cell composed of a platinum wire counter electrode

and a saturated Ag/AgCl reference electrode (197 mV vs

SHE at room temperature) was used. The working elec-

trode was a gold disk electrode with a nominal radius of

0.8 mm and an effective surface area of 0.0195 cm2. The

gold electrode was polished with 0.05-lm water alumina

slurry (Buehler) and then sonicated in water. The polished

electrode was subsequently immersed in 1 mM 4,40-dithi-

odipyridine solution for a few minutes; 4,40-dithiodipyri-

dine acts as a promoter of the enzyme–electrode interaction

(see Scheme S1) [36]. Then, 2 lL of 250 lM SmPaz

solution in 50 mM phosphate buffer pH 7 was deposited on

the polished electrode, and a square piece of the negatively

charged dialysis membrane (3,500-Da cutoff) was placed

on the top of the electrode. Finally, a rubber ring was fitted

around the electrode body, entrapping the enzyme solution

at the electrode–membrane interface, forming a uniform

thin layer. The membrane electrode was then placed in the

electrolytic solution. This electrode configuration allows

small ions to diffuse throughout the membrane, keeping at

the same time the protein trapped close to the electrode

[37]. The potential was cycled at different scan rates

(5 mV s-1 \ m\ 100 mV s-1). Both 50 mM phosphate

buffer pH 7 and 50 mM buffer mixture [2-(N-morpho-

lino)ethanesulfonic acid, N-(2-hydroxyethyl)piperazine-N0-
ethanesulfonic acid, N-cyclohexyl-3-aminopropanesulfonic

acid, N-[tris(hydroxymethyl)methyl]-3-aminopropanesulf-

onic acid], 5 \ pH \ 10, were used as electrolytes. The

solutions were degassed, and the experiment was
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conducted under an argon atmosphere. The measurements

were performed at room temperature.

All the reagents and buffer electrolytes were of analyt-

ical grade (Sigma) and were prepared using Milli-Q water

with a resistivity of 18 MX cm. All the potentials are

referred to the SHE.

SmNir activity assay using SmPaz as an electron donor

SmPaz/SmNir interaction was also evaluated with a con-

tinuous spectrophotometric assay following oxidation of

reduced SmPaz in the presence of SmNir and nitrite. A

solution containing an SmNir-to-SmPaz ratio of 1:100 was

agron-fluxed for 15 min in a sealed 1 cm path length UV–

vis cell under continuous stirring. This solution was

reduced by adding by means of a gastight Hamilton syringe

the necessary amount of a freshly prepared argon-degassed

sodium dithionite solution (50 mM) under anaerobic con-

ditions to reduce the enzymes completely. The enzyme

reduction was considered to be complete when no SmPaz

absorption band at 597 nm was observed. The reaction was

started by adding 45 lL of an argon-degassed 150 mM

sodium nitrite solution. All the solutions were prepared in

100 mM Tris–HCl pH 7.0. The final concentrations were

60 nM SmNir, 6 lM SmPaz, and 2.5 mM nitrite, and the

final volume was 2.7 mL. The oxidation of reduced SmPaz

was followed by UV–vis spectroscopy.

Results and discussion

Molecular properties, UV–vis spectra, and EPR spectra

of SmPaz

The azu1 gene coding for a putative Paz was cloned and

overexpressed in E. coli BL21 (DE3) cells and purified to

electrophoretic grade as explained in ‘‘Overexpression and

purification,’’ with a yield of 72 mg protein per liter of

culture.

Alignment of the amino acid sequence of SmPaz and the

amino acid sequences of Paz from other bacteria is shown in

Fig. S1. SmPaz exhibits 65.8 % sequence identity with Paz

from Achromobacter cycloclastes, 57.1 % sequence identity

with Paz from Alcaligenes faecalis S-6 and Paracoccus

pantotrophus, 47.7 % sequence identity with Paz from

Methylobacterium extorquens AM1, 44.7 % sequence

identity with azu2 from S. meliloti, and 38.4 % sequence

identity with Paz from Hyphomicrobium denitrificans.

Molecular mass determination by gel filtration of SmPaz

from the soluble fraction yielded a value of approximately

16 kDa, whereas sodium dodecyl sulfate–polyacrylamide

gel electrophoresis showed a unique band with a molecular

mass of approximately 13 kDa (Fig. 1, upper panel, inset),

indicating that as-purified SmPaz is a monomer. Most Pazs

as well as azurins isolated from different sources were

found to be a monomer in both the oxidized and the

reduced forms [20, 24, 38], with the only exception being

dimeric P. pantotrophus Paz [27]. Metal analysis identified

0.8 ± 0.1 copper atoms per protein, in agreement with

values reported in the literature [20, 21, 23, 38].

The UV–vis spectrum (Fig. 1, upper panel) of as-puri-

fied SmPaz is typical of distorted T1 copper sites and

shows principal absorption maxima at 597 nm

(e = 3.17 ± 0.03 mM-1 cm-1) and 460 nm (e = 1.5 ±

0.1 mM-1 cm-1), corresponding to S-Cys r ? Cu dx2�y2

and S-Cys p ? Cu dx2�y2 charge transfer bands, respec-

tively [39]. Similar spectra were observed for Paz from

other sources [40, 41]. The addition of either sodium

ascorbate or sodium dithionite led to the disappearance of

all visible bands (not shown), consistent with a T1 center in

its reduced form.
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Fig. 1 Top: Electronic absorption spectrum of pseudoazurin from

Sinorhizobium meliloti 2011 (SmPaz). The inset shows the sodium

dodecyl sulfate–polyacrylamide gel electrophoresis of SmPaz. Bottom

X-band EPR spectrum (exp) of SmPaz together with the simulated

spectrum (sim). g and A values are indicated in the text. The linewidth

used in the simulation was 3 mT
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The EPR spectrum of SmPaz obtained at X-band is

presented in the lower panel in Fig. 1, together with the

simulated spectrum. The as-purified SmPaz spectrum

exhibits rhombic symmetry (g1 = 2.221, g2 = 2.060,

g3 = 2.019, A1 = 3.5 mT, A2 = 0.9 mT, A3 = 6.9 mT).

No hyperfine structure attributable to nitrogen nuclei from

the two histidine residues coordinated to the copper atom

was detected. Addition of ascorbate or dithionite to SmPaz

under anaerobic conditions reduces completely the copper

center, which becomes EPR-silent (not shown). The EPR

spectrum of SmPaz departs considerably from the axial

spectrum observed in classic blue copper proteins

(gk * 2.22, Ak * 6 mT, no solved hyperfine structure at

g\). This fact, together with the enhanced 460-nm UV–vis

absorption band (see Fig. 1, upper panel), indicates a T1

copper site in a highly distorted tetrahedral geometry [39].

Electrochemistry of SmPaz

Direct electrochemistry of SmPaz was performed on a gold

membrane electrode as described in ‘‘Electrochemistry.’’

The cyclic voltammograms show a reversible response

characterized by reductive (Epc) and oxidative (Epa) peaks

(Fig. 2, upper panel). Two different behaviors describe the

peak current variation with the scan rate. For low scan rates

(5 mV s-1 \ m\ 50 mV s-1), the intensity of the peak

(ip) varies linearly with the scan rate (Fig. S2, upper panel),

indicating a thin-layer regime. For high scan rates

(m[ 50 mV s-1), the intensity of the peak varies linearly

with the square root of the scan rate (Fig. S2, lower panel),

typical of a diffusion-controlled regime. The half-height

width was about 90 mV for both cathodic and anodic peaks

over all the scan rate range tested, indicating a reversible

one-electron process [42]. The formal reduction potential,

which corresponds to the average between the cathodic and

anodic peaks, Eo0 = (Epc ? Epa)/2, was determined to be

Eo0 = 278 ± 6 mV vs SHE (the Epc and Epa values as a

function of the scan rate are shown in Fig. S3). This

reduction potential is in line with the potentials determined

for Paz from A. faecalis, 270 mV [40], A. cycloclastes,

260 mV [41], and P. pantotrophus, 230 mV [43].

SmPaz as an electron donor to SmNir assessed

by electrochemistry

To test the ability of SmPaz to act as electron donor to

SmNir, both proteins were confined on a gold membrane

electrode in the presence of 1 mM NaNO2 and different

Nir-to-Paz ratios (Fig. 2, lower panel). SmPaz in the

absence of SmNir (Fig. 2, lower panel, voltammogram a)

showed behavior similar to that shown in the upper

panel in Fig. 2, whereas SmNir alone did not exhibit any

catalytic response (not shown). In the presence of SmNir,

the cyclic voltammograms exhibit a sigmoidal shape

with enhanced cathodic currents. The higher the SmNir

concentration, the higher the cathodic signal, which

confirms that SmNir is the catalytic component, whereas

SmPaz mediates the electron transfer between SmNir and

the electrode.

The kinetic properties of the SmNir/SmPaz couple

were evaluated by varying the nitrite concentration using

an SmPaz-to-SmNir ratio of approximately 1:1. The

increase of substrate concentration causes an increase of

the catalytic current until saturation (Figs. S4, S5),

indicating that the catalytic current resembles the rate of

catalysis predicted by a Michaelis–Menten model. A

least-squares fitting of the catalytic current as a function

of the nitrite concentration using this model (Fig. 3)

allowed us to obtain an apparent Michaelis constant,

Km
app, of 100 ± 8 lM. This value is lower than that

reported previously for SmNir (Km = 550 ± 60 lM)

when methyl viologen was used as an electron donor

[11]. The significant decrease in Km when using SmPaz

as the redox partner, together with the fact that the genes

coding for both proteins are simultaneously expressed

under denitrifying conditions [28], strongly suggests

that SmPaz is the physiological electron donor to SmNir.
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Fig. 2 Top: Cyclic voltammograms of SmPaz for different scan rates

(5 mV s-1 \ m\ 100 mV s-1) (Epc cathodic peak potential, Epa

anodic peak potential). Bottom: Representative cyclic voltammo-

grams (m = 20 mV s-1) of 250 lM SmPaz in the presence of 1 mM

NaNO2 and increasing concentrations of S. meliloti 2011 nitrite

reductase (SmNir)— without SmNir (a), with 25 lM SmNir (b), and

with 50 lM SmNir (c)
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Reduction potentials of SmNir determined by UV–vis-

and EPR-mediated redox titrations

Understanding at the molecular level of the SmNir catalytic

mechanism and its relationship with the intramolecular

electron transfer process requires the determination of the

reduction potentials of the T1 and T2 centers. As they

could not be determined by cyclic voltammetry (see ear-

lier), we performed UV–vis- and EPR-mediated redox

titrations. The former was used to determine the reduction

potential of the T1 center by monitoring the changes in the

intensity of the UV–vis absorption band at 586 nm,

whereas the latter was used to determine the reduction

potentials of the T1 and T2 centers by monitoring the EPR

signal intensity associated with each center.

Figures 4 and 5 show the redox potentiometric titration

curves of SmNir monitored by UV–vis spectroscopy and

EPR spectroscopy, respectively. The UV–vis spectra at

different potentials are shown in the inset in Fig. 4. Least-

squares fitting with the Nernst equation to the data yielded

Eo0 = 226 ± 3 mV with n = 1.0 ± 0.1 for the reduction

potential of the T1 center. The EPR spectra at different

potentials are shown in the inset in Fig. 5. As previously

reported, the EPR spectrum of as-purified SmNir exhibits

two magnetically different components in a 1:1 ratio

associated with the T1 and T2 centers (g1 = 2.190,

g2 = 2.062, g3 = 2.033, A1 = 5.8 mT for the T1 center;

gk = 2.304, g\ = 2.053, Ak = 14 mT for the T2 center)

[11]. It is important to note that the EPR gk features of the

T2 center show some changes in lineshape together with a

shifting to higher magnetic field on reduction (see the inset

in Fig. 5). These spectral modifications may be attributed

to possible structural changes of the T2 site on reduction

and/or exchange interactions between the T1 and T2 cen-

ters mediated by the histidine–cysteine pathway proposed

to be involved in electron transfer during catalysis.

Different strategies were tested to evaluate the signal

intensity associated with each spectral component. First,

we tried to simulate the two-component spectrum, but the

lineshape of the overall spectrum could not be reproduced

well because of the spectral changes discussed above that

were observed on reduction, which precluded the applica-

tion of this method. A second approach was to evaluate the

intensity of the nonoverlapping T2 center gk feature.
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J Biol Inorg Chem

123



However, this procedure had two limitations: the poor

intensity-to-noise ratio of the peaks, and it solely evaluated

the T2 center intensity. As we verified that the position of

g\ for both centers did not shift during the redox titration,

we used a third strategy consisting in evaluating the

intensity of the more intense spectral peak originating from

the sum of the g\ features of both T1 and T2 centers. The

data obtained with this procedure are shown in Fig. 5, and

were least squared fitted to a Nernst equation with two

independent components, yielding Eo0 = 224 ± 4 mV for

the T1 center and Eo0 = 108 ± 5 mV for the T2 center,

values in line with those predicted from the behavior

observed on enzyme reduction with ascorbate and dithio-

nite [11] and with those obtained for other copper-con-

taining Nir enzymes [17]. Eo0 of the T1 center obtained by

EPR spectroscopy is in good agreement with that obtained

by UV–vis spectroscopy.

SmNir reduction potential modulation by SmPaz

We performed EPR studies on a solution containing both

proteins to evaluate possible changes in the EPR signal of

SmNir in the presence of SmPaz under different experi-

mental conditions. Spectrum a in Fig 6 is the spectrum of

a mixture of SmNir and SmPaz under aerobic conditions

showing the SmNir T1 center and T2 center signals in a 1:1

ratio. The T1 center signal of SmPaz (Fig. 1, lower panel)

is not discernible because the mixture was prepared in an

approximately 1:6 SmPaz-to-SmNir ratio. Reduction with

excess dithionite of the SmNir/SmPaz mixture under

anaerobic conditions produced an EPR-silent form (Fig. 6,

spectrum b). Spectrum d in Fig. 6d is the spectrum of the

dithionite-reduced SmNir/SmPaz mixture on reaction with

the substrate nitrite, whereas spectrum c corresponds to the

same experiment but performed in the absence of SmPaz.

Although spectrum c shows that the T2 center intensity is

greater than that of the T1 center, in line with the reduction

potentials determined for both centers, spectrum d shows

the opposite. As a control, the sample corresponding to

spectrum d was reoxidized with ferricyanide under anaer-

obic conditions. This resulted in a spectrum similar to

spectrum a in Fig. 6 (T1 center to T2 center EPR signal

intensity ratio of approximately 1), which confirmed the

integrity of the protein copper centers during the enzyme

redox cycling and the shift of the reduction potentials.

In contrast to any unspecific oxidant, nitrite is the nat-

ural substrate of Nir, indicating that its oxidizing effect

must necessarily be accomplished through an interaction

between nitrite and the active site. A comparison of spec-

tra c and d in Fig. 6 shows clearly that the interaction of

SmPaz and SmNir on addition of nitrite changes the rela-

tive values of the T1 center and T2 center reduction

potentials in SmNir, i.e., Eo0
T1\Eo0

T2, as the intensity of the

T1 center EPR signal is greater than that of the T2 center.

This result, which to our knowledge has been observed for

the first time in a copper-containing Nir, might indicate that

the shift of the reduction potentials in SmNir is a conse-

quence of the SmPaz/SmNir interaction.

The ability of SmPaz to serve as an electron donor to

SmNir was tested as described in ‘‘SmNir activity assay

using SmPaz as an electron donor.’’ The inset in Fig. 6

shows that dithionite-reduced SmPaz in the presence of

SmNir is oxidized on addition of nitrite, confirming that the

EPR spectral changes (Fig. 6, spectrum d) experienced by

SmNir are produced once the redox reaction between

SmNir and SmPaz in the presence of the substrate has gone

to completion. An additional redox titration using a mix-

ture SmPaz and SmNir in a ratio of approximately 1:6 was

performed in the absence of the substrate to test the

influence of SmPaz alone on the reduction potentials of

240 270 300 330

d

c

b

E
PR

 s
ig

na
l (

a.
u.

) 
Magnetic Field (mT)

a

T2

T1

3 2.8 2.6 2.4 2.2 2

g-factor

2200 2400 2600

A
59

7

Time (s)

Fig. 6 EPR spectra of an SmNir/SmPaz mixture (a), a dithionite-

reduced SmNir/SmPaz mixture (b), nitrite-reacted SmNir (c), and a

nitrite-reacted SmNir/SmPaz mixture (d). The nitrite-reacted forms

were obtained on incubation with the substrate for approximately

10 min under anaerobic conditions. The protein concentrations were

approximately 200 lM for SmNir and approximately 35 lM for

SmPaz in 100 mM tri(hydroxymethyl)aminomethane–HCl buffer pH

7.1. The final dithionite and nitrite concentrations were each 2 mM.

The four hyperfine components at gk of the type 1 and type 2 centers

are indicated The. The inset shows the time variation of the

absorbance at 597 nm of dithionite-reduced SmPaz in a solution

containing SmNir and SmPaz in a ratio of 1:100. The absorbance

increase is produced on addition of nitrite (see ‘‘SmNir activity assay

using SmPaz as an electron donor’’ for details)

J Biol Inorg Chem

123



SmNir (not shown). This experiment yielded reduction

potentials, within experimental error, similar to those

obtained for SmNir without SmPaz, confirming that the

shifting of the reduction potentials is a consequence of the

SmNir/SmPaz interaction in the presence of nitrite.

Although the shifting of the reduction potentials is detected

at the end of the reaction of SmNir with the physiological

electron donor, it might also be operative during the

reaction.

The T1 center reduction potentials of both SmPaz and

SmNir and the T2 center reduction potential of as-purified

SmNir are in line with those reported for Paz and Nir from

other sources [40, 41, 44–47]. In principle, they do not favor

an efficient Paz T1 center (Eo0 = 278 mV) to Nir T1 center

(Eo0 = 224 mV) to Nir T2 center (Eo0 = 108 mV) electron

transfer, as the potential gradient does not favor the electron

flow for nitrite reduction (Eo0 = 370 mV). Experimental

evidence from Rhodobacter sphaeroides Nir [46] and

Pseudomonas chlororaphis Nir [45] suggested that nitrite/

Nir interaction can reverse the order of the reduction

potentials, which would favor the internal electron transfer.

This is not the case in as-purified SmNir, as reoxidation with

nitrite of the dithionite-reduced enzyme did not produce such

an effect (Fig. 6, spectrum c) [11]. On the other hand,

Prudêncio et al. [48] suggested that a favorable potential

gradient could be produced on interaction of the enzyme with

the physiological electron donor partner. Our findings are in

line with their suggestion, since, as evidenced by our EPR

results (Fig. 6, spectrum d), the interaction of SmNir with

both SmPaz and nitrite inverts the order of the reduction

potentials determined for as-purified SmNir once the reac-

tion has gone to completion. This suggests that the T1 cen-

ter to T2 center electron transfer is thermodynamically more

favorable in the presence of both the physiological electron

donor and the substrate.

Conclusions

The azu1 gene in the S. meliloti genome codes for a Paz

that serves as an efficient electron donor to the copper-

containing SmNir. Although only a few works have been

devoted to fully characterizing the reduction potentials of

copper-containing Nir enzymes, the results obtained so far

indicate that the Paz T1 center to Nir T1 center to Nir T2

center electron transfer is against the potential gradient. We

have shown for the first time that the Nir/Paz interaction in

the presence of nitrite changes the order of the reduction

potentials determined for as-purified SmNir, which would

favor the internal electron transfer. This evidence, together

with what was found previously for the closely related

P. chlororaphis Nir, indicates that copper-containing Nir

enzymes may alternatively modulate the reduction

potentials of the metal centers through interaction either

with the substrate or with the physiological electron donor.
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