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Resumo

O meu percurso profissional apresenta uma competéncia laboratorial bastante
diferenciada, mas com complementaridade, realizado em diferentes grupos de investigagdo com
resultados positivos e promissores. Sendo principalmente, o objeto em estudo, as proteinas.

Este percurso iniciou-se com o estagio da licenciatura em Bioquimica, realizado na
Universidade do Algarve, sob orientacdo do Professor Paulo Martel, durante um ano na area de
Bioinformatica e modelacgdo, sendo o objetivo principal o estudo da melhor interagdo entre os
citocromos P450 e os respetivos ligandos. Posteriormente, trabalhei como bolseiro de
Investigagdo, no grupo da Professora Margarida dos Santos, no Instituto Superior Técnico
durante 21 meses na area de Bioelectroquimica. No projeto, a minha principal tarefa, era estudar
a eletroquimica catalitica das peroxidases de citocromos c. Ap6s o término da bolsa anterior,
trabalhei trés meses como voluntario no grupo da Professora Leonor Cancela, da Universidade
do Algarve. O objetivo foi ajudar na realizacdo de tarefas de um projeto de doutoramento em
curso, permitindo-me solidificar os meus conhecimentos tedricos e praticos em técnicas béasicas
na area da biologia molecular. De seguida, fui trabalhar como bolseiro de investigacdo no grupo
da Professora Maria Jodo Roméo durante 2 anos na area da Cristalografia, da Universidade Nova
de Lisboa. A tarefa principal do meu trabalho experimental era determinar as condigcdes de
cristalizacdo para posteriormente, resolver a estrutura tridimensional das proteinas da familia das
xantinas oxidases. Por fim, fui bolseiro de investigacdo no grupo do Professor Guilherme
Ferreira durante 1 ano, na area da Bioguimica das proteinas da Universidade do Algarve, cuja
funcéo principal foi de produzir e purificar proteinas expressas em E. coli.

Deste percurso profissional resultou a publicacdo como co-autor de quatro artigos em
revistas internacionais, de varias comunicacdes (em forma de painel ou oral) em congressos
internacionais e nacionais, uma estrutura de uma proteina depositada no Protein Data Bank e
uma tese de Licenciatura em Bioquimica.

No presente relatorio, vou apresentar um dos projetos cientificos em que a minha
participacdo foi significativa, nomeadamente na realizacdo de todo o trabalho experimental,
assim como, na participacdo na andlise dos resultados e discussdo do contetdo do campo de
investigacdo. O estudo é na area dos Biossensores que caracteriza a utilizacdo de elétrodos de
membrana para o estudo de metaloproteinas. Este estudo descreve o beneficio do uso de
elétrodos de membrana na eletroquimica das metaloproteinas. A enzima em estudo € a

peroxidase do citocromo c, que é responsavel pela reducdo do H,O;, a H,0, sendo portanto de



extrema importancia para a célula, pois impede a formacdo de radicais livres. Este estudo
permite compreender aspetos importantes da quimica, como por exemplo, a termodinamica, a
cinética e os mecanismos de transferéncias de eletres bioldgicos da enzima em estudo.

Sabendo que a Biotecnologia engloba varias areas, desde a Quimica a Biologia, considero

que o meu percurso profissional se enquadra no mestrado em Biotecnologia.



Abstract

My professional carrier is comprised of a diverse, but complementary laboratorial
experience with various research groups. My work has been particularly centered on proteins
from which positive and promising results have been produced.

| initiated my career with work for my undergraduate dissertation project in the area of
bioinformatics and modulation, for my degree in Biochemistry at the University of Algarve.
Under the guidance of Professor Paulo Martel, and during a year, | performed a study with the
objective to determine the best interaction between cytochromes P450 and their respective
ligands. | later was awarded a research grant to work in bioelectrochemistry at Professor
Margarida dos Santos’ group at the Instituto Superior Técnico for 21 months. The project
focused on the study of the catalytic electrochemistry of cytochromes c peroxidases. | then
worked three months as a volunteer for the group of Professor Leonor Cancela, at the University
of Algarve. The main objective of which was to assist in tasks of an ongoing PhD project, in
order to solidify my knowledge and skills in basic techniques in molecular biology. Soon after,
and with a research grant, 1 worked for two years with Professor Maria Jodo Roméo at the
Universidade Nova de Lisboa in the field of Crystallography. The project’s objective was to
determine protein crystallization conditions in order to ascertain the three dimensional structure
of the xanthine oxidase protein family. Finally, 1 worked as a research fellow in the field of
protein biochemistry with Professor Guilherme Ferreira’s group at the University of Algarve, for
one year. My main task was to produce and purify proteins expressed in E. coli.

My considerable work experience has resulted in the completion of a degree thesis in
Biochemistry and the publication, as co-author, of four papers in international peer-reviewed
journals, several communications (poster and oral) in national and international conferences, as
well as a protein structure deposited in the Protein Data Bank.

In the present report | discuss one of the scientific projects of which | played a central
role. I carried out the experimental work, analyzed results and discussed them in the context of
the field of Biosensors. The work was specifically focused on the use of membrane electrodes
for studying metalloproteins and describes the advantages of using these electrodes in the
electrochemistry of metalloproteins. The study was centered on the Cytochrome ¢ peroxidase
enzyme which is responsible for the reduction of H,O, to H,O, a mechanism fundamental for the
cell in the prevention of the formation of free radicals. This work elaborates important aspects of
chemistry such as, the thermodynamics, kinetics and mechanisms of biological electron transfer

of the Cytochrome ¢ peroxidase enzyme.
v



In light of the fact that biotechnology covers areas ranging from chemistry to biology, |
believe that my work experience and professional career coincide with the masters’ degree in

Biotechnology.
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Capitulo I — Introducao

Peroxidase do citocromo ¢ Paracoccus pantotrophus

A reducdo incompleta do oxigénio molecular para agua resulta na formagéo do perdxido
de hidrogénio (H20,). O perdxido de hidrogénio é uma molécula que pode induzir danos ou
morte celular devido a sua capacidade de produzir radicais livres. Em processos bioldgicos, o
peroxido de hidrogénio pode ser eliminado em forma de agua, através da catalase numa reacao
de dismutacdo ou de reducéo pela peroxidase [Halliwell and Gutteridge 1989].

A peroxidase do citocromo c¢ periplasmico (CPP - “cytochrome ¢ peroxidase™)
Paracoccus pantotrophus (P.p.) € uma enzima dimérica e di-hémica que catalisa a reducdo de
H.O, a H,0, utilizando pequenos citocromos mono-hémicos como dador fisioldgico, através do
processo de oxidacdo [Goodhew et al. 1990, Pettigrew 1991]. Cada mondmero apresenta um
peso molecular de 37,5 kDa, constituido por dois grupos prostético (hemo), denominados como
hemo E (hemo de transferéncia de electrdes) e o0 hemo P (hemo peroxidatico). Para a formacao
do dimero e respetiva ativacao, a presenca do atomo de célcio € essencial.

Figura 1 — Estrutura cristalogréfica dimérica da Peroxidase do citocromo ¢ Paracoccus pantotrophus (codigo pdb
2C1U) [Echalier et al. 2006]. Em cada mondmero visualiza-se o atomo de célcio (em formato spheres) no meio dos
dois hemos (em formato stick).

2



Capitulo I — Introducao

Mecanismo catalitico — estado redox

A enzima € isolada num estado totalmente oxidado (inativo), em que o hemo E (centro I,
potencial alto) encontra-se num equilibrio de spin alto e spin baixo, enquanto o hemo P (centro
I1, potencial baixo) é de spin baixo. Durante 0 mecanismo catalitico, o centro | atua como um
centro de transferéncia de eletrdes, aceitando e transferindo eletrées para o hemo P (centro I1). A
entrada de um eletréo para o hemo de potencial alto leva a uma mudanca complexa de estados de
spin e potenciais redox de ambos 0s hemos, num mecanismo que envolve fortes interagdes entre
0s dois hemos, produzindo uma enzima mixed valence em que o hemo P se torna penta-
coordenado de spin alto, proporcionando o acesso ao substrato, a fim de atingir um “ready state”
para reagir com o peroxido [Pettigrew et al. 2006, Gilmour et al. 1993, Gilmour et al. 1994].

As transicdes conformacionais induzidas pela mudanca de estado redox de centro | e
associada com a formacdo do hemo P ativo (mixed valence) sdo dependentes da presenca do
calcio ligado [Prazeres et al. 1993, Prazeres et al. 1995a, Prazeres et al. 1995b, Gilmour et al.
1995]. Esta ativacgdo resulta da reacdo na transicdo do hemo de potencial baixo para um estado de
spin alto com a perda de um ligando de histidina, permitindo a ligacdo do substrato (suportada
por EPR e RMN) [Prazeres et al. 1993, Prazeres et al. 1995a, Prazeres et al. 1995b, Gilmour et
al. 1995, Gilmour et al. 1993]. A estrutura cristalografica do P.p. CCP apoia essas observacoes
[Echalier et al. 2006].

Dadores Fisiologicos

Apesar dos citocromos tipo ¢ e as proteinas de cobre azul serem estruturalmente muito
diferentes, compartilnam caracteristicas de uma superficie de transferéncia de eletrdes que
confere "pseudo-especificidade” nas suas interacdes com uma série de parceiros redox [Williams
et al. 1995]. E proposto a Pseudoazurina (PAz) ser um dos transportadores de eletrdes no
periplasma das bactérias, transportando os eletrdes entre 0 complexo de citocromo bcl e vérias
enzimas periplasmaticas envolvidas na desnitrificacdo [Berks et al. 1993, Richter et al. 2002].
Outra proteina redox, citocromo ¢550, foi também identificada como dador de eletrdes para estas
enzimas [Berks et al. 1993, Richter et al. 2002]. O citocromo ¢ mitocondrial é um parente
proximo do citocromo ¢550 e, devido a sua disponibilidade, é frequentemente usado como um

dador de eletrbes alternativo néo fisioldégico. Contudo, anteriormente, o citocromo ¢ de coracao



Capitulo I — Introducao

de cavalo (uma proteina comercialmente disponivel — hemo do tipo C) foi também utilizado,
como dador de eletrbes para P.p. CCP em estudos cinéticos de Steady-State, realizados
espectrofotometricamente [Prazeres et al. 1993]. Embora ndo seja um parceiro fisiologico da
P.p. CCP, foi demonstrado que esta pequena proteina é cineticamente competente como dador de
eletrbes para a enzima Paracoccus. No entanto, o citocromo ¢ de cavalo exibe um
comportamento cinético e de ligacdo distinto em relacdo aos outros dadores de eletrdes

mencionados anteriormente.

Eletroquimica de metaloproteinas

Atualmente estd provado que técnicas de voltametria permitem estudar aspetos
importantes da quimica de metaloproteinas e metaloenzimas. A eletroquimica direta destas
moléculas atrai grande interesse, uma vez que 0 processo de reconhecimento de superficie da
proteina pelo elétrodo, pode proporcionar um modelo para a transferéncia de eletrbes entre
proteinas e enzimas em sistemas bioldgicos. Informacdo sobre a termodinamica, cinética e
mecanismos de transferéncias de eletrbes bioldgicos e, reacbes acopladas a transferéncia de
eletrbes, € acessivel com técnicas eletroquimicas [Armstrong 2002]. Uma ampla diversidade de
elétrodos de trabalho e estratégias podem ser utilizados com fim a caracterizar e compreender as
funcoes fisiologicas de proteinas e enzimas redox [Correia dos Santos et al. 2001, Correia dos
Santos et al. 2004].

Uma possibilidade € a utilizacdo de elétrodos de membrana, onde a proteina em estudo
estd presa entre uma membrana de dialise e a superficie do elétrodo [Correia dos Santos et al.
2003]. Esta estratégia apresenta varias vantagens importantes, nomeadamente a utilizacdo de
volumes muito pequenos de proteina (aproximadamente, 2-4 pl), a facilidade de preparacdo do
elétrodo e o baixo custo, assim como, a capacidade para rapidamente investigar parametros
experimentais com a mesma amostra de proteina. Além disso, as membranas de dialise sdo
carregadas negativamente, oferecendo uma forma de modular o ambiente elétrico perto da

superficie do elétrodo.

Num trabalho anterior, foi demonstrada a competéncia da P.p. PAz como um dador de
eletrbes para a P.p. CCP e, a cinética de transferéncia de eletrdes intermolecular foi analisada

[Paes de Sousa et al. 2006]. Os estudos foram realizados por voltametria ciclica, usando um

4
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elétrodo de ouro de membrana, e os resultados foram analisados segundo a teoria de thin-layer
[Bard and Faulker 2001]. Neste caso, a reacdo de transferéncia de eletrbes € um processo sem
difusdo, contrariamente a situagdo em que as espécies em estudo estdo em solugédo e o processo é

controlado por difuséo.

Importancia do desenvolvimento de biossensores para a Biotecnologia

Nas Ultimas décadas tem havido um enorme interesse nos elétrodos enzimaticos e no
desenvolvimento de uma variedade de novas estratégias, em que a transferéncia de eletrdes de ou
para enzimas redox € acoplada mais préxima ao elétrodo, tendo sidos explorados varios métodos,
especialmente o uso de “elétrodos modificados” [Murray et al. 1987]. O répido crescimento na
area da biotecnologia exige novas e melhores tecnicas analiticas, incluindo biossensores
melhorados [Bianco 2002]. Nos ultimos anos, o método de imobilizacdo de proteina com
SWNTs (single-walled carbon nanotubes) tem sido muito usado, tornando-se num método
bastante promissor na bioelectroquimica [Azamian et al. 2002] e, por sua vez, na
nanotecnologia. Entre todas as tecnologias eletroquimicas, a bioelectroquimica tem sido a mais
bem-sucedida no desenvolvimento de biossensores. O uso de biossensores tem tido uma enorme
relevancia no campo clinico e da saude, assim como, na detecdo e controlo em fins ambientais.
Portanto, o desenho de biossensores estd destinado a ser um ramo promissor e excitante no

campo da biotecnologia analitica [Bianco 2002].

Objetivo

O objetivo do trabalho foi estudar a interacdo da P.p. CCP com o parceiro néao
fisiologico, citocromo ¢ de coracdo de cavalo, usando diferentes métodos voltamétricos, assim
como, configuracdes de elétrodos diferentes. Os estudos foram realizados: (1) com ambas as
proteinas em solucdo por voltametria ciclica. O elétrodo de trabalho usado foi um elétrodo de
ouro, com 0 auxilio de um promotor, funcionando como intermediario entre o elétrodo e a
proteina. Estas experiéncias foram realizadas na auséncia e na presenca do substrato, H,O,, € 0s
resultados foram analisados em termos de processo de controlo por difusdo; (2) com as proteinas
aprisionadas numa membrana, usando as mesmas técnicas e o comportamento analisado em

termos de um processo sem difusdo. O elétrodo anterior foi utilizado e analisada a necessidade
5
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de utilizagdo de um promotor. Foi ainda analisada a influéncia das condic¢Ges de solugdo, tais
como, o pH e a forga idnica. Os resultados obtidos em (1) e (2), nomeadamente, as cinéticas de
transferéncia eletrénica intermolecular, foram comparados, assim como, a influéncia da

membrana carregada.
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Capitulo Il — “Benefits of membrane electrodes in the electrochemistry of metalloproteins: mediated
catalysis of paracoccus pantotrophus cytochrome c peroxidase by horse cytochrome c: a case study”

Abstract

A comparative study of direct and mediated electrochemistry of metalloproteins in bulk
and membrane-entrapped solutions is presented. This work reports the first electrochemical
study of the electron transfer between a bacterial cytochrome ¢ peroxidase and horse heart
cytochrome c. The mediated catalysis of the peroxidase was analysed both using the membrane
electrode configuration and with all proteins in solution. An apparent Michaelis constant of 66 +
4 and 42 £ 5 yM was determined at pH 7.0 and 0 M NaCl for membrane and bulk solutions,
respectively. The data revealed that maximum activity occurs at 50 mM NaCl, pH 7.0, with
intermolecular rate constants of (4.4 + 0.5) x 10° and (1.0 + 0.5) x 10° M™ s™ for membrane-
entrapped and bulk solutions, respectively. The influence of parameters such as pH or ionic
strength on the mediated catalytic activity was analysed using this approach, drawing attention to
the fact that careful analysis of the results is needed to ensure that no artefacts are introduced by
the use of the membrane configuration and/or promoters, and therefore the dependence truly
reflects the influence of these parameters on the (mediated) catalysis. From the pH dependence, a

pK of 7.5 was estimated for the mediated enzymatic catalysis.
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catalysis of paracoccus pantotrophus cytochrome c peroxidase by horse cytochrome c: a case study”

Introduction

The use of membrane electrodes (ME), with the protein imprisoned between a dialysis
membrane and the electrode surface, has some important advantages. These are (1) the use of
very small volumes of protein - 2 pl (to overcome the limitation of sample availability), (2) the
ease of electrode preparation and low cost, (3) the rapid investigation of various experimental
parameters, such as pH and ionic strength and (4) the thin layer configuration, which easily
allows quantitative information about the redox processes to be obtained [Haladjian et al. 1994,
Haladjian et al. 1996].

Moreover, the membranes used in this type of electrode configuration are charged,
offering a convenient way to modulate the electric environment close to the electrode surface,
and thus ascertain the role of electrostatic interactions in the efficiency of the electron transfer. It
is also important to point out that this configuration is an interesting strategy when adsorption of
a protein or an enzyme to the electrode surface is not successfully achieved, hindering the use of
protein film voltammetry [Armstrong 2002]. Additionally, the entrapment of proteins between
the membrane and the electrode surface enables the achievement of thin-layer conditions and

avoids diffusional problems [Laviron 1979].

Studies reporting the benefits of the ME in protein electrochemistry and its role in
modulating the redox behaviour focused on the direct electrochemistry of small electron transfer
proteins. In these works, a critical comparison was made with data obtained with non-ME [Lojou
and Bianco 2000, Correia dos Santos et al. 2003, Santos et al. 2006]. More recently ME were
used to study multiredox cofactor-containing enzymes and their interaction with both
physiological and non-physiological redox partners [Lojou et al. 2003, Ferapontova et al. 2003].
In both studies, although the direct electrochemistry and the mediated catalysis of the proteins
were analysed using that strategy, with the proteins in solution or adsorbed on a modified

electrode, no comparison was made among the different strategies.

The mediated catalysis of the bacterial cytochrome c peroxidase (BCCP) from
Paracoccus pantotrophus by P. pantotrophus pseudoazurin examined at a gold ME (AUME)
was recently reported by us [Paes de Sousa et al. 2007]. Cyclic voltammetry was used to analyse
the direct transfer to pseudoazurin and to probe its interaction with BCCP. The results obtained

showed that this small copper protein is a competent electron donor to BCCP, in agreement with
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solution steady-state kinetics performed spectrophotometrically [Pauleta et al. 2004a]. The pH
and ionic strength effect on the voltammetric signal of pseudoazurin as well as on the
intermolecular rate constant were also easily studied at the ME. Horse heart cytochrome c, a
commercially available small c-type haem protein, has been previously used as an electron donor
to Paracoccus BCCP in solution steady-state Kinetic studies performed spectrophotometrically
[Gilmour et al. 1994]. Although it is not a physiological partner of BCCP, this small protein was
shown to be kinetically competent as an electron donor to the Paracoccus enzyme. However,
horse cytochrome c exhibits a distinct kinetic and binding behaviour from the physiological
partners pseudoazurin, a type | copper protein, and cytochrome ¢550, which is also a small c-
type haem protein. The physiological partners bind at the same site on the surface of BCCP near
the electron-transferring haem of the enzyme [Pauleta et al. 2004b], while horse cytochrome ¢
has been proposed to have two binding sites, a looser binding site near the electron-transferring
haem and an additional tight one in-between the two haems of the enzyme [Pettigrew et al.
1999]. Below 50 mM NacCl, there is little change in the activity when the electron donor is either
cytochrome ¢550 or pseudoazurin. In contrast, when horse cytochrome c is used as an electron
donor there is a threefold decrease in activity as the ionic strength is lowered, and this correlates
with an increased binding affinity [Pettigrew et al. 2003a, Pettigrew et al. 2003b]. It was
concluded that the higher-affinity binding was, in fact, non-productive and that only when that
attachment was loosened by raised ionic strength could the horse cytochrome ¢ migrate to the

true electron transfer site.

This work reports the first electrochemical study of the electron transfer between BCCP
and horse cytochrome c. The mediated catalysis of BCCP was analysed using the ME
configuration and with all proteins in solution. Our aim is to compare the results obtained with
these two strategies in order to gain a better insight into the interactions that occur at the ME
surface and to highlight the effects of this strategy on the direct and mediated electrochemistry of

metalloproteins.
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Materials and Methods

Proteins and chemicals

Horse heart cytochrome ¢ was obtained from Sigma and used without further purification.
Pseudoazurin and BCCP were isolated and purified as described before [Goodhew et al. 1990].
The concentration of the proteins was determined spectrophotometrically using the extinction
coefficient at 409 nm, & = 250 mM™ ¢cm™, and at 550 nm, € = 29.5 mM™ cm™, for fully oxidized
BCCP and reduced horse cytochrome c, respectively [Goodhew et al. 1990, Bowden et al. 1982].

4,4"-Dithiodipyridine and CaCl, were obtained from Sigma and all other chemicals were
pro analysis grade. All solutions were prepared with deionised water from a Milli-Q water

purification system.

Apparatus and procedures

The cyclic voltammograms were obtained using an EG&G-PAR model 273A
potentiostat/galvanostat controlled via the 270 software. The scan rate varied between 5 and 200
mV s?. Throughout this article, all potential values are referred to the standard hydrogen

electrode.

A conventional three-electrode configuration cell was used, with a platinum auxiliary
electrode and an Ag/AgCI reference electrode (BAS MF-2052; 205 mV vs. the standard
hydrogen electrode). 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 response in a known concentration of the ferrocyanide/ferricyanide couple (D = 7.84 x
10 cm? s [Kakihana et al. 1980]) and was found to be 0.0195 cm?.

Before each experiment the electrode was polished by hand on a polishing cloth (Buehler
40-7212) using a water/alumina (0.05 pum) 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 previously described [Correia dos Santos et
al. 2003] using a negatively charged Spectra/Por MWCO 3500 membrane.

In typical experiments, the supporting electrolyte, as well as the working solution,
contained 10 mM phosphate buffer pH 7.0 £ 0.1, 0.5 mM 4,4 -dithiodipyridine and 1 mM CaCls,.
Horse cytochrome ¢ was present in a concentration of 100 uM and the concentration of BCCP
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varied between 0.25 and 1 pM. In the experiments with a saturating concentration of substrate,
100 - 350 uM H20-, was present in the electrolyte solution. The effect of substrate concentration
was determined by varying the H,O, concentration between 10 and 200 puM. The pH of the
electrolyte was varied from 5.4 to 10.5 by adding 5 M HCI or 2 M NaOH to a mixed-buffer
system containing 10 mM 2-morpholinoethanesulfonic acid, sodium phosphate, N-(2-
hydroxyethyl) piperazine-N"-ethanesulfonic acid, tris(hydroxymethyl) aminomethane and 3-
cyclohexylamino-1-propanesulfonic acid. The effect of the ionic strength was studied by adding
increasing amounts of NaCl (up to 500 mM).

It should be pointed out that in order to have reproducible results for some BCCP
concentrations more than one ME had to be prepared, to cover the whole range of experimental
variables. This is due to the fact that the enzyme exists in a monomer-dimer equilibrium in which
only the dimer is active. Dilution of the enzyme shifts the equilibrium towards the monomer and
therefore the activity is lost with time [Pettigrew et al. 1999], which corresponds to a decrease of
the catalytic current.

All solutions were deaerated for 10 min with high-purity nitrogen, and all measurements

were performed at least in duplicate in a temperature-controlled room at 20 + 1 °C.
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Results and Discussion

Catalytic activity of P. pantotrophus BCCP with horse heart cytochrome ¢ as an electron

donor.
ME cyclic voltammetry

The electrochemical behaviour of horse cytochrome c is well known either in bulk or
entrapped on a ME. Indeed, Eddowes and Hill [Eddowes and Hill 1977] found that essentially
reversible voltammetry of cytochrome ¢ in solution could be observed at a 4,4 -dipyridyl-
modified gold electrode. Latter, Lojou and Bianco [Lojou and Bianco 2000] showed that fast
electrochemical response was observed when a thin layer of protein solution was entrapped
between a negatively charged dialysis membrane and a non-modified gold electrode surface. In
both cases favourable conditions for electron transfer to occur were achieved, which accounts for

the similarity of the values determined for the formal potentials.

In this work, the direct electrochemistry of cytochrome ¢ was revisited at a AUME, but
this time in the presence of 4,4"-dithiodipyridine (data not shown). The promoter was used in
order to have similar experimental conditions for the studies both in solution and with the

membrane-con- figuration electrode (further reasons will be explained below).

Thin-layer behaviour will be observed as long as the entrapped layer thickness | is

smaller than the diffusion- layer thickness for a given experimental time scale, t:
| < (2D1)" (1)

where D is the diffusion coefficient of the species [Bard and Faulkner 2001]. Under our
experimental conditions (cyclic voltammetry with scan rates between 5 and 200 mV s™?), this
condition was verified for the lowest scan rates (v < 100 mV s™), with ip varying linearly with v
in this range. From this variation [Bard and Faulkner 2001], an entrapped-solution volume, V, of
1.2 x 10" cm® was estimated, which corresponds to an entrapped-layer thickness | = V/A = 6.2 x
10" cm. Since the diffusion coefficient of cytochrome ¢ is D = 1.2 x 10 cm? s™ (see below),

thin-layer conditions occur for v < 160 mV s, as verified.

The ratio of the cathodic (ipc) and anodic (ipa) peak currents was close to 1 and the peak-

to-peak separation, AE, = Epa - Epc, Was close to 20 mV for the lowest scan rates. In the same
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range, the width at half height (AE,1/2) was also constant for the cathodic and anodic peaks, with
a value close to 90 mV. Although AE;, increased with v, the average of the reduction and
oxidation peak potentials remained almost constant for all scan rates and a formal reduction
potential E® = (Epc + Epa)/2 = 250 = 5mV was estimated at pH 7.0, in agreement with other
reported values (e.g. 280 mV, ME at pH 7.6 [Lojou and Bianco 2000], and 255 mV, bulk
solution at pH 7.0 [Eddowes and Hill 1977]). The catalytic activity of P. pantotrophus BCCP
towards horse cytochrome ¢ was then investigated at the AUME, with working solutions of 100
MM cytochrome c¢ and different BCCP concentrations (0.25 - 1 pM) in the presence of a
saturating substrate concentration (125 - 350 uM, depending on the enzyme concentration) or
with a working solution of 100 uM cytochrome ¢ and 0.25 pM BCCP in the presence of
increasing H,O, concentrations. These solutions and the electrolyte contained 1 mM CacCl, (for
enzyme activation [Gilmour et al. 1994, Gilmour et al. 1993]).
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Figure 2 — Cyclic voltammograms (v = 20 mV s™) at the gold membrane electrode (a) or bulk solution (b) of 100
UM horse heart cytochrome ¢ and 0.5 uM bacterial cytochrome ¢ peroxidase (BCCP) in the presence of
increasing concentrations of H,O,. The medium consisted of 10 mM phosphate buffer pH 7.0, 0.5 mM 4,4"-
dithiodipyridine and 1 mM CacCl,. SHE — standard hydrogen electrode

The cytochrome ¢ response is unchanged in the presence of BCCP. Moreover, although
cytochrome ¢ is known to feature a small peroxidase activity [Vandewalle and Petersen 1987,
LoEtzbeyer et al. 1996], its response also remained unchanged upon addition of H,O, in the
absence of enzyme. However, it is clear from Figure 2a that in the presence of BCCP the

cytochrome ¢ peak current increases with H,O, concentration in the electrolyte, and a sigmoidal
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wave develops when a saturating concentration of substrate is reached. VVoltammograms from
solutions containing only BCCP either in the presence or in the absence of H,O, were
indistinguishable from the background current (data not shown).

The half-wave potential of the sigmoidal waves (E1;, = 275£10 mV = E®) shows that the
actual transfer process is the catalysed reduction of cytochrome c. The catalytic current is scan
rate independent up to 50 mV s and increases for increasing BCCP concentrations. This
behaviour is consistent with a reaction mechanism involving an initial heterogeneous electron
transfer reaction at the electrode (Figure 3, step 1), followed by homogeneous chemical
reactions: the oxidized form of cytochrome c is regenerated by BCCP (Figure 3, step 2) which,
in turn, is recycled by H,O, (Figure 3, step 3). This mechanism can be simplified to

Ox+e —= Red (2)

Red+Z — Ox

provided that the following conditions are obeyed: (1) the heterogeneous electron transfer
(Figure 3, step 1) is a reversible reaction; (2) the homogeneous chemical reaction (Figure 3,
step 2) is irreversible; (3) the reaction between cytochrome ¢ and BCCP is pseudo first order
with a reaction rate constant given by k&’ = k Cgccp, Where Kk is the second-order rate constant
[Paes de Sousa et al. 2007, Lopes et al. 2001].

Step 1 Step 2 Step 3
k’
o Cytcy BCCP,, H,0,
e o
— qg
m Cytcl"ed BCCPred HZO

Figure 3 — Mediation scheme for BCCP: the electrode reduces horse heart cytochrome ¢, which is immediately
reoxidized by BCCP; the level of oxidized BCCP is then restored by conversion of hydrogen peroxide to water.

The first condition is well obeyed, as previously demonstrated. The second condition is
fulfilled because BCCP is being reoxidized in the catalytic cycle owing to the excess of H,0, in

solution (Figure 3, step 3), and not by transferring electrons back to horse cytochrome c. As to
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requisite 3, it would imply that BCCP is present in large excess, which is not the case. However,
under saturating concentrations of H,O,, this requisite is obeyed when the rate of recycling the
oxidised BCCP by H,0; is not rate limiting. If this is the case, BCCP will always be available to
react with cytochrome ¢ and pseudo-first-order conditions are met.

Cyclic voltammograms at 20 mV s™ were obtained for 100 pM cytochrome ¢ and
increasing BCCP concentrations (0.25 - 1 uM), in the absence and in the presence of a saturating
concentration of H,O, (125 - 350 uM, depending on the enzyme concentration), and are shown

in Figure 4.
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Figure 4 — Cyclic voltammograms (v = 20 mV s™) obtained at the gold membrane electrode for 100 uM cytochrome
¢ and increasing BCCP concentrations (0.25 - 1 uM), in the absence (asterisk) and in the presence of a saturating
H,O, concentration (125 - 350 uM, depending on the enzyme concentration). Insert: Variation of the pseudo-first-
order rate constant with BCCP concentration for 0 mM (circles) and 50 mM (diamonds) NaCl. The medium
consisted of 10 mM phosphate buffer pH 7.0, 0.5 mM 4,4’ -dithiodipyridine and 1 mM CacCls,.

From these recordings the catalytic current (ica) was determined as the difference
between the current in the presence and in the absence of substrate, both measured at the same
potential. The data was treated according to Laviron’s theory for diffusionless electrochemical

systems [Laviron 1979, Paes de Sousa et al. 2007], where the catalytic current is given by
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lcaa =NF L’V CCytc (3)

In this equation, V is the entrapped-solution volume, C is the concentration and the other

terms have the usual meaning.

From the variation of the pseudo-first-order rate constant, k, with BCCP concentration,
an intermolecular rate constant k = (3.2 + 0.5) x 10° M™ s™ was estimated (Figure 4, insert,
circles).

For assays where the H,O, concentration was varied, for a constant cytochrome ¢ and
BCCP mixture, the catalytic current was plotted as a function of the substrate concentration
(Figure 2a, insert). It is clear that the catalytic current decreases after 150 uM H,0O, and so the
data were fitted to the Michaelis—Menten kinetics for concentrations up to that value. Since thin-
layer conditions are verified, the Michaelis-Menten equation has the form

_ maxCH,0, _f!:”:‘»‘“VC-'{tyu-Cl[;D; (4)
Ch,0, + Km Cho, +Km

{L'ill.

Using the CERN library Fortran program MINUIT algorithm, we estimated an apparent
Michaelis—Menten constant Ky = 66 £ 4 uM and an intermolecular electron transfer rate
constant k = (3.4 + 0.3) x 10° M* s™.

This electron transfer rate constant is higher than the value determined for a physiological
donor, pseudoazurin ((1.4 + 0.2) x 10° M™ s™ [Paes de Sousa et al. 2007]). The more likely
explanation for the difference between the rate constants would be a difference in the redox

potential of these two electron donors, but the values determined at pH 7.0 are very similar.

Therefore, this behaviour must be related to another factor that influences the donor-
enzyme interaction. In the case of these small electron donors the global charge surface is high
and asymmetrically distributed, creating a significant dipole moment. Actually, the dipole
moment of pseudoazurin is 651 D, and that of horse cytochrome c is 299 D [Pauleta et al.
2004a]. This twofold difference in the dipole moment probably results in a stronger association
of pseudoazurin with BCCP, and consequently the dissociation of the complex is disfavoured,

explaining the lower rate constants observed.
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Solution cyclic voltammetry

The mediated catalysis of BCCP by horse cytochrome ¢ was also analysed at the gold
electrode from solutions containing 100 pM horse heart cytochrome ¢, 0.5 puM BCCP and 1 mM
CaCl,. Again, the peak current increases with H,O, concentration in the electrolyte, and a
sigmoidal wave develops when a saturating concentration of substrate (100 M) is present in the
electrolyte, which is scan rate independent up to 50 mV s™ (Figure 2b).

The theory describing such a mechanism for diffusion-controlled processes was
developed by Nicholson and Shain [Nicholson and Shain 1964] and applied to several kinetic
studies of reactions between mediators and redox proteins [Lopes et al. 2001]. The
intermolecular rate constant can also be calculated from the value of the H,0, saturated limiting
current using Equation 5 [Coury et al. 1990, Savéant and vianello 1965]:

icat =N F A DY Ceyre (k)2 (5)

In this equation, D is the diffusion coefficient of cytochrome c. The valid value for our
experimental conditions, D = (1.2 + 0.1) x 10° cm?® s™, was computed from the dependence on
the scan rate of either the cathodic or the anodic peak currents of the cyclic voltammograms for
solutions containing both cytochrome ¢ and BCCP in the absence of H,0O,, using the Randles-
Sev¢ik equation [Bard and Faulkner 2001]. Calculations using Equation 5 gave an intermolecular
rate constant of k = (4.0 + 0.5) x 10° M™* s™.

The catalytic current for the different H,O, concentrations (Figure 2b, insert) was also
fitted to Michaelis-Menten kinetics for concentrations up to 100 uM, and Ky =42 + 5 IM and k
=(3.9+0.3) x 10° M s™ were obtained.

Similar apparent Michaelis-Menten constants were estimated for the proteins in bulk and
entrapped solution, indicating that the membrane does not hamper the substrate diffusion. A
higher value for the intermolecular rate constant was obtained for the proteins using the
membrane configuration, reflecting a more favourable domain for the molecular interactions that
must be established for electron transfer to occur between BCCP and cytochrome c. In both
situations an inhibition effect by the substrate is observed for higher H,O, concentrations, as

verified in the case of the catalysis mediated by pseudoazurin [Paes de Sousa et al. 2007]. A
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similar inhibitory effect was observed in the study of other peroxidases [Kim et al. 1990, Scott
and Bowden 1994, Dequaire et al. 2002].

lonic strength and pH effects

One of the advantages of the ME approach is the ability to rapidly investigate effects on
the redox behaviour of various experimental conditions, such as the pH or the supporting
electrolyte composition. Another advantage of the approach is the small amount of protein
needed for a series of measurements. This is so because once the ME has been mounted in the
cell, it does not need to be removed or exchanged while changing any of those variables.

The same approach can also be applied to study the effect of such experimental variables
on the kinetic activity of a more complex system, such as in mediated catalysis. Changes in the
pH and/or the ionic strength of the medium may influence the rate of association, pre-orientation
within the encounter complex, stability of the reactive complex or/and rate of dissociation of the
products. However, the interpretation of ionic strength (or pH) dependences of the Kinetic
activity is complex and the behaviour observed should not be masked by the influence of those

variables on the direct electrochemistry of the redox partners.

The effect of the ionic strength on the intermolecular rate constant for BCCP and horse
cytochrome ¢ was analysed with the proteins entrapped at the AUME and in bulk solution with a
working solution containing 100 uM horse cytochrome ¢, 0.5 uM BCCP and 1 mM CaCl,, in the
presence of increasing amounts of NaCl (in the range 0 - 500 mM) and a saturated H,O,

concentration.

In both situations, the ionic strength dependence of the mediated catalysis has a bell-
shaped curve, with a maximum activity at 50 mM NaCl (Figure 5). The decrease of activity with
increasing NaCl concentrations is consistent with the electrostatic character of the interaction
between BCCP and the electron donor, cytochrome c. Indeed, cytochrome ¢ has an asymmetric
charge distribution with a positive surface that surrounds the exposed haem edge, which is the
region proposed to interact with the negative surface around the exposed electron-transferring
haem of the peroxidase [Gilmour et al. 1994, Pettigrew et al. 1999]. The increase of activity at

low NaCl concentrations can be explained considering that for the lowest ionic strength the
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encounter complex formed has an orientation that is not so favourable for electron transfer.
Therefore, the increase in NaCl concentration enables the lateral search at the peroxidase surface
for the competent electron transfer orientation [Pauleta et al. 2004, Pettigrew 2006]. Another
explanation for this effect is that at low ionic strength cytochrome c reduction at the electrode
might be affected by the lower ko rate constant of the complex with BCCP.
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Figure 5 — Effect of ionic strength on the intermolecular rate constant for 100 uM horse heart cytochrome ¢, 0.5 uM
BCCP and saturating H,O, (150 uM diamonds or 100 uM circles) at the gold membrane electrode (diamonds) or in
bulk solution (circles) and on the activity of BCCP with horse cytochrome ¢ as an electron donor from solution
steady-state kinetics performed spectrophotometrically (triangles) [Pauleta et al. 2004]. The medium consisted of 10

mM phosphate buffer pH 7.0 and 1 mM CaCl,.

Using the approach described above (Equation 3), one can use the analysis of the
catalytic current variation as a function of BCCP concentration (Figure 4, insert, diamonds) to
estimate an intermolecular rate constant for maximum activity k = (4.4 + 0.5) x 10° M* s for
the membrane configuration. In the case of the bulk solution, a rate constant for maximum

activity k = (1.0 £ 0.5) x 10° M™ s™ was determined using Equation 5.

Similar behaviour was observed by solution steady-state Kkinetics performed

spectrophotometrically, when this small cytochrome is used as an electron donor, with a
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maximum turnover also occurring at 50 mM NacCl [Pauleta et al. 2004], as can be observed in
Figure 5. However, in the voltammetric experiments with the membrane the variation in activity
with ionic strength is less pronounced than that found with the proteins in bulk solution (either in
the voltammetric assays or in solution steady-state kinetics performed spectrophotometrically).
In fact, from 50 to 500 mM NaCl the activity decreases by 64% at the ME, while in the other two
cases the decrease is 98%.

A similar effect was observed for the mediated catalysis of P. pantotrophus BCCP by P.
pantotrophus pseudoazurin, where similar profiles were obtained with the membrane
configuration and solution steady-state kinetics performed spectrophotometrically, though the
maximum activity was observed for higher NaCl concentration in the former case. The
differences may be due to the charge of the membrane, which somehow favours the formation of
the encounter complex, making it less dependent on the ionic strength, in spite of the
electrostatic forces that govern the interaction. This may be also the reason why higher rate
constants were determined for horse cytochrome c using the membrane configuration, although
values of the same order of magnitude were obtained for maximum activity [k = (4.4 + 0.5) x 10°
M? s for the membrane configuration and k = (1.0 + 0.5) x 10° M* s for bulk solution] as

illustrated in Figure 5.

The behaviour observed in the voltammetric experments truly reflects the effect of ionic
strength on the interaction between the enzyme and the electron donor rather than on the direct
electrochemistry of horse cytochrome c¢ due to the presence of the promoter. The horse
cytochrome ¢ peak current was shown to be NaCl-independent when 4,4 -dithiodipyridine is
present in the medium (data not shown). Behaviour different from that observed at a bare gold
electrode in the membrane configuration was evidenced, where a sharp decrease in current was
observed at increasing NaCl concentrations [Lojou and Bianco 2000]. Similar behaviour was
also observed for the direct electrochemistry of pseudoazurin at a dithiodipyridine gold modified
electrode [Paes de Sousa et al. 2007].

The pH behaviour of horse cytochrome c is well known to present a pK close to 9.5
associated with the disappearance of the 695 nm absorption band, which is believed to be due to
the replacement of the iron-coordinated methionine residue by a nitrogenous ligand, assigned as
Lys73 [Moore and Pettigrew 1991, Assfalg et al. 2003].
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Previous bulk voltammetric studies of horse cytochrome c at a 4,4 -bipyridyl-modified
gold electrode in the pH range 4.5 - 10.5 showed that while the peak potential remains
essentially constant until pH 9, the peak current profile has a bell shape [Eddowes and Hill
1979]. The maximum current was observed at pH 7 and two pK values around 9 and 5 were
computed from that variation. The former is in agreement with the value obtained by other
techniques, as well as with the observed E, variation. The latter was attributed by the authors to
the protonation of the promoter that disrupts the interaction between the gold surface and the
protein, leading to a decrease of the electrochemical current [Eddowes and Hill 1979].

For the reasons presented above, the pH dependence of the intermolecular rate constant
for BCCP and horse cytochrome ¢ was analysed at the bare AUME, i.e. in the absence of 4,4 -
dithiodipyridine.

In order to accurately interpret the results of this pH dependence, the effect of this
parameter on the electrochemical signal of horse cytochrome c alone was studied between pH 5
and 10 in the same conditions. As expected, the redox potential remained constant for pH < 9
and a pronounced decrease was observed for higher pH values (data not shown). A pK of 9.1 +
0.1 was determined, in accordance with reported values [Moore and Pettigrew 1991, Assfalf et
al. 2003, Eddowes and Hill 1979]. For the peak current, a bell-shaped profile was obtained
(Figure 6, circles), behaviour similar to that observed for bulk solution in the presence of the
promoter [Eddowes and Hill 1979]. The peak current pH dependence was fitted to the following
equation [Cornish-Bowden 2001]

icat = (fopt)/(1+10PKEPH) 4 qolPH-PKaZ)y o

and pK values 0of 5.3 £ 0.3 and 9.5 + 0.3 were estimated. The latter is in clear agreement with the

characteristic alkaline pK of this protein.

Several electrochemical studies using different approaches have observed a similar
behaviour for the dependence on the pH of the horse cytochrome c current, and in some cases an
acidic pK with an identical value, within the experimental errors, has been determined. However,
depending on the authors and the conditions employed in the studies, the pK was assigned
differently, namely to the proton-dissociation constant of the promoter [Eddowes and Hill 1979],

the Coulombic properties of the electrode surface [Harmer and Hill 1984, Armstrong et al.
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1987], the competitive adsorption of protons on the clay-modified electrodes [Sallez et al. 2000]
or the protein denaturation induced by the applied electric field at the electrode—solution
interface [Fedurco et al. 2005]. In the present work a ME was employed, and so another possible
cause for the profile observed at low pH is the degradation of the membrane—protein—electrode
interaction, given that in the absence of a promoter charge effects stand out as being most

important, as previously mentioned.

0.30 0.06
0.20 - - 0.04
< <
0.10 7 | - 0.02

o
0.00 . . + 0.00
5 7 9 11

Figure 6 — pH dependence of 100 uM horse heart cytochrome ¢ at the gold membrane electrode (circles) and
catalytic current for 100 uM horse heart cytochrome ¢, 1.0 uM BCCP and saturating H,O, (350 uM) at the gold
membrane electrode (diamonds). The medium consisted of a mixed-buffer system (10 mM each) and 1 mM CaCl,.
The curves were fitted with Equation 6.

In the present study the same behaviour was observed either in the presence (data not
shown) or in the absence of 4,4 -dithiodipyridine, eliminating the promoter protonation as the
possible cause. Moreover, considering the fact that the profile obtained at the bare ME is similar
to that observed for the several bulk conditions, it seems that the acidic pK is not due to an

artefact of the membrane.
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In fact, this acidic pK may be the result of an acidic residue or a group of residues
involved in the interaction with the electrode, but not affecting the haem environment and
consequently not changing the redox potential. Denaturation of the protein would also lower the
concentration of horse cytochrome c responding at low pH, and must be considered. Indeed, the
analysis of the voltammograms of horse cytochrome c¢ at decreasing electrolyte pH shows that
the redox signal is at the same potential, but with a decreasing current which does not return to
the initial value when the pH is raised back to 7.0 (data not shown).

The pH effect in the mediated catalysis at the AUME was studied in the range 5 - 10,
using solutions containing 100 uM horse cytochrome ¢, 1 uM BCCP, 1 mM CaCl, and a
saturated H,O, concentration (350 uM). The catalytic current presents a bell-shape profiled
(Figure 6, diamonds) with no activity being observed above pH 9, which can be attributed to the
inactivation of the enzyme at high pH [Paes de Sousa et al. 2007]. This curve can be fitted to
Equation 6 with o at pH 6.5 and two pK values, 5.6 + 0.1 and 7.5 + 0.1,

Taking into account the above results, we cannot conclude if the acidic pK estimated for
the mediated catalysis is also related to the protein—protein interaction or only due to horse
cytochrome c¢ alone. However, preliminary solution steady-state Kinetics performed
spectrophotometrically of Paracoccus BCCP using horse cytochrome ¢ as an electron donor
(Pauleta et al., unpublished results) revealed an acidic pK at the same value, and similar values
were observed for the enzymatic activity of Pseudomonas aeruginosa (5.2) [Soininen and Ellfolk
1972] and Rhodobacter capsulatus (6.1) [Koh et al. 2003] BCCP.

Moreover, binding studies using microcalorimetry showed that the formation of this
electron transfer complex involves the release of 0.46 protons at pH 6.0, which also suggests the
existence of an acidic pK, at around pH 6.0 [Pettigrew et al. 2003]. Therefore, this pK reflects a
proton-dissociation process associated both with the horse cytochrome c¢ and with the

interaction/activity of this protein with BCCP.

A more basic pK was also observed for the solution steady-state Kinetics determined
spectrophotometrically of P. aeruginosa (6.8) and R. capsulatus (7.9) BCCP [Soininen and
Ellfolk 1972, Koh et al. 2003], as now estimated for the Paracoccus enzyme. This pK can be
clearly attributed to the mediated enzymatic catalysis, since the current profile of the horse
cytochrome c itself is invariable in this pH region (Figure 6). As several authors have suggested,
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these pK values can be assigned to the propionates of the BCCP haems, histidine ligands or
proposed residues involved in the catalysis such as Glu128 [Pettigrew et al. 2006, Koh et al.
2003, Echalier et al. 2006]. However, the identity of the residue(s) responsible for this proton
dissociation can only be disentangled through site-directed mutagenesis.
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Conclusions

This work highlights the use of ME in the study of direct and mediated electrochemistry
of metalloproteins. The results reported in the present work show that ME are very attractive for
the study of complex metalloproteins systems, particularly with regard to the very small amounts
of protein needed and the ease with which experimental variables can be changed.

Mediated catalysis of BCCP by horse cytochrome ¢ was easily analysed, with minimum
consumption of proteins, just varying the H,O, concentration in the electrolyte solution. While
the proteins stay entrapped in close vicinity to the electrode surface, small ions can diffuse
through the membrane. For the same reasons, the effect on the catalytic activity of experimental
conditions, such as pH and ionic strength, can be rapidly analysed.

The fitting to Michaelis—Menten kinetics of the experimental data, from studies with the
proteins either entrapped in the membrane or freely diffusing in solution, led to similar Ky
values, showing that no artefacts are introduced in the study by the use of a ME. Higher values
for the intermolecular rate constants for horse cytochrome ¢ and BCCP were obtained with the
membrane configuration, which shows that the membrane does not disrupts the formation of the
encounter complex and can even favour it. Since electrostatic interactions are fundamental for
the formation of the complexes between P. pantotrophus BCCP and its electron donors, this
configuration seems to be an adequate option for the electrochemical study of the mediated

catalysis in biological systems, where electro- static forces play an important role.

To draw conclusions about the influence of variables, such as pH or ionic strength, on the
mediated catalytic activity, one must first pay attention to the behaviour of the mediator, i.e. the
protein that actually exchanges the electrons with the electrode. For this reason, the ionic
strength effect was analysed using a promoter to render the cytochrome c-electrode-membrane
interaction more hydrophobic in nature, so the variation observed for the catalytic activity could
only be due to changes in the binding between BCCP and the redox partner. On the other hand,
the use of promoters might mask the pH effect depending on their acid-base behaviour and a

possible interference must be verified.

Acknowledgments: This work was within the research project POCI/QUI/55743/2004, from Fundacéo
para a Ciéncia e Tecnologia (FCT). D.R. thanks FCT for financial support.
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Percurso Académico

Data

Instituicéo

Cargo ocupado

Resumo e
descricao das

tarefas

Classificacdo

Janeiro de 2004 — Dezembro de 2005

Faculdade de Ciéncias e Tecnologia, Universidade do Algarve

Estagiario no Laboratério de Bioinformatica, sob a orientacdo do Professor

Paulo Martel.

Os citocromos P450 (CYPs) sdo uma larga e ubiqua familia de enzimas
oxidantes envolvidas na destoxificacio de compostos estranhos ao
organismo (xenobioticos), assim como, numa variedade de vias metabdlicas.
Dada a fungédo dos P450 como enzimas metabolizadoras de xenobioticos, a
eficacia de muitos farmacos esta dependente da rapidez com que 0S mesmos
sd0 metabolizados por determinados citocromos P450 humanos. O
conhecimento da capacidade de ligacdo de determinados farmacos aos
citocromos P450 e o impacto da variabilidade, destes ultimos, na actividade,
sdo pois aspectos fundamentais da moderna farmacologia. A previsao tedrica
da afinidade e geometrias de ligacdo de ligandos aos citocromos P450

reverte-se, pois, de grande importancia.

Tarefas:

e Testar a eficiéncia do software de docking AUTODOCK na determinacgéo da
correcta orientagdo proteina-ligando para um conjunto de complexos
cristalograficos P450-ligando;

e Optimizar as geometrias das aguas cristalograficas de varios complexos
utilizando simulacdes de dindmica molecular (GROMACS);

e Incorporar a flexibilidade da proteina nas simulag6es de docking, utilizando
conformaces sucessivas extraidas de uma trajectéria de dinamica molecular
(GROMACS).

18/20
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Data

Designacao do
Grau

Instituicéo

Classificacdo

Data

Designagéo do
Grau

Instituicdo

Classificacdo

Outubro de 1999 — Dezembro de 2005

Licenciatura em Bioguimica

Universidade do Algarve, Faro, Portugal

14/20

Outubro de 1999 — Dezembro de 2005

Agrupamento 1, Cientifico-natural, Curso de Caracter Geral.

Externato Liceal de Torre de Dona Chama

16/20
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Atividade profissional

Data

Nome do
empregador

Cargo ocupado

Resumo do
projeto e
descricao das
tarefas

Junho de 2011 — Junho 2012

Laboratério de Biossensores e Biosseparacbes da FCT - Universidade do
Algarve (Prof. Guilherme Ferreira).

Bolsa de investigagdo no ambito do Projeto PTDC/BIO/69682/2006
“Engenharia de Biomoléculas para Produgdo de Nanoparticulas Virais in

vitro”.

O transporte de proteinas terapéuticas e material genético ira ter no futuro
uma importancia estratégica face ao desenvolvimento de novos sistemas
terapéuticos. O transporte viral para terapia molecular pode ser conseguido
utilizando sistemas deficientes de replicagdo, como o0s vectores adenovirais e
retrovirais, e alternativamente pode recorrer -se a producdo de particulas tipo
virais (VLP) ndo infeciosas. Estas particulas virais podem ser produzidas
pela expressdo heterdloga de proteinas estruturais de virus, 0 que as torna
semelhante as capsides virais nativas, tanto a nivel estrutural, como
imunologico. As VLPs geram-se espontaneamente dentro da célula, através

da auto-montagem das proteinas estruturais do virus.

Neste projeto combinam-se abordagens de engenharia de biomoléculas com
engenharia de bioprocessos para estabelecer uma nova metodologia para
producdo de nanoparticulas virais. Estes sdo clonados e expressos em
sistemas bacterianos e, apds purificadas, as proteinas sdo combinadas in vitro
em condicdes Otimas para promover a sua associacdo espontanea em

nanoparticulas.

Tarefas:
e Transformar estirpes adequadas de E. coli para a expressdo e producdo das

proteinas acima referidas;
e Efetuar estudos de producdo e otimizacdo das condi¢bes da expressao

proteica, tanto a nivel de meios como condicGes de cultura, condi¢bes de
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Data

Nome do
empregador

Cargo ocupado

Resumo do
projeto e
descricao das
tarefas

inducgdo, tempos 6timos de expressao, entre outros;
eProceder a purificacdo das proteinas expressas, por pProcessos

cromatogréficos (afinidade, exclusdo molecular, troca i6nica, entre outros);

Novembro de 2008 — Novembro de 2010

Grupo de Cristalografia de Proteinas da FCT — Universidade Nova de Lisboa
(Prof. Maria Romao).

Bolsa de investigagdo no &mbito do Projeto PTDC/QUI/64733/2006 “Enzimas

da Familia da Xantina Oxidase: Estrutura, Func¢do e Especificidade”.

As enzimas da familia da xantina oxidase (XO) sdo um importante subgrupo
das enzimas mononucleares de molibdénio (Mo). Catalisam a hidroxilagéo de
uma grande variedade de compostos, em particular N-heterociclos e séo
reconhecidas como possuindo uma enorme importancia em numerosas areas
relacionadas com a salde, ambiente e industria. Estas enzimas possuem, como
cofatores, um &atomo de Mo coordenado por um cofator organico
(molibdopterina ou piranopterina), dois centros do tipo [2Fe-2S] e por vezes

flavina.

Neste projeto pretendeu-se estudar uma enzima homologa da aldeido oxidase
de figado de rato (AOH1), cuja especificidade e estrutura cristalina era ainda

desconhecida.

Tarefas:

e Determinar as condicdes de cristalizacdo para a AOH1 recombinante
expressa em E.coli e extrapolar essas condicdes de cristalizacdo para AOH1
de figado de rato.

e Determinar a estrutura tri-dimensional da AOHL1 de figado de rato, usando a

estrutura da XO como modelo.
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Data

Nome do
empregador

Cargo ocupado

Resumo do
projeto e
descricao das
tarefas

e Expressar, purificar e cristalizar as proteinas (XdhC, PaoD, YqeB) que

funcionam como chaperones das enzimas da familia da XO recombinante.

Agosto de 2008 — Outubro de 2008

Grupo EDGE da Universidade do Algarve (Prof. Leonor Cancela).

Voluntéario no Laboratério de Biologia Molecular.

Os fatores de transcricio RUNX sdo importantes reguladores da expresséo
genética em importantes vias de desenvolvimento.

O gene runx3 codifica um membro da familia de fatores de transcricdo de
dominio runt. Esta proteina (subunidade alfa) atua por heterodimerizacéo
com uma subunidade beta, formando um complexo que se liga a sequéncia
de ADN 5-PYGPYGGT-3’, encontrada num numero de potenciadores ¢
promotores, e pode activar ou reprimir a transcricdo. Pode também interagir
com outros fatores de transcricdo. Funciona como um supressor de tumor,
estando o gene frequentemente ausente ou transcricionalmente silenciado no
cancro. Até a data foram encontradas varias variantes transcricionais para

este gene, que codificam diferentes isoformas.

Com este estagio pretendeu-se dar apoio a um projeto de Doutoramento em
curso, nomeadamente nas tarefas de clonagem, microinjeccdo de embrides de

peixe zebra e na andlise bioinformatica das sequéncias obtidas.

Tarefas:

e Clonagem das diferentes isoformas do runx3 no plasmideo de expressdo
pCMX-PL2.

e Clonagem de vérios fragmentos dos dois promotores (distal e proximal) do
runx3 no plasmideo pGL3-Basic.

e Analise bioinformética das sequéncias de cDNA obtidas.

e Analise in silico das sequéncias de ambos os promotores do runx3, para
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Data

Nome do
empregador

Cargo ocupado

Resumo do
projeto e
descricao das
tarefas

determinacéo de putativos locais de ligacéo de fatores de transcricao.

Setembro de 2006 — Abril de 2008

Instituto Superior Técnico da Universidade Técnica de Lisboa (Prof.
Margarida Romé&o).

Bolsa de investigagdo no ambito do Projeto POCI/QUI/55743/2004
“Mecanismos ¢ Energética do Transporte de Eletrbes em Metaloproteinas por

Voltametria Dindmica”.

Os métodos voltametricos constituem uma ferramenta especialmente adequada
ao estudo de metaloproteinas e metaloenzimas. Contrariamente as
convencionais titulagbes potenciomeétricas, 0s métodos voltamétricos
permitem ndo s6é uma determinacdo mais expedita de potenciais redox mas
fornecem também informacdo cinética ndo s6 dos processos de elétrodo bem
como de reagdes quimicas associadas, incluindo reacdes cataliticas. O éxito da
aplicacdo de métodos voltamétricos ao estudo de reacGes redox de
metaloproteinas passa por todo o trabalho que tem sido investido na
compreensdo e controle da interacdo proteina/elétrodo. Ocorrendo uma reacao
direta, a informacdo que se pode obter supera largamente a extraida por
métodos estaticos. O estudo de processos, tais como, transferéncia eletronica
intra e inter moleculares, o reconhecimento de parceiros redox e de correntes

cataliticas sdo possiveis devido ao caracter dinamico da metodologia.

Este projeto teve como finalidade obter informacdo de caracter
termodinamico, cinético e mecanistico sobre um conjunto de metaloproteinas
ndo anteriormente estudadas por método eletroquimicos dindmicos e a
caracterizagdo dos caminhos de transferéncia de eletrdes “dentro” da proteina

(intra-molecular) e o reconhecimento de parceiros redox (inter-molecular).

Tarefas:

e Estudo comparativo da catalise mediada da peroxidase do citocromo c
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Paracoccus denitrificans pelo parceiro ndo fisiolégico citocromo ¢
mitocondrial de coragdo de cavalo com as proteinas em solugdo e retidas num
elétrodo de membrana. Andlise do efeito do pH e da for¢a idnica em
condi¢Bes de non-turnover e turnover. Avaliacdo dos beneficios dos elétrodos
de membrana e/ou promotores em eletroquimica.

e Eletroquimica direta e catélise ndo mediada da peroxidase do citocromo ¢
Paracoccus pantotrophus. Estudo do mecanismo de ativacdo da enzima.

e Estudos da atividade catalitica da peroxidase do citocromo ¢ Pseudomonas
stutzeri por eletroquimica direta e mediada. Analise da resposta direta em
condicbes de non-turnover e turnover. Estudo da resposta do parceiro

fisiologico, citocromo c551 Pseudomonas stutzeri e da catalise mediada.
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Publicac6es

Tese de Licenciatura:

e David Rodrigues, “Docking de ligandos no centro de activo de citocromos P450”,
Dezembro de 2005, Universidade do Algarve, Faro.

Posters:

e Ana Rita Cardozo, Meina Neumman, Viola Schwuchow, David Rodrigues, Aldino
Viegas, Eurico Cabrita, Maria Jodo Romé&o, Teresa Silva, “Stabilization and Crystallization
studies on molecular chaperone, PaoD”, 2" Meeting of Synchrotron Radiation Users from
Portugal, Lisbon, Portugal.

e Catarina Coelho, David Rodrigues, José Trincdo, Martin Mahro, Mineko Terao,
Enrico Garattini, Silke Leimkihler, Maria Jodo Romaéo, “Aldehyde Oxidase Homologue 1
(AOH1) - The Crystal Structure of a New Member of the XO family”, 6™ GRC conference
on Molybdenum & Tungsten Enzymes, July 5-10, 2009, Lucca (Barga), Italy.

e B. Simdes, D. Rodrigues, N. Conceicdo, R. Kelsh, L. Cancela, “Spatial-temporal
expression of runx3 during early zebrafish development and in silico and in vitro analysis
of its promoter regions”, XIV™ Biochemistry National Congress, October 22-25, 2008, Ponta
Delgada, Azores, Portugal.

e Patricia Paes de Sousa, Sofia Pauleta, David Rodrigues, M. Lurdes Simdes
Goncalves, Graham Pettigrew, Isabel Moura, José J. G. Moura, Margarida Correia dos Santos
“Membrane electrodes for the direct and mediated electrochemistry of enzymes”, 12"
International Conference on Electroanalysis, June 16-19, 2008, Prague, Czech.

e Patricia M. Paes de Sousa, Sofia R. Pauleta, David Rodrigues, M. Lurdes Simdes
Goncalves, Graham W. Pettigrew, Isabel Moura, Margarida M. Correia dos Santos, José J. G.
Moura, “Rate limiting event for Paracoccus pantotrophus CCP catalysis as revealed by
direct electrochemistry”, 13" Int. Conf. on Biological Inorganic Chemistry, July 15-20, 2007,
Vienna, Austria.

e P Martel, D Rodrigues, G Ferreira, V Marques, “Docking studies of ligands to
cytochrome P450: evaluation and optimization of the Autodock automated docking
procedure”, 14™ Int. Conf. on Cytochromes P450, May 31- June 5, 2005, Dallas, Texas, USA.

e David Rodrigues and Paulo Martel, “Docking studies of ligands to cytochrome
P450”, XIV Portuguese Biochemistry Society meeting, December 2004, Vilamoura, Portugal;

e Martel, P.J., Afonso, J.P, Rodrigues, D.A., Ribeiro, V., Ferreira, G.N.M., “Modelling
the effect of SNPs in Human CYP enzymes”, 15 International Symposium on Microsomes
and Drug Oxidations: Chemical Biology in the Postgenomic Era New Approaches and

Applications, July 2004, Mainz, Germany;,
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Artigos (in per-reviewed journals):
e Ana Rita C. O. Cardoso, Viola Schwuchow, David Rodrigues, Eurico J. Cabrita,
Silke Leimkihler, Maria Jodo Romé&o, Teresa Santos-Silva. “Biochemical, Stabilization and

Crystallization Studies on a molecular chaperone (PaoD) involved in the maturation of
molybdoenzymes”. (a ser submetido)

e Catarina Coelho, Jacopo Marangon, David Rodrigues, José J.G. Moura, Maria Jodo
Romdo, Patricia M. Paes de Sousa, Margarida M. Correia dos Santos. “Induced peroxidase
activity of haem containing nitrate reductases revealed by protein film electrochemistry”.
(J Electroanal Chem. 2013, 693:105-113)

e Mahro M, Coelho C, Trincao J, Rodrigues D, Terao M, Garattini E, Saggu M,
Lendzian F, Hildebrandt P, Romao MJ, Leimkuehler S. “Characterization and crystallization
of mouse Aldehyde Oxidase 3 (MAOX3): from mouse liver to E. coli heterologous protein
expression”. Drug Metab Dispos. 2011, 39(10):1939-1945.

e P. M. Paes de Sousa, D. Rodrigues, Cristina G. Timéteo, M. L. Simdes Gongalves, G.
W. Pettigrew, I. Moura, J. J. G. Moura, M. M. Correia dos Santos, “Analysis of the activation
mechanism of Pseudomonas stutzeri cytochrome ¢ peroxidase through an electron transfer
chain”. J Biol Inorg Chem. 2011, 16(6): 881-888.

e P. M. Paes de Sousa, S. R. Pauleta, D. Rodrigues, M. L. Simbes Goncalves, G. W.
Pettigrew, I. Moura, J. J. G. Moura, M. M. Correia dos Santos, “Benefits of membrane
electrodes in the electrochemistry of metalloproteins: mediated catalysis of Paracoccus
pantotrophus cytochrome c peroxidase by horse cytochrome ¢ — a case study”. J Biol Inorg
Chem. 2008, 13(5): 779-787.

Comunicacdes Orais:

e Patricia M. Paes de Sousa, David Rodrigues, Sofia R. Pauleta, Cristina G. Timoéteo,
M. Lurdes Simdes Gongalves, Graham W. Pettigrew, Isabel Moura, José J. G. Moura, Margarida
M. Correia dos Santos, “Activation Mechanisms of Cytochrome c¢ Peroxidases Revealed by
Direct Electrochemistry”, XV Portuguese Electrochemistry Society meeting, September 4-5,
2008, Lisbon, Portugal.

Outras publicactes

e Estrutura depositada no Protein Data Bank — cddigo do PDB 3ZYV:
Trincao J, Coelho C, Mahro M, Rodrigues D, Terao M, Garattini E, Leimkuehler S,
Romao M.J. “Crystal structure of the mouse liver Aldehyde Oxydase 3 (MAOX3)”.
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Participacao ou representacoes

e Junho 2011: “19" Biennial Meeting Affinity 20117, Tavira, Portugal.

e Julho de 2009: “6™ GRC conference on Molybdenum & Tungsten Enzymes”, Lucca
(Barga), Italia.

e Marco de 2007: “VI Analytical Chemistry Division meeting”, Lisboa, Portugal.
(Membro da comissao organizadora)

e Dezembro de 2006: “XX Portuguese Chemistry Society meeting”, Monte da Caparica,
Portugal.

e Dezembro de 2004: “XIV Portuguese Biochemistry Society meeting”, Vilamoura,
Portugal.

Competéncias Profissionais

e Bioinformatica:
o Autodock — Docking de uma forma automatica proteina-ligando;
o Modeller — Modelacéo estrutural por homologia;
o Gromacs — Métodos de simulacdo de dinAmica molecular;
o Programas para a analise de sequéncias de proteinas.
e Espectroscopia UV/VIS.
e Bioeletroquimica: Métodos voltamétricos.
e Técnicas de Biologia Molecular:

o PCR, Eletroforese, Purificacdo, Preparacdo do Plasmideo, Clonagem
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e Biologia Estrutural

o

(@]

o

e Cristalografia de proteinas por raio X.

Expresséo de proteinas recombinantes;

Purificacdo de proteinas — FPLC (Cromatografia de afinidade, cromatografia de
troca idnica e cromatografia de exclusdo)

Teécnica de analise de Proteinas (SDS-PAGE)

Outras competéncias

Compreensao Conversagéo Escrita
Hinguas Compreensdo Leitura Interacéo oral Produgao
oral ¢ oral
Portugués Lingua materna Lingua materna Lingua materna
Inglés Utilizador Utilizador Utilizador Utilizador Utilizador
independente independente independente | independente | independente
Francés Utilizador Utilizador Utilizador Utilizador Utilizador
proficiente proficiente proficiente proficiente proficiente

Aptiddes e competéncias informaticas:

e Competente com o sistema operativo Windows e os programas do Microsoft Office;

e Conhecimentos em Linux e Pascal;

e Utilizador experiente na internet;

e Conhecimentos em hardware.
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Capitulo IV - Anélise Critica do Percurso Profissional e a sua Adequacéo ao Grau de Mestre

A esséncia do Mestrado em Biotecnologia é promover o pensamento tedrico e pratico,
assim como, o desenvolvimento do conhecimento cientifico e fomentar um conhecimento
abrangente, multidisciplinar para numerosas implicagbes. Por este motivo, considero que a
minha evolugéo profissional apresenta relevancia como atividade no Mestrado em Biotecnologia,
por ter adquirido uma formacgdo sélida em dominios multidisciplinares das ciéncias e,

tecnologias bioldgicas e quimicas.

Ao longo do meu percurso, tive o privilégio de trabalhar com conceituados profissionais
de diversos dominios cientificos, 0 que me proporcionou uma aprendizagem de interacéo,
integracdo e discussdo cientifica bastante relevante. O fato de ter estado envolvido em varios
grupos de investigacdo, demonstra uma vontade de aprendizagem de novas técnicas, uma boa
capacidade de adaptacdo, um bom trabalho de equipa e, essencialmente, uma enorme

persisténcia e rigor no desenvolvimento das técnicas.

A nivel profissional, fui constantemente confrontado com dificuldades experimentais que
tiveram de ser superadas. Para superar essas mesmas dificuldades, a interacdo com colegas e
professores nas reunides de grupo e uma profunda pesquisa bibliografica foram essenciais. De
um modo geral, proporcionou-me uma pericia técnica, um espirito critico e uma perspetiva

analitica, que permitiu desenvolver atributos pessoais fundamentais na ciéncia.

Para alem disso, exerci funcGes de auxilio na orientacdo de alunos de mestrado, assim
como, na gestdo do laboratério e na organizacdo de um congresso internacional. Os
conhecimentos adquiridos nessas funcdes sdo complementares aos adquiridos na investigacao e

essa complementaridade, aliada com estratégia e inovacao, traduz a esséncia da Biotecnologia.

Em sintese, sabendo que a bioinformatica, (bio)eletroquimica, biologia molecular,
cristalografia e bioquimica das proteinas, sdo areas fundamentais para a biotecnologia, considero
que a minha experiéncia profissional me permitiu adquirir competéncias como técnico superior
em laboratdrios de equipas de investigacdo no desenvolvimento tecnolégico multidisciplinar em
instituicbes Publicas ou Empresas. Deste modo, de acordo com 0s objetivos do curso de 2° ciclo

em Biotecnologia, considero-me eletivo para o grau de Mestre nesta area.
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cytochrome ¢ peroxidase by horse cytochrome c: a case study
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Abstract A comparative study of direct and mediated
electrochemistry of metalloproteins in bulk and membrane-
entrapped solutions is presented. This work reports the first
electrochemical study of the electron transfer between a
bacterial cytochrome ¢ peroxidase and horse heart cyto-
chrome c. The mediated catalysis of the peroxidase was
analysed both using the membrane electrode configuration
and with all proteins in solution. An apparent Michaelis
constant of 66 &= 4 and 42 £+ 5 pM was determined at pH
7.0 and O M NaCl for membrane and bulk solutions,
respectively. The data revealed that maximum activity
occurs at 50 mM NaCl, pH 7.0, with intermolecular rate
constants of (4.4 + 0.5) x 10°and (1.0 + 0.5) x 10°
M~' s7' for membrane-entrapped and bulk solutions,
respectively. The influence of parameters such as pH or ionic
strength on the mediated catalytic activity was analysed
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using this approach, drawing attention to the fact that careful
analysis of the results is needed to ensure that no artefacts are
introduced by the use of the membrane configuration and/or
promoters, and therefore the dependence truly reflects the
influence of these parameters on the (mediated) catalysis.
From the pH dependence, a pK of 7.5 was estimated for the
mediated enzymatic catalysis.

Keywords Membrane electrode - Mediated catalysis -
Bacterial cytochrome ¢ peroxidase - Horse cytochrome ¢

Abbreviations
AUME Gold membrane electrode

BCCP  Bacterial cytochrome ¢ peroxidase
ME Membrane electrode
Introduction

The use of membrane electrodes (ME), with the protein
imprisoned between a dialysis membrane and the electrode
surface, has some important advantages. These are (1) the
use of very small volumes of protein—2 pl (to overcome
the limitation of sample availability), (2) the ease of elec-
trode preparation and low cost, (3) the rapid investigation
of various experimental parameters, such as pH and ionic
strength and (4) the thin layer configuration, which easily
allows quantitative information about the redox processes
to be obtained [1, 2].

Moreover, the membranes used in this type of electrode
configuration are charged, offering a convenient way to
modulate the electric environment close to the electrode
surface, and thus ascertain the role of electrostatic inter-
actions in the efficiency of the electron transfer. It is also
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important to point out that this configuration is an inter-
esting strategy when adsorption of a protein or an enzyme
to the electrode surface is not successfully achieved,
hindering the use of protein film voltammetry [3]. Addi-
tionally, the entrapment of proteins between the membrane
and the electrode surface enables the achievement of thin-
layer conditions and avoids diffusional problems [4].

Studies reporting the benefits of the ME in protein
electrochemistry and its role in modulating the redox
behaviour focused on the direct electrochemistry of small
electron transfer proteins. In these works, a critical com-
parison was made with data obtained with non-ME [5-7].
More recently ME were used to study multiredox cofactor-
containing enzymes and their interaction with both physi-
ological and non-physiological redox partners [8, 9]. In
both studies, although the direct electrochemistry and the
mediated catalysis of the proteins were analysed using that
strategy, with the proteins in solution or adsorbed on a
modified electrode, no comparison was made among the
different strategies.

The mediated catalysis of the bacterial cytochrome ¢
peroxidase (BCCP) from Paracoccus pantotrophus by
P. pantotrophus pseudoazurin examined at a gold ME
(AUME) was recently reported by us [10]. Cyclic voltam-
metry was used to analyse the direct transfer to pseudoazurin
and to probe its interaction with BCCP. The results obtained
showed that this small copper protein is a competent elec-
tron donor to BCCP, in agreement with solution steady-state
kinetics performed spectrophotometrically [11]. The pH and
ionic strength effect on the voltammetric signal of pseudo-
azurin as well as on the intermolecular rate constant were
also easily studied at the ME.

Horse heart cytochrome ¢, a commercially available
small c-type haem protein, has been previously used as an
electron donor to Paracoccus BCCP in solution steady-
state kinetic studies performed spectrophotometrically
[12]. Although it is not a physiological partner of BCCP,
this small protein was shown to be kinetically competent as
an electron donor to the Paracoccus enzyme. However,
horse cytochrome ¢ exhibits a distinct kinetic and binding
behaviour from the physiological partners pseudoazurin, a
type I copper protein, and cytochrome csso, which is also a
small c-type haem protein. The physiological partners bind
at the same site on the surface of BCCP near the electron-
transferring haem of the enzyme [13], while horse cyto-
chrome ¢ has been proposed to have two binding sites, a
looser binding site near the electron-transferring haem and
an additional tight one in-between the two haems of the
enzyme [14]. Below 50 mM NaCl, there is little change in
the activity when the electron donor is either cytochrome
550 or pseudoazurin. In contrast, when horse cytochrome ¢
is used as an electron donor there is a threefold decrease in
activity as the ionic strength is lowered, and this correlates
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with an increased binding affinity [15, 16]. It was con-
cluded that the higher-affinity binding was, in fact,
non-productive and that only when that attachment was
loosened by raised ionic strength could the horse cyto-
chrome ¢ migrate to the true electron transfer site.

This work reports the first electrochemical study of the
electron transfer between BCCP and horse cytochrome c.
The mediated catalysis of BCCP was analysed using the
ME configuration and with all proteins in solution. Our aim
is to compare the results obtained with these two strategies
in order to gain a better insight into the interactions that
occur at the ME surface and to highlight the effects of this
strategy on the direct and mediated electrochemistry of
metalloproteins.

Materials and methods
Proteins and chemicals

Horse heart cytochrome ¢ was obtained from Sigma and
used without further purification. Pseudoazurin and BCCP
were isolated and purified as described before [17]. The
concentration of the proteins was determined spectropho-
tometrically using the extinction coefficient at 409 nm,
& =250 mM~! cm_l, and at 550 nm, ¢ =29.5 mM ™!
cm ™', for fully oxidized BCCP and reduced horse cyto-
chrome c, respectively [17, 18].

4,4'-Dithiodipyridine and CaCl, were obtained from
Sigma and all other chemicals were pro analysis grade. All
solutions were prepared with deionized water from a Milli-
Q water purification system.

Apparatus and procedures

The cyclic voltammograms were obtained using an EG&G-
PAR model 273A potentiostat/galvanostat controlled via
the 270 software. The scan rate varied between 5 and
200 mV s~ '. Throughout this article, all potential values
are referred to the standard hydrogen electrode.

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. the stan-
dard hydrogen electrode). 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 elec-
trode was determined from its response in a known
concentration of the ferrocyanide/ferricyanide couple
(D =17.84 x 107% cm? 57! [19]) and was found to be
0.0195 cm’.

Before each experiment the electrode was polished
by hand on a polishing cloth (Buehler 40-7212) using a
water/alumina (0.05 pm) slurry (Buehler 40-6365-006),
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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 [6] using a negatively charged Spectra/
Por MWCO 3500 membrane.

In typical experiments, the supporting electrolyte, as well
as the working solution, contained 10 mM phosphate buffer
pH 7.0 £ 0.1, 0.5 mM 4,4'-dithiodipyridine and 1 mM
CaCl,. Horse cytochrome ¢ was present in a concentration
of 100 pM and the concentration of BCCP varied between
0.25 and 1 puM. In the experiments with a saturating con-
centration of substrate, 100-350 uM H,O, was present in
the electrolyte solution. The effect of substrate concentra-
tion was determined by varying the H,0O, concentration
between 10 and 200 pM. The pH of the electrolyte was
varied from 5.4 to 10.5 by adding 5 M HCl or 2 M NaOH to
a mixed-buffer system containing 10 mM 2-morpholinoe-
thanesulfonic acid, sodium phosphate, N-(2-hydroxyethyl)
piperazine-N'-ethanesulfonic ~ acid, tris(hydroxymethyl)
aminomethane and 3-cyclohexylamino-1-propanesulfonic
acid. The effect of the ionic strength was studied by adding
increasing amounts of NaCl (up to 500 mM).

It should be pointed out that in order to have repro-
ducible results for some BCCP concentrations more than
one ME had to be prepared, to cover the whole range of
experimental variables. This is due to the fact that the
enzyme exists in a monomer—dimer equilibrium in which
only the dimer is active. Dilution of the enzyme shifts the
equilibrium towards the monomer and therefore the activ-
ity is lost with time [14], which corresponds to a decrease
of the catalytic current.

All solutions were deaerated for 10 min with high-purity
nitrogen, and all measurements were performed at least in
duplicate in a temperature-controlled room at 20 + 1 °C.

Results and discussion

Catalytic activity of P. pantotrophus BCCP with horse
heart cytochrome ¢ as an electron donor

ME cyclic voltammetry

The electrochemical behaviour of horse cytochrome c is
well known either in bulk or entrapped on a ME. Indeed,
Eddowes and Hill [20] found that essentially reversible
voltammetry of cytochrome c in solution could be observed
at a 4,4’-dipyridyl-modified gold electrode. Latter, Lojou
and Bianco [5] showed that fast electrochemical response
was observed when a thin layer of protein solution was
entrapped between a negatively charged dialysis membrane
and a non-modified gold electrode surface. In both cases
favourable conditions for electron transfer to occur were

achieved, which accounts for the similarity of the values
determined for the formal potentials.

In this work, the direct electrochemistry of cytochrome ¢
was revisited at a AUME, but this time in the presence of
4,4'-dithiodipyridine (data not shown). The promoter was
used in order to have similar experimental conditions for
the studies both in solution and with the membrane-con-
figuration electrode (further reasons will be explained
below).

Thin-layer behaviour will be observed as long as the
entrapped layer thickness [/ is smaller than the diffusion-
layer thickness for a given experimental time scale, f:

1<(2Dr)'? (1)

where D is the diffusion coefficient of the species [21].
Under our experimental conditions (cyclic voltammetry
with scan rates between 5 and 200 mV s_l), this condition
was verified for the lowest scan rates (v < 100 mV s_l),
with i, varying linearly with v in this range. From this
variation [21], an entrapped-solution volume, V, of
1.2 x 1073 cm® was estimated, which corresponds to an
entrapped-layer  thickness [ = V/A = 6.2 x 10~* cm.
Since the diffusion coefficient of cytochrome c¢ is
D=12x 10"%cm?s™! (see below), thin-layer condi-
tions occur for v < 160 mV s~!, as verified.

The ratio of the cathodic (i,.) and anodic (ip,) peak
currents was close to 1 and the peak-to-peak separation,
AE, = E,, — E,, was close to 20 mV for the lowest scan
rates. In the same range, the width at half height (AE, ;)
was also constant for the cathodic and anodic peaks, with a
value close to 90 mV. Although AEp increased with v, the
average of the reduction and oxidation peak potentials
remained almost constant for all scan rates and a formal
reduction potential E = (Ep. + E,)/2 =250 £ 5 mV
was estimated at pH 7.0, in agreement with other reported
values (e.g. 280 mV, ME at pH 7.6 [5], and 255 mV, bulk
solution at pH 7.0 [20]).

The catalytic activity of P. pantotrophus BCCP towards
horse cytochrome ¢ was then investigated at the AUME,
with working solutions of 100 pM cytochrome ¢ and
different BCCP concentrations (0.25-1 pM) in the pres-
ence of a saturating substrate concentration (125-350 pM,
depending on the enzyme concentration) or with a working
solution of 100 uM cytochrome ¢ and 0.25 pM BCCP in
the presence of increasing H,O, concentrations. These
solutions and the electrolyte contained 1 mM CaCl, (for
enzyme activation [12, 22]).

The cytochrome c¢ response is unchanged in the presence
of BCCP. Moreover, although cytochrome c¢ is known to
feature a small peroxidase activity [23, 24], its response
also remained unchanged upon addition of H,O, in the
absence of enzyme. However, it is clear from Fig. la that
in the presence of BCCP the cytochrome ¢ peak current

@ Springer



782

J Biol Inorg Chem (2008) 13:779-787

increases with H,O, concentration in the electrolyte, and a
sigmoidal wave develops when a saturating concentration
of substrate is reached. Voltammograms from solutions
containing only BCCP either in the presence or in the
absence of H,O, were indistinguishable from the back-
ground current (data not shown).

The half-wave potential of the sigmoidal waves (E,
=275 + 10 mV = E°') shows that the actual transfer
process is the catalysed reduction of cytochrome c. The
catalytic current is scan rate independent up to 50 mV s
and increases for increasing BCCP concentrations. This
behaviour is consistent with a reaction mechanism
involving an initial heterogeneous electron transfer reac-
tion at the electrode (Fig.2, step 1), followed by
homogeneous chemical reactions: the oxidized form of
cytochrome ¢ is regenerated by BCCP (Fig. 2, step 2)

0.07
_a
[H202] / UM
-0.06
0
< .
= g
~ ST LT
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Fig. 1 Cyclic voltammograms (v = 20 mV s™') at the gold mem-
brane electrode (a) or bulk solution (b) of 100 uM horse heart
cytochrome ¢ and 0.5 uM bacterial cytochrome ¢ peroxidase (BCCP)
in the presence of increasing concentrations of H,O,. The medium
consisted of 10 mM phosphate buffer pH 7.0, 0.5 mM 4,4'-dithiodi-
pyridine and 1 mM CaCl,. SHE standard hydrogen electrode
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which, in turn, is recycled by H,0, (Fig. 2, step 3). This
mechanism can be simplified to

Ox + e = Red

(2)
Red +Z — Ox

provided that the following conditions are obeyed: (1) the
heterogeneous electron transfer (Fig. 2, step 1) is a
reversible reaction; (2) the homogeneous chemical reaction
(Fig. 2, step 2) is irreversible; (3) the reaction between
cytochrome ¢ and BCCP is pseudo first order with a
reaction rate constant given by k' = kCpccp, Where k is the
second-order rate constant [10, 25].

The first condition is well obeyed, as previously dem-
onstrated. The second condition is fulfilled because BCCP
is being reoxidized in the catalytic cycle owing to the
excess of H,O, in solution (Fig. 2, step 3), and not by
transferring electrons back to horse cytochrome c. As to
requisite 3, it would imply that BCCP is present in large
excess, which is not the case. However, under saturating
concentrations of H,O,, this requisite is obeyed when the
rate of recycling the oxidised BCCP by H,O; is not rate-
limiting. If this is the case, BCCP will always be available
to react with cytochrome ¢ and pseudo-first-order condi-
tions are met.

Cyclic voltammograms at 20 mV s~ ' were obtained for
100 uM cytochrome ¢ and increasing BCCP concentrations
(0.25-1 puM), in the absence and in the presence of a sat-
urating concentration of H,O, (125-350 uM, depending on
the enzyme concentration), and are shown in Fig. 3.

From these recordings the catalytic current (ic,) was
determined as the difference between the current in the
presence and in the absence of substrate, both measured at
the same potential. The data was treated according to La-
viron’s theory for diffusionless electrochemical systems [4,
10], where the catalytic current is given by

icat =n Fk/ VCCth (3)

In this equation, V is the entrapped-solution volume, C is
the concentration and the other terms have the usual
meaning.

From the variation of the pseudo-first-order rate con-
stant, ¥/, with BCCP concentration, an intermolecular rate

Step 1 Step 2

k!

Step 3

Cyte,, BCCP,, H,0,

Electrode

Cytc,q BCCP,,,

H,0

Fig. 2 Mediation scheme for BCCP: the electrode reduces horse
heart cytochrome ¢, which is immediately reoxidized by BCCP; the
level of oxidized BCCP is then restored by conversion of hydrogen
peroxide to water
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Fig. 3 Cyclic voltammograms (v = 20 mV s~ ') obtained at the gold
membrane electrode for 100 uM cytochrome ¢ and increasing BCCP
concentrations (0.25-1 pM), in the absence (asterisk) and in the
presence of a saturating H,O, concentration (125-350 uM, depending
on the enzyme concentration). Insert: Variation of the pseudo-first-
order rate constant with BCCP concentration for 0 mM (circles) and
50 mM (diamonds) NaCl. The medium consisted of 10 mM phos-
phate buffer pH 7.0, 0.5 mM 4,4'-dithiodipyridine and 1 mM CaCl,

constant k = (3.2 + 0.5) x 10° M~' s7! was estimated
(Fig. 3, insert, circles).

For assays where the H,O, concentration was varied, for
a constant cytochrome ¢ and BCCP mixture, the catalytic
current was plotted as a function of the substrate concen-
tration (Fig. la, insert). It is clear that the catalytic current
decreases after 150 uM H,O, and so the data were fitted to
the Michaelis—Menten kinetics for concentrations up to that
value. Since thin-layer conditions are verified, the
Michaelis—Menten equation has the form

imaxCHZO2 _ an,VCCytcCHZOZ
Ch,0, + Km Ch,0, + Km

Using the CERN library Fortran program MINUIT algo-
rithm, we estimated an apparent Michaelis—Menten
constant Ky = 66 + 4 uM and an intermolecular electron
transfer rate constant k = (3.4 + 0.3) x 10° M~! s7!.

This electron transfer rate constant is higher than the
value determined for a physiological donor, pseudoazurin
(1.4 £ 0.2) x 10° M~ s7' [10]). The more likely expla-
nation for the difference between the rate constants would
be a difference in the redox potential of these two electron
donors, but the values determined at pH 7.0 are very
similar.

Therefore, this behaviour must be related to another
factor that influences the donor—enzyme interaction. In the
case of these small electron donors the global charge sur-
face is high and asymmetrically distributed, creating a
significant dipole moment. Actually, the dipole moment of

(4)

leat =

pseudoazurin is 651 D, and that of horse cytochrome c is
299 D [11]. This twofold difference in the dipole moment
probably results in a stronger association of pseudoazurin
with BCCP, and consequently the dissociation of the
complex is disfavoured, explaining the lower rate constants
observed.

Solution cyclic voltammetry

The mediated catalysis of BCCP by horse cytochrome ¢
was also analysed at the gold electrode from solutions
containing 100 M horse heart cytochrome c, 0.5 uM
BCCP and 1 mM CaCl,. Again, the peak current increases
with H,O, concentration in the electrolyte, and a sigmoidal
wave develops when a saturating concentration of substrate
(100 uM) is present in the electrolyte, which is scan rate
independent up to 50 mV s~' (Fig. 1b).

The theory describing such a mechanism for diffusion-
controlled processes was developed by Nicholson and
Shain [26] and applied to several kinetic studies of reac-
tions between mediators and redox proteins [25]. The
intermolecular rate constant can also be calculated from the
value of the H,O, saturated limiting current using Eq. 5
[27, 28]:

icat = nFAD"Y?Ceye(K)'/? (5)

In this equation, D is the diffusion coefficient of
cytochrome c¢. The valid value for our experimental
conditions, D = (1.2 &+ 0.1) x 107° cm? sfl, was comp-
uted from the dependence on the scan rate of either the
cathodic or the anodic peak currents of the cyclic
voltammograms for solutions containing both cytochrome
¢ and BCCP in the absence of H,0,, using the Randles—
Sevéik equation [21]. Calculations using Eq. 5 gave an
intermolecular rate constant of k = (4.0 £ 0.5) x 10°
Ml

The catalytic current for the different H,O, concentra-
tions (Fig. 1b, insert) was also fitted to Michaelis—Menten
kinetics for concentrations up to 100 uM, and
Ky=42+5uM and k= 39+03) x 10°M's™!
were obtained.

Similar apparent Michaelis—Menten constants were
estimated for the proteins in bulk and entrapped solution,
indicating that the membrane does not hamper the substrate
diffusion. A higher value for the intermolecular rate con-
stant was obtained for the proteins using the membrane
configuration, reflecting a more favourable domain for the
molecular interactions that must be established for electron
transfer to occur between BCCP and cytochrome c. In both
situations an inhibition effect by the substrate is observed
for higher H,O, concentrations, as verified in the case of
the catalysis mediated by pseudoazurin [10]. A similar
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inhibitory effect was observed in the study of other per-
oxidases [29-31].

Ionic strength and pH effects

One of the advantages of the ME approach is the ability to
rapidly investigate effects on the redox behaviour of vari-
ous experimental conditions, such as the pH or the
supporting electrolyte composition. Another advantage of
the approach is the small amount of protein needed for a
series of measurements. This is so because once the ME
has been mounted in the cell, it does not need to be
removed or exchanged while changing any of those
variables.

The same approach can also be applied to study the
effect of such experimental variables on the kinetic
activity of a more complex system, such as in mediated
catalysis. Changes in the pH and/or the ionic strength of
the medium may influence the rate of association, pre-
orientation within the encounter complex, stability of the
reactive complex or/and rate of dissociation of the prod-
ucts. However, the interpretation of ionic strength (or pH)
dependences of the kinetic activity is complex and the
behaviour observed should not be masked by the influ-
ence of those variables on the direct electrochemistry of
the redox partners.

The effect of the ionic strength on the intermolecular
rate constant for BCCP and horse cytochrome ¢ was ana-
lysed with the proteins entrapped at the AUME and in bulk
solution with a working solution containing 100 pM horse
cytochrome ¢, 0.5 uM BCCP and 1 mM CaCl,, in the
presence of increasing amounts of NaCl (in the range 0—
500 mM) and a saturated H,O, concentration.

In both situations, the ionic strength dependence of the
mediated catalysis has a bell-shaped curve, with a maxi-
mum activity at 50 mM NaCl (Fig. 4). The decrease of
activity with increasing NaCl concentrations is consistent
with the electrostatic character of the interaction between
BCCP and the electron donor, cytochrome c. Indeed,
cytochrome c¢ has an asymmetric charge distribution with a
positive surface that surrounds the exposed haem edge,
which is the region proposed to interact with the negative
surface around the exposed electron-transferring haem of
the peroxidase [12, 14]. The increase of activity at low
NaCl concentrations can be explained considering that for
the lowest ionic strength the encounter complex formed has
an orientation that is not so favourable for electron transfer.
Therefore, the increase in NaCl concentration enables the
lateral search at the peroxidase surface for the competent
electron transfer orientation [11, 32]. Another explanation
for this effect is that at low ionic strength cytochrome ¢
reduction at the electrode might be affected by the lower
koge rate constant of the complex with BCCP.
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Fig. 4 Effect of ionic strength on the intermolecular rate constant for
100 uM horse heart cytochrome ¢, 0.5 uM BCCP and saturating
H,0, (150 uM diamonds or 100 uM circles) at the gold membrane
electrode (diamonds) or in bulk solution (circles) and on the activity
of BCCP with horse cytochrome ¢ as an electron donor from solution
steady-state kinetics performed spectrophotometrically (triangles)
[11]. The medium consisted of 10 mM phosphate buffer pH 7.0 and
1 mM CaClz

Using the approach described above (Eq. 3), one can use
the analysis of the catalytic current variation as a function
of BCCP concentration (Fig. 3, insert, diamonds) to esti-
mate an intermolecular rate constant for maximum activity
k=(44+05) x 10°M s for the membrane con-
figuration. In the case of the bulk solution, a rate constant
for maximum activity k = (1.0 & 0.5) x 10° M~ ' s7!
was determined using Eq. 5.

Similar behaviour was observed by solution steady-state
kinetics performed spectrophotometrically, when this small
cytochrome is used as an electron donor, with a maximum
turnover also occurring at 50 mM NaCl [11], as can be
observed in Fig. 4. However, in the voltammetric experi-
ments with the membrane the variation in activity with
ionic strength is less pronounced than that found with the
proteins in bulk solution (either in the voltammetric assays
or in solution steady-state kinetics performed spectropho-
tometrically). In fact, from 50 to 500 mM NaCl the activity
decreases by 64% at the ME, while in the other two cases
the decrease is 98%.

A similar effect was observed for the mediated catalysis
of P. pantotrophus BCCP by P. pantotrophus pseudoazurin,
where similar profiles were obtained with the membrane
configuration and solution steady-state kinetics performed
spectrophotometrically, though the maximum activity was
observed for higher NaCl concentration in the former case.
The differences may be due to the charge of the membrane,
which somehow favours the formation of the encounter
complex, making it less dependent on the ionic strength, in
spite of the electrostatic forces that govern the interaction.
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This may be also the reason why higher rate constants were
determined for horse cytochrome ¢ using the membrane
configuration, although values of the same order of
magnitude were obtained for maximum activity
[k = (44 £+ 0.5) x 10° M~ s7! for the membrane con-
figuration and k = (1.0 & 0.5) x 10° M~' s~ for bulk
solution] as illustrated in Fig. 4.

The behaviour observed in the voltammetric experi-
ments truly reflects the effect of ionic strength on the
interaction between the enzyme and the electron donor
rather than on the direct electrochemistry of horse cyto-
chrome ¢ due to the presence of the promoter. The horse
cytochrome ¢ peak current was shown to be NaCl-inde-
pendent when 4,4'-dithiodipyridine is present in the
medium (data not shown). Behaviour different from that
observed at a bare gold electrode in the membrane con-
figuration was evidenced, where a sharp decrease in current
was observed at increasing NaCl concentrations [5].
Similar behaviour was also observed for the direct elec-
trochemistry of pseudoazurin at a dithiodipyridine gold
modified electrode [10].

The pH behaviour of horse cytochrome c is well known
to present a pK close to 9.5 associated with the disap-
pearance of the 695 nm absorption band, which is believed
to be due to the replacement of the iron-coordinated
methionine residue by a nitrogenous ligand, assigned as
Lys73 [33, 34].

Previous bulk voltammetric studies of horse cytochrome
¢ at a 4,4’-bipyridyl-modified gold electrode in the pH
range 4.5-10.5 showed that while the peak potential
remains essentially constant until pH 9, the peak current
profile has a bell shape [35]. The maximum current was
observed at pH 7 and two pK values around 9 and 5 were
computed from that variation. The former is in agreement
with the value obtained by other techniques, as well as with
the observed E;, variation. The latter was attributed by the
authors to the protonation of the promoter that disrupts the
interaction between the gold surface and the protein,
leading to a decrease of the electrochemical current [35].

For the reasons presented above, the pH dependence of
the intermolecular rate constant for BCCP and horse
cytochrome ¢ was analysed at the bare AUME, i.e. in the
absence of 4,4'-dithiodipyridine.

In order to accurately interpret the results of this pH
dependence, the effect of this parameter on the electro-
chemical signal of horse cytochrome ¢ alone was studied
between pH 5 and 10 in the same conditions. As expected,
the redox potential remained constant for pH <9 and a
pronounced decrease was observed for higher pH values
(data not shown). A pK of 9.1 & 0.1 was determined, in
accordance with reported values [33-35]. For the peak
current, a bell-shaped profile was obtained (Fig. 5, circles),
behaviour similar to that observed for bulk solution in the
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Fig. 5 pH dependence of 100 pM horse heart cytochrome ¢ at the
gold membrane electrode (circles) and catalytic current for 100 pM
horse heart cytochrome ¢, 1.0 uyM BCCP and saturating H,O,
(350 pM) at the gold membrane electrode (diamonds). The medium
consisted of a mixed-buffer system (10 mM each) and 1 mM CaCl,.
The curves were fitted with Eq. 6

presence of the promoter [35]. The peak current pH
dependence was fitted to the following equation [36]

fcat = (iopl)/(l + IO(pKa‘_pH) + IO(PH—PKﬂz)) (6)

and pK values of 5.3 & 0.3 and 9.5 £ 0.3 were estimated.
The latter is in clear agreement with the characteristic
alkaline pK of this protein.

Several electrochemical studies using different approa-
ches have observed a similar behaviour for the dependence
on the pH of the horse cytochrome ¢ current, and in some
cases an acidic pK with an identical value, within the
experimental errors, has been determined. However,
depending on the authors and the conditions employed in
the studies, the pK was assigned differently, namely to the
proton-dissociation constant of the promoter [35], the
Coulombic properties of the electrode surface [37, 38],
the competitive adsorption of protons on the clay-modified
electrodes [39] or the protein denaturation induced by the
applied electric field at the electrode—solution interface
[40]. In the present work a ME was employed, and so
another possible cause for the profile observed at low pH is
the degradation of the membrane—protein—electrode inter-
action, given that in the absence of a promoter charge
effects stand out as being most important, as previously
mentioned.

In the present study the same behaviour was observed
either in the presence (data not shown) or in the absence of
4,4'-dithiodipyridine, eliminating the promoter protonation
as the possible cause. Moreover, considering the fact that
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the profile obtained at the bare ME is similar to that
observed for the several bulk conditions, it seems that the
acidic pK is not due to an artefact of the membrane.

In fact, this acidic pK may be the result of an acidic
residue or a group of residues involved in the interaction
with the electrode, but not affecting the haem environment
and consequently not changing the redox potential.
Denaturation of the protein would also lower the con-
centration of horse cytochrome c responding at low pH,
and must be considered. Indeed, the analysis of the vol-
tammograms of horse cytochrome ¢ at decreasing
electrolyte pH shows that the redox signal is at the same
potential, but with a decreasing current which does not
return to the initial value when the pH is raised back to 7.0
(data not shown).

The pH effect in the mediated catalysis at the AUME
was studied in the range 5-10, using solutions containing
100 uM horse cytochrome ¢, 1 uM BCCP, 1 mM CaCl,
and a saturated H,0, concentration (350 uM). The
catalytic current presents a bell-shape profiled (Fig. S,
diamonds) with no activity being observed above pH 9,
which can be attributed to the inactivation of the enzyme at
high pH [10]. This curve can be fitted to Eq. 6 with i, at
pH 6.5 and two pK values, 5.6 & 0.1 and 7.5 £ 0.1.

Taking into account the above results, we cannot con-
clude if the acidic pK estimated for the mediated catalysis
is also related to the protein—protein interaction or only due
to horse cytochrome c¢ alone. However, preliminary solu-
tion steady-state kinetics performed spectrophotometrically
of Paracoccus BCCP using horse cytochrome ¢ as an
electron donor (Pauleta et al., unpublished results) revealed
an acidic pK at the same value, and similar values were
observed for the enzymatic activity of Pseudomonas
aeruginosa (5.2) [41] and Rhodobacter capsulatus (6.1)
[42] BCCP.

Moreover, binding studies using microcalorimetry
showed that the formation of this electron transfer complex
involves the release of 0.46 protons at pH 6.0, which also
suggests the existence of an acidic pK, at around pH 6.0
[16]. Therefore, this pK reflects a proton-dissociation pro-
cess associated both with the horse cytochrome ¢ and with
the interaction/activity of this protein with BCCP.

A more basic pK was also observed for the solution
steady-state kinetics determined spectrophotometrically of
P. aeruginosa (6.8) and R. capsulatus (7.9) BCCP [41, 42],
as now estimated for the Paracoccus enzyme. This pK can
be clearly attributed to the mediated enzymatic catalysis,
since the current profile of the horse cytochrome c itself is
invariable in this pH region (Fig. 5). As several authors
have suggested, these pK values can be assigned to the
propionates of the BCCP haems, histidine ligands or
proposed residues involved in the catalysis such as Glu128
[32, 42, 43]. However, the identity of the residue(s)
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responsible for this proton dissociation can only be disen-
tangled through site-directed mutagenesis.

Conclusions

This work highlights the use of ME in the study of direct
and mediated electrochemistry of metalloproteins. The
results reported in the present work show that ME are very
attractive for the study of complex metalloproteins sys-
tems, particularly with regard to the very small amounts of
protein needed and the ease with which experimental
variables can be changed.

Mediated catalysis of BCCP by horse cytochrome ¢ was
easily analysed, with minimum consumption of proteins,
just varying the H,0O, concentration in the electrolyte
solution. While the proteins stay entrapped in close vicinity
to the electrode surface, small ions can diffuse through the
membrane. For the same reasons, the effect on the catalytic
activity of experimental conditions, such as pH and ionic
strength, can be rapidly analysed.

The fitting to Michaelis—Menten kinetics of the experi-
mental data, from studies with the proteins either entrapped
in the membrane or freely diffusing in solution, led to
similar Ky, values, showing that no artefacts are introduced
in the study by the use of a ME. Higher values for the
intermolecular rate constants for horse cytochrome ¢ and
BCCP were obtained with the membrane configuration,
which shows that the membrane does not disrupts the
formation of the encounter complex and can even favour it.
Since electrostatic interactions are fundamental for the
formation of the complexes between P. pantotrophus
BCCP and its electron donors, this configuration seems to
be an adequate option for the electrochemical study of the
mediated catalysis in biological systems, where electro-
static forces play an important role.

To draw conclusions about the influence of variables,
such as pH or ionic strength, on the mediated catalytic
activity, one must first pay attention to the behaviour of the
mediator, i.e. the protein that actually exchanges the
electrons with the electrode. For this reason, the ionic
strength effect was analysed using a promoter to render
the cytochrome c—electrode-membrane interaction more
hydrophobic in nature, so the variation observed for the
catalytic activity could only be due to changes in the
binding between BCCP and the redox partner. On the other
hand, the use of promoters might mask the pH effect
depending on their acid-base behaviour and a possible
interference must be verified.
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Abstract The activation mechanism of Pseudomonas
stutzeri cytochrome c¢ peroxidase (CCP) was probed
through the mediated electrochemical catalysis by its
physiological electron donor, P. stutzeri cytochrome c-551.
A comparative study was carried out, by performing assays
with the enzyme in the resting oxidized state as well as in
the mixed-valence activated form, using cyclic voltam-
metry and a pyrolytic graphite membrane electrode. In the
presence of both the enzyme and hydrogen peroxide, the
peak-like signal of cytochrome c¢-551 is converted into a
sigmoidal wave form characteristic of an E,C| catalytic
mechanism. An intermolecular electron transfer rate con-
stant of (4 £ 1) x 10° M~ ' s7! was estimated for both
forms of the enzyme, as well as a similar Michaelis—
Menten constant. These results show that neither the
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intermolecular electron transfer nor the catalytic activity is
kinetically controlled by the activation mechanism of CCP
in the case of the P. stutzeri enzyme. Direct enzyme
catalysis using protein film voltammetry was unsuccessful
for the analysis of the activation mechanism, since
P. stutzeri CCP undergoes an undesirable interaction with
the pyrolytic graphite surface. This interaction, previously
reported for the Paracoccus pantotrophus CCP, induces
the formation of a non-native conformation state of the
electron-transferring haem, which has a redox potential
200 mV lower than that of the native state and maintains
peroxidatic activity.

Keywords Cytochrome ¢ peroxidase -
Cytochrome c¢-551 - Pseudomonas stutzeri -
Mediated catalysis - Activation mechanism

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. In biological processes, catalases dis-
mutate the hydrogen peroxide molecule or peroxidases
reduce it to water [1].

Bacterial cytochrome c peroxidases (CCPs) are dimeric
dihaem proteins that catalyse the reduction of hydrogen
peroxide to water using small monohaem cytochromes as
electron donors [1]. Well-characterized members of this
group are the CCPs from Pseudomonas aeruginosa [2-5],
Paracoccus pantotrophus [6-8), Pseudomonas nautica [9],
Nitrosomonas europaea [10], Methylococcus capsulatus
[11], Rhodobacter capsulatus [12] and Pseudomonas stutzeri
[13]. In most of these enzymes, in the resting oxidized state
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(Fig. 1, state A) one of the haems is in a low-spin/high-spin
thermal equilibrium, has a high redox potential, reflecting a
histidine—methionine coordination, and is believed to
function as the electron-transferring haem (E haem). The
second haem (P haem), with a low redox potential and a
low-spin bishistidine coordination in the fully oxidized
state, is thought to be the catalytic centre where hydrogen
peroxide is reduced to water. Reduction of the E haem
induces a series of complex spin state and coordination
changes, producing a mixed-valence enzyme in which the P
haem has become high-spin pentacoordinated, providing
access to the substrate (Fig. 1, state B) [14]. Calcium ions
are required for the conversion of the mixed-valence
enzyme into the activated state, but members of the bac-
terial CCP family differ in their affinity for this cation. The
enzymes from P. nautica [9] and P. pantotrophus [15-17]
behave very similarly, with the activation mechanism hin-
dered in the as-isolated conditions, whereas the enzymes
from R. capsulatus [12] and P. stutzeri [13] do not require
addition of further Ca®" to the state in which they are
isolated for full activity. With the enzyme in the active
form, the catalytic cycle is completed in the presence of
hydrogen peroxide (Fig. 1, states E and F).

In fact, P. stutzeri CCP seems to be purified in a form
with tightly bound Ca*, in which the calcium binding site
responsible for dimer formation and enzyme activation, i.e.
change of the low-potential haem to a high-spin pentaco-
ordinated state, is fully occupied. Spectroscopic studies
suggested that this form is readily active upon reduction by
sodium ascorbate [13]. The affinity for calcium ions in the
mixed-valence state is so high that Ca*" returns to it from

A Native CCP B ActiveCCP

the EGTA which was added to empty the site in the oxi-
dized state of the enzyme (Fig. 1, states C and D). Steady-
state kinetic studies of P. stutzeri CCP using either its
physiological partner (P. stutzeri cytochrome c-551) or
horse heart cytochrome c indicated that preincubation with
Ca®" has no effect on the activity of the enzyme [13].

The use of voltammetric techniques is well proved in
unravelling important aspects of the chemistry of metal-
loproteins and metalloenzymes [18]. An especially attrac-
tive approach is protein film voltammetry (PFV), a strategy
where the protein is adsorbed at (ideally) monolayer cov-
erage on a suitable electrode [19]. In PFV, besides the
extremely small sample amounts that can be used, diffusion
limitations are avoided, direct electron transfer is achieved
and important information about the intrinsic thermody-
namic and kinetic properties of the protein can be obtained.
In the particular case of direct electron transfer of redox
enzymes, the replacement of the physiological redox
partner by the electrode and the direct correlation between
current and catalytic activity are powerful tools for the
study of the catalytic mechanism and its redox-linked
chemistry. However, the use of PFV may be hindered if
adsorption at the electrode surface is not successfully
achieved, affecting the enzyme’s activity [20]. In the case
of bacterial CCPs, we recently reported the formation of an
altered form of the E haem when P. pantotrophus CCP is
directly adsorbed on a pyrolytic graphite (PG) electrode
[21], a preferential surface for PFV studies [18]. The
altered form has a redox potential approximately 300 mV
lower than that of the native state and the enzyme main-
tains peroxidatic activity.

E
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Fig. 1 Model for the mechanism of activation and turnover of Pseudomonas stutzeri cytochrome ¢ peroxidase (CCP). EGTA ethylene glycol

bis(2-aminoethyl ether)tetraacetic acid
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An alternative approach is mediated enzyme electro-
chemistry, where, similarly to steady-state kinetics, the
assays are performed with enzyme, cosubstrate (mediator)
and substrate all present in solution. The mediator is the
only species that interacts with the electrode and the
electrochemical signal is directly related to the rate of its
consumption during the catalytic reaction. In many cases,
the mediators are stable molecules of low molecular
weight that can easily exchange electrons with the elec-
trode, and act as substituents of the redox metalloprotein
natural partner [22]. When the physiological electron
mediator is known, the natural electron transfer relay can
be mimicked.

The use of membrane electrodes, a configuration where
the proteins are entrapped between a dialysis membrane
and the electrode surface, has been shown to be a very
interesting strategy for this kind of study [23-25]. As
happens in PFV, only small amounts of protein are nec-
essary (3—4 pl) and, owing to instantaneous dialysis, vari-
ous experimental parameters can be rapidly investigated
[26, 27]. Moreover, the theoretical features have been
analysed in detail and quantitative information about the
redox processes can be easily obtained [28].

We have recently used cyclic voltammetry and a
membrane electrode to analyse the mediated catalysis of
P. pantotrophus CCP by one of its physiological donors,
P. pantotrophus pseudoazurin [29]. We now report the
mediated electrochemistry of P. stutzeri CCP, using its
physiological partner, P. stutzeri cytochrome c-551, as an
electron donor. To probe the activation mechanism of the
enzyme, both the oxidized and the mixed-valence forms
were analysed. Direct electrochemistry of the enzyme was
also investigated.

Materials and methods
Reagents

Poly(L-lysine) hydrobromide was obtained from Sigma
(My 15,000-30,000). All other chemicals were pro anal-
ysis grade and solutions were prepared with Milli-Q water.

Protein purification

P. stutzeri CCP and P. stutzeri cytochrome c-551 were
isolated and purified as described before [13]. In this
particular purification, a fraction of the enzyme was
obtained in the mixed-valence, already active state,
without addition of any chemical reductant at any point
during the procedure. The concentration of the proteins
was determined spectrophotometrically using the extinc-
tion coefficients at 408 nm (¢ = 252 mM~! cm_l) and

551 nm (¢ = 30.89 mM ' cm™') for the oxidized enzyme
and the reduced cytochrome, respectively [13].

Procedure

The cyclic voltammograms were collected with an EG&G
PAR potentiostat/galvanostat (model 273A) controlled via
the 270 software. The scan rate varied between 5 and
200 mV s~'. Catalytic assays with the enzyme directly
adsorbed on the electrode surface were performed with an
electrode rotation rate of 3,000 rpm.

A conventional three-electrode configuration cell was
used, with a carbon rod auxiliary electrode and an Ag/AgCl
reference electrode (205 mV vs. the standard hydrogen
electrode, SHE). Throughout this article, all potential val-
ues are referred to the SHE and are affected by an error of
5-10 mV. The working electrode was a basal plane PG
electrode with a 0.2-cm nominal radius. The area of the
electrode was determined from its response in a known
concentration of the ferrocyanide/ferricyanide couple [30]
and was found to be close to the nominal value.

Electrode preparation

Prior to each experiment, the PG electrode was polished by
hand on a polishing cloth (Buehler 40-7212) with an
aqueous alumina slurry (0.3 pum, Buehler 40-6363-006),
sonicated for 1 min and rinsed very well with Milli-Q
water.

For the direct electrochemistry of CCP, a 4-pul drop of
working solution (containing the protein) was deposited on
the electrode surface and left to dry at room temperature
for 30 min.

The membrane configuration, prepared with a nega-
tively charged Spectra/Por MWCO 3500 membrane, was
used for the analysis of cytochrome c-551 and the mediated
catalysis of CCP. Briefly, a small volume (4 ul) of the
protein(s) solution was deposited on a square piece (about
twice the diameter of the electrode’s body) of the dialysis
membrane, then the electrode was pressed against the
membrane and a rubber ring was fitted around the electrode
body so that the entrapped solution formed a uniform thin
layer.

Electrolyte and working solution

In all experiments the supporting electrolyte was 10 mM N-
(2-hydroxyethyl)piperazine-N'-ethanesulfonic acid (HEPES)
buffer, pH 7.5 £ 0.1. In most cases 150 mM NaCl was used,
which was replaced by 0.1 mg ml~" poly(L-lysine) hydro-
bromide in the working solution in some assays. The working
solution contained either 82 uM P. stutzeri CCP (direct
electrochemistry) or 100 uM P. stutzeri cytochrome c-551

@ Springer



884

J Biol Inorg Chem (2011) 16:881-888

and 1 pM P. stutzeri CCP (mediated catalysis). The effect of
substrate concentration was analysed for different hydrogen
peroxide concentrations between 10 and 150 pM. In the
experiments with a saturating substrate concentration, a
concentration of 500 pM (direct electrochemistry) or 125 pM
(mediated catalysis) was present in the electrolyte solution.

All solutions were deaerated for 30 min with high-purity
nitrogen, and all measurements were performed at least in
duplicate in a temperature-controlled room (7 = 20 %+
1 °C).

Results and discussion
Direct electrochemistry of P. stutzeri CCP

The direct electrochemistry of P. stutzeri CCP in non-
turnover conditions was analysed at a PG electrode in
10 mM HEPES buffer, pH 7.5, without the addition of
calcium ions. Although the enzyme has two c-type haems,
cyclic voltammograms of P. stutzeri CCP adsorbed on the
electrode surface revealed just one cathodic peak with an
anodic counterpart, in the potential range +800 to
—600 mV and for scan rates, v, between 5 and 200 mV s~}
(Fig. 2). The signal visible at potentials above +0.1 V is
also present in the blanks and is therefore meaningless for
the study presented. The analysis of the voltammograms
showed that the electrochemical response arises from a
diffusionless one-electron redox process where both the
oxidized and the reduced forms are adsorbed. A formal

0.5 +
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E/Vvs SHE

Fig. 2 Cyclic voltammograms (v = 50, 100 and 200 mV s~') of
110 uM  P. stutzeri CCP adsorbed at a pyrolytic graphite (PG)
electrode, in 10 mM N-(2-hydroxyethyl)piperazine-N'-ethanesulfonic
acid (HEPES) buffer pH 7.5. Inset: Voltammetric signal
(v =20mV s, electrode rotation rate 3,000 rpm) in the presence
of 500 uM H,0,. SHE standard hydrogen electrode
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potential E” = —125 mV was estimated at pH 7.5.
Differential pulse voltammograms revealed two peaks
with peak potentials E, = —107 mV versus SHE and
E, = —244 mV versus SHE. Only the more positive one
persisted upon successive scans, corresponding to the
signal observed in cyclic voltammetry.

In the presence of hydrogen peroxide only one cata-
lytic wave develops in the same potential range, with
E... = —136 mV versus SHE and a current that increases
with increasing substrate concentration. Experiments
performed in the absence of enzyme demonstrated that
the direct reduction of hydrogen peroxide does not occur
within that potential window. It is clear from Fig. 2 that
the shape of the cyclic voltammograms is not sigmoidal.
Although the forward current tends to level off to a
limiting value, in the reverse scan the current decreases
considerably. Moreover, in successive scans the catalytic
signal decreases until the initial non-turnover voltam-
mogram is restored.

Similar behaviour was observed for the P. pantotro-
phus CCP at the same type of electrode surface [21].
Namely, just one non-turnover signal persists on suc-
cessive scans at a potential that does not match the
preliminary data from a potentiometric titration, where
redox transitions at about +60 and —300 mV at pH 7.5
were estimated for the E and P haems of P. stutzeri
CCP, respectively. Also, only a cathodic catalytic signal
is detected in the presence of hydrogen peroxide, at a
potential close to that of the signal without substrate,
behaviour distinct from that observed for the N. euro-
paea CCP, which displays catalytic activity at a high
redox potential (more than 500 mV vs. SHE) [31].

At pH 7.5 the enzyme has an overall negative charge
since its pl is 5.4 [32]. From examination of the elec-
trostatic surface potential of P. stutzeri CCP, it is also
clear that a negatively charged region surrounds the per-
oxidatic centre, whereas the surface of the protein around
the E haem is much more hydrophobic (C. Timéteo,
unpublished results). Therefore, the interaction of the
enzyme with the negatively charged PG surface most
likely occurs through hydrophobic interactions and/or
hydrogen bonding between the electrode surface and
neighbouring residues of the E haem. This is also sup-
ported by the fact that the electrochemical signal dete-
riorates in the presence of the positively charged
coadsorbate poly(L-lysine), in spite of the acidic iso-
electric point of the enzyme and the negative charge of
the electrode at pH 7 [33].

Taking into account the electrochemical behaviour
described and its resemblance to that verified for the
Paracoccus enzyme [21], one can only attribute the signal
observed for P. stutzeri CCP to a non-native conformation
state of the E haem, induced by interaction with the PG
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surface. This altered form of the E haem has a redox
potential about 200 mV lower than that of the native state
and also displays peroxidatic activity, as observed for
P. pantotrophus CPP.

Direct enzyme voltammetry is not feasible but infor-
mation regarding the activation mechanism can be obtained
through the interaction with the natural partner, cyto-
chrome ¢-551 from P. stutzeri. The electrochemical
behaviour of the cytochrome was first analysed and then
the mediated electrocatalysis of P. stutzeri CCP was
investigated.

Direct electrochemistry of P. stutzeri cytochrome c-551

The direct electrochemistry of P. stutzeri cytochrome
¢-551 was obtained for the first time at a PG membrane
electrode. Addition of NaCl to the electrolyte solution or of
poly(r-lysine) to the working solution was necessary to
obtain a well-defined electrochemical response. Direct
electrochemistry of cytochrome c¢-551 from P. aeruginosa
at a PG electrode has been reported [24], but in that case no
modification of the electrode was necessary. Although both
proteins have acidic isoelectric points [13, 24], from
examination of the electrostatic surface potential, it is clear
that the region around the haem is more positive in the
P. aeruginosa cytochrome (Protein Daka Bank entry 451C)
than in the P. stutzeri protein (Protein Data Bank entry
ICOR). Therefore, the presence of positively charged
species is an important condition for the reduction of
P. stutzeri cytochrome c¢-551 at an electrode that bears a
net negative charge at pH 7.5 [33], whereas in the case of
cytochrome c¢-551 from P. aeruginosa no promoter was
required. When the NaCl concentration was varied in the
electrolyte (0—650 mM) the current increased by 60% up to
150 mM, staying constant for higher salt concentrations
(data not shown). Similar results were obtained with
poly(L-lysine). In all subsequent experiments 150 mM
NaCl was present in the electrolyte solution.

A typical cyclic voltammogram of P. stutzeri cyto-
chrome ¢-551 is shown in Fig. 3 (full line). The voltam-
mograms are not affected by the presence of the enzyme in
the entrapped solution. In all circumstances, a reversible
one-electron transfer reaction occurs at least for
v <50 mV s~ with %/ close to 1 and E3 and E, being
independent of the scan rate. A membrane configuration
was used, but thin layer conditions were only verified for
v < 10 mV s~'. Above this value, ip varies linearly with
v"? with a null intercept, and the diffusion coefficient
D=(1.0x0.1) x 107® cm? s~ was determined using
the Randles—Sev&ik equation [28], in perfect agreement
with known values for other cytochromes of similar
molecular mass [34]. As to the peak-to-peak separation,
AE, = E, — E, it is close to the theoretical value for a

one-electron Nernstian reaction controlled by diffusion.
Departure from reversibility is clearly observed for the
highest scan rates through the increase of this parameter.
However, for all scan rates the average (Ef, + Ef,)/2 is
constant within the experimental error, and a formal
reduction potential EY = 219 mV could be estimated at
pH 7.5. This value is in accordance with the formal
potential reported in [35] for this cytochrome, showing that
the native state of the protein is preserved in the solution
entrapped in the membrane electrode.

Catalytic activity of P. stutzeri CCP with P. stutzeri
cytochrome ¢-551 as an electron donor

The catalytic activity of P. stutzeri CCP towards P. stutzeri
cytochrome c¢-551 was investigated in the same experi-
mental conditions using the oxidized and the mixed-
valence (half-reduced) forms of the enzyme.
Voltammograms from solutions containing only
P. stutzeri CCP either in the presence or in the absence of
hydrogen peroxide were indistinguishable from the back-
ground current (data not shown) in the potential range used
(+0.5 to —0.1 V). However, when both 100 uM P. stutzeri
cytochrome ¢-551 and 1 pM P. stutzeri CCP are present, it
is clear from Fig. 3 that, for assays with the oxidized form,
the peak current of cytochrome c-551 increases with suc-
cessive additions of hydrogen peroxide, until the peak-
shaped signal is converted into a sigmoidal wave form.
This change in shape is the result of the electrocatalytic
reaction with the enzyme, i.e. in the entrapped solution

30 60 90 120
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Fig. 3 Cyclic voltammograms (v = 20 mV s~ ') of 100 pM P. stut-
zeri cytochrome ¢-551 and 1 pM oxidized P. stutzeri CCP at a PG
membrane electrode in the presence of increasing H,O, concentra-
tions, in 10 mM HEPES buffer pH 7.5 and 150 mM NaCl. Inset:
Variation of the catalytic current with substrate concentration and
fitting to the Michaelis—Menten equation
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both P. stutzeri CCP and its physiologic donor were able to
orient themselves in a way that the formation of the tran-
sient complex occurred and the intermolecular electron
transfer took place.

For hydrogen peroxide concentrations higher than
125 uM the current decreases. Similar behaviour was
observed in the mediated catalysis of P. pantotrophus CCP
by P. pantotrophus pseudoazurin or horse heart cytochrome
c [25, 29], most probably due to the inactivation of the
enzyme in the presence of high substrate concentrations.

The catalytic current of the sigmoidal wave, developed
when a saturating hydrogen peroxide concentration
(125 uM) is added to the electrolyte, is independent of the
scan rate up to 50 mV s~ '. The half-wave potential of this
wave, E;, = 218 mV = E [28], confirms that the actual
transfer process is the catalysed reduction of cytochrome
c-551. As previously described [36], this behaviour is
consistent with a reaction mechanism involving an initial
heterogeneous electron transfer reaction at the electrode
(Fig. 4, step 1), followed by homogeneous chemical reac-
tions: the oxidized form of cytochrome c¢-551 is regener-
ated by CCP (Fig. 4, step 2), which, in turn, is recycled by
hydrogen peroxide (Fig. 4, step 3), i.e. a E,C] catalytic
reaction scheme [28].

For each hydrogen peroxide concentration, the catalytic
current i, was calculated as the difference between the
experimental current in the presence and absence of sub-
strate (both measured at the same potential) and plotted as
a function of hydrogen peroxide concentration. The results,
shown in the inset in Fig. 3, were non-linearly fitted to the
Michaelis—Menten equation for concentrations up to
125 pM:

. icatmax CH202

o = g 1)
where icamax 1S the catalytic current observed at the max-
imum rate and Ky, is the Michaelis—Menten constant. As
can be seen in Fig. 3, the fit shows that the experimental
data are in good agreement with Eq. 1 and lead to a Ky, of
(25 £ 2) uM. It must be pointed out that for low concen-
trations the catalytic currents are affected by the substrate

Step 1 Step 2 Step 3
Kﬂ}’s Cosion <4\ {; Ps CCP,, <t\ H,0,
W™\ ™/

N \\J\ \\

\V}Ps Cesirea]/ .\V>Ps CCP,.q [f/’ \i}z H,0

Fig. 4 Mediation scheme for CCP: the electrode reduces cytochrome
¢-551, which is immediately reoxidized by CCP; the level of oxidized
CCP is then restored by conversion of H,O, to water. Ps Cssjox
oxidized P. stutzeri cytochrome c-551 , Ps c55;,.4 reduced P. stutzeri
cytochrome c¢-551, Ps CCP,, oxidized P. stutzeri CCP, Ps CCP,.4
reduced P. stutzeri CCP

Electrode
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diffusion since a stationary electrode was used, leading to
an overestimation of the Michaelis—Menten constant [37].
In fact, a Ky of 2 M was estimated from steady-state
kinetics, although horse heart cytochrome ¢ was used as the
electron donor [13]. However, when the differences
between the two types of assays are taken into account, the
results can be considered to be in reasonable agreement.

Since diffusion control was verified, ic,max 1S given by
the equation

lcatmax = nFADl/ZCc-551k/1/2a (2)

where C,,, is the concentration of the cytochrome c-551
(mediator) and k' is the pseudo-first-order rate constant for
the intermolecular electron transfer, i.e. ' = kCccp, where
Cccp is the concentration of the enzyme. As long as the
electron transfer between P. stutzeri cytochrome c-551 and
P. stutzeri CCP is the rate-limiting step in the overall
process, the second-order rate constant k can be determined
by Eq. 2. Competition between the intermolecular and the
enzyme—substrate electron transfer reactions can be
evaluated through the kinetic parameter ¢ given by
Limoges et al. [38]:

kCCssz . (3)

kearCuy0,
Chy0, +Km

o=

An estimation of ¢ can be obtained with Ky; = 2 uM and
ke = 88 57! reported for P. stutzeri CCP at pH 7.5 with
horse heart cytochrome ¢ as the electron donor [13], and
taking as an approximation for k the value reported for the
electron transfer between P. pantotrophus pseudoazurin
and P. pantotrophus CCP, 1 x 10° M~' s™'. For 125 uM
hydrogen peroxide ¢ = 0.1, indicating that in
principle Eq.2 can be wused. A rate constant
k=KI/Cocp= (@4 +1) x 10° M 's7! was determined
with Eq.2 for the intermolecular electron transfer
reaction between fully oxidized P. stutzeri CCP and its
physiological donor P. stutzeri cytochrome c-551.

Alternatively, k can be estimated from the slope of a plot
of (ica/ip) versus (l/v)l/z, which should obey a linear
relationship with a null intercept if the intermolecular
electron transfer between P. stutzeri cytochrome c-551 and
the enzyme limits the overall reaction rate. Cyclic vol-
tammograms were recorded for scan rates in the range
5-100 mV s~' in the absence of substrate, and at
20 mV s~ in the presence of saturating hydrogen peroxide
(125 uM). In the absence of substrate, the peak current is
given by the equation

ip = 2.69 x 10°n*2ADY2Cy'/?, (4)
whereas the catalytic current is given by Eq. 2. From the

slope (0.20 & 0.01) of the (icafip) versus (1/v)"? plot, a
pseudo-first-order rate constant X' = (0.31 % 0.03) s~ was
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determined, which corresponds to an intermolecular elec-
tron transfer rate constant k = (3.1 £ 0.3) x 10° M~ 7!
for the mediated catalysis of oxidized P. stutzeri CCP by
P. stutzeri cytochrome c-551.

The good agreement between the k values using dif-
ferent approaches is an indication that the conditions
required to analyse the data according to the model
depicted in Fig. 4 were met.

A similar set of experiments was performed with the
mixed-valence enzyme. As mentioned (see “Materials and
methods”), a fraction of the enzyme was purified in the
mixed-valence state, but to guarantee that the high-potential
haem of P. stutzeri CCP was reduced, experiments in the
presence of sodium ascorbate were also performed [16]. As
observed for the oxidized form, when both P. stutzeri cyto-
chrome c-551 and mixed-valence P. stutzeri CCP are present
in solution, the peak-shaped voltammograms transform, in
the presence of increasing amounts of hydrogen peroxide,
into a sigmoidal wave characteristic of a catalytic E,C;
mechanism. Fitting the variation of the catalytic current with
hydrogen peroxide concentration to the Michaelis—-Menten
equation (Eq. 1), we estimated values of Ky = (32 £+ 4) uM
and k= (57 £ 0.5) x 10° M 's7! for the Michaelis—
Menten and intermolecular electron transfer rate constants,
respectively.

Figure 5 shows the fit of the experimental i—FE curve
obtained for the mixed-valence enzyme in the presence of
125 pM hydrogen peroxide to the theoretical wave for a
catalytic E,C! mechanism [28, 38]:

nFAC, (Dk/C(jcp)l/2

j = M e . 5
1 +exp[iL(E—Ep)] )

0.2

-0.2 4

i/ pA

-0.6
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Fig. 5 Catalytic curve obtained for 1 tM mixed-valence enzyme and
100 pM P. stutzeri cytochrome c¢-551 in the presence of 125 uM
H,0, (continuous line) and theoretical wave for a catalytic ErC;
mechanism according to Eq. 5 (dashed line)

Fitting of the forward branch of the wave to Eq. 5 leads to

the half-wave potential E;, = 208 mV (=E") and K =
0.45 s~! which corresponds to k = 4.5 X 10° M sl

The similarity of the results obtained for Ky and k, using
either the fully oxidized or the mixed-valence CCP, shows
that the oxidation state of the high-potential haem of the
enzyme has no effect on the mediated catalysis by
P. stutzeri cytochrome c-551. These results support the
proposal that the enzyme is readily active upon reduction,
since the (tightly) Ca®" binding site is already filled in the
resting oxidized state.

Conclusions

The activation mechanism of P. stutzeri CCP was inves-
tigated using the physiological partner P. stutzeri cyto-
chrome c-551 as an electron relay for mediated catalysis.
A PG membrane electrode was used and this configuration
was demonstrated once more to be a useful option for the
electrochemical analysis of biological systems. The catal-
ysis was analysed by cyclic voltammetry for both the
oxidized enzyme and the mixed-valence enzyme. All
experiments were done in the absence of added calcium.
Similar intermolecular rate constants were estimated for
the two forms of P. stutzeri CCP.

Previous spectroscopic studies had suggested that
P. stutzeri CCP needs calcium ions to be active but, unlike
other CCPs, is isolated in a dimeric form with one tightly
bound Ca™ and is active as soon as the mixed-valence
state is attained. Further characterization of P. stutzeri CCP
and cytochrome c¢-551 to elucidate the nature of the
intermolecular electron transfer and the catalytic mecha-
nism has now been reported. The electrochemical results
presented for the mediated catalysis of oxidized and mixed-
valence P. stutzeri CCP confirm that the activation mech-
anism of the enzyme is fast, since no differences were
detected between the results obtained for each form.

Analysis of the activation mechanism through direct
electron transfer of P. stutzeri CCP was not possible, since
an altered form of the enzyme is induced by interaction
with the PG surface, as observed for the P. pantotrophus
CCP.
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ABSTRACT:

Aldehyde oxidase (AOX) is characterized by a broad substrate
specificity, oxidizing aromatic azaheterocycles, such as N'-meth-
ylnicotinamide and N-methylphthalazinium, or aldehydes, such as
benzaldehyde, retinal, and vanillin. In the past decade, AOX has
been recognized increasingly to play an important role in the me-
tabolism of drugs through its complex cofactor content, tissue
distribution, and substrate recognition. In humans, only one AOX
gene (AOX71) is present, but in mouse and other mammals different
AOX homologs were identified. The multiple AOX isoforms are
expressed tissue-specifically in different organisms, and it is be-
lieved that they recognize distinct substrates and carry out differ-
ent physiological tasks. AOX is a dimer with a molecular mass of
approximately 300 kDa, and each subunit of the homodimeric

enzyme contains four different cofactors: the molybdenum cofac-
tor, two distinct [2Fe-2S] clusters, and one FAD. We purified the
AOX homolog from mouse liver (NAOX3) and established a system
for the heterologous expression of mAOXS3 in Escherichia coli. The
purified enzymes were compared. Both proteins show the same
characteristics and catalytic properties, with the difference that
the recombinant protein was expressed and purified in a 30%
active form, whereas the native protein is 100% active. Spectro-
scopic characterization showed that FeSll is not assembled com-
pletely in mAOXa3. In addition, both proteins were crystallized. The
best crystals were from native mAOX3 and diffracted beyond 2.9 A.
The crystals belong to space group P1, and two dimers are present
in the unit cell.

Introduction

Aldehyde oxidase (AOX) is a complex molybdoflavoprotein that
belongs to a family of structurally related molybdoenzymes that bind
the molybdenum cofactor (Moco) (Hille, 1996). AOX is homologous
to xanthine oxidoreductase (XOR), another mammalian molybdofla-
voenzyme, and both AOX and XOR show a remarkable degree of
sequence similarity (Krenitsky, 1978; Garattini et al., 2003). AOX is
active as a homodimer, and each 150-kDa monomer consists of three
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separate domains that bind different cofactors: the 20-kDa N-terminal
domain binds two distinct [2Fe-2S] clusters, the 40-kDa central do-
main binds the FAD cofactor, and the 80-kDa C-terminal domain
binds Moco (Garattini et al., 2008). Moco-containing enzymes are
divided further into three different families, the xanthine oxidase (XO)
family, the sulfite oxidase family, and the dimethyl sulfoxide reduc-
tase family, which are classified in accordance to the ligands at the
molybdenum active site (Hille, 1996).

Members of the XOR family are characterized by an equatorial
sulfur ligand at the Moco that is essential for enzyme activity (Wahl
and Rajagopalan, 1982). Given the similarities in the overall struc-
tures and subunit composition of AOX and XOR, the properties of the
two enzymes are related closely. Both enzymes are present in the
cytosol and are found in all vertebrates (Garattini et al., 2003).
However, the primary difference is that XOR can exist in two inter-
convertible forms, XO and xanthine dehydrogenase (XDH) (Nishino
et al., 2008), whereas AOX solely exists in the oxidase form. AOX
uses only molecular oxygen as the electron acceptor, in contrast to

ABBREVIATIONS: AOX, aldehyde oxidase; Moco, molybdenum cofactor; XOR, xanthine oxidoreductase; XO, xanthine oxidase; XDH, xanthine
dehydrogenase; MCSF, Moco sulfurase; mAOX, mouse aldehyde oxidase; mMCSF, mouse Moco sulfurase; Ni-NTA, nickel-nitrilotriacetic acid;
PAGE, polyacrylamide gel electrophoresis; DCPIP, 2,6-dichlorophenolindophenol; ICP-MS, inductively coupled plasma mass spectrometry; CD,

circular dichroism; ESRF, European Synchrotron Radiation Facility.
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XOR, which transfers electrons to NAD* and oxygen in the XDH and
XO forms, respectively. It is notable that the substrate and inhibitor
specificities of XOR and AOX are different, and, in general, AOX has
the ability to oxidize a broader range of substrates than XOR (Kren-
itsky et al., 1972). Typical substrates for AOX are compounds con-
taining an aldehyde function, nitro/nitroso compounds, or N-hetero-
cycles (Pryde et al., 2010). The biochemical and physiological
functions of AOX in humans are still largely obscure. Single mono-
genic deficits for any AOX have not been described so far in mam-
malia; however, AOX is not essential for humans because genetic
deficiencies in the Moco sulfurase (MCSF) gene are not associated
with pathophysiological consequences. The ability of AOX to oxidize
N-heterocycles makes it an important enzyme in the metabolism of
drugs and xenobiotics (Pryde et al., 2010). In animals, AOX is likely
to detoxify exogenously derived nonphysiological compounds of wide
structural diversity, and it is believed that the absence of AOX leads
to symptoms under unusual circumstances of high intake of such
xenobiotics. In humans, only one gene for AOX exists, whereas in
mice and other mammals different homologs of AOX were identified
(Garattini et al., 2003). Because the identified proteins are highly
homologous with the originally known AOX (named AOXI1, the first
vertebrate AOX identified and characterized), the three related pro-
teins are known currently as AOX3, AOX4, and AOX3L1 (formerly
AOH1, AOH2, and AOH3, respectively) (Garattini et al., 2003; Terao
et al., 2006; Garattini and Terao, 2011). These multiple AOX isoforms
are expressed tissue-specifically in different organisms, but their
existence and expression pattern vary in different animal species
(Garattini et al., 2003; Terao et al., 2006). It is believed that the
various AOX isoforms recognize distinct substrates and carry out
different physiological tasks.

The best studied AOX homologs are the ones identified in mouse.
The tissue distribution of mouse AOX3 (mAOX3) is superimposable
to that of mAOXI1, and the two enzymes are synthesized predomi-
nantly in hepatic, lung, and testicular tissues (Vila et al., 2004).
Therefore, comparison of the enzymatic properties of mAOX3 and
mAOXT is particularly relevant but so far has been very difficult
(Terao et al., 2001).

In this study, we established a reproducible system for the expres-
sion of mAOX3 in Escherichia coli in a 30% functional form. The
recombinant protein was compared in detail with the native protein
purified from mouse liver as to its kinetic and spectroscopic proper-
ties. It was shown that both proteins had similar properties, although
in comparison to mAOX1 the FeSII saturation was lower. The heter-
ologous expression system for mAOX3 provided us with enough
material to perform broad crystallization screenings. The vast majority
of the crystallization trials were performed using the recombinant
protein, and the crystallization conditions obtained were used to
reproduce crystals using the native mAOX3 protein purified from
mouse livers. We were able to obtain a usable dataset to a resolution
of 2.9 A with native mAOX3 crystals.

Materials and Methods

Bacterial Strains, Plasmids, and Growth Conditions. E. coli TP1000
(AmobAB) (Palmer et al., 1996) cells were used for the coexpression of
wild-type mAOX3 with mouse MCSF (mMCSF) (pSS110) (Schumann et al.,
2009). E. coli expression cultures were grown in Luria-Bertani medium under
aerobic conditions at 30°C for 24 h.

Cloning and Expression. The cDNA of mAOX3 was cloned from mouse
CDl1 liver (Vila et al., 2004) using primers designed to permit cloning into the
Ndel and Sall sites of the expression vector pTrcHis (Temple et al., 2000). The
resulting plasmid was designated pMMAI1 and expresses mAOX3 as an
N-terminal fusion protein with a Hisy tag. For heterologous expression in E.
coli, pMMA1 and pSS110 (Schumann et al., 2009) were transformed into
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TP1000 cells. To express the recombinant proteins, cells were grown at
30°C in 14 liters of Luria-Bertani medium supplemented with 150 wg/ml
ampicillin, 50 wg/ml chloramphenicol, 1 mM molybdate, and 10 M iso-
propyl B-D-thiogalactoside.

Purification of Recombinant mAOX3. After 24 h of expression at 30°C
and low aeration, the cells were harvested by centrifugation and resuspended
in 50 mM sodium phosphate buffer (pH 8.0) and 300 mM NaCl. To disrupt the
cells, a cell disruptor (TS Benchtop Series; Constant Systems, Northampton-
shire, UK) was used at 12°C and 1.35 kbar in the presence of DNase I and
lysozyme (1 mg/l). The cleared lysate was loaded onto a nickel-nitrilotriacetic
acid (Ni-NTA) (QIAGEN, Valencia, CA) column using 0.2 ml of resin per liter
of culture. Two washing steps were performed with 35 and 50 mM imidazole,
and mAOX3 was eluted with 250 mM imidazole. Buffer was exchanged to 50
mM potassium phosphate (pH 7.8) and 0.1 mM EDTA, using PD10 columns
(GE Healthcare, Chalfont St. Giles, Buckinghamshire, UK). To increase the
activity of the enzyme, chemical sulfuration was performed under conditions
similar to those reported previously (Massey and Edmondson, 1970; Wahl et
al., 1982). The purified enzyme was incubated for 1 h with 500 uM sodium
dithionite, 25 uM methyl viologen, and 2 mM sodium sulfide in an anaerobic
chamber (Coy Lab Systems, Grass Lake, MI). After buffer exchange to 50 mM
sodium phosphate (pH 8.0) and 300 mM NacCl, the protein sample was loaded
onto a Superose 6 column (GE Healthcare), and fractions containing dimeric
mAOX3 were combined and stored in 100 mM potassium phosphate (pH 7.4)
at —80°C.

To cleave the N-terminal His, tag, the enzyme was incubated in 50 mM
Tris-HCI (pH 8.0) and 1 mM EDTA at 4°C for 12 h. The thrombin cleavage
site introduced by pTrcHis was used, and the 17 amino acid sequence con-
taining the His, tag was cleaved after Argl7 (Temple et al., 2000). The protein
was purified afterward by size exclusion chromatography using a Hil.oad
26/60 Superdex 200 column (GE Healthcare) equilibrated with 50 mM sodium
phosphate (pH 8.0) and 300 mM NaCl. The fractions containing the dimeric
Hiss-mAOX3 were combined and concentrated by ultrafiltration (Amicon
50-kDa molecular weight cut-off; Millipore Corporation, Billerica, MA) to a
final concentration of 17.8 mg/ml. Protein aliquots were frozen in liquid
nitrogen and stored at —80°C until usage, without loss of activity.

Purification of Native mAOX3. Native mAOX3 was purified following
the protocol described by Terao et al. (2001). One hundred CD1 mouse livers
were homogenized in three volumes of sodium phosphate buffer (pH 7.5) with
an Ultra-Turrax (Omni 2000; Omni International, Kennesaw, GA), and the
cleared lysate was heated to 55°C for 10 min. After ammonium sulfate
precipitation overnight (50% saturation), the pellet was resuspended and sub-
jected to benzamidine Sepharose chromatography (GE Healthcare, Munich,
Germany). The protein was purified further using a linear NaCl gradient on a
5/5 FPLC Mono Q column (GE Healthcare).

SDS-Polyacrylamide Gel Electrophoresis. SDS-polyacrylamide gel elec-
trophoresis (PAGE) was performed as described by Laemmli (Laemmli UK,
1970) using 10% polyacrylamide gels. The gels were stained with Coomassie
Brilliant Blue R (Sigma, Munich, Germany). The mAOX3 activity was visu-
alized on native polyacrylamide gels by staining with 25 mM benzaldehyde
and 1 mM 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium in 50 mM Tris
(pH 8.0) (Pérez-Vicente et al., 1992).

Enzyme Assays. Enzyme assays were performed at 37°C in 50 mM
Tris-HC1 (pH 8.0) and 1 mM EDTA with variable substrate (0-250 uM
benzaldehyde, 0—10 mM butyraldehyde, and 0-500 uM 2-OH-pyrimidine)
and purified mAOX3 (50-200 nM) concentrations. As electron acceptors, 100
uM 2,6-dichlorophenolindophenol (DCPIP) or 1 mM potassium ferricyanide
were used in a final reaction volume of 500 wl. Enzyme activity was monitored
at 600 nm for DCPIP and 420 nm for ferricyanide. Specific activity was
calculated using the molecular extinction coefficient of 21,400 M~ ' cm ™! for
mAOX3. Kinetic parameters were obtained by nonlinear fitting of the Michae-
lis-Menten equation or the substrate inhibition equation using R, build 2.12.00
(R Development Core Team, 2010).

Metal Analysis by Inductively Coupled Plasma Mass Spectrometry. The
molybdenum and iron contents were determined using inductively coupled
plasma mass spectrometry (ICP-MS) (PE SCIEX ELANG6000; PerkinElmer
Life and Analytical Sciences, Waltham, MA). Samples of 500 ul containing 5
uM protein were wet-ashed with 32.5% nitric acid at 100°C overnight. Three
hundred microliters of the wet-ashed sample was diluted with water into 5 ml,
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and metal presence was quantified by ICP-MS using a multielement standard
solution (XVI; Merck, Darmstadt, Germany) and an internal yttrium standard.

FAD Analysis by High-Performance Liquid Chromatography. FAD
was determined by the AMP content after the hydrolysis of 20 uM mAOX3 in
5% sulfuric acid for 10 min at 95°C. Released AMP was detected on a C18
reversed-phase column as reported previously (Schmitz et al., 2008) and
quantified against a FAD standard.

Circular Dichroism Spectroscopy. UV/visible circular dichroism (CD)
spectra of 8 M enzyme samples were recorded in 50 mM potassium phosphate
(pH 7.8) and 0.1 mM EDTA, using a CD spectrophotometer (J-715; Jasco,
Tokyo, Japan). The scanning mode was set stepwise, for each nanometer a data
pitch was recorded with a response time of 2 s, and each measurement was
repeated four times.

EPR Spectroscopy. The 9.5-GHz X-band EPR spectra were recorded on an
ESP300E spectrometer (Bruker, Newark, DE) equipped with a TE,,, micro-
wave cavity (Bruker, Madison, WI). For temperature control between 5 and
300 K, a helium flow cryostat (ESR 900; Oxford Instruments, Oxfordshire,
UK) with a temperature controller (ITC4; Oxford Instruments) was used. The
microwave frequency was detected with a frequency counter (EIP Microwave
Inc., San Jose, CA). The magnetic field was calibrated using a Li/LiF standard
with a known g value of 2.002293 = 0.000002 (Stesmans and Van Gorp,
1989). Samples (typically 0.1 mM enzyme) were prepared in quartz tubes with
an outer diameter of 4 mm. Chemical reduction to generate the reduced
Fe(II)/Fe(Ill) form of the FeS clusters was performed by adding a small
volume of anaerobic sodium dithionite solution to the protein solution under a
weak stream of argon gas (20-fold excess dithionite with respect to the
protein). The sample tubes were frozen in liquid nitrogen after a color change
was observed (typically a reaction time of 30 s). Baseline corrections, if
required, were performed by subtracting a background spectrum, obtained
under the same experimental conditions, from the spectrum of a sample
containing only a buffer solution. Simulations of the experimental EPR spec-
tra, based on a spin Hamilton operator approach, were performed with the
program EasySpin (Stoll and Schweiger, 2006).

Crystallization. Initial crystallization studies were pursued with the puri-
fied recombinant mAOX3. Several additives as well as some known mAOX3
inhibitors (e.g., menadione) were tested to optimize the crystals. Ionic liquids
(butylmethylimidazolium chloride and 1-butyl-3-methylimidazolium diethyl-
eneglycolmonomethylethersulfate) also were tested as additives, because, in a
similar case of crystal optimization, this proved to be a very attractive alter-
native (Coelho et al., 2010). The best protein needles of recombinant mAOX3
were obtained in the following conditions: 12 to 16% polyethylene glycol
8000, 0.1 M potassium phosphate (pH 7.0), equal amounts of protein (17.8
mg/ml, incubated with fresh dithiothreitol at 4°C for 1 h), and precipitant
solutions at 20°C (Fig. 1a). Because His tags usually have little effect on the
protein native structure but can have an impact in crystallization (Carson et al.,
2007), the recombinant protein His, tag (with 17 residues) was cleaved. With
this protein preparation, crystals also were formed under similar conditions but
without significant improvement.

Similar crystallization conditions were tested for mouse liver mAOX3:
buffer pH was adjusted to 6.5, protein concentration was decreased to 10
mg/ml, and 2 mM EDTA was added to the crystallization solution. Larger,
rectangular crystals (0.40 X 0.15 X 0.05 mm; Fig. 1b) of the native mAOX3

Fic. 1. Crystals of mAOX3 protein: needles from the recombinant protein (a) and
crystals from native mouse liver protein (b).

1941

Fic. 2. Diffraction pattern of the native mAOX3 protein obtained at ID14-1
(A) before (top left quadrant) cand after reannealing and at ID23-1 (ESRF) (B). The
resolution at the edge is 3.0 A in both images.

were formed reproducibly. These were the only crystals that allowed collection
of a usable diffraction data set.

Data Collection, Processing, and Structure Solution. All of the tested
crystals were flash-cooled directly in liquid nitrogen, using Paratone oil
(Hampton Research, Aliso Viejo, CA) as cryoprotectant. Some of the native
mAOX3 crystals diffracted to 6 A, but after being annealed, diffraction
improved dramatically to a resolution beyond 3 A (Fig. 2). A first data set
(mNAT-I) consisting of 180° of data were collected at ID14-1 at the European
Synchrotron Radiation Facility (ESRF) (Grenoble, France) (Table 1). The
crystal belonged to space group P1, with unit cell dimensions a = 91.07 A, b =
135.02 A, ¢ = 14748 A, « = 78.27°, B = 77.77°, and y = 89.96°. The
calculated Matthews coefficient was 2.89 A> Da~', corresponding to two
dimers in the unit cell with a solvent content of 57.4% (Matthews, 1968).
Because the data were very anisotropic and the mosaicity was high, the initial
data processing using iMosflm 1.0.4 was incomplete (~89% complete to 2.9
A) (Leslie, 1992). The same crystal was measured later at ID23-1 at the ESRF.
Although a full 360° of data were collected, only approximately 220° were
useable (mNAT-II), because the crystal was very anisotropic. The two data sets
were merged to increase the completeness and improve the multiplicity. The
resulting data set presents very high precision-indicating merging R factor (as
expected) and is only ~80% complete to 2.9 A (mNAT), but the overall
redundancy improved to ~3.0. The structure of the mAOX3 will be solved by
molecular replacement using BALBES on the mNAT-I data set (Long et al.,
2008) in the future. The bovine milk XDH structure (Protein Data Bank code
3BDJ) can be used as a search model (Okamoto et al., 2008), and four
monomers were found in the unit cell.

Results and Discussion

Comparison of Recombinant mAOX3 Expressed in E. coli with
the Native Protein Purified from Mouse Livers. Several heterolo-
gous expression systems for mammalian AOX have been described.
So far, a main drawback of these systems is the low catalytic activity
of the purified enzymes due to the low Moco content or reduced
content of the terminal Mo=S ligand at the Mo site (Huang et al.,
1999; Adachi et al., 2007). In a previous report, we described suc-
cessful purification of mAOX1 in an active form, after simultaneous
expression of mAOX1 and mMCSF in E. coli TP1000 cells (Schu-
mann et al., 2009). This approach ensured a higher level of sulfurated
Moco insertion into the enzyme and resulted in a 20% active enzyme
that could be purified in a reproducible manner. We adapted this
system for the expression of mAOX3. Comparison of the activity of
mAOX3 after expression in the presence or absence of mMCSF
showed that the content of the terminal sulfur ligand was increased by
19% in the presence of mMCSF (M. Mahro and S. Leimkuhler,
unpublished observations). Thus, we have used this system for the
expression of catalytically active recombinant mAOX3.

Recombinant mAOX3 was purified from 14 liters of E. coli culture
using sequential Ni-NTA chromatography and size exclusion chro-
matography. In addition, a chemical sulfuration step was performed to
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TABLE 1

X-ray crystallography data collection statistics

Values in parentheses correspond to the highest resolution shell.

Crystal Sample

mNAT-I mNAT-II mNAT (Merged)

X-ray source ID 14-1 ID 23-2
Crystal system Triclinic Triclinic Triclinic
Unit-cell parameters (A, °)

a, b, c, A 91.07, 135.02, 147.48 91.54, 135.83, 147.84,

o B,y ° 78.27,77.77, 89.96 78.22,77.89, 89.97
Maximum resolution, A 2.9 32 3.0
Mosaicity, ° 1.0 1.0 1.0
Molecules per asymmetric unit 4 4 4
Matthews coefficient, A3/Da 2.89 2.93
Space group P1 P1 P1
Wavelength, A 0.934 0.975

No. of observed reflections
No. of unique reflections

219,268 (20,892)
133,319 (16,784)

Resolution limits, A 51.1-2.9
Redundancy 1.6 (1.2)
Completeness, % 89.8 (77.3)
R % 5.6 (14.0)
Ilo 9.6 (3.6)

223,954 (24,999)
78,529 (10,857)

338,761 (41,810)
112,209 (16,428)

50.0-3.2 50 0.0-3.20
2.8(2.2) 3.0 (2.5)

69.5 (65.1) 81.8 (81.7)

14.3 (68.9) 17.5 (63.4)
6.3 (1.4) 7.0 (4.2)

further increase the activity of the enzyme 1.4-fold (Table 2). The
purification protocol used for mAOX3 is summarized in Table 2. The
overall purification of recombinant mAOX3 from the soluble fraction
was more than 35.7-fold with a yield of 2.3%. The total yield was 0.8
mg of pure enzyme per liter of E. coli culture. For comparison, we
also purified native mAOX3 from CD1 livers according to the pro-
tocol described by Terao et al. (2001).

SDS-PAGE performed under reducing conditions demonstrated the
presence of one major band with a size of 150 kDa for both proteins
after purification (Fig. 3). Under these experimental conditions, ad-
ditional bands of minor intensity with sizes of 130, 80, 70, and 55 kDa
that were not present in native mAOX3 were observed for the recom-
binant protein (Fig. 3). Electrospray mass spectrometry analysis re-
vealed that these bands were degradation products of mAOX3 (data
not shown). These degradation products were only detected after the
incubation of the protein with B-mercaptoethanol. Both proteins were
detectable as a single band in native PAGE visualized by activity
staining or Coomassie Blue staining (Fig. 4). The recombinant protein
has a slightly different migration behavior on polyacrylamide gels due
to the presence of the N-terminal His, tag (2 kDa). Both native and
recombinant mAOX3 eluted from size exclusion chromatography
columns mainly at a size of 300 kDa, indicating a functional dimer as
the main product of expression and purification (data not shown). The
UV/visible spectra of both proteins are identical and display typical
features of molybdoflavoenzymes (Fig. 5). The A,g,/A44, ratio of 5.2
for the recombinant protein indicates the high purity of the enzyme.

The proportion for the native enzyme was similar. The A,,,/Ass,
absorbance ratio in the UV/visible spectrum was calculated to be 3.1
for the recombinant enzyme and 3.1 for the native enzyme, demon-
strating that both proteins were saturated fully with FAD. In addition,
the FAD content of both proteins was determined to be 100% by
quantifying the AMP content of the protein. The molybdenum and
iron contents were quantified by inductively coupled plasma optical
emission spectroscopy (Table 3) and revealed levels for the recombi-
nant mAOX3 of 58.0 = 0.2% saturation for molybdenum and 57.6 =
0.3% saturation for iron (with respect to the 2X[2Fe-2S] clusters). For
the native mAOX3, the molybdenum saturation was determined to be
103.8 £ 0.2% and the iron saturation was determined to be 53.0 =
0.6%. Thus, the overall metal content for both proteins is comparable
but displays an incomplete saturation for both metals. The cyanoly-
zable sulfur was determined to be present to 33 = 0.5% for recom-
binant mAOX3, whereas the native protein is expected to be fully
sulfurated when the activities of the two enzymes are compared (see
below).

Steady-State Kinetics of mAOX3 with Different Substrates.
Apparent k., and K,, values were determined by the rate of
K;[Fe(CN)g] reduction at 420 nm and 25°C in 100 mM potassium
phosphate buffer (pH 7.4) (Table 4). Initial rates were plotted against
substrate concentrations and fitted nonlinearly to the Michaelis-Men-
ten equation. As substrates, benzaldehyde, butyraldehyde, and 2-OH-
pyrimidine were used, and the results were found to be similar to
literature data (Vila et al., 2004). Kinetic parameters of native and

TABLE 2
Purification of recombinant mAOX3 after expression in E. coli TP1000 cells

Total protein was quantified with the Bradford assay (Bradford, 1976). The activity was measured by monitoring the decrease in absorption at 600 nm in the presence of 250 uM
benzaldehyde and 100 uM DCPIP. Specific enzyme activity is defined as the oxidation of 1 uM benzaldehyde per minute and milligram of enzyme under the assay conditions.

Benzaldehyde/DCPIP Activity

Step Volume Total Protein
Total Activity Specific Enzyme Activity Yield Fold Purification
ml mg U 1U/mg %
Crude extract 280 17,513 163.3 0.009 77 0.8
Cleared lysate 280 18,354 212.9 0.012 100 1.0
Flow-through 280 18,597 170.8 0.009 80 0.8
Ni-NTA 30.4 35 3.6 0.104 1.71 9.0
Chemical sulfuration 49.4 32 5.0 0.158 2.34 13.6
Superose 6 15.2 12 4.9 0.414 2.30 35.7
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Fic. 3. A 12% SDS-PAGE analysis of mAOX3 purification after heterologous
expression in E. coli. The protein was purified after Ni-NTA chromatography, a
chemical sulfuration step, and Superose 6 chromatography. Purified mAOXI1 dis-
plays a molecular mass of 150 kDa on SDS-PAGE, and the bands with molecular
masses of 130, 80, 70, and 50 kDa correspond to degradation products of recom-
binant mAOX3, as determined by mass spectrometry. Lane 1, recombinant mAOX3
E. coli crude extract; lane 2, recombinant mAOX3 after Ni-NTA chromatography;
lane 3, recombinant mAOX3 after chemical sulfuration; lane 4, recombinant
mAOX3 after Superose 6 chromatography; lane 5, native mAOX3.

recombinant mAOX3 are in agreement considering that the activity
of the recombinant enzyme is only 30% due to the limited satura-
tion of the cyanolyzable sulfur ligand. The values reported in the
literature are slightly different, probably due to different experi-
mental conditions.

CD Spectroscopy. CD spectra of the air-oxidized forms were
measured in the region from 250 to 850 nm. The spectra of the
recombinant and native mAOX3 were found to be identical (Fig. 6).
The spectra of the oxidized enzymes exhibited strong negative CD
bands at approximately 350 to 400 nm and 520 to 580 nm and intensive

A B
M 1 B 3 4

o -
e d -

66

FiG. 4. Comparison of recombinant and native mAOX3 by SDS-PAGE and native
PAGE. A, purified mAOX3 (2 ug per lane) was analyzed by 10% SDS-PAGE and
stained by Coomassie Blue. Bands at molecular masses of 130, 80, 70, and 50 kDa
were identified as degradation products by electrospray ionization mass spectrom-
etry analysis. Lane 1, recombinant mAOX3; lane 2, native mAOX3. B, native
PAGE of purified mAOX3 (2 ug per lane) was stained by activity staining with 25
mM benzaldehyde and 1 mM 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
as substrates. Lane 3, recombinant mAOX3; lane 4, native mAOX3. Recombinant
mAOX3 has reduced gel mobility due to the N-terminal His, tag, which increases
the molecular mass by approximately 2 kDa.
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Fic. 5. Characterization of native and recombinant mAOX3 by UV/visible absorp-
tion spectroscopy. Spectra of air-oxidized recombinant mAOX3 (solid line) and
native mAOX3 (dotted line) were recorded in 50 mM potassium phosphate (pH 7.4)

under aerobic conditions. Recorded spectra were normalized to a concentration of
10 uM.

positive bands between 400 and 500 nm (Fig. 6). From the various
maxima and inflections, transitions can be identified at 380 (—), 432 (+),
474 (+), and 552 (—) nm. The visible CD spectra of oxidized mAOX3
for the recombinant and the native protein are similar. There are differ-
ences in comparison to the CD spectrum obtained for mAOX1 (Schu-
mann et al., 2009), especially in the region around 372 and 434 nm,
indicating differences in the structure of FeSII.

EPR Spectroscopy of the mAOX3 [2Fe-2S] Clusters. Because
the purified mAOX3 proteins showed a reduced level of iron, the
[2Fe-2S] clusters were characterized by EPR spectroscopy. Figure 7
shows the EPR spectra of native and recombinant dithionite-reduced
wild-type mAOX3 with the corresponding simulations. The spectra
display signals from several superimposed paramagnetic species,
which are usually observed for enzymes of the XO family. However,
the most prominent signals are the characteristic EPR signals assigned
to the two iron sulfur centers FeSI and FeSII, which are similar for all
of the members of the XO family that have been described to date
(Hille, 1996; Parschat et al., 2001). FeSI has EPR properties showing
a rhombic g tensor similar to those of many other [2Fe-2S] proteins,
being fully developed at relatively high temperatures (up to 7' = 80
K), whereas FeSII has unusual EPR properties for [2Fe-2S] species
with a strongly rhombic g tensor, showing broad lines that can only be
observed clearly at much lower temperatures (7 < 40 K). The g values
and line widths were evaluated by simulating the spectra using the
program EasySpin (Stoll and Schweiger, 2006). In both proteins, FeSI
has similar EPR properties, including the typical, rhombic g tensor as
observed for the other [2Fe-2S] of the ferredoxin type (Table 5). The
spectra indicate heterogeneities of FeSI, which can be seen especially
for the g, components. FeSII shows only weak signals in both
mAOX3 preparations at lower temperatures, indicating incomplete
saturation of FeSII for both recombinant and native mAOX3. How-

TABLE 3

Determination of the molybdenum and iron content for native and recombinant
mAOX3

Molybdenum was quantified by ICP-MS, as described under Materials and Methods. Iron
was determined by ICP-MS, as described under Materials and Methods.

mAOX3 Mo Content Fe Content

%
Native 103 £0.2 53 0.6
Recombinant 58 £0.2 57 0.3
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TABLE 4

Steady-state kinetic parameters of recombinant and native mAOX3, with different
aldehyde and purine substrates
Apparent kinetic parameters were recorded in 100 mM potassium phosphate (pH 7.4) by

varying the concentration of substrate in the presence of 1 mM ferricyanide as an electron
acceptor.

Native mAOX3 Recombinant mAOX3

Keat Ky Kea Kyt

/min uM l/min M
Benzaldehyde 130 =8 13+6 44 =2 20+ 6
Butyraldehyde 384 = 40 29 £8 140 = 10 265
2-OH-pyrimidine 1279 =55 173 = 18 413 £ 16 97 = 11

ever, native mAOX3 displays a slightly higher amount of FeSII.
Under the experimental conditions to reduce the proteins, no clear
signals of the reduced flavin semiquinone (FAD) or Moco (Mo")
were observed. The line widths and positions of the FeS signals at
lower temperatures were affected by magnetic interactions. Due to the
additional heterogeneities present in the samples, a reliable simulation
of FeSII to determine the exact level of FeSII saturation in the
enzymes was not possible. Therefore, we report only the g values for
FeSI. The obtained g tensor and line width for FeSI of mAOX3 are
almost identical to the values previously published for mAOX1
(Schumann et al., 2009), indicating the high structural similarity of the
proteins as expected from the amino acid sequence identity of 61%.

Protein Crystallization, Data Collection, and Structure Solu-
tion. Expression and purification of recombinant mAOX3 was crucial
for the crystallization and structure determination of the native pro-
tein. The vast majority of the crystallization trials were performed
using the recombinant protein (Fig. 1A), overcoming the restrictions
imposed by the limited amount of the native mouse protein available.
Thus, it was possible to identify suitable crystallization conditions,
which were applied successfully to the native protein purified from
the mouse liver (Fig. 1B). In spite of the very difficult handling of the
crystals and the fact that most of the crystals tested for diffraction did
not yield measurable data, we were able to obtain a usable data set
with a resolution of 2.9 A at ID14-1 and ID23-1 at the ESRF (Fig. 2).
With these data, the structure of mAOX3 can be solved by molecular
replacement methods in the future using homologous XOR as a search
model. The present work constitutes a major achievement because it
will help to obtain the first crystal structure of AOX, an enzyme of
well known importance in drug metabolism and therefore of increas-

1.5

CD (mdeg)

'1 -0 T T T T
350 400 450 500 550 600

Wavelength (nm)

Fic. 6. CD spectra of native and recombinant mAOX3. Spectra recombinant
mAOX3 (solid line) and native mAOX3 (dotted line) were recorded in 50 mM
potassium phosphate (pH 7.8) and 0.1 mM EDTA at 10°C using a CD spectrometer.
The protein concentration was 8 uM.

MAHRO ET AL.

AOX3 mouse

AOX3 recombinant

AOX3 mouse

AOX3 recombinant

310 320 330 340 350 360 370 380
magnetic field / mT

Fic. 7. EPR spectra of native and recombinant mAOX3. The figure shows the
dithionite-reduced native mAOX3 (top spectrum) and recombinant mAOX3 (bot-
tom spectrum) at temperatures of 40 and 10 K with the corresponding simulations
(dashed traces). In both proteins, FeSI has similar EPR properties, showing a
rhombic g tensor as observed for other [2Fe-2S] ferredoxins. FeSII shows only weak
signals in mAOX3 at 10 K, whereas a slightly higher amount of FeSII is observed
in native mAOX3.

ing importance in recent drug design programs (Pryde et al., 2010).
Furthermore, the crystal structure of mAOX3 will allow us to explain
and understand the mechanistic and substrate specificity differences
observed between AOX and XOR despite their remarkable similarity.

Conclusions

We have reported a system for heterologous expression of mAOX3
in E. coli. To ensure a higher sulfuration level of mAOX3, we
engineered E. coli for simultaneous expression of the mMCSF and
mAOX3 proteins, as reported previously for mAOX1 (Schumann et
al., 2009). After coexpression with mMCSF and chemical sulfuration,
30% of mAOX3 exists in the catalytically active form. The recombi-
nant mAOX3 displays similar catalytic properties in comparison to
those of the enzyme purified from mouse livers. This finding dem-
onstrates that the protein was folded correctly in mMCSF-engineered
E. coli cells and could be used for more detailed analyses. The
recombinant enzyme displayed only 30% of the activity with benzal-
dehyde, butyraldehyde, or 2-OH-pyrimidine as substrates in compar-
ison to that of the native enzyme, values that are consistent with its
sulfuration level. Both recombinant and native mAOX3 were com-
pared in detail on the basis of their spectroscopic properties. The EPR
spectra of mAOX3 were found to be very similar to those from the
mAOX1 protein, showing a rhombic signal for FeSI (Schumann et al.,
2008). There are essentially no differences in the g values and line
widths for the native and the recombinant enzymes. However, in
particular, the FeSII center was not saturated fully in both enzymes, a
finding that is consistent with the iron saturation of both enzymes.
Because FeSIlI is the more surface exposed FeS cluster of the two, as
revealed by the crystal structure of bovine XO/XDH, it might be
possible that the cluster is partially lost during the purification of
the enzymes. At least, the lower saturation of FeSII is not based on
the inability of the E. coli system to insert the cluster correctly,
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TABLE 5
EPR line widths and g values of FeSI and FeSII from mAOX3

The g strain was included in the simulation with 0.04 for g,. The g strain was included in the simulation with 0.01 for g.. Numbers in parentheses are estimated error of g values.

g Value
Sample Cluster Line Width
8 8y 8z 8av
mT
Native mAOX3 FeSI (40 K) 2.023 (0.005) 1.932 1.904 (0.015) 1.95 1.9
Recombinant mAOX3 FeSI (40 K) 2.023 (0.005) 1.932 1.904 (0.015) 1.95 1.9

because both enzymes display almost identical EPR spectra. Overall,
the close similarity of the EPR parameters indicated the presence of
the same ligands and similar geometries of the two redox centers in
comparison to those of mAOXI. The recombinant enzyme was used
to optimize the crystallization conditions for the native enzyme. We
were able to obtain a usable data set at a resolution of 2.9 A with
crystals of native mAOX3. This is a major achievement for the
characterization of AOX, an enzyme of well known importance in
drug metabolism, and therefore of increasing importance in recent
drug design programs.

In addition, the established expression system for mAOX3 in E.
coli can be used further for detailed site-directed mutagenesis and
structure-function studies of this enzyme.
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Direct voltammetry of adsorbed redox enzymes at pyrolytic graphite electrodes has shown to be very
useful to probe the catalytic activity of several nitrate reductases in the presence of nitrate. In this work
we demonstrated that in some cases an electrode-induced haem alteration leads to a loss of nitrate
reductase activity.

Nitrate reductases are key enzymes in the biological nitrogen cycle. In particular, NapAB from Cupriavi-
dus necator has an important role in the scavenging of nitrate and NarGHI from Marinobacter hydrocarbo-
noclasticus 617 is essential for the anaerobic respiration. These enzymes present haem groups among
their redox centres, which are essential for the electron transfer from the reducing to the oxidising sub-
strate. When adsorbed at graphite electrodes, both enzymes displayed a non-turnover signal correspond-
ing to a one-electron redox process, with formal reduction potentials at pH 7.6 of —159 mV and —139 mV
vs. SHE for Nap and Nar, respectively. Both enzymes displayed peroxidase activity at a potential close to
that of the non-turnover response. Experiments with the whole enzymes and the haem free NapA from
Desulfovibrio desulfuricans and NarGH from M. hydrocarbonoclasticus 617 were a valuable tool to get infor-
mation about the cofactor undergoing electron transfer. We confirmed that this behaviour is related with
the haems present in subunit B and subunit I of NapAB and NarGH]I, respectively.

© 2013 Elsevier B.V. All rights reserved.
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Peroxidase activity

1. Introduction carbon substrates and scavenging of nitrate [3]. Several crystal

structures of periplasmic nitrate reductases have been reported

Nitrate reductases (NRs) are key enzymes in the biological
nitrogen cycle. They are responsible for reducing nitrate to nitrite
in a two-electron (two-proton) redox process, with release of one
water molecule, according to the reaction:

NO; +2H" +2e~ —NO, +H,0 E® = +420mV vs. SHE

Prokaryotic nitrate reductases constitute a broad group of en-
zymes, belonging to the dimethyl sulfoxide (DMSO) reductase fam-
ily of molybdenum-containing enzymes [1,2]. NRs can be classified
according to their localization in the cell, function and molecular
properties of the active site as periplasmic (Nap), respiratory
(Nar) and assimilatory (Nas) nitrate reductases (Fig. 1).

In the case of Nap several functions have been proposed, such as
dissipation of excess cellular reductant during growth on reduced
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(P.M. Paes de Sousa), tel.: +351 218419272; fax: +351 218464455 (M.M. Correia dos
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in the past decade: the monomeric NapA from the sulphate reduc-
ing bacteria Desulfovibrio desulfuricans (Dd) ATCC 27774 [4]; the
individual NapA subunit from Escherichia coli (Ec) [5]; and the hete-
rodimeric NapAB complexes from Rhodobacter sphaeroides (Rs) [6]
and Cupriavidus necator (Cn) [7]. With the exception of Dd NapA,
the majority of periplasmic nitrate reductases consist of two differ-
ent subunits (NapA and NapB), tightly bound in the case of Cn Na-
PAB. The large catalytic subunit (NapA) contains the molybdenum
active site cofactor, a molybdopterin guanine dinucleotide (MoCo),
plus one [4Fe-4S] cluster. The MoCo is accessible through a funnel-
like cavity coated with a few charged residues that favour the
binding and orientation of charged substrate molecules. The small
subunit (NapB) contains two c-type haems involved in electron
transfer. The NapB haems are almost parallel to each other, with
a Fe-Fe distance of approximately 10 A. The nearest iron atom
from the [4Fe-4S] center is 14 A away from haem I.

The respiratory nitrate reductases (NarGHI) are membrane
bound proteins with a central role in the anaerobic respiration,
where the nitrate reduction is coupled with the generation of the
proton motive force by protons translocation to the periplasm
[8]. All Nars isolated so far are heterotrimeric enzymes constituted
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Fig. 1. Schematic representation of the localization of nitrate reductases in prokaryotic cells: NarGHI anchored to the membrane, NapAB in the periplasm, and Nas in the
cytoplasm. The brown cubes represent the [4Fe-4S] centres and the blue cube the NarH [3Fe-4S] cluster. Nas is very diverse in terms of number and type of electron transfer
centres for different organisms, and only NasA is represented. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)

by the subunits NarG (112-140 KDa), NarH (52-64 KDa) and Narl
(19-25 KDa). The subunits NarG and NarH are located in the cyto-
plasm and are anchored to the membrane through the subunit
Narl. The crystal structures available are for the oxidized form of
the Ec NarGH [9] and Ec NarGHI [10]. The main subunit NarG hosts
the MoCo and a [4Fe-4S] cluster designated as FeS0, and the NarH
subunit contains one [3Fe-4S] (FeS4) and three [4Fe-4S] clusters
(FeS1-3). The membrane subunit Narl contains two b-type haems
termed bp (proximal) and bp (distal), which are involved in the
quinolinic pool (MQH,) oxidation and proton translocation across
the membrane. A distance of 12-14 A divides each redox cofactor
allowing the electron transfer through the system.

Unlike spectroscopic techniques, dynamic electrochemical
methods are not able to provide structural information. Yet, the
use of voltammetric techniques is well proved nowadays in unrav-
elling important aspects of the chemistry of metalloenzymes,
allowing in situ measurements of the reduction potentials, together
with the acquisition of information about relevant parameters of
coupled reactions, including catalysis [11]. Most studies of direct
electrochemistry of these molecules use the concept of protein film
voltammetry (PFV) [12]. PFV involves a biocompatible adsorption
of the protein onto the electrode surface, in such a way that a direct
electrochemical communication between the enzyme and the elec-
trode is established.

To date, several membrane-bounded (Nar) and periplasmic ni-
trate (Nap) reductases have been studied by direct electrochemis-
try, with the protein adsorbed onto an electrode: NarGH from
Paracoccus pantotrophus (Pp) [13], NarGH from Marinobacter hydro-
carbonoclasticus 617 (Mh) [14] and NarGHI from E. coli [15]; NapAB
from Pp [16] and NapAB from R. sphaeroides [17]. The cytoplasmic
assimilatory nitrate reductase NarB from Synechococcus sp. PCC
7942 was also studied using the same approach [18]. It was shown
that these enzymes share a similar behaviour: non-turnover sig-
nals are never observed but in the presence of nitrate a cathodic
catalytic current is always developed indicative of the electrocata-
lytic reduction of nitrate by the enzyme. As the electrode potential
is taken more negative, catalytic activity for nitrate goes through a

maximum at a given potential and then decreases and eventually
levels off or, as is the case of Mh NarGH, a boost in activity (second
sigmoidal component) is verified. The reason for these behaviours
is still unclear and how unambiguous this is observed on the vol-
tammetric waves may depend on nitrate concentration. Maxi-
mums are more clearly seen for low nitrate concentrations and
they exist both in the forward and the reverse potential sweeps.
For the homologous NapAB proteins from P. pantotrophus and R.
sphaeroides, depending on the experimental conditions (pH and
T) maximum catalytic activity occurs in the range of —100 to
—200 mV [16,17,19-21]. It is difficult or not possible to relate the
potential at the onset of catalysis with the redox potentials of
the Mo cofactor. In the case of Pp NapAB these values are not
known. For Rs NapAB the reduction potentials of the Mo cover a
large potential range, —225 mV for Mo(IV)/Mo(V) and +550 mV
for Mo(V)/Mo(VI) [6,22]. However, the observance of catalytic cur-
rents in the presence of nitrate indicates that electrons are flowing
between the substrate and the electrode via the active site and so
the electrocatalytic behaviour observed must be related with the
redox chemistry of the MoCo. A similar behaviour was observed
for Ec NarGHI, with the maximum of catalytic activity occurring
at —25 mV while the reduction potentials of the couples Mo(V)/
Mo(VI) and Mo(IV)/Mo(V) are +200 mV and +100 mV [15,23].

In this work we report a voltammetric study of two nitrate
reductases, NapAB from C. necator and NarGHI from M. hydrocarbo-
noclasticus 617, formerly known as Pseudomonas nautica 617. The
redox potentials of some of the metal cofactors of Cn NapAB were
determined by spectrophotometric redox titrations, namely
+50 mV for haem II (the more exposed haem), +160 mV for haem
I and —15 mV for the [4Fe-4S] cluster [7]. The respiratory nitrate
reductase (NarGHI) receives electrons from the oxidation of
MQH, or UQH, [24]. The electrons are then transferred through
the redox cofactors (bp, bp, FeS4, FeS3, FeS2, FeS1, FeSO, Mo-bis-
MGD). The redox potentials of the cofactors are not known for
Mh NarGHI, but they have been determined by UV-Vis- and EPR-
mediated potentiometry in the case of the E. coli enzyme
[23,25,26], which presents a high homology with Mh 617. The
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Mo-bisMGD from Ec NarGHI presents midpoint potentials of
+100 mV for the transition Mo(IV)/Mo(V) and +200 mV for the
transition Mo(V)/Mo(VI). The midpoint potentials reported for
the [4Fe-4S]| clusters are —-55mV, +130mV, —-420mV and
—55 mV for centres FeSO, FeS1, FeS2, and FeS3, respectively. A va-
lue of +180 mV was estimated for the [3Fe-4S] cluster (FeS4) [23].
The haems bp and bp have midpoint potentials of +120 mV and
+20 mV, respectively [26].

The electrochemical studies were done in non-turnover and
turnover conditions and different strategies were used for promot-
ing direct electron transfer. Electrocatalytic activity was never ob-
served in the presence of nitrate. Unexpectedly, the enzymes
displayed peroxidase activity. To probe the nature of this activity
some direct electrochemical studies were performed using the
haem free Mh NarGH and NapA from D. desulfuricans. The catalytic
reduction of nitrate was only observed in the mediated voltamme-
try with methyl viologen as electron donor.

2. Materials and methods
2.1. Reagents

Poly-1-lysine hydrobromide (M; 19 200) (PLL), neomycin, 4,4’'-
dipyridyl, and methyl viologen (MV) were obtained from Sigma,
didodecyldimethylammonium bromide (DDAB) was from Aldrich
and the ionic liquid 1-butyl-3-methylimidazolium chloride
([C4mim] CI7) was from Fluka. n-Dodecyl B-p-maltoside (DDM)
was purchased from Sigma-Aldrich (purity > 98%). All other chem-
icals were pro-analysis grade and solutions were prepared with
Milli-Q water.

2.2. Protein purification

The periplasmic nitrate reductase NapAB from C. necator was
expressed and purified as previously described [7]. The protein
stock solutions were concentrated to 93 M (determined by the
BCA procedure from Sigma) in 10 mM Tris-HCI, pH 7.6, and stored
in aliquots at —80 °C. Qualitative detection of NAP activity was per-
formed after protein purification to ensure the presence of nitrate
reductase activity, as previously described [27].

M. hydrocarbonoclasticus 617 was grown under denitrifying con-
ditions in artificial seawater at 303 K with 10 mM nitrate as elec-
tron acceptor [28,29]. NarGHI was purified using DDM as
detergent in order to release the heterotrimer from the membrane
fraction as reported by Correia et al. [30]. The protein was dialyzed
against 10 mM Tris—-HCI pH 7.6 and the activity was monitored fol-
lowing the oxidation of the artificial donor methyl viologen at
604 nm (ggos=13.6 mM ' cm™!, Sigma) as reported by Craske
and Ferguson [31]. Solutions of 72 uM of fully active Mh NarGHI
were stored at —80 °C.

2.3. Procedure

Voltammetric measurements were performed using an Autolab
PSGTAT10 potentiostat/galvanostat from ECO Chemie (Utrecht,
The Netherlands). The system was controlled and data analyzed
with the GPES software package from ECO Chemie. Scan rate ()
varied between 5 and 200 mV s~ !. Unless otherwise stated, cata-
lytic assays were performed using the Methrom Stand VA 663 with
an electrode rotation rate of 3000 rpm.

A three electrodes configuration cell was used, with a platinum
auxiliary electrode, and an Ag/AgCl reference electrode (205 mV vs.
standard hydrogen electrode, SHE). Throughout the paper, all po-
tential values are referred to SHE. As working electrodes, graphite
and gold disks were used. The latter (AuE) was from Metrohm

(6.1204.020) with a nominal radius of 0.1 cm. The graphite elec-
trodes were self-made basal plane pyrolytic graphite (PGE) with
nominal radius of 0.2 cm or 0.15 cm (graphite from GE Quartz Eur-
ope, ref. ACSFO01315), and a commercial ultra-trace graphite
(UTGE) with nominal radius of 0.1 cm (Metrohm, ref. 6.1204.100).

The effective surface area of the electrodes were determined
from their responses in a known concentration of the ferrocya-
nide/ferricyanide couple (D=7.84 x 10 cm?s~! [32]) and were
found to be within 5% of the nominal area.

2.4. Electrode preparation

Before each experiment the electrodes were polished by hand
on polishing cloth (Buehler 40-7212) using a water/alumina slurry
(0.3 wm, Buehler 40-6365-006), sonicated for 1 min and then well
rinsed with Milli-Q water. In most experiments, a 2 pl drop of
working solution containing the protein (12-93 uM) was depos-
ited on the electrode surface and left to dry at room temperature
for 30 min while in others the electrode was dipped in the protein
solution for 30 min and then left to dry. In some experiments, a
membrane electrode configuration was prepared (either with
AuE or PGE) using a negatively charged Spectra/Por MWCO 3500
dialysis membrane. Briefly, a 2-4 pl drop of the protein solution
was deposited on a square piece (about twice the diameter of the
electrode body) of the membrane, the electrode was pressed
against the membrane and a rubber ring was fitted around the
electrode body so that the entrapped solution formed a uniform
thin layer.

The mediated catalysis of NapAB by methyl viologen was ana-
lysed both at graphite and gold membrane electrodes, with 100
or 200 uM MV in the electrolyte and the enzyme entrapped in
the membrane. In the case of NarGHI, a graphite electrode and
250 pM MV were used.

2.5. Electrolyte and working solution

In typical experiments the supporting electrolyte, as well as the
working solution, contained 10 mM Tris-HCl pH 7.6 and 0.1 M
NacCl.

The working solution contained the protein and in some exper-
iments the following promoters were also present: 0.1 mg/ml PLL,
0.4 M [Cymim] CI~, 0.5 mM DDAB, 2 mM neomycin or 0.5 mM 4,4’'-
dipyridyl

The effect of substrate concentration was analyzed varying ni-
trate concentration between 0.010 and 10 mM. In the experiments
with hydrogen peroxide the final concentration varied between
0.05 and 0.50 mM.

Oxygen was removed from the electrolyte solutions by bubbling
a constant nitrogen or argon stream directly in the solution for
20 min. The gas continued to flow on the top of the solution during
all experiments in order to maintain anaerobic conditions. Some
experiments were performed in an anaerobic glove box filled with
Argon (O, < 1 ppm).

All measurements were performed at least in duplicate in a
temperature-controlled room at 20 £ 1 °C.

3. Results
3.1. Cn NapAB in non-turnover conditions

The direct electrochemistry of C. necator NapAB was investi-
gated at different electrodes either by PFV or with the enzyme en-
trapped in a dialysis membrane. Cyclic voltammetry was used in
the potential range +160 to —600 mV and scan rates (v) varied be-
tween 5 and 200 mV s~ .
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With the enzyme immobilized onto the graphite electrodes
(PGE or UTGE), the cyclic voltammograms (CVs) revealed the pres-
ence of one cathodic peak with an anodic counterpart (Fig. 2). Peak
currents, i,, varied linearly with » though without a null intercept.
The separation between the cathodic, E;, and the anodic, E;, peak
potentials (AE, = E, — E;) was never zero and increased with .
The peak widths at half-height, AE,;/, varied between 97.5 and
125 mV. This behaviour is consistent with a diffusionless one-elec-
tron quasireversible reaction [33]. However, given that the average
(Ef7 +Eg)/2 remained almost constant for all scan rates, a formal
reduction potential E” = (E, +E})[2=-159 %11 mV could be esti-
mated at pH 7.6.

The effect of several promoters on the voltammetric signal was
tested. Neomycin and PLL are positively charged promoters typi-
cally used with graphite electrodes, which are negatively charged
at pH 7.6 [34]. The ionic liquid (IL) [C4mim] CI~ (at 0.4 M) was
important in the crystallization of Cn NapAB and therefore was also
tested [35]. DDAB is a common surfactant used to facilitate elec-
tron transfer between redox proteins and electrodes [36].

No significant changes were observed in the CVs in the presence
of any promoter, in particular the cathodic peak potentials re-
mained constant within the experimental error, and equal to E;
in the absence of promoter (average value E, = —157 £ 11 mV for
v=20mV s~ !). In the presence of the surfactant DDAB, the catho-
dic peak was shifted to more positive values (E,=—-74 mV for
»=20mVs1).

In all situations, identical surface coverage areas, I', were esti-
mated from the amount of charge consumed in the reduction pro-
cess (Q=(1.4%0.6) x 1077 C, in the case of the UTGE electrode)
and the geometric areas of the electrodes (A), I'=Q/
(nFA)=(5+2) x 107" mol/cm?. For monolayer coverage, this I’
value corresponds to an area “occupied” by each NapAB molecule
of ca. 3 x 107 % cm?, equivalent to a circle of 20 A diameter. The
importance of this value will be discussed below.

The use of a membrane electrode configuration is an interesting
strategy for electrochemical studies of redox enzymes ([37] and
references there in). This configuration also enables the use of very
small protein volumes (2 pl) and avoids the problems concerning
diffusion, given that the entrapment of the proteins between the
membrane and the electrode surface enables the achievement of
thin layer conditions. The voltammetric behaviour of Cn NapAB
was analysed following this approach at a graphite membrane
electrode, but the results were very similar to those with the pro-
tein casted on the electrode surface.

With the AuE electrode no voltammetric signal was observed
either with the enzyme immobilized on the electrode surface, in
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Fig. 2. Cyclic voltamogramms (5<v<50mVs~!) of 93 uM Cupriavidus necator
NapAB adsorbed at a graphite electrode in 10 mM Tris—HCI pH 7.6 and 0.1 M NacCl.

the absence or presence of any of the promoters (neomycin, 4,4'-
dipyridyl, PLL or IL), or entrapped in the membrane electrode
configuration.

3.2. Cn NapAB in turnover conditions

The catalytic activity of the Cn NapAB was investigated in the
potential range +160 to —600 mV in the presence of increasing
concentrations of potassium nitrate in the electrolyte solution.

Most experiments were performed with the enzyme immobi-
lized either on the UTGE or the AuE electrodes, using a rotation rate
of 3000 rpm, or on the PGE electrode using a magnetic stirrer in or-
der to hydro dynamically control the substrate supply. Some as-
says were performed with the enzyme entrapped in a dialysis
membrane and analysed from homogenized quiescent solutions.
The effect of adding to the ionic medium the promoters previously
referred was also tested. A reductive activation step was also tested
applying a potential of —400 mV for 60 s prior to the voltammetric
run. Moreover, Cn NapAB samples from different purification
batches were used to ensure that the results were not dependent
on protein preparation.

The addition of nitrate to the electrolyte in the range of 10 pM-
10 mM caused no consistent alteration in the cyclic voltammo-
grams. In some experiments with the graphite electrodes upon ni-
trate additions a catalytic wave developed at a potential close to
that of the non-turnover signal. Once the solutions were well
deaerated, no changes could be detected on the CVs. It was also ob-
served that upon air or water additions a similar wave developed
at the same potential (Fig. 3, black lines). Therefore, the appearance
of this wave can only be attributed to the presence of dissolved
oxygen in the nitrate solution.

Given that dissolved oxygen is readily reduced in the working
potential range according to Ox(g)+2H" +2e~ < H,0, and also
the reported catalytic activity for oxygen and hydrogen peroxide
by several peroxidases/catalases [38], increasing amounts of a well
deaerated solution of hydrogen peroxide were added to the vol-
tammetric cell with the enzyme immobilized at the UTPGE,

An increase in the cathodic peak current was always observed
with increasing H,0, concentrations in the range of 50-500 M
(Fig. 3, grey lines), and a half-wave potential of Eq;=
—155 + 13 mV was measured for the forward current. Given that
direct reduction of hydrogen peroxide at the UTPGE was not de-
tected in the potential range used, these results can only be inter-
preted in terms of a catalytic process. For each H,0, concentration
the catalytic current was measured at a fixed potential in the pla-
teau (E = —500 mV) and the data fitted to a Lineweaver-Burk plot.

H;0 (L) / H05 (M)
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Fig. 3. Cyclic voltammograms (v=20mV s~!, 3000 rpm) of 46.5 uM Cupriavidus
necator NapAB adsorbed at a graphite electrode upon the addition of increasing
aliquots of water (black lines) and in the presence of increasing concentrations of
H,0, (grey lines). Medium: 10 mM Tris-HCI pH 7.6 and 0.1 M NacCl.
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A Michaelis—-Menten constant Kj; of (100 + 20) uM and a maximum
catalytic current icgemax Of (7.4 £0.5) x 1077 A were determined.
Knowing the amount of enzyme adsorbed, the catalytic current
was converted into the turnover number
(nFAI) =(5+2) s L

Despite the absence of a non-turnover signal at the gold elec-
trode, some experiments were performed in the presence of
increasing amounts of nitrate, but the voltammograms remained
featureless. No catalytic wave was developed in the presence of
hydrogen peroxide. Only the direct reduction of H,0, at the gold
electrode was clearly observed, which occurs at a less negative po-
tential than the one observed at the PG electrode in the same
conditions.

ket = lcutmax/

3.3. Mh NarGHI in non-turnover and turnover conditions

The voltammetric behaviour of Mh NarGHI was analysed with
the enzyme adsorbed at a rotating disk PG electrode for scan rates
in the range 10 < < 800 mV/s. Neomycine was essential for the
adsorption of the protein and the electrolyte was 10 mM Tris-
HCI pH 7.6, 0.1 M Nadl, in all experiments. A single non-turnover
signal, with a cathodic peak and the anodic counterpart, was ob-
served in the range +0.4 V< E < —0.7 V, corresponding to a quasire-
versible one-electron redox process (Fig. 4a). However, the average
(E, + E;)/2 remained almost constant for all scan rates, allowing
the determination of a formal reduction potential E® =
—139+ 10 mV at pH 7.6. A surface coverage of 2 x 10~!! mol cm 2
was estimated from the amount of charge consumed.

This non-turnover signal could only be unequivocally identified
for assays performed in strictly anaerobic conditions. Outside the

glove box, with oxygen removed by purging the electrolyte with
argon, the voltammograms presented only a cathodic peak that be-
came sigmoidal in shape when the electrode was rotated (Fig. 4b).
This behaviour can only be due to a catalytic response to traces of
oxygen present in the electrolyte.

The addition of nitrate to the electrochemical cell (using a rota-
tion rate of 2000 rpm) had no effect in the voltammograms, while a
catalytic current developed when hydrogen peroxide was added
(Fig. 4c), either inside or outside the glove box. A ke of 150 s™!
was estimated for the peroxidase activity of Mh NarGHI.

3.4. Mediated catalysis

The catalytic activity of Cn NapAB towards nitrate was tested by
mediated enzyme electrochemistry, in the potential range of 0 to
—700 mV, using methyl viologen in solution as cosubstrate. The
UTGE was used with the enzyme entrapped in a membrane. Assays
were performed maintaining the concentration of methyl viologen
constant (100 or 200 uM) while varying the enzyme’s concentra-
tion in the range 12-93 pM. In Fig. 5 the voltammograms in the ab-
sence and presence of nitrate are shown. MV showed a reversible
electrochemical behaviour at the UTGE electrode with a formal
reduction potential of E* = —433 mV. Upon nitrate addition, the
change in shape and the half-wave potential of the sigmoidal wave,
Eqj2 = —420 mV confirms that the actual transfer process is the cat-
alyzed reduction of methyl viologen by Cn NapAB. As can also be
seen in Fig. 5, no catalytic wave was observed for potentials above
—350 mV.

The variation of the catalytic current with the nitrate concentra-
tion could be well fitted to the Michaelis—Menten kinetics and an
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Fig. 4. Cyclic voltammograms (20 mV s~!) of 65 uM Mh NarGHI adsorbed at a graphite electrode in 10 mM Tris-HCI pH 7.6 and 0.1 M NaCl, inside (a) and outside (b and c) a
glove box. In (c) 500 uM H,0, were present in the electrolyte (----); the response of NarGH in these conditions is also shown (—); a zoom of the response of NarGH in the
absence (—) and presence (----) of 500 uM H,0, is presented in the inset. In (d) the CVs are for 60 uM Dd NapA in the absence (----- ) and presence (—) of 500 uM H,0,; the

voltammogram obtained in the presence of 500 uM H,0, with no protein at the electrode is also shown (----).
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Fig. 5. Cyclic voltammograms (v=20mVs~') of 200 uM methyl viologen (in
10 mM Tris-HCl pH 7.6 and 0.1 M NaCl) and 40 uM Cupriavidus necator NapAB at
the UTGE membrane electrode in the absence (a) and presence (b) of 5 mM NO3~.

apparent Michaelis constant Ky, = (88 + 15) uM was estimated. The
second order rate constant for the intermolecular electron transfer
between methyl viologen and Cn NapAB, k, was determined from
the maximum catalytic current according to icamax = NFAD?Cypy.
Cvwns12112 139 40]. The values obtained from the dependence of
icaemax ON the concentration of enzyme or mediator were
26+03x10°M 's! and 2.1+0.2 x 10’ M~ s, respectively,
therefore equivalent within the experimental error. A similar
behaviour was observed for NarGHI. Just one set of conditions were
tested (250 uM MV and 65 pm of enzyme), but a catalytic current
unequivocally developed when nitrate was added (data not
shown).

With the enzymes immobilized onto the graphite electrodes no
catalytic current was observed in the presence of MV and nitrate.

The electrocatalytic reduction of Cn NapAB by MV was also ob-
served at the AuE electrode in a membrane configuration but given
that MV showed a quasireversible behaviour the data were not fur-
ther analyzed.

4. Discussion

In this work the direct electrochemistry of Cn NapAB and Mh
NarGHI in non-turnover and catalytic conditions was analysed at
different electrode interfaces, using different configurations, in
the absence and presence of several promoters and a mediator.
The catalytic activity towards hydrogen peroxide was also
investigated.

No voltammetric signals were observed either in non-turnover
conditions or in the presence of nitrate, or hydrogen peroxide
when a gold electrode was used. This was not the case with the
graphite electrodes.

For Cn NapAB a clear voltammetric signal corresponding to a
one-electron quasireversible reaction was observed at the PGE or
UTGE. This signal was not affected by the presence of several pro-
moters (neomycine, PLL, DDAB, IL). Similar redox potentials were
observed and indistinguishable surface coverages, I', were ob-
tained when the enzyme was incubated with the promoter and
then immobilized onto the electrode surface. Additionally, the
electric environment built up by the charge of the membrane,
when the membrane electrode configuration was used, had no ef-
fect on the voltammetric behaviour of Cn NapAB. The redox poten-
tial of the process observed, E* = —159 mV at pH 7.6, does not
correspond to any of the redox potentials of the metal cofactors
determined for Cn NapAB, +50 mV for haem II, +160 mV for haem

I and —15 mV for the [4Fe-4S] cluster [7]. In all conditions the vol-
tammetric signal is insensitive to the presence of nitrate. However,
in the presence of oxygen or hydrogen peroxide a negative cata-
lytic current develops at a potential close to that of the non-turn-
over response, and therefore the two signals must correspond to
the same redox process.

In the case of Mh NarGHI, a non-turnover signal with E%
"=-139mV at pH 7.6 was observed. A catalytic wave develops
both in the presence of oxygen and hydrogen peroxide at a poten-
tial that correlates with the non-turnover signal, with similar char-
acteristics (potential and shape) to those observed for Cn NapAB.
However, the electrocatalytic activities of Mh NarGHI were signif-
icantly higher than those observed for the Cn enzyme (for HyO2, Kcar
was 150 s~ ! and 557, respectively).

There is no doubt that the nitrate reductases are responsible for
the observed behaviour. Protein samples from different purifica-
tion batches were used to ensure that the results were not depen-
dent on protein purification. In the case of Cn NapAB the protein
batch used for the voltammeric experiments was also used to ob-
tain protein crystals that successfully allowed solving the crystal
structure of the protein with bound substrates and inhibitors at
1.7 A resolution (unpublished data), ruling out the influence of
other proteins or impurities on the observed peroxidase activity.

Cn NapAB and Mh NarGHI proved to be active and thus compe-
tent to catalyze the reduction of nitrate when probed through the
mediated catalysis by methyl viologen at the UTGE with the en-
zyme entrapped in a membrane. The Kj,; value for Cn NapAB value
determined with UTGE electrode (88 uM) compares well with
those reported for P. pantotrophus NapAB, measured by PFV
(Km =45 nM) and spectrophotometric assays with methyl viologen
(Ky =112 uM) [16], as well as the one determined by PFV for R
sphaeroides NapAB (Ky = 97 uM) [41]. Equivalent second order rate
constants were determined from the dependence of igmax With
either the enzyme or MV concentration, thus showing that the cat-
alytic response is limited by the reaction of the enzyme with the
co-substrate [39,40].

The results here reported are rather different from those ob-
served in the independent investigations by direct PFV of bacterial
nitrate reductases reported so far for Pp NarGH [13], Ec NarGHI
[15], Mh NarGH [14] Se NarB [18], Pp NapAB [16] and Rs NapAB
[17].

The interaction between such complex molecules and the elec-
trode surface can be tuned by many factors. Direct electron trans-
fer between an electrode and an enzyme is often interpreted based
on the proposal that the electrode is replacing the physiological re-
dox partner, at the putative docking site, with the electrons flowing
till the active site through the intramolecular electron transfer
pathway [42]. So, for the homologous Rs and Cn NapAB (whose
X-ray structures are both known) the site of entry of the electrons
should be the exposed haem in subunit NapB, through a favourable
interaction with the pyrolytic graphite electrode. The electron
transfer subunits (NapB) share 52% sequence identity, and the elec-
trostatic surface potential around the exposed haem is positive for
both enzymes as shown in Fig. 6a and b [6,7]. Accordingly, similar
discrete charge point interactions with the negatively charged PG
electrode would be expected.

The catalytic subunits NapA share 71% sequence identity but in
Cn NapAB the electrostatic surface potential around the solvent ex-
posed-funnel is slightly more positive (Fig. 6¢) than in the case of
Rs NapAB (Fig. 6d). According to this, the interaction between the
electrode and the region around the active site should be more
favourable for Cn NapAB. However, the results reported for Rs Na-
PAB point towards that the enzyme is interacting with the elec-
trode through NapA subunit. Indeed, neomycin showed to
improve the stability of the electrocatalytical signal of Rs NapAB
at the negatively charged PG electrode [19]. Interactions between
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Cn NapA

(b)
% 1
.y 'fﬁa ;>

RsNapA

Fig. 6. Electrostatic surface potential for NapB from Cn (a) and from Rs (b) and for NapA from Cn (c) and from Rs (d). In (a) and (b) NapA polypeptides are represented in grey;
for a better comparison the haems from the two proteins are overlapped (Cn haems in yellow). In (c¢) and (d) the view towards the substrate tunnel leading to the active site is
represented. Electrostatic surface potentials were calculated and represented using the ccp4 mg program [43] with the colour of the surface potentials ranging from —0.08
(red) to +0.08 (blue). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

the NH; groups of neomycin and the C-O functionalities on the
electrode surface showed to be determinant in the orientation of
the enzyme in such a way that electrons are exchanged between
the electrode and the substrate, through the catalytic subunit. This
is also supported by the observance of electrocatalytic activity for
Rs NapA, where the haems are absent, as reported by Fourmond
and co-workers [19].

In the case of Cn NapAB, electrons are not flowing between the
electrode and nitrate, given that no electrocatalysis is detected.
Therefore, contrarily to what could be anticipated from simple
electrostatic electrode/protein interactions, the active site seems
not to communicate with the negatively charged electrode surface.
Our voltammetric data suggest that in the case of Cn NapAB the
communication with the electrode occurs through the small di-
haem c-type subunit NapB, and electrons are transferred between
the electrode and most probably the positive solvent exposed
haem II. This would also explain why the presence of positive pro-
moters had no effect on the voltammetric signal. Additionally, the
surface coverage calculated (I" = (5 +2) x 10~'! mol/cm?, see Sec-
tion 3) and the corresponding area “occupied” by each Cn NapAB
molecule (3 x 1074 cm?), is consistent with monolayer coverage
of the protein with only one haem group in contact with the elec-
trode. In fact, Cn NapA has an overall globular shape with approx-
imate dimensions of 65 A x 65 A x 58 A and Cn NapB presents a
globular domain  with  approximate  dimensions  of
30A x 20 A x 20 A [7] and the estimated “contact area” between
the protein and the electrode is equivalent to a circle of 20 A diam-
eter (see Section 3.1). Therefore, the catalytic activity observed can
only be due to the haems. This assignment was corroborated by
voltammetric experiments in the same experimental conditions
performed with NapA from D. desulfuricans, for which no non-turn-
over signal or peroxidase activity was observed (Fig. 4d).

For Mh NarGHI no catalytic activity towards nitrate was de-
tected as well, and only a peroxidase activity was observed. In
the lack of the crystallographic structure for Mh NarGHI no com-
parison can be made with Ec NarGHI in order to understand the
difference in electrochemical behaviour. Nevertheless, the attribu-
tion of the peroxidase activity to the haem bp and/or bp present in
subunit Narl could be confirmed through voltammetric experi-
ments performed with Mh NarGH in the same experimental condi-
tions. In the absence of the membrane subunit, no non-turnover
signal or peroxidase activity was observed (Fig. 4c and inset).

In summary, for both Cn NapAB and Mh NarGHI we observed a
consistent non-catalytic signal at the PG electrodes that can be as-
signed to the haems. The two enzymes possess several cofactors
and experiments with the whole enzyme and parts of it were a
valuable tool to get information about the cofactor undergoing
electron transfer. Catalytic activity towards nitrate was never de-
tected in our direct electron transfer conditions. In some experi-
ments a reductive activation step was also imposed for Cn NapAB
but, unlike what was observed for other nitrate reductases
[19,44], the enzyme remained insensitive to the presence of ni-
trate. However, nitrate reductase activity was established using
methyl viologen as mediator with all other conditions being the
same. The peroxidase catalytic activity observed when Cn NapAB
and Mh NarGHI were probed by direct electrochemistry occurred
at a potential close to that of the non-turnover response. Therefore,
it has to be related with the haems present in subunit B or subunit
L.

Some works have reported the formation of altered forms of c-
type cytochromes, associated to the loss of the methionine axial li-
gand, which present redox potentials more negative than those of
the native state when interrogated at graphite surfaces [45,46]. The
same phenomenon has been observed by us for a bacterial cyto-
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chrome c peroxidase [47]. In that work we also showed that the
displacement of an axial ligand of the haem, of c-type cytochromes
either Met-His or bis-His coordinated, confers peroxidase activity
to the protein. Indeed, this was detected for Met-His monohaem
cytochromes (mitochondrial cytochrome c and Desulfovibrio vulga-
ris cytochrome css3), as well as for the bis-His multihaem cyto-
chrome c; from Desulfovibrio gigas.

The electrochemical behaviour here reported for Cn NapAB and
Mh NarGHI can only be interpreted on the basis of the interaction
of the haems present in both enzymes with the graphite surface,
most probably haem II in the case of Cn NapAB and the distal haem
of Mh NarGHI, the more exposed haems. The non-catalytic signals
for Cn NapAB and Mh NarGHI observed at the PG electrodes were
very similar, corresponding to a near reversible one electron redox
reaction, and therefore their peroxidase activity can be compared.
In the case of Cn NapAB, the haems are both c-type with bis-His
coordination and the turnover number (kg ~ 5 s~!) compares well
with the values reported for c-type cytochromes in [47]. The haems
present in Mh NarGHI are b-type and interestingly the peroxidase
activity observed for this enzyme is significantly higher (kg -
~ 150 s~1). This surely is a consequence of the more labile nature
of this type of haems.

Attribution of the peroxidase activity to the interaction of the
haems with the graphite surface is compatible with the observa-
tion of nitrate activity when the enzymes are probed through the
mediated catalysis with methyl viologen because this artificial
mediator can supply its electrons directly to the molybdenum
cofactor, as shown for the cytochrome-free derivatives of E. coli
and Paracoccus denitrificans nitrate reductase [48,49]. Therefore,
the absence of electrocatalytic activity towards nitrate when the
enzymes are investigated by direct voltammetry indicates that in
our experimental conditions the natural electron transfer pathway
has been disrupted.

In the case of the mitochondrial cytochrome c the peroxidase
activity observed has biological relevance in the apoptotic cycle
[50]. The same cannot be said for the peroxidase activity of the ni-
trate reductases here reported.

5. Conclusions

Immobilization of enzymes on graphite electrode surfaces has
been one of the most used procedures in direct voltammetry of en-
zymes. However, the interpretation of electrochemical signals
should be carefully done when haems are among the metal cofac-
tors. Both Cn NapAB and Mh NarGHI when immobilized (or en-
trapped) at graphite electrodes, even in the presence of several
promoters, were incapable of undergoing electrochemically driven
catalysis in the presence of nitrate. In fact, a non-native state of the
haem is induced by interaction with the graphite electrode, which
displays peroxidase activity. The phenomenon was observed for ni-
trate reductases containing c-type as well as b-type haems, demon-
strating that this effect is not dependent on the nature of the haem.
Previously we had demonstrated that for c-type haems was not
dependent on the nature of the axial ligands [47].

In all previous voltammetric studies of nitrate reductases, pro-
tein film voltammetry together with pyrolytic graphite electrodes
successfully probed the catalytic activity in the presence of nitrate.
The reason for the differences found between the voltammetric
behaviour here described and that reported so far for other nitrate
reductases remains unclear. It is true that despite their homology,
different enzymes do not necessarily behave similarly and this also
applies to how they succeed to interact with the graphite elec-
trodes. Our results show that for both Cn NapAB and Mh NarGHI
more elaborate strategies of immobilization need to be explored
to probe their electrocatalytic activity in the presence of nitrate.
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