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Abstract This work reports the direct electrochemistry of

Paracoccus pantotrophus pseudoazurin and the mediated

catalysis of cytochrome c peroxidase from the same organ-

ism. The voltammetric behaviour was examined at a gold

membrane electrode, and the studies were performed in the

presence of calcium to enable the peroxidase activation. A

formal reduction potential, E0¢, of 230 ± 5 mV was deter-

mined for pseudoazurin at pH 7.0. Its voltammetric signal

presented a pH dependence, defined by pK values of 6.5 and

10.5 in the oxidised state and 7.2 in the reduced state, and

was constant up to 1 M NaCl. This small copper protein was

shown to be competent as an electron donor to cytochrome c

peroxidase and the kinetics of intermolecular electron

transfer was analysed. A second-order rate constant of

1.4 ± 0.2 · 105 M–1 s–1 was determined at 0 M NaCl.

This parameter has a maximum at 0.3 M NaCl and is

pH-independent between pH 5 and 9.
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Abbreviations

CCP Cytochrome c peroxidase

PAz Pseudoazurin

SHE Standard hydrogen electrode

Introduction

The incomplete reduction of molecular oxygen to water

results in the formation of hydrogen peroxide, a species

that can induce cell damage or death owing to its ability to

form free radicals. Hydrogen peroxide can be removed by

catalases in a dismutation reaction or reduced to water by

peroxidases [1].

Periplasmic cytochrome c peroxidase (CCP) from

Paracoccus pantotrophus is a calcium-containing dimeric

enzyme of 37.5-kDa dihaemic subunits that catalyses the

two-electron reduction of H2O2 to H2O with oxidation of

the physiological electron donor [2, 3]. This enzyme is

isolated in a fully oxidised state (inactive), in which one

haem (centre I), the high-potential haem, is in a high-spin/

low-spin equilibrium and the other haem (centre II), the

low-potential haem, is low-spin. During the catalytic

mechanism, centre I acts as an electron-transfer centre,

accepting incoming electrons and transferring them to the

peroxidatic haem (centre II). The entry of one electron to

the high-potential haem leads to a complex change of spin

states and redox potential of both haems. The mechanism

involves strong haem–haem interactions and structural

changes that are more dramatic around the peroxidatic
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haem, in order to attain a mixed-valence ‘‘ready state’’ for

binding, reduction and cleavage of peroxide [4, 5].

The conformational transitions induced by the redox

state change of centre I and associated with the formation

of the active peroxidatic haem are dependent on the pres-

ence of bound calcium [6–9]. This activation reaction re-

sults in the transition of the low-potential haem to a high-

spin state with the loss of one histidine ligand, allowing

substrate binding. The redox transitions of the two haems

have been studied using different techniques, such as vis-

ible spectroscopy, electron paramagnetic resonance and

NMR [6–10].

The crystal structure of P. pantotrophus CCP was ob-

tained in two different redox states, a fully oxidised form

and a mixed-valence form, which supports these observa-

tions [11]. The comparison of these two structures revealed

that the inactive form presents a closed conformation

where the peroxidatic haem adopts a hexacoordinate

structure, hindering the peroxidatic reaction from taking

place. The active mixed-valence form shows conforma-

tional changes in four different loop regions and the per-

oxidatic haem becomes pentacoordinate, providing access

of the substrate to the active site [11, 12].

Although c-type cytochromes and blue copper proteins

are structurally very different, Williams et al. [13] pro-

posed that they share features of an electron-transfer sur-

face that confers ‘‘pseudospecificity’’ in their interactions

with a range of redox partners. Pseudoazurin (PAz) is

proposed to be one of the electron carriers in the periplasm

of the bacteria, shuttling electrons between the cytochrome

bc1 complex and several periplasmic enzymes involved in

denitrification as well as CCP [14, 15]. Another small re-

dox protein, cytochrome c550, has also been identified as

the electron donor to these enzymes [14, 15].

P. pantotrophus PAz is a small copper protein of

13.4 kDa which has a net charge of –4 at pH 7.0 and a very

large dipole moment. The positive dipole vector is posi-

tioned at the proposed electron-transfer site, His81, and is

thought to be instrumental in the preorientation of the

molecule for electron transfer. In previous kinetics studies,

PAz was shown to be competent as an alternative electron

donor to P. pantotrophus CCP and to bind at the same site

on the CCP surface as cytochrome c550 [16, 17].

Direct electrochemistry of redox proteins and enzymes

attracts widespread interest since the protein–electrode

surface recognition process can provide a model for the

electron transfer in biological systems. Information

regarding the thermodynamics, kinetics and mechanisms of

the biological electron transfers and reactions coupled to

electron transfer is accessible with electrochemical tech-

niques [18]. A wide range of working electrodes and

strategies can be used in order to characterise and under-

stand the physiological functions of redox proteins and

enzymes [19, 20].

Several works have reported the direct electrochemistry

of blue copper proteins, including PAz from Achromo-

bacter cycloclastes [21, 22] and from Alcaligenes faecalis

[23]. Few works dealing with the electrochemistry of other

peroxidases have been published, with monohaem CCP

being the most studied [24, 25]. The first reports on bac-

terial CCPs, from P. pantotrophus and from Nitrosomonas

europaea, were recently published [26, 27].

This work reports the first electrochemical study of the

electron transfer between CCP and one of its physiological

electron donors, PAz. The direct electron transfer to PAz

and the mediated electrochemical behaviour of CCP were

analysed by cyclic voltammetry at a gold electrode using

the membrane electrode configuration [28]. This configu-

ration has several important advantages, in particular the

use of very small volumes of protein (approximately 2 ll),

the ease of electrode preparation and low cost, as well as

the capacity to rapidly investigate experimental parameters

with the same protein sample. The pH dependence of

P. pantotrophus PAz formal reduction potential was anal-

ysed and three pK values were identified. The intermo-

lecular electron-transfer rate constant between these two

proteins was determined and the effects of pH and ionic

strength on this parameter were analysed.

Materials and methods

Protein isolation and purification

P. pantotrophus PAz and CCP were isolated and purified as

described before [2, 16]. The concentration of the proteins

was determined spectrophotometrically using the extinc-

tion coefficient at 590 nm, e = 3.00 mM–1 cm–1, and

409 nm, e = 250 mM–1 cm–1, for the oxidised PAz and

fully oxidised CCP, respectively [2, 16].

Procedures

The compounds neomycine, 4,4¢-dithiodipyridine and CaCl2
were obtained from Sigma and all other chemicals were

pro analysis grade. All solutions used in the studies were

prepared with Milli-Q water.

Voltammetric measurements were performed using a

potentiostat/galvanostat AUTOLAB PSTAT10 from ECO

Chemie (Utrecht, The Netherlands), as the source of ap-

plied potential and as a measuring device. The whole

system was controlled and the data were analysed with the

GPES software package from ECO Chemie. The scan rate

varied between 5 and 200 mV s–1. Throughout the paper,

692 J Biol Inorg Chem (2007) 12:691–698

123



all potential values are referred to the standard hydrogen

electrode (SHE).

A conventional three-electrode configuration cell was

used, with a platinum auxiliary electrode and an Ag/AgCl

reference electrode (BAS MF-2052; 205 mV vs. SHE).

The working electrode was a gold disk electrode from BAS

(MF-2014) with a nominal radius of 0.8 mm. The effective

surface area of the electrode was determined from its re-

sponse in a known concentration of the ferrocyanide/fer-

ricyanide couple (D = 7.84 · 10–6 cm2 s–1 [29]) and was

found to be 0.0195 cm2.

Electrode preparation

Before each experiment, the gold disk electrode was pol-

ished by hand on a polishing cloth (Buehler 40-7212) using

a water–alumina (0.05 lm) slurry (Buehler 40-6365-006),

sonicated for 5 min, rinsed well with Milli-Q water and

finally dipped into 1 mM 4,4¢-dithiodipyridine solution for

5 min. The membrane configuration was prepared as pre-

viously described [28] using a negatively charged Spectra/

Por MWCO 3500 membrane.

Electrolyte

In typical experiments, the supporting electrolyte, as well

as the working solution, contained 10 or 50 mM phosphate

buffer pH 7.0 ± 0.1, 0.5 mM 4,4¢-dithiodipyridine and,

whenever CCP was present, 1 mM CaCl2 to enable the

enzyme activation. PAz was present in a concentration of

218 lM and CCP varied between 1.04 and 23.1 lM.

In the experiments with a saturating concentration of

substrate, 1 mM H2O2 was present in the electrolyte

solution. Studies with substrate concentration were done by

varying H2O2 between 20 lM and 3 mM.

The pH of the electrolyte was varied from 5 to 11 by

adding small amounts of 5 M HCl or 2 M NaOH to 10 mM

acetate, 2-morpholinoethanesulfonic acid, phosphate,

tris(hydroxymethyl)aminomethane–HCl or N-cyclohexyl-

3-aminopropanesulfonic acid buffer solutions. As to the

ionic strength, the variation was carried out by adding

increasing amounts of NaCl (up to 1 M).

All solutions were deaerated for 30 min with u-type

nitrogen, and all measurements were performed at least in

duplicate in a temperature-controlled room at 20 ± 1 �C.

Results and discussion

Direct electrochemistry of P. pantotrophus PAz

Typical cyclic voltammograms of PAz at the gold mem-

brane electrode in the presence of 4,4¢-dithiodipyridine can

be observed in Fig. 1. Similar voltammograms were ob-

tained in the absence of promoter, although the response

was less stable during repeated potential cycling.

From the analysis of the cyclic voltammograms in terms

of potentials and peaks currents, PAz was a reversible

system with two different behaviours in the scan rate (v)

range, as can be observed in Fig. 2: control by diffusion,

with the peak currents (ip) varying linearly with v1/2

(Fig. 2a), for the highest scan rates (100 £ v £ 200 mV s–

1); and thin-layer behaviour, with ip varying linearly with v

(Fig. 2b), for the lowest scan rates (v < 100 mV s–1).

The ratio of the cathodic (ipc) and anodic (ipa) peak

currents was close to 1 for all scan rates. In the whole range

of v, peak-to-peak separation, Epa – Epc, remained constant

at 12 mV. The width at half height (DEp,1/2) was also

constant for the cathodic and anodic peaks and close to

90 mV. The behaviour described corresponds to a revers-

ible one-electron process (Cu2+ + e–
M Cu+) in terms of

thin-layer theory [28, 30, 31], so in this situation the formal

reduction potential can be estimated from the average of

the reduction and oxidation peak potentials and a value of

E0¢ = (Epc + Epa)/2 = 230 ± 5 mV was obtained, for pH

7.0. This value compares well with the formal potential

(230 mV, same pH) estimated by cyclic voltammetry in

[14].

The effect of pH on the formal reduction potential of

PAz was analysed in the range 5–11. This is easily done at

a membrane electrode since, while the protein molecules

stay entrapped in close vicinity to the electrode surface,

small ions diffuse through the membrane [28]. The absence

of a PAz electrochemical signal below pH 5 and above pH

11 established those limits.

As shown in Fig. 3, PAz has a pH dependence of the

redox potential defined by two equilibria and three pK

values. The data can be fitted to Eq. 1, according to the
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Fig. 1 Cyclic voltammograms (35 < v < 200 mV s–1) at the gold

membrane electrode (AUME) of 218 lM pseudoazurin (PAz) in

50 mM phosphate buffer, pH 7.0 and 0.5 mM 4,4¢-dithiodipyridine
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hypothetical set of equilibria shown in the inset of Fig. 3

[32]:

E00 ¼ E00
lp � RT

nF

Hþ½ �2 þ KO1 Hþ½ � þ KO1KO2

Hþ½ �2 þ KR Hþ½ �

 !
; ð1Þ

where E0¢ is the measured reduction potential, Elp
0 ¢ is the

reduction potential at low pH, and KO and KR are the

proton dissociation constants of the oxidised and reduced

forms, respectively. A nonlinear regression fit (with no

fixed parameters), using the CERN library Fortran program

MINUIT algorithm, gave the values Elp
0 ¢ = 253 ± 3 mV,

pKO1 = 6.5 ± 0.2, pKR = 7.2 ± 0.1 and pKO2 = 10.5 ± 0.1.

Some of the pK values can be assigned from spectro-

scopic evidence for this PAz [16], by comparison with the

results obtained for PAz from Achromobacter cycloclastes

[22, 33, 34], which has 67% homology with P. pantotro-

phus PAz. The pK values of 6.5 and 7.2 have been assigned

to the protonation of the histidine residue 6 [33]. The pKO2

value of 10.5 may be attributed, but this is still in discus-

sion, to a structural transition brought about by the acid

dissociation of the NH3
+ e-amino group of Lys77

(pKa = 10.4) [22].

The ionic strength dependence of the formal reduction

potential was also studied. Increasing amounts of NaCl

were added to the electrolyte solution and the PAz signal

was shown to be independent of ionic strength, in the range

0–1 M (data not shown). This result suggests that the

interaction with the electrode is mainly governed by forces

like hydrophobic or hydrogen-bonding interactions rather

than electrostatic interactions. A favourable domain for

electron transfer to occur must be due to a suitable

hydrogen-bonding interaction between the pyridyl nitrogen

atoms of the promoter and the residues on the protein

surface. It is interesting to note that the negative charge of

the membrane seems not to affect the redox reaction of the

negatively charged PAz.

Catalytic activity of P. pantotrophus CCP

with P. pantotrophus PAz as an electron donor

The catalytic activity of P. pantotrophus CCP towards

P. pantotrophus PAz was then investigated at the gold

membrane electrode (Fig. 4). Working solutions of

218 lM PAz and different CCP concentrations were pre-

pared, and 0.5 mM 4,4¢-dithiodipyridine and 1 mM Ca2+

(for the enzyme activation) were present both in the

working solutions and in the electrolyte.

Similar voltammograms to those obtained for PAz alone

were observed for PAz in the presence of CCP (Fig. 4,

voltammogram a). However, it is clear in the same figure

that a sigmoidal waveform develops when a saturating

concentration of H2O2 (1 mM) is added to the electrolyte

(voltammograms b–e). Moreover, voltammograms from

solutions containing only CCP either in the presence or in

the absence of H2O2 were indistinguishable from the

background current (data not shown).

-0.50

-0.30

-0.10

0.10

0.00 0.15 0.30 0.45

v1/2 / V1/2s-1/2

i p
 / 

µ
A

a

-0.50

-0.30

-0.10

0.10

0.00 0.08 0.15 0.23

v / Vs-1

i p
 / 

µ
A

b

Fig. 2 Variation of the peak current (from the cyclic voltammograms

in Fig. 1) with the square root of the scan rate (a) and the scan rate (b)
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Fig. 3 Effect of pH on PAz formal reduction potential, E0¢.
Diamonds and squares two different experiments; line fitting to

Eq. 1. Cyclic voltammograms (v = 50 mV s–1) at the AUME of

218 lM PAz in different buffer systems and 0.5 mM 4,4¢-dithiodi-

pyridine. Scheme: Proton dissociation equilibria for one pK pair
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The half-wave potential of the sigmoidal waves (E1/2 =

218 ± 14 mV ” E0¢ [35]) shows that the actual transfer

process is the catalysed reduction of PAz. The catalytic

current obtained is independent of the scan rate up to

100 mV s–1 and increases for increasing CCP concentra-

tion. This behaviour is consistent with a reaction mecha-

nism involving an initial heterogeneous electron-transfer

reaction at the electrode (Fig. 5, step 1), followed by

homogeneous chemical reactions: the oxidised form of

PAz is regenerated by CCP (Fig. 5, step 2) which, in turn,

is recycled by hydrogen peroxide (Fig. 5, step 3). This

mechanism can be simplified to

PAzox þ e� $ PAzred

PAzred þ CCP! PAzox

ð2Þ

provided that the following conditions are obeyed: (1) the

heterogeneous electron transfer (Fig. 5, step 1) is a

reversible reaction; (2) the homogeneous chemical reaction

(Fig. 5, step 2) is irreversible; (3) the reaction between PAz

and CCP is pseudo first order with a reaction rate constant

given by k¢ = kCCCP, where k is the second-order rate

constant and C is the concentration.

The first condition is well obeyed as previously dem-

onstrated. Owing to the excess of hydrogen peroxide in

solution, CCP is reoxidised in the catalytic cycle (Fig. 5,

step 3), and not by transferring electrons back to PAz.

Therefore, step 2 (Fig. 5) can be considered irreversible

and condition 2 is fulfilled. As to condition 3, it implies that

CCP is present in large excess. The enzyme is not present

in excess over PAz but, owing to the saturating concen-

tration of hydrogen peroxide, this requisite is obeyed if the

rate of recycling of oxidised CCP by H2O2 is not rate-

limiting. In this case, CCP will always be available to react

with PAz and pseudo-first-order conditions are met.

The theory describing such a mechanism for diffusion-

controlled processes was developed by Nicholson and

Shain [36] and applied to several kinetics studies of

reactions between mediators and redox proteins [37] (and

references therein). However, since the catalytic current

observed in our experimental conditions is independent of

the scan rate for v < 100 mV s–1, thin-layer theory must

be considered following Laviron’s treatment for diffu-

sionless electrochemical systems [31]. Cyclic voltammetry

curves were recorded in the scan rate range 5–100 mV s–1

for 218 lM PAz and increasing CCP concentrations, in

the absence and presence of an excess of H2O2. From

these recordings, the peak current (ip) and the catalytic

peak current (icat) were measured. The peak current is

given by

ip ¼
n2F2vVCPAz

4RT
ð3Þ

whereas the catalytic current is given by

icat ¼ nFk0VCPAz ð4Þ

In these equations, V is the entrapped solution volume, C is

the concentration and the other terms have their usual

meaning. The pseudo-first-order rate constant for the

intermolecular electron-transfer reaction, k¢, can be

determined from the slope of the (icat/ip) versus (1/v) plot:

icat=ip

� �
¼ 4RT=nFð Þk0 1=vð Þ: ð5Þ

From the plot of k¢ for different CCP concentrations

(CCCP), the second-order rate constant, k, is then estimated.

In Fig. 6a, a plot of (icat/ip) versus (1/v) for different

CCP concentrations is presented. A linear dependence is

verified, between 4.5 and 20 lM CCP, demonstrating that

all requirements of the model are met. This implies that the

intermolecular electron transfer between PAz and CCP

limits the overall reaction rate. An intermolecular electron-

transfer rate constant k = (1.5 ± 0.2) · 105 M–1 s–1 was

estimated from the variation of k¢ with CCP concentration

(Fig. 6b).
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Fig. 4 Cyclic voltammograms (v = 5 mV s–1) at the AUME of

218 lM PAz and increasing concentrations of cytochrome c
peroxidase (CCP): a, b 1.04 lM, c 4.62 lM, d 10.4 lM and e
23.1 lM; 1 mM H2O2 in all cases, except a, where it was absent from

the electrolyte. Medium, 10 mM phosphate buffer pH 7.0, 0.5 mM

4,4¢-dithiodipyridine and 1 mM CaCl2
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Fig. 5 Mediation scheme for CCP: the electrode reduces PAz, which

is immediately reoxidised by CCP; the level of oxidised CCP is then

restored by conversion of hydrogen peroxide to water
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The intermolecular rate constant can also be calculated

with the methodology proposed first by Savéant and Via-

nello [38] and developed later by Coury et al. [39], from the

value of the H2O2 saturated limiting current given by Eq. 4.

As to the entrapped solution volume, V, it can be com-

puted using Eq. 3 from the dependence on the scan rate of

either the cathodic or the anodic peak currents of the cyclic

voltammograms for solutions containing both PAz and CCP

in the absence of hydrogen peroxide. A volume of

(1.2 ± 0.1) · 10–5 cm3 was estimated, in very good agree-

ment with previous results at the same electrode [28]. Cal-

culations using Eq. 4 gave k = (1.2 ± 0.3) · 105 M–1 s–1 in

accordance with the value determined above.

The effect of pH and ionic strength on the intermolec-

ular rate constant was then analysed and although k was

shown to be pH-independent in the range 5–9 (data not

shown), it varied with NaCl concentration (data not

shown). In the ionic strength studies, a bell-shaped curve

with a peak of activity at about 0.3 M NaCl was obtained,

for which the intermolecular rate constant at high NaCl

concentration (2.0 · 105 M–1 s–1) was slightly higher than

the value determined in the absence of NaCl. The decrease

of activity with further increasing NaCl concentration is

consistent with the known electrostatic character of the

complex between CCP and PAz, which is due to the

positive dipole vector on PAz and the negative surface of

CCP near the electron-transferring haem [16, 17].

Similar behaviour was observed for the steady-state

kinetics activity of this enzyme with PAz as an electron

donor [16]. However, in those studies the maximum value

occurred at lower NaCl concentrations (about 30 mM) and

very low activity was registered above 0.5 M. This dif-

ference may be due to the use of a charged membrane in

the electrochemical studies. Somehow, the membrane fa-

vours the formation of the encounter complex and makes it

less dependent on the ionic strength, in spite of the elec-

trostatic forces that govern the interaction.

It must be pointed out that the PAz signal showed no

dependence on the ionic strength, which is consistent with

the interaction established between PAz and the electrode

interface not being electrostatic in nature, as mentioned

already. Thus, PAz must interact with the electrode in such

a way that the hydrophobic patch surrounded by the ly-

sine’s ring is free to interact with its redox partner.

As to the pH, no effect was observed in the range from 5

to 9, but no catalytic current develops above pH 9. As

mentioned before, the lower limit is due to the loss of the

PAz signal, and the absence of catalytic activity above pH

9 can be attributed to the inactivation of CCP, since the

PAz signal is maintained between pH 9 and 11. The ab-

sence of a pK pair around 7, as observed for PAz alone,

suggests that CCP has a pK pair around this same value.

Another set of experiments were performed by varying

the hydrogen peroxide concentration in the electrolyte, for

a constant PAz and CCP mixture. The results are presented

in Fig. 7 and it is clear that the peak current of PAz in-

creases with successive additions of hydrogen peroxide

until the peaklike signal is converted to a sigmoidal wave

form.
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Fig. 7 Cyclic voltammograms (v = 50 mV s–1) at the AUME of

218 lM PAz and 10.4 lM CCP in the presence of increasing

concentrations of H2O2 (lM): 0 (solid black line), 20.0 (dashed black
line), 49.8 (dotted black line), 99.4 (dash-dotted black line), 199

(solid grey line), 297 (dashed grey line), 495 (dotted grey line) and

741 (dash-dotted grey line). Medium, 10 mM phosphate buffer pH

7.0, 0.5 mM 4,4¢-dithiodipyridine and 1 mM CaCl2
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The difference between the measured current, for each

hydrogen peroxide addition and the current in the absence

of hydrogen peroxide (ip – ip(0) = icat) was plotted versus

substrate concentration (Fig. 8). This catalytic current in-

creases until 1 mM hydrogen peroxide and decreases for

higher concentrations.

Above 1 mM, hydrogen peroxide most probably de-

stroys the enzyme and consequently a lower catalytic

activity is observed. For concentrations up to 1 mM, the

results were fitted to Michaelis–Menten kinetics, using the

CERN library Fortran program MINUIT algorithm. Since

thin-layer conditions were verified, the Michaelis–Menten

equation has the form

icat ¼
imax CH2O2

CH2O2
þ KM

¼ nFk0VCPAzCH2O2

CH2O2
þ KM

ð6Þ

where imax is the catalytic current observed at the maxi-

mum rate and KM is the Michaelis–Menten constant. As

can be seen in Fig. 8, the fitting shows that the experi-

mental data are in good agreement with Eq. 6, leading to a

KM of 390 lM and an intermolecular electron-transfer rate

constant, k, of (1.6 ± 0.2) · 105 M–1 s–1. This result again

confirms that PAz is an electron donor to CCP.

The good agreement among all k values means that all

requirements of the model (Fig. 5) are met. The overall

reaction is neither limited by the CCP reduction of H2O2

(step 3, which includes an intramolecular electron transfer

between the two CCP haems) nor by the PAz reduction at

the electrode (step 1). Therefore, the intramolecular rate

constant kintra must be similar to or higher than k · CPAz.

Taking an average value for the intermolecular rate con-

stant between PAz and CCP, 1.4 ± 0.2 · 105 M–1 s–1, pH

7, 0 M NaCl, we can estimate a minimum value for the

intramolecular rate constant of 30 s–1.

Conclusions

In the present work, cyclic voltammetry and a gold mem-

brane electrode were used for the first time to analyse the

direct electron transfer to P. pantotrophus PAz and to

probe its interaction with one of its physiological partners,

CCP.

PAz isolated from P. pantotrophus has a formal reduc-

tion potential of 230 ± 5 mV, at pH 7.0, and three pK

values were identified, 6.5, 7.2 and 10.5, from the depen-

dence of that parameter with the pH, as verified for other

small blue copper proteins [22, 33, 34].

In this work P. pantotrophus PAz was shown to be an

active electron donor to P. pantotrophus CCP with a sec-

ond-order rate constant, 1.4 ± 0.2 · 105 M–1 s–1. This va-

lue compares well with other intermolecular rate constants

determined using cyclic voltammetry. Two examples are

the electron transfer from Achromobacter cycloclastes PAz

to its electron donor, nitrite reductase, that was determined

to have a k value of 7.3 · 105 M–1 s–1 [40], and the com-

plex between cytochrome c552 and cytochrome cd1 nitrite

reductase isolated from Pseudomonas nautica, with a k

value of 2.8 · 105 M–1 s–1 [37].

The kinetics of intermolecular electron transfer was pH-

independent, between pH 5 and 9. It would seem unlikely

that the absence of a pK pair around 7, as observed for PAz

alone, occurs by chance. This suggests that the two redox

partners have evolved to match their pK values to ensure a

constant DEm driving force for electron transfer to occur

over varying pH.

The rate constant had a maximum value at 0.3 M NaCl

and decreased at higher NaCl concentration, as expected

for an interaction governed by electrostatic forces. The use

of a charged membrane, however, seems to favour the

formation of the encounter complex and makes it less

dependent on ionic strength, in comparison with the results

obtained by steady-state kinetics [16]. The results obtained

also indicate that PAz interacts with the electrode through

hydrophobic forces, which do not affect the formation of

the encounter complex with the enzyme.

It is also important to point out that the membrane

configuration is an interesting strategy for the cases in

which adsorption of a protein to the electrode surface is not

successfully achieved, hindering the use of protein film

voltammetry [18]. This configuration also enables the use

of very small protein volumes (2 ll). The entrapment of

the proteins between the membrane and the electrode sur-

face enables the achievement of thin-layer conditions, and

avoids the problems concerning diffusion.
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