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Resumo 

Nos últimos anos, a comunidade científica tem reunido esforços para 

desenvolver novos métodos de produção de energia limpa e amiga do 

ambiente. As pilhas de combustível microbiano (PCMs) são sistemas 

que utilizam microorganismos que se alimentam naturalmente de 

matéria orgânica, como águas residuais, enquanto produzem energia 

eléctrica. Os habitats naturais das bactérias capazes de crescerem em 

PCM são geralmente sedimentos, tanto marinhos como de água doce. 

Estes microorganismos são denominados por bactérias redutoras 

dissimilatórias de metais (BRDM), mas para além de utilizarem metais, 

como o ferro e o manganês, como aceitadores finais de electrões nas 

suas vias metabólicas, podem usar compostos orgânicos como o DMSO 

ou o TMAO, radionuclídeos e eléctrodos. 

Para que se possam desenvolver e melhorar as aplicações que a grande 

versatilidade metabólica destes microorganismos permite, é essencial 

identificar as proteínas mais relevantes e os mecanismos envolvidos. 

Diversas bactérias sedimentares têm sido foco de intensos estudos 

científicos, principalmente membros dos géneros Geobacter e 

Shewanella. Os genomas destes organismos têm em comum o facto de 

conterem no seu genoma um elevado número de genes que codificam 

citocromos multihémicos. Foi demonstrado que muitos dos citocromos 

de Geobacter e Shewanella são fundamentais para a transferência 

extracelular de electrões (TEE), que é o processo chave para a 

produção de electricidade em PCM. 

Um dos organismos modelo utilizado no estudo do mecanismo de TEE é 

a Shewanella (S.) oneidensis MR-1, sobretudo por ter sido o primeiro 

organismo em que se demonstrou a capacidade de alimentar uma PCM 

sem a adição de mediadores redox. Além disso, o seu cultivo em 

laboratório é fácil e é geneticamente manipulável. O genoma de S. 
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oneidensis contém 41 genes que codificam citocromos, muitos dos quais 

estão envolvidos na cadeia transportadora de electrões que conecta a 

membrana citoplasmática, o periplasma e a membrana externa para que 

os electrões cheguem ao aceitador terminal de electrões insolúvel no 

exterior da célula. 

Um dos citocromos de S. oneidensis multihémicos mais abundante e 

melhor caracterizados é o STC (small tetraheme cytochrome). Neste 

trabalho, foram estudados mutantes de STC de um único aminoácido da 

superfície da proteína, com o objectivo de perceber como as 

propriedades electrostáticas da superfície da proteína podem afectar o 

processo de transferência de electrões da mesma. Alguns dos mutantes 

apresentaram alterações nas suas cinéticas, no entanto, os parâmetros 

termodinâmicos não foram alterados. Um dos mutantes destacou-se dos 

restantes, tanto na redução com ditionito de sódio, como na oxidação 

com Fe-NTA. Esta mutação encontra-se à superfície, na vizinhança da 

possível rota de aproximação das moléculas ao centro redox. Utilizando 

esta abordagem, foi possível alterar a velocidade a que os electrões são 

transferidos, sem alterar o local de reconhecimento, factor importante no 

desenvolvimento racional de proteínas. 

Embora S. oneidensis seja um bom organismo modelo para o estudo de 

TEE, não é o melhor candidato para as aplicações industriais de BRDM. 

No enquadramento das PCM, é mais adequado utilizar organismos 

marinhos ou tolerantes ao sal com a capacidade de oxidar 

completamente as matérias orgânicas. Por esta razão, é importante 

compreender e estudar outras espécies, como Desulfuromonas (D.) 

acetoxidans, uma δ-proteobacteria anaeróbia, marinha, Gram negativa, 

pertencente à família das Geobactereaceae. Ao contrário de S. 

oneidensis, esta bactéria oxida completamente as fontes de carbono 

utilizadas. 
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Pouco se sabe sobre D. acetoxidans, mas as semelhanças com 

Geobacter (G.) sulfurreducens, outro organismo modelo no estudo de 

TEE, são muito evidentes. Alguns dos citocromos mais importantes 

envolvidos no processo de TEE em G. sulfurreducens, têm equivalentes 

no genoma provisório de D. acetoxidans. Estes citocromos são 

responsáveis pelo transporte de electrões desde a membrana 

citoplasmática, através do periplasma e da membrana externa até ao 

aceitador de electrões no exterior da célula. É o caso de Dace_0634 ou 

OmcB, que foi isolado e identificado no presente trabalho como o 

citocromo da membrana externa (CME) que possivelmente transfere 

electrões para o enxofre elementar, ferro e eléctrodos. 

Foi efectuado um estudo comparativo entre um biofilme de D. 

acetoxidans e o OmcB isolado, recorrendo a espectroscopia de 

Ressonância de Raman amplificada por efeito de superfície (SERRS) 

em combinação com electroquímica. Os resultados demonstram que 

usando monocamadas de formação espontânea (SAMs) para imobilizar 

a proteína num eléctrodo de prata rugosa, os espectros obtidos são 

semelhantes aos do biofilme bacteriano, com um padrão espectral típico 

de hemos coordenados por duas histidinas em 6cLS. Por outro lado, os 

espectros da proteína imobilizada directamente no eléctrodo apresentam 

um padrão de hemos maioritariamente em 5cHS. Estes resultados 

permitem concluir, que in vivo, estas proteínas não estão em contacto 

directo com o aceitador de electrões extracelular. A explicação mais 

plausível para esta ausência de contacto é a presença de polissacáridos 

extracelulares que formam uma camada externa, mantendo os 

citocromos e outras proteínas junto à membrana externa. Efectivamente, 

os genes responsáveis pela produção destas substâncias em G. 

sulfurreducens também existem no genoma de D. acetoxidans. 

Na presente tese, foi efectuado o aperfeiçoamento de um citocromo bem 

conhecido e anteriormente caracterizado, assim como a identificação e 
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caracterização de um novo CME, o que permite um melhor 

entendimento do modo de funcionamento das BRDM ao nível molecular. 

O conhecimento adquirido permite uma melhor orientação no 

desenvolvimento e melhoramento racional de sistemas 

bioelectroquímicos. 
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Abstract 

In recent years, new methods of clean and environmentally friendly 

energy production have been the focus of intense research efforts. 

Microbial fuel cells (MFCs) are devices that utilize naturally occurring 

microorganisms that feed on organic matter, like waste water, while 

producing electrical energy. The natural habitats of bacteria thriving in 

microbial fuel cells are usually marine and freshwater sediments. These 

microorganisms are called dissimilatory metal reducing bacteria (DMRB), 

but in addition to metals like iron and manganese, they can use organic 

compounds like DMSO or TMAO, radionuclides and electrodes as 

terminal electron acceptors in their metabolic pathways. 

 In order to develop and improve applications of the vast metabolic 

repertoire of these microorganisms it is important to identify the relevant 

proteins and their functional mechanisms. Several sediment bacteria 

have been the focus of research efforts such as members of the genera 

Shewanella and Geobacter. The genomes of these organisms have the 

common characteristic of containing numerous genes for multiheme 

cytochromes. For Geobacter and Shewanella many of these are known 

to be essential for the extracellular electron transfer (EET) that is at the 

core of electricity production in MFCs. 

One of the model organisms to study the EET mechanism is Shewanella 

(S.) oneidensis MR-1, mainly because it was the first organism shown to 

be capable of powering a MFC without the addition of redox mediators. It 

is easy to cultivate in the laboratory and it is genetically tractable. S. 

oneidensis MR-1 has 41 putative cytochromes encoded in its genome, 

several of which have been implicated in the electron transfer chain that 

connects the cytoplasmic membrane to the outer-membrane so that 

electrons reach the insoluble terminal electron acceptors outside of the 

cell.  
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One of the best characterized and abundant multiheme cytochrome of S. 

oneidensis MR-1 is the small tetraheme cytochrome or STC. In this work, 

single amino acid surface mutants of STC were studied with the intent of 

understanding how electrostatics of the surface of the protein can affect 

the electron transfer properties of this protein. Some of the mutants 

presented alterations in their kinetics, but not in their thermodynamic 

parameters. One of the mutants stood out from the rest in both reduction 

with sodium dithionite and oxidation with ferric-NTA. This mutation was in 

the vicinity of the possible approximation route of the molecules to the 

redox center, on the surface of the protein. Using this approach it was 

possible to change the rate at which electrons are transferred without 

altering the binding site, which is important in rational protein design. 

S. oneidensis MR-1 is a good model organism to study EET, but it is not 

the most perfect candidate for the industrial applications of DMRB.  In the 

framework of MFCs, marine or salt tolerant microorganisms capable of 

completely oxidizing organic matter are more suitable. For that reason, it 

is important to understand and study other species, such as 

Desulfuromonas (D.) acetoxidans. This is a Gram negative, marine 

anaerobic δ-proteobacterium, from the Geobactereaceae family. Unlike 

S. oneidensis, this bacterium is capable of completely oxidizing its 

carbon sources.  

Little is known about D. acetoxidans, but it shows a great similarity with 

another model organism for EET studies, Geobacter (G.) sulfurreducens. 

Some of the most important cytochromes from G. sulfurreducens EET 

have correspondents in the draft genome of D. acetoxidans. These 

cytochromes are responsible for the transport of electrons from the 

cytoplasmic membrane, across the periplasm and the outer membrane to 

the electron acceptor on the cell exterior. It is the case of Dace_0634 or 

OmcB, which was identified and isolated in the present work as the 
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outer-membrane cytochrome (OMC) that possibly transfers electrons to 

elemental sulfur, iron and electrodes.  

Using surface-enhanced resonance Raman (SERR) spectroscopy in 

combination with electrochemistry, a comparison study between D. 

acetoxidans biofilm and the isolated OmcB was performed. The results 

showed that using self-assembled monolayers (SAMs) to immobilize the 

protein on a roughened silver electrode originates similar spectra to what 

was obtained for the bacterial biofilm, with a pattern of six coordinated 

low spin (6cLS) His/His hemes. The spectra of the protein on the bare 

electrode, on the other hand, presented a pattern of mostly 5cHS 

species. These results lead to the conclusion that these proteins, when in 

vivo, are not in direct contact with the electrode or extracellular electron 

acceptor. The most reasonable explanation for the lack of contact is the 

presence of extracellular polysaccharide substances that form a layer 

which holds cytochromes and other proteins to the outer-membrane. In 

fact, the system responsible for the production of extracellular 

polysaccharide substances in G. sulfurreducens also exists in the 

genome of D. acetoxidans. 

In the present thesis the engineering of a well-studied cytochrome was 

achieved as well as the identification and characterization of a new OMC, 

leading to a better understanding on how DMRB function at the 

molecular level. This knowledge provides guidance for the rational design 

of bioelectrochemical devices. 
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INTRODUCTION 

Climate change is the most pressing global problem of our time and 

energy generation to maintain our lifestyle is a major source of 

greenhouse gas emissions. In recent years, we have witnessed a surge 

in research efforts focusing on new forms of energy production that are 

more environmentally friendly (Strik et al., 2008). Most of the energy 

nowadays comes from processes that are inherently unsustainable due 

to the depletion of non-renewable resources. As a result, the 

development of new forms of sustainable and efficient energy generation 

capabilities is mandatory in order to allow industrial progress with a small 

environmental footprint. In this context, renewable energies will assume 

an increasing role, and biomass is a very promising source of energy, 

taking advantage of the metabolic versatility of microorganisms (Lovley, 

2006).  

Microbial life is ubiquitous on planet Earth, having colonized successfully 

diverse ecological niches, including some that seem odd or extreme. Two 

good examples illustrate the metabolic versatility that makes microbial life 

a crucial pillar of the geobiosphere: sampling made in a gold mine in 

South Africa at a depth of 2.8 km has revealed an ecosystem composed 

of a single bacterial species capable of fixing nitrogen and carbon  

(Chivian et al., 2008); an alternative mode of independent lifestyle is 

maintained by a green sulfur bacterium isolated from a black smoker at a 

depth of 2.4 km in the Pacific Ocean which uses geothermal radiation to 

perform anoxygenic photosythesis in the absence of sunlight (Beatty et 

al., 2005). As these examples illustrate, almost every ecological niche on 

Earth where a thermodynamically favorable reaction can be coupled to 

metabolism is known to be colonized (Nealson et al., 2002).  Geological 

evidence indicates that unicellular life forms have inhabited Earth for at 

least 3.5 billion years (Vasconcelos and Mckenzie, 2009). Studies of 
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present day microbes show that their ancient relatives had an impact on 

the chemistry of the planet’s lithosphere, hydrosphere and atmosphere 

(Ehrlich, 1998; Kasting and Siefert, 2002). For example, different strains 

of the sediment bacterium Shewanella give rise to different mineral 

products when reducing hydrous ferric oxide (Salas et al., 2010). 

Therefore, as the planet changed life on Earth also evolved, in a co-

evolution process of biological and geological diversity (Newman, 2002). 

Marine and freshwater sediments harbor microbial communities that are 

very rich in their metabolic variety. Vertical redox gradients in the 

sediment support respiratory processes relying on successively less 

oxidizing terminal electron acceptors (Nealson, 1997). Substrates for 

these anaerobic respiratory processes include a wide variety of organic 

and inorganic compounds (Nealson et al., 2002; Nealson, 1997). The list 

is extensive and includes also toxic elements and insoluble metallic 

compounds in ores. These are, nonetheless, redox active species and 

therefore incorporated in the planetary biogeochemical cycles. The 

organisms capable of using metallic compounds, soluble or insoluble, to 

support their respiratory metabolism are called dissimilatory metal 

reducers (Lovley, 1993).  

These dissimilatory metal reducing organisms gained notoriety when it 

was realized that they represented an enormous untapped potential for 

bioremediation of contaminated sediments, soils and groundwater 

(Nealson et al., 2002; Lovley, 2001). Microorganisms are capable of 

changing the oxidation state of the elements, allowing for their easier 

removal, since most of them become insoluble when reduced (Nealson 

et al., 2002). This process can be an integral part of the bacterial 

metabolism. For example uranium, which is a soil and groundwater 

contaminant of great concern, can be reduced by sediment bacteria. It is 

converted from the soluble oxidized form, U(VI), to the insoluble reduced 

form, U(IV),which precipitates and prevents its spread (Lloyd et al., 
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2003). A dramatic counter example is the anaerobic respiration of 

arsenate. The arsenite released is water soluble and a cause of concern 

in multiple parts of the world because of its potential for poisoning 

drinking water sources. The capability of dissimilatory metal reducers to 

link their anaerobic respiratory metabolism to solid substrates such as 

the metallic ores, also lead to their application in devices where the solid 

electron acceptor is an inert electrode. These bioelectrochemical devices 

called Microbial Fuel Cells (MFC) work as batteries when connected to 

an external circuit (Lovley, 2006; Hau and Gralnick, 2007). The fuel to 

power these cells can be any source of organic matter, providing a novel 

environmentally friendly way to produce electricity. 

 

MICROBIAL FUEL CELLS 

Microbial fuel cells (MFCs) are devices that utilize microorganisms to 

produce electrical current while metabolizing nutrients in the medium. 

These devices consist of an anode that is kept under anoxic conditions 

and that receives the electrons from the bioenergetic metabolism of the 

microorganisms growing on its surface. MFC also contain a cathode that 

transfers electrons to a terminal electron acceptor. The electrons flow 

from the anode to the cathode passing through an external circuit to 

perform electrical work (figure 1.1). There is a wide variety of designs 

and the anode and cathode may be in a single compartment or 

separated by a physical barrier that is permeable to ions that close the 

circuit (Logan, 2007). Research on microbial fuel cells leading to real 

world applications has surged in recent years (Ullery and Logan, 2014; 

Zaybak et al., 2013). It is accepted that practical and economically viable 

applications of this technology require the use of atmospheric oxygen as 

the terminal acceptor in the cathode. Towards this end, original MFCs 

relied on expensive catalyst such as platinum for efficient reaction. 
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However, the need to reduce the costs of the device spurred the 

development of new materials that considerably cut the use of precious 

metals or even eliminate their need. A laboratory model using stainless 

steel anodes lead to the report of a peak current of 2.4 A/m2 (Dumas et 

al., 2008). Design evolution is also contributing to bringing this 

technology closer to real world applications. Tubular cell designs that 

facilitate the flow of substrate have improved the Coulombic efficiency of 

the devices up to 75% when using acetate as substrate and a solution of 

ferricyanide as cathode (Rabaey et al., 2005). Miniaturization increases 

volumetric power output with values of up to 2.15 kW/m3 of internal 

volume reported in the literature (O’Neil et al., 2008). On the 

microbiological side, isolation and characterization of new strains or 

microbial communities lead to power densities of up to 2.7 W/m2 of 

cathode area (Xing et al., 2008). The higher power obtained from MFC 

operating with a mixed culture versus a pure culture was shown to be a 

consequence of lower internal resistance, and therefore dependent on 

the design of the MFC (Watson and Logan, 2010). 

The capability of using organic waste, including wastewater, as substrate 

for MFCs has opened the possibility of producing electricity in a way that 

is close to carbon-neutral (Rozendal et al., 2008). It also provides an 

alternative route for removal of organic matter in the treatment of 

municipal residues as well as residues derived from the food and 

beverage processing industries that is less power intensive and may 

even result in net power generation (Fornero et al., 2010). 

Electricity production is typically the objective when operating MFCs, but 

research has also lead to alternative designs and operation modes called 

Microbial Electrolysis Cells (MECs) that can yield valuable commodities 

such as hydrogen or hydrogen peroxide (Cheng and Logan, 2007; Fu et 

al., 2010). Different processes can be linked and tuned towards electricity 

production, hydrogen production, or chemical oxygen demand reduction. 
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Figure 1.1. Schematic representation of a MFC. Red ellipses represent cells 

growing on the anode. Thick blue arrows represent extracellular electron transfer 

which can be direct (OMCs
A
 or nanowires

B
) or indirect (electron shuttles

C
). 

This allows for a versatile optimization of the most interesting outcome 

(Lalitha et al., 2010).  The knowledge that bacteria can produce electricity 

in laboratory is almost one century old, and organisms that produce 

electrical current have been named electricigens (Lovley, 2006) or 

exoelectrogen (Logan, 2009). Of all aspects of MFC development, the 

detailed knowledge of the molecular mechanisms that support 

extracellular electron transfer are the least advanced. Nonetheless a few 

general aspects are now well established. 
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ELECTRON TRANSFER TO EXTRACELLULAR SOLID 

SUBSTRATES 

The key metabolic process for understanding how MFCs work is the 

mechanism of electron exchange with extracellular solids. 

Microorganisms that perform extracellular respiration are capable of 

transferring electrons to a terminal acceptor that is localized outside the 

cell. The molecular mechanisms of electron transfer to substrates in the 

extracellular space can be divided broadly in direct electron transfer and 

indirect electron transfer (Gralnick and Newman, 2007) (figure 1.1, 

arrows).  

Direct electron transfer occurs via contact with the extracellular solid. A 

recent vivid demonstration has been reported, by recording movies under 

a microscope of manganese oxide dissolution by the metal respiring 

bacterium Shewanella (S.) oneidensis MR-1. Individual cells are seen 

touching and swimming away from the solid that is slowly dissolved 

(Braun et al., 2010). This contact can be mediated by redox proteins 

protruding from the cell surface. A great number of multiheme 

cytochromes are found in organisms capable of colonizing electrodes in 

MFCs, and several have been directly implicated in extracellular 

respiration (Shi et al., 2007). Electrical contact was also proposed to 

occur via electrically conducting appendages called pili or nanowires 

(Gorby et al., 2006; Reguera et al., 2006; El-Naggar et al., 2008).  

Evidence for indirect electron transfer was reported as early as 2000 

(Newman, 2002). More recently, experiments showing that iron oxide 

entrapped within glass beads could be reduced by Shewanella, reveal 

that direct contact is not always required (Lies et al., 2005). Indirect 

electron transfer has been proposed to take place via electron shuttles 

and siderophores. However, the relevance of siderophores in 

dissimilatory metal reducing processes has been questioned on the basis 



Chapter I 

 

9 
 

of the inadequate redox potential of the chelated metal (Hernandez and 

Newman, 2001). More recently, deletion mutants on siderophore 

biosynthesis pathways as well as of their receptors and reductases in S. 

oneidensis MR-1 showed that they do not play a role in dissimilatory 

metal reduction even though soluble forms of Fe(III) are detected 

(Fennessey et al., 2010). Work on electron shuttles has focused mostly 

on flavins, which can be endogenously produced or added to the 

medium. Flavins allow a MFC inoculated with Shewanella to function 

even when the bacteria are prevented from contacting the electrodes 

(Velasquez-Orta et al., 2010). Indirect electron transfer is also a 

necessity for cells in the bacterial biofilm that are not directly attached to 

the electrode surface (Gralnick and Newman, 2007). In these conditions 

access to the solid electron acceptor is limited.  

Electron acceptor limitation is among the conditions where S. oneidensis 

(Gorby et al., 2006) and Geobacter (G.) sulfurreducens (Reguera et al., 

2005) are capable of producing electrically conductive pili, called 

nanowires, which conduct electrons directly from the cell to the electron 

acceptor. Although they are not required for metal reduction, they show 

great affinity for metal oxides whenever they are produced (Gralnick and 

Newman, 2007). There is evidence that Geobacter’s pili are not involved 

in motility (Reguera et al., 2005), but in addition to their role in electron 

transfer, they are also very important in cell aggregation in biofilms. 

There, they will in turn, give a considerable contribution for the overall 

electricity production, since larger amounts of viable cells will produce 

more energy (Reguera et al., 2007). Biofilm morphology is an important 

aspect of fuel cell operation. Shewanella are capable of forming thick 

biofilms that rely on pilli and redox shuttles to maintain viability of the 

cells not directly attached to the surface of the electron acceptor 

(Gralnick and Newman, 2007; Marsili et al., 2008). Geobacter species 

were originally reported to form biofilms which are monolayers of cells 
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(Reguera et al., 2007) but later, the presence of thick biofilms on the 

surface of electrodes was deduced on the basis of high power production 

(Nevin et al., 2008). Also, transcriptional analysis across thick biofilms of 

G. sulfurreducens showed different metabolic status depending on the 

distance of the sampling to the anode surface (Franks et al., 2010). 

Biofilm structure appears to be a function of multiple parameters. Pure 

cultures of S. oneidensis MR-1 display biofilms with different 

morphologies when the resistance of the circuit powered by the MFC is 

modified, the higher the resistance, the thicker the film (McLean et al., 

2010). When Gram-negative and Gram-positive bacteria are co-cultured, 

biofilms were shown to evolve towards segregation of the two species 

(Read et al., 2010). Of particular importance for novel designs of MFCs 

was the observation that once biofilms of G. sulfurreducens had been 

established, it is the metabolic rate and not interfacial electron transfer 

the kinetically limiting step in current production (Marsili et al., 2010). 

Experimental MFC designs have been reported using bacteria, mostly 

Gram-negative, but also other organisms including Eukaryotes such as a 

yeast (Prasad et al., 2007). A few bacterial species, all Gram-negative, 

have gathered most of the attention, in particular in what concerns the 

molecular mechanisms of electron exchange with extracellular solids. 

 

DISSIMULATORY METAL REDUCING BACTERIA 

Shewanella 

Shewanella oneidensis MR-1 (originally putrefaciens) was isolated from 

brackish water in Lake Oneida (Myers and Nealson, 1988). This 

bacterium gained prominence by being the first organism shown to be 

capable of powering a MFC without the need of mediators (Joo et al., 

2002). This facultative anaerobic bacterium has the great experimental 
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advantage of being easily cultivated in laboratory under a relatively wide 

range of conditions (Hau and Gralnick, 2007). Furthermore, its genome is 

fully sequenced since 2002 facilitating the study of the role of the 

different genes and proteins (Heidelberg et al., 2002).  

Direct electron transfer between Shewanella cells and the extracellular 

substrates, such as metal oxides and anodes of the MFCs, involves c-

type multiheme cytochromes (Shi et al., 2007; Heidelberg et al., 2002). 

The genome sequence revealed that there are forty-one possible 

cytochrome c, including 9 predicted to be attached to the cytoplasmic 

membrane, 27 periplasmatic and 5 outer membrane cytochromes 

(OMCs); many of which are predicted to be multiheme (Romine et al., 

2008; Meyer et al., 2004). Several of these cytochromes are known to be 

essential for these respiratory pathways (figure 1.2). The inner-

membrane tetraheme cytochrome c known as CymA (Myers and Myers, 

1997, 2000) receives electrons from the menaquinone pool and acts as a 

redox hub, distributing electrons to various other cytochromes in the 

periplasmic space. Recent NMR interaction studies performed by 

Fonseca et al., 2013 showed that of these, the iron-induced 

flavocytochrome c3 (FccA) (Schuetz et al., 2009) and the small tetraheme 

cytochrome c (STC or CctA) (Gordon et al., 2000) participate in the 

periplasmic electron transfer interacting with both CymA and the 

decaheme cytochrome MtrA, without interacting with each other 

(Fonseca et al., 2013); STC has also been implicated in the interaction 

with other two decaheme periplasmic cytochromes, MtrD and DmsE 

(Pitts et al., 2003; Coursolle et al., 2010). The periplasmic decaheme 

cytochromes form protein complexes with β-barrel proteins inserted in 

the outer-membrane, called MtrB, MtrE and DmsF, respectively (Beliaev 

and Saffarini, 1998; Fredrickson et al., 2008; Gralnick et al., 2006). 

These β-barrel proteins are essential for the correct localization of the 

outer-membrane cytochromes (Myers and Myers, 2002) and are 
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proposed to promote the electron transfer between the periplasmic 

cytochromes MtrA, MtrD and DmsE and the outer-membrane associated 

decaheme cytochromes, MtrC and OmcA (Ross et al., 2009), and MtrF 

(Fredrickson et al., 2008) for the case of the first two, and the 

molybdenum cofactor-containing subunit DmsA and an iron-sulfur cluster 

containing subunit DmsB, for the latter decaheme periplasmic 

cytochrome (Gralnick et al., 2006).  

All of the three OMCs MtrC, OmcA and MtrF have been shown to be 

exposed to the exterior (Myers and Myers, 1998; Hartshorne et al., 2007; 

Lower et al., 2009; Bücking et al., 2010), which has made them of 

extreme interest as plausible terminal reductases, for metal oxides and 

MFCs anodes. DmsA and DmsB have been shown to be the terminal 

electron acceptors for DMSO reduction electron transfer chain, as well as 

for uranium reduction, and there’s evidence that these proteins are 

anchored to the exterior side of the outer membrane (Gralnick et al., 

2006). The majority of the present day studies focus on the extracellular 

electron transfer pathway involving the decaheme cytochromes MtrC and 

OmcA. These cytochromes are terminal reductases crucial for the 

reduction of insoluble substrates and electron transfer to MFC anodes 

(Lower et al., 2009; Wigginton et al., 2007; Bretschger et al., 2007; 

Hartshorne et al., 2007; Coursolle et al., 2010). Nonetheless, a series of 

knock-out mutations of all the OMCs and subsequent expression of each 

one individually, showed that MtrC is pivotal for extracellular electron 

transfer and that mutants containing only the OmcA cytochrome were not 

capable of transferring electrons to iron (Bücking et al., 2010). This fact 

suggests that while OmcA is an iron terminal reductase (Ross et al., 

2007; Myers and Myers, 2001), its contact with the periplasmic redox 

chain is mediated by MtrC (Bücking et al., 2010).  Recent studies have 

additionally shown that MtrC is responsible for most of the electron 

transfer to carbon electrodes, while OmcA is involved in cellular 
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attachment to solid surfaces and plays a smaller role in electron transfer 

(Coursolle et al., 2010). This is coherent with data obtained by antibody 

functionalized AFM (atomic force microscopy) tips that showed OmcA in 

the interface between the cell and insoluble substrate, while MtrC 

displays a more uniform distribution across the cell surface (Lower et al., 

2009). Furthermore, it has also been shown that the OmcA has a higher 

binding affinity to insoluble iron substrates than MtrC (Xiong et al., 2006; 

Lower et al., 2007). MtrF also has the ability to reduce metals and MFC 

anodes but its physiological function was recently proposed to be 

reduction-based detoxification of radionuclides (McLean et al., 2010; 

Bücking et al., 2010).  

 

Figure 1.2. Cartoon representation of some of the interactions that occur 

between proteins connecting the inner membrane with the outside of S. 

oneidensis MR-1. OM – outer membrane, IM – inner membrane. Circles with 

lines represent the hemes in the cytochromes when a structure is not available. 

Cytochrome  representations  were  made  with PyMOL  (Delano, 2003)  using  

the  structures  of  STC (PDB  code  1M1Q),  FccA  (PDB  code  1D4D), MtrF 
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(PDB code 3PMQ), OmcA (PDB code 4LMH) and  the  SAXS  model  of  MtrA 

(Firer-Sherwood et al., 2011).   

Electron transfer via direct contact in Shewanella can also be mediated 

by electrically conductive pili, also known as nanowires, which are 

hypothesized to assist in the electron transfer from the bacterial cells to 

extracellular electron acceptors (Gorby et al., 2006). Scanning tunneling 

microscopy (STM) showed various thin filaments with about 8 nm in 

diameter and tens of microns in length. Shewanella nanowires display 

non-linear electrical transport behaviour, where the voltage dependence 

of the conductance reveals peaks that indicate the presence of discrete 

energy levels with higher electronic density of states (El-Naggar et al., 

2008).  

Although in terms of morphology Shewanella and Geobacter pili are 

relatively similar (Gorby et al., 2006; Reguera et al., 2005; Lovley, 2008), 

in terms of composition, Shewanella nanowires have been shown to work 

as extensions of the periplasm and outer membrane composed of 

multiheme c-type cytochromes (Pirbadian et al., 2014; El-Naggar et al., 

2010). This was demonstrated, not only by deleting the genes coding for 

the outer-membrane cytochromes, MtrC and OmcA, resulting in non-

conductive pili-structures (Gorby et al., 2006), but also by fluorescence 

studies that allowed the visualization of a lipid bilayer and periplasmic 

space along the nanowires (Pirbadian et al., 2014). Also, deleting the 

gspG gene which is involved in the type II secretion pathway, that is 

required for the proper export of the outer membrane cytochromes MtrC 

and OmcA to the cell exterior (Shi et al., 2008; Bouhenni et al., 2010), 

resulted in non-conductive pili-structures. Recently, it was concluded that 

the pili structures were not essential for extracellular electron transfer 

from Shewanella to metals or anode surfaces. Deletion of the genes 

involved in the synthesis of both types of pili (Msh and type IV) showed 

that in the case of type IV pili the mutant generated more current than the 



Chapter I 

 

15 
 

wild-type and that the loss of the Msh pili only resulted in a decrease of 

the output from the MFCs over time (Bouhenni et al., 2010).  

Besides reduction through direct contact, S. oneidensis can also reduce 

extracellular substrates through indirect electron transfer, namely by 

production of electron shuttles that mediate the electron transfer between 

the cell surface and the exogenous acceptors (Hernandez and Newman, 

2001). In the case of electron shuttles, small organic molecules serve as 

the terminal electron acceptor and transfer electrons to the iron oxides or 

to the MFC anode, becoming reoxidized and capable to be re-used. It 

was initially proposed by Newman and Kolter that Shewanella excreted 

some unidentified quinones to mediate extracellular electron transfer 

(Newman and Kolter, 2000). Recent studies showed that flavins are the 

main endogenous electron shuttle in the Shewanella genus. S. 

oneidensis MR-1 accumulates flavins to high concentrations in solution 

(250-500 nM) to be used as electron shuttles for extracellular electron 

transfer to the electrodes (Marsili et al., 2008). As further confirmation, 

falvin mononucleotide (FMN) and flavin adenine dinucleotide (FAD) were 

shown to be the major electron shuttles in Shewanella sp. for mediating 

the electron transfer (von Canstein et al., 2008).  

Recent kinetic results showed that direct contact between the outer 

membrane cytochromes (OmcA and MtrC) and insoluble iron substrates 

or MFC anodes could not account for the rates of electron transfer 

observed when using whole cells assays (Ross et al., 2009; Baron et al., 

2009). This gap in electron transfer rates was resolved with the addition 

of flavins. This demonstrated that multiheme outer membrane 

cytochromes are not the only elements responsible for the electron 

transfer to insoluble iron at relevant kinetic rates and that direct and 

indirect electron transfer occurs in tandem in S. oneidensis MR-1 (Ross 

et al., 2009). Moreover, it has been shown that the OMCs account for at 

least 95 % of the reduction of extracellular flavins at physiological 
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relevant rates (Coursolle et al., 2010), and recent studies identified 

OmcA and MtrC as being the most important OMCs interacting with 

soluble electron shuttles (Paquete et al., 2014). 

S. oneidensis MR-1 possesses a highly versatile respiratory system, able 

to use nearly any electron acceptor with a potential more positive than 

sulphate (Nealson and Scott, 2006). However, in terms of the usable 

carbon sources, it is relatively limited, catabolising mainly fermentation 

end products such lactate, some amino acids, formate, and hydrogen 

(Nealson and Scott, 2006). The oxidation of these carbon sources is 

incomplete, producing acetate. For applications of MFCs where 

wastewater is the substrate, an incomplete oxidizer is less interesting 

because the removal of dissolved organic matter will be less complete. 

This is in contrast with Geobacter and Desulfuromonas species which 

are able to perform the complete oxidation of their carbon sources 

(Lovley et al., 1993). Species from the genera Geobacter and 

Desulfuromonas represent more than half of the population on the 

energy harvesting electrodes. In freshwater environments the 

predominant species is G. sulfurreducens, and Desulfuromonas (D.) 

acetoxidans in marine studies (Bond et al., 2002). 

 

Geobacter 

The genus Geobacter groups species of Gram-negative δ-proteobacteria 

capable of completely oxidizing organic electron donors to carbon dioxide 

(Ding et al., 2006). The environments inhabited by Geobacter are 

typically anoxic where the available electron acceptors for respiration can 

be insoluble. Thus, these bacteria are amongst the predominant species 

present in anodes that harvest energy from diverse sediment 

environments (Reguera et al., 2006). Geobacter sulfurreducens PCA was 
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originally isolated from sediments contaminated with petroleum, and is 

routinely studied as a model for the Geobactereaceae family because its 

genome was the first to be sequenced and there is an available genetic 

system (Afkar et al., 2005). This species has 111 putative c-type 

cytochromes. Many display higher levels of expression during growth 

with insoluble electron acceptors, and 91 (82% of the total predicted) 

were detected under diverse growth conditions (Ding et al., 2006). 

OmcE (GSU0618) and OmcS (GSU2504) are two predicted outer 

membrane proteins with four and six c-type cytochrome motifs, 

respectively, which are highly expressed when G. sulfurreducens grows 

with Mn(IV) and Fe(III) oxides as terminal electron acceptors (Shi et al., 

2007). The gene omcT (GSU2503) is located immediately downstream of 

omcS and encodes a hexaheam c-type cytochrome which is only 

transcribed with omcS (Shi et al., 2007). Deletion of either gene 

diminishes the ability of the cells to reduce Mn(IV) and Fe(III) oxides, but 

it does not affect the reduction of soluble Fe(III)-citrate. This indicates 

that the three proteins are involved in the reduction of insoluble electron 

acceptors (Mehta et al., 2005). Another membrane bound cytochrome 

that appears to be involved in metal reduction is OmcB (GSU2737), 

which receives electrons from a variety of periplasmic electron carriers 

(Leang et al., 2003; Nevin et al., 2009). This protein contains 12 hemes 

and was recently shown to be part of a trans-outer membrane porin-

cytochrome (Pcc) protein complex, along with a porin-like outer 

membrane protein (OmbB) with 20 trans-membrane motifs, and a 

periplasmic octaheme (OmaB) (Liu et al., 2014b). This Pcc protein 

complex shows a high function and cellular location similarity with the mtr 

complex from S. oneidensis, however, there is no amino acid sequence 

identity (Liu et al., 2014b).  

When Geobacter sulfurreducens is grown with an energy harvesting 

electrode as electron acceptor, besides the cytochromes mentioned for 
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Fe(III) and Mn(IV)  oxides,  the c-type cytochrome with seven hemes 

OmcZ (GSU2076) is highly expressed (Nevin et al., 2009; Voordeckers 

et al., 2010). Furthermore, three other uncharacterized cytochromes are 

highly expressed only when there’s an insoluble terminal electron 

acceptor, GSU0105, GSU0701 and GSU2515 (Ding et al., 2006).  

 

Figure 1.3. Cartoon representation of the respiratory chains leading to 

extracellular electron transfer in Geobacter sulfurreducens.  OM – outer 

membrane, IM – inner membrane, PilC - inner membrane insertion protein, PilQ 

- outer membrane insertion protein; all other proteins are described in the main 

text. Circles with lines represent the hemes in the cytochromes when a structure 

is not available. Cytochrome  representations  were  made  with PyMOL  

(Delano, 2003)  using  the  structures  of  PpcA (PDB  code 2LDO), MacA (PDB 

code 4AAM), OmcF (PDB code 3CU4), GSU1996 (PDB code 3OV0) and PilA 

(PDB code 2M7G) 

 

Periplasmic cytochromes known to be involved in Fe(III) reduction are 

MacA (GSU0466), a diheme protein possibly associated with the inner 
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membrane (Butler et al., 2004), and PpcA family (GSU0612, GSU0364, 

GSU0365, GSU1024 and GSU1760) a small soluble protein containing 

three hemes that belongs to the cytochrome c3 superfamily (Pessanha et 

al., 2004). In addition to electron transfer by direct contact using the outer 

membrane cytochromes these proteins are also essential for the 

reduction of humic acids and soluble quinones (Voordeckers et al., 

2010). 

Geobacter cells also display pili that favour biofilm growth and electron 

transfer, processes that are crucial for electricity generation (Tran et al., 

2008). Pili are not required for electricity production, but they are 

necessary for maximum power generation (Reguera et al., 2006, 2005; 

Nevin et al., 2009; Richter et al., 2009). Two genes have been identified 

that are responsible for pili formation, oxpG (GSU1776) which encodes 

for type II secretion system or pseudopilins and is involved in protein 

secretion to the outer membrane (Reguera et al., 2005), and pilA 

(GSU1496) which encodes a protein homologous with pilus subunits of 

other Geobactereaceae (Nevin et al., 2009). These unique pili are called 

geopili, because there are some differences between G. sulfurreducens 

pili and other bacterial pili. For example, they are shorter (less than 20 

µm) and only the N-terminal domain of type IV pili is highly conserved 

(Reguera et al., 2005). The gene pilA seems to be essential for pili 

development. When this gene is deleted, no pili are detected and there is 

no reduction of insoluble electron acceptors, but soluble substrates, like 

fumarate, are reduced. The structure of PilA has recently been 

determined (Reardon and Mueller, 2013), giving new insights on how this 

unique structures might function and how the organization of this protein 

is important for the conductivity of this species pili (Liu et al., 2014a). 

One of the roles of type IV pili in most bacteria is to establish contact with 

surfaces: However, pilA mutants are able to attach to the electron 

acceptor, but there is no increase in biomass. This might mean that the 
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pili apparatus is not only involved in electron transfer from one cell to the 

extracellular insoluble acceptor, but it might also be involved in cell to cell 

transfer (Reguera et al., 2006). These studies also demonstrated that 

geopili are highly conductive and since the apparatus is anchored in the 

periplasm and outer membrane of the cells, they can accept electrons 

from the periplasm or from redox proteins localized in the outer 

membrane (Shi et al., 2007) (figure 1.3). 

It is clear from the above description that although several of the proteins 

essential for extracellular electron transfer in Geobacter have been 

identified, their characterization remains to be done. G. sulfurreducens is 

a freshwater organism and in the context of MFCs applications, a marine 

or salt tolerant organism is more adequate. Recently, a phylogenetic tree 

of the Geobactereaceae family showed that it is divided into two clades, 

with D. acetoxidans, a marine organism, belonging to a different clade 

from G. sulfurreducens (Butler et al., 2009). 

 

Desulfuromonas 

Desulfuromonas acetoxidans is a Gram negative, anaerobic δ-

proteobacterium containing a single flagellum isolated from sediments in 

the Antarctic Ocean. This microorganism reduces elemental sulfur to 

sulfide in order to obtain energy, although it can also use fumarate, ferric 

iron (Fe3+) or manganese (Mn4+) as terminal electron acceptors (Pfennig 

and Biebl, 1976).  D. acetoxidans obtains energy from the complete 

oxidation of organic compounds to carbon dioxide while reducing 

extracellular electron acceptors (Butler et al., 2009; Roden and Lovley, 

1993). In its natural habitat, this bacterium participates in a symbiotic 

consortium with the green sulfur bacterium Chloropseudomonas ethylica 
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strain 2K. The elemental sulfur produced is reduced back to sulfide by D. 

acetoxidans, establishing a closed sulfur cycle (Pfennig and Biebl, 1976).  

 

Figure 1.4. Cartoon representation of the respiratory chains leading to 

extracellular electron transfer in D. acetoxidans, based on the identity with 

proteins from G. sulfurreducens on table 1.1. OM – outer membrane, IM – inner 

membrane. Circles with lines represent the hemes in the cytochromes, when a 

structure is not available. Cytochrome  representation  was  made  with PyMOL  

(Delano, 2003)  using  the  structure  of  Cyt c7 (PDB  code 1HH5). 

D. acetoxidans is the least explored of the three organisms mentioned in 

this review. However, the draft genome shows that several key 

bioenergetic pathways are conserved and codes for various cytochromes 

with significant homology to those assigned to metal respiration or anode 

reduction in G. sulfurreducens (Lovley, 2007), amongst which are 98 

putative c-type cytochromes. 
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Table 1.1. Genes coding for proteins from G. sulfurreducens PCA 

involved in metal oxides or MFC anodes respiration and homologous 

genes found in the draft genome of D. acetoxidans.  

G. sulfurreducens 
Predicted 

hemes 
D. acetoxidans 

Predicted 
hemes 

Identity 

OmcB (GSU2737) 12 
Dace_0364 
(OmcB) 

13 30% 

OmaB (GSU2738) 8 Dace_0363 10 32% 

OmbB (GSU2739) 20* Dace_0362 22* 27% 

OmcT (GSU2503) 6 Dace_2872 7 26% 

OmcS (GSU2504) 6 Dace_2872 7 26% 

MacA 2 Dace_0736 2 45% 

PpcA (cyt c3) 3 c7 (cyt c3) 3 44% 

GSU0701 6 Dace_1868 5 23% 

GSU0105 3 Dace_1858 10 25% 

 * β-barrel trans-outer membrane protein, the number represents the number of 

trans-outer membrane motifs 

The membrane associated diheme MacA from G. sulfurreducens shows 

45% identity with Dace_0736 which is annotated as Cyt-c peroxidase 

precursor in D. acetoxidans. Cell suspensions of D. acetoxidans have an 

absorption spectrum typical of reduced c-type cytochromes, and several 

cytochromes have been identified and purified from this bacterium 

(Pereira et al., 1997). The most abundant and best characterized of 

these heme-proteins is the triheme cytochrome c7, which belongs to the 

tetraheme cytochrome c3 superfamily (Correia et al., 2002). This 

cytochrome has 44% identity with PpcA from G. sulfurreducens (table 1). 

The cytochromes belonging to the periplasmic cytochrome pool of G. 

sulfurreducens that were expressed solely when an extracellular electron 

acceptor was present, GSU0701 and GSU0105, also have homologues 

in D. acetoxidans with identities of 23% with Dace_1868 and 25% with 

Dace_1858, respectively. Also, the draft genome of D. acetoxidans also 

codes for the cytochrome Dace_2872 which has over 25% identity with 
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the outer membrane cytochromes from G. sulfurreducens, OmcT and 

OmcS. Finally, the Pcc protein complex from G. sulfurreducens, which 

seems to be conserved amongst various species of bacteria capable of 

performing extracellular electron transfer (Liu et al., 2014b), formed by 

OmcB, OmbB and OmaB shows an identity of over 25% with the proteins 

from D. acetoxidans, Dace_0364, Dace_0363 and Dace_0362, 

respectively. 

Therefore, it appears that the molecular components of the trans-

periplasmic electron transfer chain in D. acetoxidans and G. 

sulfurreducens are very similar. 

As can be appreciated from the current literature, although the 

mechanism of extracellular respiration differs within species, Gram-

negative bacteria appear to rely on multiheme cytochromes for key roles 

in the bioenergetic respiratory chains linked to respiration of extracellular 

minerals or anodes in MFCs. These cytochromes form a highly complex 

network that extends from the periplasm to the outer membrane of the 

cell, so that electrons may flow to the outside, where solid acceptors are 

reduced (Richardson, 2000; Hartshorne et al., 2009; Meitl et al., 2009). 

The structures of some of the terminal reductases (Clarke et al., 2011; 

Edwards et al., 2012b, 2012a; Pokkuluri et al., 2009; Lukat et al., 2008) 

and interaction and knock-out studies (Coursolle and Gralnick, 2010; 

Coursolle et al., 2010; Lies et al., 2005; Hartshorne et al., 2009; Fonseca 

et al., 2013, 2014) undoubtedly provided essential information for the 

developing a molecular description of the electron transfer taking place at 

the bio-mineral interface, but there is still a long way between what is 

known and what remains unclear about the mechanisms involved in 

extracellular electron transfer. 
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ABSTRACT 

Dissimilatory metal reducing bacteria are organisms capable of 

performing extracellular electron transfer (EET), a key metabolic 

capability for their wide range of biotechnological applications. In order to 

better understand how these microorganisms transfer the electrons from 

their metabolism to an extracellular electron acceptor, it is necessary to 

characterize the key players in this process, multiheme c-type 

cytochromes. 

In Shewanella oneidensis MR-1, which is considered a model organism 

for studying EET, STC is one of the most abundant cytochromes found in 

the periplasmic space, being proposed to function as an electron shuttle 

to the outer-membrane cytochromes for the reduction of insoluble 

compounds. Well-established thermodynamic and kinetic models were 

applied to a set of single mutants of surface amino acids of STC, to 

better understand how the charged surface of a multiheme cytochrome 

modulates the electron transfer process performed by the protein. 

Charge alterations in the vicinity of the redox center in one of the mutants 

caused a significant increase on the rate of electron transfer, for both 

reduction and oxidation processes. 

The results obtained in this work open new insights on how to manipulate 

the reactivity of cytochromes, and therefore the biotechnological 

applications of DMRB.    

 

INTRODUCTION 

Dissimilatory metal reducing bacteria (DMRB) inhabit marine or brackish-

water sediments and frequently form biofilms. These structures are 

crucial for their survival when using solid terminal electron acceptors 
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(Thormann et al., 2005), being essential in diverse biotechnological 

applications, such as protection of submerged metallic structures (Dubiel 

et al., 2002), bioremediation (Lovley, 1995) and the development of 

promising microbial electrochemical systems such as microbial fuel cells 

(MFC) (Logan, 2009).  

MFCs are devices where biodegradable materials, like wastewater, are 

fed to DMRB capable of performing extracellular electron transfer. Due to 

this metabolic capability, these microorganisms use an electrode as the 

terminal electron acceptor, and produce electrical current that can be 

harvested concomitantly with the reduction of the carbon load of the 

wastewater (Logan, 2009). 

One of the most well-studied DMRB is the facultative anaerobic Gram-

negative gama-proteobacterium Shewanella oneidensis MR-1 (SOMR1), 

being considered as a model organism in this area. This was the first 

DMRB reported in the literature (Myers and Nealson, 1988) and whose 

genome was completely sequenced (Heidelberg et al., 2002). Its genome 

encodes for 41 putative c-type cytochromes (Meyer et al., 2004; Romine 

et al., 2008), which were shown to be involved in the direct and indirect 

electron transfer between Shewanella cells and the extracellular 

substrates (Heidelberg et al., 2002; Shi et al., 2007). 

The inner-membrane tetraheme cytochrome c known as CymA (Myers 

and Myers, 1997, 2000) receives electrons from the menaquinone pool 

and acts as a redox hub, distributing electrons to various other 

cytochromes in the periplasmic space. Amongst these, one of the most 

abundant is the small tetraheme cytochrome c, also known as STC or 

CctA (Gordon et al., 2000). It participates in the periplasmic electron 

transfer that takes place between CymA and decaheme cytochromes 

associated with outer membrane porin-cytochrome complexes that 
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subsequently transfer electrons to the extracellular acceptor (Pitts et al., 

2003; Richardson et al., 2012; Fonseca et al., 2013).  

The detailed microscopic characterization of STC from SOMR1 showed 

that this protein ensures a directional electron flow within the cytochrome 

by establishing a functional specificity for each redox center (Paquete et 

al., 2010). It was proposed that heme I is the major heme that contributes 

for both the reductive and oxidative processes of STC. While in the 

reductive process this heme is the only one that participates in this 

process, during the oxidation process it is this heme together with heme 

IV that drain the electrons from STC (Paquete et al., 2010; Qian et al., 

2011). Indeed, STC mutants at the surface of the protein showed that 

only mutations near these hemes influence the iron binding affinity (Qian 

et al., 2011). Qian et al. revealed that D80N and D21N mutations affect 

the reactivity and binding affinity of mutant STC toward Fe3+-EDTA (Qian 

et al., 2011). Although considerable work was performed to understand 

the effect of these mutations in the reactivity of STC, this was only 

performed at a macroscopic level. It is well recognized that the molecular 

details of electron transfer processes performed by multicenter redox 

proteins can only be understood by a detailed kinetic and thermodynamic 

characterization of the protein at the microscopic level (Paquete and 

Louro, 2014; Paquete et al., 2010). In this work, the effect of 13 single 

amino acid mutations on the surface of STC from SOMR-1 (Qian et al., 

2011) on the microscopic thermodynamic and kinetic properties of this 

protein was explored. In most cases the mutation did not affect the 

structure and the geometry of the c-type hemes, and the 

thermodynamics of the mutants remained mostly unchanged. However 

changes in the electrostatics of the protein showed a large effect on the 

kinetic properties of the reduction and oxidation process of the protein 

with small electron partners. These results are pioneer and represent a 
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promising approach to improve protein efficiency to optimize 

biotechnological applications using SOMR-1. 

 

MATERIALS AND METHODS 

Protein expression and purification 

The gene that encodes for the STC protein with the His-tag at the C-

terminal was inserted into plasmid pET21a that confers Ampicillin 

resistance (Qian et al., 2011). This plasmid was introduced into 

Escherichia coli BL21(DE3) containing pEC86 vector which expresses 

constitutively the ccmABC-DEFGH genes necessary for cytochrome c 

maturation (Thöny-Meyer, 2003). The same procedure was performed for 

the 15 STC single amino acid mutants: D2N; D7N; E11Q; E17Q; D21N; 

D28N; E32Q; E44Q; D46N; D53N; D60N; D66N; E76Q; D80N; D81N 

(Qian et al., 2011). 

Cells were grown aerobically at 37ºC in Luria-Bertani (LB) medium 

containing 100 μg/ml ampicillin and 35 μg/ml chloranphenicol for 16h with 

shaking at 150 rpm; and subsequently harvested by centrifugation at 

10000 x g at 4ºC for 10 min and frozen at -20ºC. For all the STC mutants 

the cell pellet, after defrosting, were disrupted by osmotic shock, using a 

solution containing 20 mM Tris-HCl pH 8.0, 20% sacarose, 1 g/l of 

lysozyme, 1 mM EDTA, protease inhibitor cocktail (Roche) and DNase I 

(Sigma), shaking for 1h at 4ºC. The lysed cells were ultracentrifuged at 

210000 x g at 4ºC for 90 min. 

The soluble fraction containing the periplasmatic proteins was dialysed 

overnight on 20 mM Tris-HCl, pH 7.6; it was subsequently concentrated 

using an ultracentrifugation stirred cell system with a 10 kDa cut-off 

membrane (Amicon by Merk Millipore) and loaded onto a Q-Sepharose 

column, previously equilibrated with 20 mM Tris-HCl, pH 7.6. A salt 
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gradient from 0-1 M NaCl in 20 mM Tris-HCl pH 7.6 was applied. The 

fractions containing the STC mutants were eluted between 160-200 mM 

NaCl. 

All chromatographic steps were performed at 4ºC, and the fractions 

containing the STC mutants were analyzed by SDS-PAGE using heme 

staining (Francis and Becker, 1984), coomassie blue staining and UV-

Visible spectroscopy to check the purity. The purity of the proteins was 

revealed by a single band in the SDS gel stained with coomassie blue, 

and an absorbance ratio Asoret Peak/A280 nm larger than 5. The fractions 

containing pure STC mutant protein were analyzed using 1H NMR. Only 

the mutants with the correct heme spectral signature when compared 

with native STC (STCwt) (Fonseca et al., 2009) were used for further 

studies. 

NMR spectroscopy 

Proteins for NMR experiments were dialyzed twice with 10 mM 

potassium phosphate pH 7.6 with 100 mM potassium chloride. The 

fractions were concentrated to a final concentration of approximately 1 

mM, lyophilized and ressuspended in 2H2O (99.9 atom%). 

The samples were purged with N2 in order to remove oxygen. Partial 

protein reduction was achieved by adding small amounts of a 

concentrated sodium dithionite solution or air with a gastight syringe, until 

the protein was in the desired partially reduced state. The pH of the 

solution was adjusted using small amounts of NaO2H or 2HCl, inside an 

anaerobic glove box (Coy Laboratory Products, Inc.). 

NMR experiments were performed in a 500 MHz Bruker Avance II+ 

spectrometer at 25ºC, according to the procedure described in the 

literature (Fonseca et al., 2009). For the thermodynamic characterization 

1H nuclear Overhauser effect spectroscopy (NOESY) spectra were 
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collected using partially oxidized samples in the pH range 5.5–9.0. The 

proton spectra were calibrated using the water signal as an internal 

reference (Banci et al., 1995). 

The Bruker TopSpin program was used to process and visualize the 

NMR spectra. 

NOESY spectra were obtained with 1024 points in the direct dimension 

and 256 transients in the indirect dimension. Processing was performed 

with zero filling to 1024x1024 and using a shifted sine bell function. The 

baseline was flattened with a polynomial function. 

Redox titrations followed by UV-visible spectroscopy 

Redox titrations were performed using the procedure recently described 

(Saraiva et al., 2012). Briefly, these experiments were performed inside 

an anaerobic glove box (Coy Laboratory Products, Inc.) at 25ºC, in an 

OTTLE cell using a potentiostat (CH Instruments) with a three-electrode 

system; a gold or platinum mesh electrode as a working electrode, a 

platinum wire as a counter electrode and an Ag/AgCl as a reference 

electrode. The reference electrode was checked before each experiment 

using a calomel reference electrode that was never exposed to protein 

solution. The reduction potential values were converted to standard 

hydrogen electrode by adding 241 mV to the experimental 

measurements (Smith and Stevenson, 2006). 

To ensure equilibrium between the electrode and redox centres, a 

mixture containing redox mediators was used: methyl viologen, diquat, 

neutral red, safranine O, anthraquinone 2-sulfonate, anthraquinone 2,7-

sulfonate, indigo disulfonate, indigo trisulfonate, methylene blue, 

gallocyanine and indigo tetradisulfonate. 

The concentrations of the STC mutants were between 10-20 µM in 20 

mM phosphate buffer with 100 mM KCl at pH 8.0. Different concentration 
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ratios of protein to mediators (between 1:5 and 1:10 ratio of mediator to 

protein) were tested to confirm the absence of interference of the 

mediators.  

The redox titrations were repeated at least twice for each mutant, in 

reductive and oxidative directions and data were reproducible within 10 

mV. 

Kinetic experiments 

Kinetic experiments were performed according to the procedure 

described previously for STCwt from SOMR1 (Paquete et al., 2010).  

Protein samples were degassed with cycles of vacuum and argon to 

remove the dissolved oxygen. All kinetic experiments were performed 

using a stopped-flow spectrometer (HI-TECH Scientific SF-61 DX2) 

placed inside an anaerobic chamber (M-Braun 150), with oxygen level 

kept below 1 ppm. Data were collected at 552 nm, and the temperature 

was maintained at 298 ± 1 K using an external circulating bath. 

The protein samples were diluted to the desired concentrations in 100 

mM Tris-maleate buffer at different pH values. The pH of the samples 

was measured after each experiment. The actual concentration of the 

protein samples was determined after each experiment by UV-visible 

spectroscopy using, for the reduced state, ϵ552nm = 120 000 M-1 cm-1.  

Protein reduction was achieved by mixing sodium dithionite prepared in 5 

mM Tris-maleate buffer pH 8.5 with 100 mM of KCl. Protein oxidation 

was achieved using ferric-NTA prepared in 5 mM Tris-maleate buffer pH 

7.0 with 100 mM of KCl. Ferric-NTA was prepared as described in the 

literature (Wang et al., 2008). The actual concentrations of sodium 

dithionite and ferric-NTA for each experiment were determined in the end 

of the experiments using ϵ314nm = 8000 M-1 cm-1 (Dixon, 1971) and ϵ260nm 

= 6000 M-1 cm-1 (Abida et al., 2006), respectively. 
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Partially reduced protein was obtained by the addition of small amounts 

of concentrated sodium dithionite to the fully oxidized STC until the 

desired degree of reduction was achieved. Partially oxidized protein was 

obtained by the addition of small amounts of oxygen to the fully reduced 

STC until the desired degree of oxidation was reached. Because ferric-

NTA speciates according to the solution pH, these experiments were only 

performed at pH 7.0 where 90% of ferric-NTA is in the form of FeOH-

NTA (Wang et al., 2008). 

For the reduction kinetic experiments, the reference value of the optical 

density in the fully oxidized state was determined by mixing the protein 

with potassium ferricyanide, and for the fully reduced state, this reference 

value was obtained from the final absorbance taken at effectively infinite 

time after each experiment. For the oxidation kinetic experiments, the 

reference value of the optical density in the fully reduced state was 

achieved by mixing the protein with sodium dithionite, and the reference 

value of the optical density in the fully oxidized state of the protein was 

obtained from the final absorbance taken at effectively infinite time after 

each oxidative experiment. 

Kinetic analysis 

Kinetic data were analyzed according to the procedure described 

previously for STCwt from SOMR1 (Paquete et al., 2010). The data for 

the reduction of the STC mutants were normalized to obtain oxidized 

fraction versus time. The timescale was corrected to account for the dead 

time of the stopped-flow apparatus. In order to reduce electrical noise, a 

minimum of two sets of data for each experimental condition were 

averaged. 

For the reduction experiments of each protein, the experimental data 

obtained for the fully and partially reduced conditions were fitted 

simultaneously at all pH values to a kinetic model that allows the 
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discrimination of the contribution of each redox center in the overall 

electron transfer process in multicenter redox proteins (Catarino and 

Turner, 2001). For the oxidation experiments, the data obtained for the 

fully reduced and partially reduced conditions were fitted simultaneously 

to the kinetic model. The application of the kinetic model requires fast 

intramolecular electron transfer and slow intermolecular electron 

exchange, because only in these conditions is there thermodynamic re-

equilibration within the protein between each of the sequential electron 

transfer steps. Previous work (Fonseca et al., 2009) show that for this 

protein, these conditions are achieved within the typical protein 

concentrations used for stopped-flow experiments. 

 

RESULTS 

Protein expression and purification  

The expression and purification of STC with a His-tag at the C-terminal 

was achieved in E. coli using a similar procedure of that used for the 

expression and purification of the STC mutants. Of the 15 mutants that 

were produced, the STC mutants E16Q and E31Q could not be 

expressed in E. coli, in agreement with what was previously reported 

(Qian et al., 2011). The heme geometrical conformations of all the other 

mutant proteins were confirmed using 1H NMR and compared with the 

native protein (Fonseca et al., 2009). All but D7N and D81N STC 

mutants presented similar NMR spectral fingerprint in the paramagnetic 

region to STCwt. D7N and D81N STC mutants lack paramagnetic signals 

in the NMR spectra, indicating that these two proteins were not correctly 

folded, when compared with STCwt (figure D.2 Appendix D).  

This indicates that for 11 mutants the His-tag at the C-terminal of the 

protein did not change the heme geometrical conformation of STC (figure 
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D.1 Appendix D). Indeed, the expression and purification of the STC 

protein with the His-tag at the C-terminal also indicates that the heme 

geometrical conformation is highly homologous to the native STC 

(STCwt) (Fonseca et al., 2009). This result, attained by NMR 

spectroscopy, indicates that the His-tag and the thrombin binding site 

(Qian et al., 2011) do not affect the three-dimensional structure of the 

protein (figure 2.1). For this reason, in this work, the His-tag sequence 

was not cleaved. 

 

Figure 2.1. 1
H NMR spectra of STCwt (red spectrum) and STC with His-tag 

(blue spectrum). 

Thermodynamic characterization 

In conditions of fast intramolecular electron exchange and slow 

intermolecular electron exchange on the NMR timescale, 1H NOESY 

experiments of partially oxidized STC monitor the five possible redox 

stages of the protein (Louro et al., 2001). The heme methyl groups 

followed for all the STC mutants studied in this work were the same 



Chapter II 

 

53 
 

previously chosen for the STCwt, (181CH3
I, 71CH3

II, 21CH3
III and 

181CH3
IV) (Fonseca et al., 2009). Given that the NMR data obtained at 

different pH values for the STC mutants were similar to the wild-type 

protein, and taking in consideration that the redox-Bohr effect in STCwt is 

the combined result of contributions from several acid-base groups, 

mainly from the heme propionates (Fonseca et al., 2009) the pKa of 

ionizable center, as well as the interactions of the hemes with the 

ionizable center were considered to be identical to those of STCwt. For 

each STC mutant the chemical shifts and line widths of the methyl 

groups from the NMR experiments at different pH values, as well as the 

redox titration data obtained at pH 8.0, were simultaneously fit to the 

thermodynamic model (figure 2.2 and 2.3, table 2.2; for each individual 

mutant see Appendix F). 

 

 

Figure 2.2. Potentiometric titrations of STC mutants followed by visible 

spectroscopy at pH 8.0. The line represents the fitting of STC with His-tag. 
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Table 2.1. Thermodynamic parameters obtained for each mutant. E I, II, III and 

IV are the reduction potentials of each individual heme; i represents the 

interactions of the hemes amongst each other. The values presented are in 

meV. Values in parenthesis represent the standard errors considering 

uncertainty of the NMR signals proportional to their line width and an uncertainty 

of 3% in the optical signal in the redox titrations followed by visible spectroscopy.   

E I E II E III E IV i I-II i I-III i I-IV i II-III i II-IV i III-IV

STC+H-tag -316 (3) -296 (3) -288 (3) -209 (4) 24 (2) 19 (3) -6 (3) 61 (2) 1 (2) 21 (2)

D2N -317 (2) -297 (2) -291 (3) -209 (5) 22 (3) 20 (4) -10 (5) 58 (2) 2 (2) 20 (2)

E11Q -324 (3) -307 (3) -286 (4) -223 (5) 36 (4) 17 (4) 10 (4) 69 (3) 10 (2) 30 (2)

D21N -300 (2) -281 (2) -272 (2) -203 (3) 12 (2) 6 (3) -5 (3) 55 (1) -7 (2) 14 (1)

D27N -301 (3) -283 (3) -273 (4) -207 (3) 15 (3) 6 (3) -5 (2) 55 (2) -4 (2) 16 (2)

E44Q -315 (4) -295 (4) -278 (6) -220 (4) 15 (4) 2 (6) -1 (4) 58 (4) -3 (3) 17 (4)

D46N -313 (2) -294 (2) -285 (3) -223 (2) 7 (2) 2 (4) -4 (3) 62 (2) 0 (2) 17 (2)

D53N -289 (2) -268 (2) -259 (3) -195 (3) 12 (3) 7 (3) 0 (3) 58 (2) -3 (2) 16 (2)

D60N -319 (2) -295 (2) -295 (2) -229 (2) 2 (2) 10 (2) -1 (2) 57 (1) -2 (2) 13 (2)

D66N -305 (3) -284 (3) -276 (3) -209 (4) 21 (3) 16 (2) 3 (3) 62 (2) 4 (2) 28 (4)

E76Q -307 (2) -287 (2) -280 (2) -201 (3) 18 (2) 14 (2) -12 (2) 55 (2) -1 (1) 19 (1)

D80N -319 (3) -301 (3) -289 (3) -213 (4) 30 (3) 20 (4) 4 (3) 68 (2) 4 (2) 27 (3)

 

The thermodynamic parameters of STC mutants show that, although the 

reduction potentials of the redox centers are slightly different, these 

differences do not affect the reduction order of the hemes. Moreover, the 

main differences can be observed in the interaction energies between 

hemes I and IV and heme I and III. These are the pairs of hemes with the 

largest distance and therefore the interaction is less well defined. 

Furthermore, among all interaction energies, iII-III is the one that presents 

the highest value due to the close proximity of the hemes in STC, 

followed by iIII-IV, as previously observed for STCwt (Fonseca et al., 

2009). 

Among all the mutations, D53N is the one that affects more the redox 

properties of STC, with the reduction potentials of the individual hemes 

more positive than in STC with His-tag. 

Kinetic studies 

The reduction and oxidation process of STC with the His-tag and STC 

mutants were studied using the kinetic models described in Paquete et 
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al., 2010. Briefly, this mathematical model, based on Marcus theory 

(Marcus and Sutin, 1985), considers that the microscopic rate constant 

for each heme is dependent on the driving force associated with the 

electron transfer in each microstep, and a reference rate constant that is 

specific to each heme (Catarino and Turner, 2001). The reference rate 

constant of each heme, either for the reduction or oxidation processes, 

provides information about the contribution of each of the hemes towards 

the redox process of the protein. The values obtained for the fitting of the 

kinetic data are presented in tables 2.2 and 2.3, for the reductive and 

oxidative process, respectively.  

The results showed that, independently of the mutation, heme I remains 

the most important in the oxidative and reductive processes, as 

previously observed for STCwt. Whereas for the oxidation with Fe3+-NTA 

the reference rate constants of other hemes are always less than 10% of 

the reference rate constant of heme I, in the reduction with dithionite 

several mutants promote significant contributions of other hemes such as 

D21N, D53N and D60N.  

Three mutants stand out from the rest. D53N shows smaller rate 

constants for both reduction and oxidation that STC with His-tag. By 

contrast D66N shows higher rate constants for both reduction and 

oxidation, whereas E11Q only enhances the oxidation rate constant. 
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Table 2.2. Reference rate constants  ��
� for each heme in the reduction of STC 

variants with sodium dithionite, at 25 °C. 

Standard errors considering an experimental uncertainty of 5% of the total amplitude of the optical 

signal in the kinetic traces are given in parenthesis. 

  

Heme I Heme II Heme III Heme IV

STC+H-tag 164.1 (2.8) 0.0 (2.4) 0.0 (2.9) 14.4 (2.2)

D2N 164.3 (3.2) 0.0 (3.5) 0.0 (4.4) 29.4 (4.4)

E11Q 165.3 (1.4) 0.0 (1.9) 0.0 (1.8) 0.0 (2.2)

D21N 103.1 (3.0) 0.0 (2.0) 43.7 (3.0) 0.0 (2.1)

D27N 133.0 (1.3) 0.0 (1.4) 0.0 (2.2) 26.4 (2.3)

E44Q 150.7 (1.9) 0.0 (1.7) 0.0 (1.9) 31.3 (1.7)

D46N 119.7 (2.3) 0.0 (2.3) 0.0 (1.9) 40.4 (2.1)

D53N 63.6 (1.2) 45.4 (2.4) 0.0 (2.6) 0.0 (1.9)

D60N 164.7 (2.7) 63.9 (2.9) 0.0 (2.4) 0.0 (1.7)

D66N 328.3 (6.5) 0.0 (5.2) 0.0 (6.4) 0.0 (5.8)

E76Q 184.2 (2.2) 29.9 (2.4) 18.3 (1.9) 0.0 (2.2)

D80N 132.0 (2.3) 0.0 (2.8) 0.0 (2.1) 9.4 (2.6)

x10
8
s

-1
M

-1

��
0 

 

 

Table 2.3. Reference rate constants ��
� for each heme in the oxidation of STC 

variants with ferric-NTA,  at 25 °C. 

Standard errors considering an experimental uncertainty of 5% of the total amplitude of the optical 

signal in the kinetic traces are given in parenthesis. 

Heme I Heme II Heme III Heme IV

STC+H-tag 287.7 (18.2) 0.0 (15.3) 0.0 (0.9) 1.2 (5.2)

D2N 273.8 (20.3) 0.0 (18.2) 0.8 (1.1) 6.9 (6.7)

E11Q 414.0 (18.3) 0.0 (3.5) 0.8 (1.6) 6.9 (6.7)

D21N 261.8 (22.1) 0.0 (24.7) 0.2 (1.4) 16.2 (11.3)

D27N 249.2 (24.2) 0.6 (21.0) 0.0 (1.4) 18.7 (14.3)

E44Q 210.3 (5.9) 0.0 (9.9) 0.0 (0.7) 15.1 (4.7)

D46N 301.6 (18.6) 0.0 (25.0) 0.0 (1.8) 18.9 (11.8)

D53N 152.1 (11.9) 5.7 (11.2) 0.0 (0.7) 5.2 (4.8)

D60N 308.7 (20.2) 29.8 (21.2) 0.0 (1.6) 2.3 (8.4)

D66N 485.0 (39.4) 6.9 (41.2) 0.6 (1.2) 0.0 (18.0)

E76Q 186.8 (11.4) 13.1 (11.6) 0.0 (0.6) 4.3 (6.2)

D80N 367.2 (16.4) 8.4 (21.4) 1.0 (0.8) 0.7 (8.2)

x10
6
s

-1
M

-1

��
0 
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DISCUSSION 

The actual function of STC from SOMR1 is still not well established, 

although several studies have indicated that this protein is relevant for 

extracellular respiration. Knock-out experiments showed that STC plays 

a role in the periplasmic electron transfer during DMSO and ferric citrate 

reduction (Coursolle and Gralnick, 2010). Furthermore, NMR interaction 

studies showed that this protein interacts with CymA in the inner 

membrane and with periplasmic decaheme cytochromes (Fonseca et al., 

2013) of the outer membrane complexes (Firer-Sherwood et al., 2011). 

This suggests that STC may work as an electron shuttling protein, being 

fundamental for the electron transfer from the cell metabolism, via CymA, 

to the extracellular electron acceptors, via the outer-membrane 

cytochromes. 

In order to ensure directionality and specificity in redox processes it is 

necessary that the proteins are under thermodynamic and kinetic control. 

While thermodynamics define the possible electron transfer processes 

that may occur between redox partners, the kinetics gives information on 

exactly how the electron transfer events occur (Paquete et al., 2014). 

The results obtained previously for STCwt from SOMR1 showed that 

heme I, the heme with the lowest reduction potential, is the entry and exit 

gate for electrons, which ensures that this heme is always available to 

receive electrons from its physiological electron donor (Paquete et al., 

2010).  

To map the iron binding site of STC to iron complexes, a chemical 

modification approach was performed to STC (Qian et al., 2011). While 

an amine group modifier showed that positively charged residues do not 

contribute for the reduction of iron compounds, the modification of 

negatively charged residues, such as carboxyl groups, to neutral ones 

affect the reactivity towards Fe3+-EDTA. Site-directed mutagenesis 
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identified D21 and D80 in the vicinity of heme I and IV, respectively, to be 

involved in binding of this iron complex (Qian et al., 2011).  

In order to elucidate the importance of these mutations in the reactivity of 

STC, the microscopic thermodynamic and kinetic characterization of the 

mutants produced by Qian et al. were determined. From the 15 STC 

mutants constructed, only 11 gave rise to NMR spectra identical to 

STCwt, indicating a similar overall fold and heme geometrical 

conformation. This indicates that the His-tag and the thrombin binding 

site present at the C-terminal of the protein do not disturb the overall 

structure of STC, as well as the heme geometrical conformation. It was 

for this reason that the His-tag at the C-terminal of the protein was not 

cleaved from the STC mutants with thrombin protease. Nevertheless, 

some differences are observed in the thermodynamic and kinetic 

parameters between STC with His-tag and STCwt (Paquete et al., 2010). 

These differences are however due to the electrochemical method used 

to perform the redox titrations followed by UV-visible spectroscopy, and 

not to the presence of the His-tag. Redox titrations of STCwt using this 

electrochemical method also yields redox titrations shifted to more 

negative reduction potentials when compared to what is published 

(Fonseca et al., 2009) (see table E.1 in appendix E). Previous work 

showed that the reduction potential of redox proteins differs according to 

the electrochemical method used (Doyle et al., 2013). For this reason, 

the results obtained with the STC mutants were always compared with 

STC with His-tag. 
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Figure 2.4. Graphical representation of the relative ratio of the reference rate 

constants obtained for heme I for each mutant compared with STC+His-tag in 

the reductive process with sodium dithionite. 

 

Figure 2.5. Graphical representation of the relative ratio of the reference rate 

constants obtained for heme I for each mutant compared with STC+His-tag in 

the oxidative process with Fe
3+

-NTA. 
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For all the STC mutants analyzed, heme I remains the most important 

heme for both entry and exit of electrons with sodium dithionite and Fe3+-

NTA (table 2.2 and 2.3). The modulation of properties brought about by 

the mutations is felt at the level of decrease or increase of the reference 

rate constant of heme I for specific mutants (Figure 2.4 and 2.5).  

An increase in the reference rate constants when removing negatively 

charged residues from the surface of STC can easily be rationalized 

given that SO�
∙� and FeOH-NTA- are negatively charged. The decrease in 

the reference rate constant for D53N both for reduction and oxidation 

cannot be rationalized on this basis (figure 2.6 A), nor on the basis of the 

observed increase of the reduction potentials. The increase in reduction 

potential of all hemes suggests that this mutation somehow reduces the 

solvent accessibility of all the hemes in this protein (Stellwagen, 1978). 

Such a reduced accessibility would be compatible with the smaller 

reference rate constants both for oxidation and reduction. At this time we 

can propose that the mutation of an amino acid residue with a negatively 

charged side chain by an amino acid residue with a neutral side chain 

enables this protein to form dimers, and therefore the highly exposed 

hemes would be less accessible to the solvent. A homodimer would be 

unlikely to disturb the NMR spectrum of the protein. Furthermore, the 

small size of STC means that the change in correlation time from the 

monomer to the dimer would give a negligible change in experimental 

linewidth in the paramagnetically broadened signals reported in figure 

D.1 in appendix D. 

In contrast to what was observed by Qian et al (2011), with Fe3+-EDTA, 

the oxidation of STC with Fe3+-NTA is only slightly affected by mutation 

D21N, while for the D80N mutant an increase of the kinetic rate can be 

observed. The different results obtained with the two iron complexes 

suggest that generalization from a particular set of experiments cannot 

be made. The two complexes show different charge of the dominant 
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soluble iron forms. Indeed, at pH 7, speciation of Fe3+-NTA indicates that 

the main iron form is FeOH-NTA- (determined with PHREEQC-3 using 

data from minteq.v4 database (Parkhurst and Appelo, 2013)) whereas at 

pH 8 speciation of Fe3+-EDTA indicates that the dominant iron form is 

FeOH-EDTA2- (Wang et al., 2008; Owens et al., 2000).  

Interestingly, among all these mutations, only E11Q, D21N, D27N and 

D66N are at a sufficient distance from heme I to affect the kinetics of the 

electron transfer process of this heme (figure 2.6) (Gray and Winkler, 

2010). However, the results obtained demonstrate that, besides distance 

to the redox center, other factors influence the kinetic rate constants. 

Indeed, electrostatic interactions were shown to affect the kinetics of 

multiheme cytochromes with small molecules, but only those in close 

proximity to the binding region (Quintas et al., 2013).  

Both SO�
∙� and FeOH-NTA- are small molecules when compared with the 

physiological partners of STC. However, these two molecules have very 

distinct sizes, with sodium dithionite much smaller than Fe(III)-NTA, 

which might imply different approximation routes. Various approximation 

routes might be a possibility due to the great exposure of heme I 

(Paquete et al., 2010), for that reason, altering different charges 

surrounding the heme lead to different results. Since D27 is located in a 

region away from the solvent accessible surface of heme I, changing this 

charge doesn’t affect significantly the reference rate constant of reduction 

or oxidation of heme I. Removing the negative charge of D21 decreases 

the reduction reference rate constant of heme I. Due to its small size, 

sodium dithionite needs this repulsive charge to be led by surface 

electrostatics to the redox center. Without the negative charge of this 

residue, the routing may be lost. As for residue E11, its neutralization 

favors the approximation of the relatively large ferric-NTA to heme I. 

Moreover, altering residue D66 for a neutral amino acid seems to 
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unblock the passage of both sodium dithionite and ferric-NTA 

accelerating the reactivity with both molecules (figure 2.6 B).   

 

 

Figure 2.6. Representation of the STC mutations E11Q, D21N, D27N, D53N 

and D66N. Mutations affecting the reduction process are colored in blue, 

mutations affecting the oxidation process are colored in red, mutations affecting 

both processes are colored in green and mutations which do not affect any of 

the processes are colored orange. Panel A shows the whole protein, while panel 

B is zoomed around heme I, viewed from a different angle, showing the putative 

approach face of small molecule redox shuttles. The figure was made with 

PyMOL (Delano, 2003) using the structure of STC (PDB code 1M1Q). 

These studies indicate that mutation D66N increases the reactivity of 

STC toward small negative inorganic compounds. These results are of 

significant importance for the rational design of proteins to enhance their 

functional properties toward biotechnological purposes, which have 

recently begun to emerge. Indeed, although MFCs are promising devices 

to produce energy and to clean wastewaters, many efforts are required to 

make these devices an alternative energy source in the real world. 

Although rational design is one of the most effective approaches in 

B A 
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protein bioengineering, in many cases the limited amount of information 

on the structure and mechanisms of the proteins of interest restrain its 

applicability. Being highly abundant, soluble, with approximately 12 kDa 

and with four c-type hemes, STC has become a good model protein for 

the study of multiheme cytochromes (Fonseca et al., 2012). Engineering 

of multicenter redox proteins is of special interest for extracellular 

electron transfer to electrodes, which in SOMR1 is mediated by the 

decaheme cytochromes of the periplasm and from the outer membrane, 

namely MtrA, MtrC and OmcA. The improvement of the electron transfer 

of multiheme cytochromes can provide important advances in enhancing 

the efficiency of SOMR-1 and other DMRB, as well as the current 

produced by these microorganisms working on MFCs. 
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ABSTRACT 

Recent progress in bacterial genomic analysis has revealed a vast 

number of genes that encode c-type cytochromes that contain 

multiple heme cofactors. This high number of multiheme cytochromes 

in several bacteria has been correlated with their great respiratory 

flexibility, and in what concerns biotechnological applications, has 

been correlated with electricity production in Microbial Fuel Cells. 

Desulfuromonas acetoxidans, a member of the Geobactereaceae 

family, is one of these organisms for which the genome was recently 

made available, coding for 47 putative multiheme cytochromes. The 

growth of D. acetoxidans in different media allowed the identification 

of the cytochromes dominant in each condition. The triheme 

cytochrome c7 is always present suggesting a key role in the 

bioenergetic metabolism of this organism, and a dodecaheme 

cytochrome of low homology with other proteins in the databases was 

also isolated. Different cytochromes are found for different growth 

conditions showing that their roles can be assigned to specific 

bioenergetic electron transfer routes.  

 

INTRODUCTION  

Desulfuromonas (D.) acetoxidans isolated from sediments in the 

Antarctic Ocean is a Gram negative, anaerobic δ-proteobacterium 

containing a single flagellum (Pfennig and Biebl, 1976). This 

anaerobic bacterium completely oxidizes organic compounds to 

carbon dioxide while reducing a wide variety of terminal soluble and 

insoluble acceptors such as sulfur, fumarate, ferric iron (Fe3+) or 

manganese (Mn4+) (Roden and Lovley, 1993; Butler et al., 2009). 

The biotechnological interest of syntrophic cultures of D. acetoxidans 
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was recognized early on, following the observation that a co-culture 

with the green sulfur bacterium Chlorobium vibrioforme established a 

light driven sulfur cycle with the production of hydrogen from acetate 

with 80% efficiency (Warthmann et al., 1992).  

More recently, studies done with Microbial Fuel Cells (MFCs) using 

freshwater and marine sediments show that members of the 

Geobactereaceae family, like Geobacter and Desulfuromonas, are the 

predominant species during electricity production (Lovley and Nevin, 

2008; Lovley, 2006; Bond et al., 2002). These were reported to 

represent more than half of the population in biofilms growing on the 

surface of energy harvesting electrodes; in freshwater environments 

the predominant species is Geobacter (G.) sulfurreducens, and D. 

acetoxidans in marine studies (Bond et al., 2002; Lovley, 2003). It was 

found that electrical current production in MFCs operated with 

different organisms such as Shewanella oneidensis, Pelobacter 

carbinolicum or G. sulfurreducens requires the presence of multiheme 

cytochromes c (Haveman et al., 2008; Shi et al., 2007). Given the 

clear interest in D. acetoxidans for alternative processes of energy 

generation, the identification and understanding of the role of the 

macromolecular components responsible for these metabolic 

capabilities becomes a priority.  

The first attempt at characterizing the metalloproteome of D. 

acetoxidans long preceded the contemporary genomics revolution. 

EPR spectroscopy of D. acetoxidans cells grown with pyruvate and 

fumarate revealed clear signatures of non-heme Fe proteins, Fe-S 

proteins and cytochromes (Bache et al., 1983). Indeed ferredoxins, 

rubredoxins, a [Ni-Fe] hydrogenase, and various cytochromes have 

been isolated from this organism (Bruschi et al., 1997; Pereira et al., 

1997; Probst et al., 1977; Brugna et al., 1999). Recently the final draft 

genome of D. acetoxidans was made available by the Joint Genome 
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Institute coding for a 'cytochromome' (Londer et al., 2008) of 47 

putative multiheme cytochromes c. Of those, up to now only the 

triheme cytochrome c7 was characterized in detail. Its structure in the 

fully oxidized and fully reduced states, its thermodynamic and kinetic 

redox properties and its thermodynamic stability has been reported in 

the literature (Correia et al., 2002). In order to initiate a systematic 

characterization of the ‘cytochromome’ of D. acetoxidans that will 

ultimately lead to improved bio-engineering devices such as MFCs, 

cultures were grown in large scale using soluble and insoluble 

electron acceptors. Dominant soluble cytochromes were isolated and 

cross-assigned to specific genes by determination of the N-terminal 

protein sequence.  

 

MATERIALS AND METHODS 

Cell growth 

Desulfuromonas acetoxidans DSM 684 was purchased from DSMZ 

culture collection and cultivated anaerobically at 30ºC, pH 7.2, using 

20 % inocula. Three different electron acceptors were used, fumarate, 

elemental sulfur, and iron-citrate with a final concentration of 30 mM, 2 

g/l and 50 mM, respectively. Cell growth on fumarate and elemental 

sulfur was performed using a modified basal medium containing 1.0 g 

of KH2PO4, 0.3 g of NH4Cl, 1.0 g of MgSO4
.7H2O, 2.0 g of MgCl2

.6H2O, 

20.0 g of NaCl, 0.1 g of CaCl2
.2H2O, 1.77 g of Na2SO4, 10.0 ml of 

Trace Element Solution  SL-4, per liter. The Trace Element Solution 

contained 0.5 g EDTA, 0.2 g FeSO4
.7H2O, 0.01 g ZnSO4

.7H2O, 0.003 

g MnCl2
.4H2O, 0.03 g H3BO3, 0.02g CoCl2

.6H2O, 0.001 g CuCl2
.2H2O, 

0.002 g NiCl2
.6H2O, 0.003 g Na2MoO4

.2H2O, per liter. Prior to 

inoculation the following sterile and anoxic solutions were added to 
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the medium, 4.0 g NaHCO3, 0.3 g Na2SO4, 20 µg biotin and 20 mM of 

ethanol. The final pH was adjusted to 7.2.  

For the case of soluble ferric iron culture medium, the electron donor 

used was sodium acetate, with a concentration of 15 mM. The 

medium contained 1.0 g of KH2PO4, 0.3g of NH4Cl, 2.0 g of 

MgCl2
.6H2O, 20.0 g of NaCl, 0.1 g of CaCl2

.2H2O and 10.0 ml of Trace 

Element Solution  SL-4. Prior to inoculation, 2.0 g of NaHCO3 and 20 

µg of biotin were added and the final pH adjusted to 7.2. 

The cells were harvested during late exponential phase by 

centrifugation at 10000 x g for 15 minutes yielding 2.1 g wet cell paste 

per liter when grown on fumarate and 1.3 g wet cell paste per liter 

when grown on elemental sulfur. Growing the cells on iron-citrate 

resulted in the production of a black precipitate that interfered with cell 

harvesting and purification, and was not pursued further. Therefore 

only the cells grown on fumarate and elemental sulfur were used for 

protein purification. 

Protein purification 

All chromatographic procedures were performed at pH 7.6 and 4ºC, 

and the fractions were analyzed by SDS-PAGE and UV-visible 

spectroscopy to select those containing the cytochromes. Proteins 

were detected on the gel using Coomassie blue stain, and proteins 

containing c-type hemes were detected using heme stain (Francis and 

Becker, 1984). UV-Visible spectra of whole cells and of 

chromatographic fractions were measured in a UV-1603 Shimadzu 

spectrophotometer.  

D. acetoxidans cells were suspended in 20 mM Tris pH 7.6, disrupted 

three times in a French Press at 1000 psi. The membranes were 

separated from the soluble fraction by ultra-centrifugation at 210000 x 
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g for 90 minutes at 4 ºC.   

The soluble extracts were initially applied to a DEAE column, 

equilibrated with 20 mM Tris, and eluted using a stepwise gradient of 

0–1 M NaCl in 20 mM Tris. For both growth conditions a fraction 

containing a strong spectrum characteristic of low spin oxidized 

cytochrome c was eluted between 0–50 mM NaCl. These fractions 

yield a cytochrome c with about 10 kDa which was found to be pure by 

SDS-PAGE.  

From the growth on fumarate, another fraction containing abundant 

cytochromes was eluted at 300 mM NaCl. This fraction was dialysed, 

concentrated and loaded on a Q-sepharose column, previously 

equilibrated with 20 mM Tris. A salt gradient from 0–1 M NaCl in 20 

mM Tris was applied. Two fractions containing abundant cytochromes 

were eluted at 300 mM NaCl and 600 mM NaCl. The former was 

dialyzed, concentrated and loaded on a hydroxyapatite (HTP) column 

equilibrated with 20 mM potassium phosphate buffer, using a stepwise 

potassium phosphate gradient. A single cytochrome judged by the 

unique band in the SDS-PAGE gel at approximately 50 kDa was 

eluted at 50 mM. The latter was dialysed, concentrated and loaded on 

a Superdex 75 column, equilibrated with 20 mM Tris and 150 mM 

NaCl. The first band eluted was dialysed, concentrated and loaded on 

a HTP column equilibrated with 20 mM potassium phosphate buffer, 

using a stepwise gradient of potassium phosphate. A fraction 

containing two cytochromes of approximately 35 and 57 kDa, 

respectively was eluted at 100 mM. 

From the growth on elemental sulfur, a fraction eluted from the DEAE 

column at 750 mM NaCl had a single cytochrome of aproximately 100 

kDa. A fraction eluted at 400 mM of NaCl was dialysed, concentrated 

and loaded on a HTP column equilibrated with 20 mM postassium 
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phosphate buffer. A stepwise potassium phosphate gradient was 

used, and a cytochrome with 50 kDa was eluted at 80 mM. 

N-terminal analysis 

Protein bands were transferred from the gel to a PVDF membrane and 

identified using the Edman reaction and a Procise 491 HT Protein 

Sequencer to determine the N-terminal sequences. 

Genome analysis 

The final draft genome of D. acetoxidans is available at the Joint 

Genome Institute Web site. Putative multiheme cytochromes c were 

identified by searching for the CXX(XX)CH signature of covalent heme 

c attachment. 

ExPASy Proteomics Server was used for signal peptide prediction, 

calculation of the molecular weight of the apo-proteins and similarity 

searches through BLAST (Gasteiger, 2003).  

 

RESULTS 

Freshly harvested cells of D. acetoxidans grown on fumarate or on 

elemental sulfur as terminal electron acceptor are pink. The UV-visible 

spectra of these cells (figure 3.1 A) show absorption bands 

characteristic of reduced c-type cytochromes. It is clear from these 

data that cytochromes are dominant metalloproteins in these growth 

conditions and likely the source of the color of the cells. The UV-

visible spectra of the cells are characteristic of reduced cytochromes 

as a consequence of the conditions in the growth media.  
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Figure 3.1. UV-visible spectra of whole cells and cell fractions of D. acetoxidans 

grown on fumarate and elemental sulfur. A) Whole cells in culture. B) Membrane 

fraction. C) Soluble fraction. Dotted lines in panels B and C correspond to spectra 

obtained from the dithionite reduced samples. Peak maxima are indicated in each 

panel. 

In order to dissect the contribution towards this cytochrome signature 

the cells were fractioned, and cytochromes were found both in the 

membrane and soluble fractions (figure 3.1 B and C). 

In the soluble extract of both growth conditions the fractions eluted at low 

ionic strength were pure when tested by SDS gel electrophoresis, and 

the characteristic pattern of paramagnetically shifted signals in the NMR 
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spectrum showed that they contain cytochrome c7 (Correia et al., 2002). 

This cytochrome was also previously purified from D. acetoxidans cells 

when growing with ethanol/malate and in co-culture with 

Chloropseudomonas ethylica K2 (Fiechtner and Kassner, 1979) (Table 

3.1). 

Table 3.1. Multiheme cytochromes found in D. acetoxidans. 

Protein N-terminal 
MW 

(kDa) 
Hemes 

*
 

Final electron 

acceptor 
References 

Dace_0360 EDDVF 34.7 12 Fumarate a 

Dace_0464 MIAVN 56.8 4 Fumarate a 

Dace_0582 GDLCID 50.2 8 Fumarate and Sulfur a 

Dace_0364 GSNSG 98 13 Sulfur a 

(cyt. c7) 

 

9.7 3 
Fumarate, Sulfur, 

Malate 
a, b, c  

Dace_2591 

Dace_0438 

IGAGV 36.0 5 Malate b, c 

65 kDa c-cyt blocked 65.0 8 Malate c 

Dace_1534 ADSLT 14.5 4 Malate b 

*
  Number of motifs for covalent heme binding (CXXCH) 

a- this work; b- Bruschi et al., 1997; c- Pereira et al., 1997  

In our results another soluble cytochrome was found in both growth 

conditions, an octaheme cytochrome of 50 kDa that was identified as 
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Dace_0582. This protein has high homology with cytochromes 

encoded in the genomes of organisms from different genera 

(Desulfobacterium, Shewanella, Aeromixobacter) but none has been 

characterized thus far. From the growth on fumarate, two other 

cytochromes were identified, Dace_0360 and Dace_0464 containing 

12 and 4 hemes respectively. A BLAST-based analysis of Dace_0360 

showed only weak homology between this dodecaheme cytochrome 

and proteins coded in the genomes of Geobacter and Shewanella 

species. However, this homology was with cytochromes with a 

different number of hemes, which suggested that this dodecaheme 

cytochrome is unique to Desulfuromonas. For the case of the 

tetraheme cytochrome, high homology was found with proteins 

encoded in the genomes of Geobacter species and Pelobacter 

propionicus, all annotated as nitrite reductases. Nitrite is an important 

intermediate in the nitrogen cycle that inhibits cell growth in other δ-

proteobacteria (He et al., 2006) but was not available in the growth 

medium. Since D. acetoxidans does not grow on nitrate, if this protein 

turns out to be physiologically active towards nitrite reduction, it 

suggests that D. acetoxidans also relies on this strategy as 

detoxification mechanism, in line with other δ-proteobacteria (He et 

al., 2006).  

These two proteins were not found in cells grown with sulfur as 

terminal electron acceptor, whereas a new cytochrome of 98 kDa is 

observed (figure 3.2). The N-terminus of this protein behaved as 

blocked, but the remaining amino acid residues allowed the 

identification of this protein as Dace_0364. Upstream of these 

residues is a cysteine. This is probably lipidated and therefore the 

source of the N-terminal blockage, leading to the annotation as 

membrane associated cytochrome. This cytochrome contains 13 

heme binding sites and a BLAST-based (Gasteiger, 2003) analysis 
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showed homology with the dodecaheme OmcB cytochrome from 

Geobacter sulfurreducens. Comparative genomics of six Geobacter 

genomes shows that the redox proteins that transport electrons to 

extracellular electron acceptors are variable, with the exception of 

OmcB which is conserved (Butler et al., 2010). It is surprising that a 

membrane associated protein was found in the soluble fraction and 

this suggests that this protein is not strongly bound to the membrane 

in D. acetoxidans. The UV-visible spectrum is typical of low-spin 

hexacoordinated hemes and does not show evidence of methionine 

coordination (Figure 3.2 B). 

 

Figure 3.2. A) SDS-PAGE gel stained for c-type hemes of the fraction containing the 98 

kDa cytochrome found in cells grown using sulfur. The image was edited to leave out 

lanes containing unrelated proteins. B) UV-visible spectra of oxidized (full line) and 

reduced (dotted line) 98 kDa cytochrome. The region around 690 nm is magnified to 

show the absence of the charge transfer band typical of methionine coordinated to low-

spin hemes. 

Table 3.1 also lists a 36 kDa cytochrome isolated from cells grown 

with ethanol/malate (Bruschi et al., 1997; Pereira et al., 1997). 

Identification of this protein based on amino acid sequences reported 

in the literature leads to two possibilities in the genome (Dace_2591 

and Dace_0438) which differ in a single amino acid after cleavage of 
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the signal peptide. Both these proteins are pentaheme cytochromes, 

and present high homology with cytochromes that belong to one of the 

nine conserved cytochrome families from Geobacter described as bc-

complex (Butler et al., 2010).  Because the difference between the two 

alternatives is found in the amino acid sequence in a position 

downstream to those reported by the authors of these papers, this 

ambiguity cannot be resolved at present.  

Cells grown on ethanol/malate also yielded a cytochrome of low 

molecular weight (Bruschi et al., 1997), which can be assigned to 

Dace_1534 on the basis of the N-terminus amino acid sequence. This 

gene codes for a tetraheme cytochrome with 14.5 kDa, which is not 

related to the tetraheme cytochromes of other δ-proteobacteria nor to 

the well characterized small tetraheme cytochromes of γ-

proteobacteria (Paquete and Louro, 2010; Paquete et al., 2010).  

Finally, a 65 kDa octaheme cytochrome was reported in the literature 

that had a blocked N-terminus (Pereira et al., 1997). This protein 

cannot at present be cross assigned to the genome. 

 

DISCUSSION AND CONCLUSIONS 

Multiheme c-type cytochromes can play several biochemical roles that 

include enzymatic activity and electron transfer processes (Mowat and 

Chapman, 2005). Recently, it was found that they play a significant 

role in the production of electricity in bio-engineered devices such as 

Microbial Fuel Cells (Shi et al., 2007).  

The increased number of sequenced genomes showed that several 

organisms present a high number of multiheme cytochromes in their 

genomes. For example, of the 104 cytochromes found in the genome 
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of G. uraniireducens, 91 are multiheme cytochromes (Butler et al., 

2010), whereas the genome of D. acetoxidans codes for 47 multiheme 

cytochromes. Although most of these cytochromes are fundamental 

for the growth of these organisms, as was shown by the detection of 

82% of the total predicted cytochromes in G. sulfurreducens (Ding et 

al., 2006), the identification and characterization of these proteins 

remains undone.  

In this work the initial characterization of the ‘cytochromome’ of 

D.acetoxidans was made and placed in context with data available in 

the literature. Our results confirm the central role of the periplasmic 

triheme cytochrome c7 in the bioenergetic metabolism of D. 

acetoxidans, given its abundant presence in all growth conditions 

tested in this work and previously reported (Bruschi et al., 1997; 

Pereira et al., 1997; Fiechtner and Kassner, 1979).  

The results also show that the ‘cytochromome’ of D. acetoxidans is 

finely regulated, with different cytochromes present depending on the 

conditions of growth. This is the first step to assign specific 

physiological roles in bioenergetic pathways, or detoxification 

strategies as the annotation of Dace_0464 suggests. Furthermore, the 

isolation of the dodecaheme Dace_0360 which has low homology to 

other proteins predicted from genome databases, indicates that D. 

acetoxidans may provide an interesting target in current efforts to map 

the structural diversity of multiheme cytochromes c (Sharma et al., 

2010). The diversity of multiheme cytochromes is also revealed on the 

functional aspects. A recent study on the six available Geobacter 

genomes showed that there was a poor conservation of many of the 

cytochromes across the species. In particular, most of the 

cytochromes identified as necessary for growth on insoluble 

extracellular electron acceptors were not conserved in all species 

(Butler et al., 2010). The only notable exception is OmcB, an 
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homologous of which was found in our work to be expressed in cells 

grown on sulfur but not on fumarate. The diversity of cytochromes 

used shows that even organisms that are closely related 

phylogenetically have evolved different proteins to perform, what in 

macroscopic terms is, the same physiological function of electron 

transfer within and across their periplasmic space. For the ambition of 

technology development such as improved MFCs, this state of affairs 

means that extrapolation from known organisms is unlikely to yield 

useful insights, and each organism of interest needs to be 

characterized. In the context of the data reported for Geobacter 

species (Butler et al., 2010), our results put the spotlight on 

Dace_0364 (OmcB) as the most interesting target to characterize in D. 

acetoxidans. 
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ABSTRACT 

Dissimilatory metal reducing bacteria (DMRB) have a very versatile 

metabolism, often associated with the formation of biofilms and the ability 

to transfer electrons to the surface of solids outside of the cell. This 

capability has led to the application of these microorganisms as catalysts 

in bioelectrochemical systems (BESs): a sustainable technology that 

couples energy production with bioremediation.  

A hallmark of organisms that perform extracellular electron transfer (EET) 

is the presence of numerous redox proteins such as cytochromes, many 

of which are located at the outer surface of the cells, and, therefore, are 

called outer membrane cytochromes (OMCs).  

These  proteins  were  studied  using  a  combination  of  surface-

enhanced  resonance  Raman (SERR)  spectroscopy  and  

electrochemistry.  SERR spectroscopy allows in vivo studies and reveals 

unprecedented structural information about the heme cofactors of OMCs 

in microbial biofilms grown on electrodes. Electrochemical 

measurements performed in combination with SERR spectroscopy allow 

to control and monitor the activity of the microbial biofilm.  

The aim of this work was to perform the spectroelectrochemical 

characterization of biofilms of the Gram negative δ-proteobacterium 

Desulfuromonas acetoxidans DSM 684 and the individual isolated  OMC  

OmcB  by  probing:  i)  structural  information  about  the  OMCs,  and  ii)  

the participation of the OMC in the electron transfer (ET).  

Progress in this field will increase our comprehension of the factors 

controlling the ET processes  in  living  organisms  and  is  expected  to  

have  a  considerable  impact  on  the rational design of biofilms for 

sustainable energy production. 
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INTRODUCTION 

In recent years, new methods of clean and environmentally friendly 

energy production have been the focus of intense research efforts. In 

order to reduce the environmental footprint of human activity, microbial 

biomass is a promising source of energy and raw materials for 

biosynthesis of added value compounds. 

Anaerobic microorganisms isolated from sediments and stratified bodies 

of water have revealed a remarkably versatile bioenergetic metabolism, 

often associated with transfer of electrons to the outside of the cell, a 

process known as extracellular electron transfer (EET) (Hau and 

Gralnick, 2007). 

These organisms gained notoriety when their vast potential for 

bioremediation of contaminated sediments, soils and groundwater was 

discovered (Nealson et al., 2002; Lovley, 2001). Also, their ability to 

transfer electrons to extracellular solid acceptors has been applied in the 

development of bioelectrochemical systems such as Microbial Fuel Cells 

(MFCs) where an electrode is used as final electron acceptor to harvest 

energy from the bacterial metabolism (Logan, 2007, 2010). 

Given the biotechnological interest in this subject, a few bacterial species 

gathered most of the attention becoming model organisms in the study of 

EET: Shewanella (S.) oneidensis MR-1 (Myers and Nealson, 1988) and 

Geobacter (G.) sulfurreducens (Lovley and Phillips, 1988). While the 

electrochemical analysis of the latter is well established (Fricke et al., 

2008; Marsili et al., 2010; Millo et al., 2011; Srikanth et al., 2008), the 

former possesses a more complex bioelectrochemical behaviour.  

The molecular mechanisms for EET can be broadly divided into direct 

and indirect electron transfer (Gralnick and Newman, 2007). In direct 

electron transfer (DET) there is contact with the extracellular solid. This 
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contact can be established by redox protein complexes present at the 

external face of the outer membrane of the cells. Several of these 

complexes contain outer membrane cytochromes (OMCs) and have 

been found in organisms capable of performing EET (Richardson et al., 

2012). DET can also occur by electrically conductive appendages, called 

pili or nanowires (Gorby et al., 2006; Reguera et al., 2005). In conditions 

where there is electron acceptor limitation, S. oneidensis (Gorby et al., 

2006) and G. sulfurreducens (Reguera et al., 2005) are capable of 

producing these appendages, which conduct electrons directly from the 

cell to the electron acceptor. Although they are not essential for metal 

reduction, they show high affinity for metal oxides whenever they are 

produced (Gralnick and Newman, 2007).  

The direct contact between bacteria and the solid substrate is not always 

required, (Newman & Kolter, 2000). Indirect or mediated electron transfer 

(MET) has been proposed to take place via soluble electron shuttles. 

This type of electron transfer seems to be important for cells in thick 

biofilms which are not directly attached to the electrode surface (Gralnick 

and Newman, 2007).  

There is experimental evidence that in S. oneidensis MR-1 both DET and 

MET can occur simultaneously  and that multiheme cytochromes at the 

outer membrane participate in both modes of EET (Ross et al., 2009; 

Paquete et al., 2014). 

 Although S. oneidensis MR-1 possesses a highly versatile metabolism, it 

is relatively limited in terms of usable carbon sources, whose oxidation is 

incomplete, producing acetate (Nealson et al., 2002). This contrasts with 

the complete oxidation of the carbon sources of species from the genera 

Geobacter and Desulfuromonas (Lovley, 2001). Studies performed with 

MFCs using freshwater and marine sediments showed that species from 

the Geobactereaceae family, like G. sulfurreducens and Desulfuromonas 
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D. acetoxidans, respectively, are the predominant species during 

electricity production (Lovley, 2008, 2006). 

G. sulfurreducens is a freshwater organism, and in the context of MFCs 

applications, a marine or salt tolerant organism, like D. acetoxidans, is 

advantageous, because the internal resistance of the device is lowered in 

the presence of higher salt concentrations. 

D. acetoxidans DSM 684 is a δ-proteobacterium from a marine 

environment (Pfennig and Biebl, 1976) which contains in its draft genome 

47 putative multiheme cytochromes, most of which are still unstudied. 

Recently, a 13 heme cytochrome from the outer membrane of this 

bacterium, Dace_0364, was purified by our group (Alves et al., 2011) and 

sequence analysis showed homology with the dodecaheme OmcB 

cytochrome from Geobacter sulfurreducens, which seems to be involved 

in metal respiration (Butler et al., 2010).  

Proteins inserted in a membrane behave differently than in solution, due 

to the influence of neighboring proteins and of the membrane itself on 

their structure stability and reaction mechanism. To analyze these effects 

Surface-Enhanced Resonance Raman (SERR) spectroscopy can be 

used complementarily with electrochemistry to obtain structural and 

dynamic information. 

SERR is a sensitive technique which can probe selectively the heme 

groups of cytochromes near the electrode surface. This technique has 

been used to characterize isolated proteins immobilized on the surface of 

electrodes designed to generate the surface-enhanced Raman-effect, 

and is also suitable for characterizing multiheme cyrochromes present in 

the surface of microbial cells forming biofilms on the electrode (Millo et 

al., 2011).  Through this approach, SERR spectroscopy offers the 

advantage of detecting solely the heme groups in close vicinity (i.e. < 7 

nm) of the electrode surface, providing relevant structural and functional 
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information, such as oxidation-, coordination- and spin-state of the heme 

iron, as well as the nature of the axial ligands (Millo, 2012; Oellerich et 

al., 2002).  

When SERR spectroscopy is performed in combination with 

electrochemical techniques, stationary and time-resolved SERR 

spectroscopy reveals unprecedented insights into the thermodynamics 

and the kinetics of the heterogeneous electron transfer across the 

bacteria/electrode interface. 

In this work we explored the mechanisms of electron transfer in microbial 

biofilms of D. acetoxidans DSM 684. By measuring the electrochemical 

and spectroscopic properties of microbial cells in their natural biofilm 

habitat, a more realistic picture on the natural electron transfer can be 

obtained. Furthermore, a comparison between the 

spectroelectrochemical properties of the biofilms grown and those of a 

selected OMC, which we called OmcB from D. acetoxidans, was also 

performed.  

 

MATERIALS AND METHODS 

Bacterial growth  

Desulfuromonas acetoxidans DSM 684 was purchased from DSMZ 

culture collection and cultivated as previously described (Alves et al., 

2011). The bacteria were grown using a modified basal medium 

containing 1.0 g of KH2PO4, 0.3 g of NH4Cl, 1.0 g of MgSO4
.7H2O, 2.0 g 

of MgCl2
.6H2O, 20 g of NaCl, 0.1 g of CaCl2, 1.77 g of Na2SO4 and 10 ml 

of Trace Element Solution SL-4 per liter (Catalogue of strains of the 

DSMZ – Desulfuromonas acetoxidans DSM 684 medium, 2004. 

Available at: 



Comparison between D. acetoxidans and an isolated OMC 

98 
 

http://www.dsmz.de/microorganisms/medium/pdf/DSMZ_Medium95.pdf. 

Accessed December 2007). The Trace Element Solution contained 0.5 g 

EDTA, 0.2 g FeSO4
.7H2O, 0.01 g ZnSO4

.H2O, 0.003 g MnCl2
.4H2O, 0.03 

g H3BO3, 0.02 g CoCl2.6H2O, 0.001 g CuCl2
.H2O, 0.002 g NiCl2

.6H2O, 

0.003 g Na2MoO4
.2H2O, per liter. Prior to inoculation, the following sterile 

and anoxic solutions were added to the medium, 4.0 g NaHCO3, 0.3 g 

Na2S
.9H2O and 20 µg of biotin.  

15 mM of sodium acetate were used as carbon and electron source and 

for inoculum preparation the electron acceptor was 30 mM disodium 

fumarate. All cultures were anaerobically grown at 30ºC, pH 7.2 and with 

20% inocula. 

For the growth on the electrodes, disodium fumarate was replaced by a 

specific applied potential, and Na2S
.9H2O was omitted, since it reacts 

with the silver tips of the electrodes and with the graphite electrodes. This 

compound is a very strong oxygen scavenger, used for the growth of 

some obligate anaerobes, like D. acetoxidans, to avoid the inhibition of 

growth by the presence of traces of oxygen. For this reason, growth on 

electrodes was only achieved inside a pressurized N2 box in order to 

avoid oxygen contamination. 

Bacterial growth on glass electrochemical cells 

For biofilm production the terminal electron acceptors were poised silver, 

gold or graphite electrodes, instead of fumarate. In each case an 

inoculum of 20% was added to the anaerobic basal medium described 

above. If not stated otherwise, all potentials refer to Ag/AgCl reference 

electrode (KCl sat’d, 195 mV vs. SHE).  All microbial experiments were 

performed under strictly sterile conditions. 

A constant potential of 200 mV was applied to the graphite rod working 

electrode [graphite rods (CP-Graphite GmbH, Germany)] to promote and 
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monitor the biofilm formation (figure 4.1). After 16-20 hours, 15 mM 

sodium acetate was added to the culture. 

 

Figure 4.1. Electrochemical glass cell set-up under potentiostatic control with A: 

three graphite working electrodes (WEs) (red alligators and wires), a graphite 

counter electrode (CE) (black crocodile and wire), and a Ag/AgCl reference 

electrode (RE) (connected to the potentiostat via the blue wire); B: three silver or 

gold tip WEs (red connector and wires), a platinum CE (black connector and 

wire), and a Ag/AgCl RE (connected to a potentiostat via the blue wire. 

A similar procedure was used for the silver and gold electrodes, but the 

applied potential was 0 mV, because these materials are easily oxidized 

by high potentials, damaging them. 

The growth was followed by chronoamperometry and cyclic voltammetry. 

SERR spectroscopy instrumentation 

Spectroscopic measurements were conducted using a home-built Raman 

microscope operating in a backscattering configuration: a Zeiss 

microscope (D-7082 with a 16x objective, NA 0.60, working distance 2 

mm) coupled to an Andor Shamrock SR-303i-A single monochromator 

(Andor Technologies DV-420OE, Belfast, N.Ireland) with mounted 2400 

g/mm holographic grating and an Andor Newton DU970N CCD camera 

A B 
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(Andor Technologies DV-420OE, Belfast, N.Ireland). The 413.1 nm line 

of a continuous wave Krypton ion laser (Coherent Innova 300c, 

California, USA) was used for excitation. The Rayleigh scattered light 

was removed using a Kaiser holographic notch filter. Laser power of 

1mW at the sample was used throughout the experiments. The 

monochromator slit was set to 180 nm, yielding a resolution of 

approximately 3 cm-1. The increment per data point was approximately 

0.8 cm-1. 

Spectroelectrochemical set-up 

Electrochemical experiments were carried out in a homemade 

spectroelectrochemical cell (Bonifacio et al., 2008). The cell worked in a 

three electrode configuration and was controlled by an Autolab 

PGSTAT101 (Metrohm Autolab B.V., The Netherlands). The three 

electrodes were a biofilm-coated silver electrode (IJ Cambria Scientific, 

Carms, UK) acting as working electrode (WE), a platinum wire acting as 

counter electrode (CE) and a saturated calomel electrode (SCE) acting 

as reference electrode (RE) (AMEL Instruments, Milano, Italy) (see figure 

4.2). 

All the spectra were obtained with laser of excitation λ=413 nm, laser 

power of 1 mW, and acquisition times of 90 s. 

Redox titrations using electrochemistry followed by SERR spectroscopy 

were performed, as well as cyclic voltammetry. 

The spectra obtained were analyzed according to the table included in 

appendix G (Oellerich et al., 2002). 
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Figure 4.2. Schematic diagram (lateral view above and top view below) of two 

different spectroelectrochemical cells: a) silver WE, b) top view of the cover, c) 

side view of the cover equipped with an internal teflon o-ring to prevent O2 

diffusion into the working solution, d) glass cover, e) RE connection, f) RE, g) 

buffer (the same as used in the spectroelectrochemical cell), h) WE hole, i) 

platinum CE, j) porous frit to connect the RE, k) tubes/holes used to flow a 

solution through the cell (inlet and outlet). Schematic diagram adapted from 

Bonifacio et al., 2008. 

Raman and SERR spectroscopy experiments on D. acetoxidans 

cells 

To ensure that the signal obtained for the SERR spectroscopy 

experiments on D. acetoxidans cells was exclusively from cells attached 

directly to the silver electrode (surface-enhanced signal) and not from 

cells on suspension around the electrode, a resonance raman (RR) 

spectrum was obtained prior to electrode inoculation. The late 

exponential phase inoculum was centrifuged at 3500 g for 20 min at 

room temperature. The pellet was then ressuspended on basal medium 

containing vitamins, NaHCO3 and 15 mM of sodium acetate, in order to 

obtain a RR spectrum with a barely detected c-type heme signal. 
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Biofilm growth on silver electrodes 

For the inoculation of the silver electrodes on a vertical set-up (figure 

4.2), a cell suspension of D. acetoxidans was prepared as explained 

above. The electrode was inoculated with approximately 100 µl of the cell 

suspension, and subsequently kept under N2 atmosphere inside a home 

built anaerobic chamber. A constant potential of 0 mV was applied to 

the working electrode to promote and monitor the biofilm formation at 

room temperature. 

Protein study 

Self-assembled monolayers (SAMs) are used on roughened silver 

electrodes allowing both electrostatic and covalent immobilization of 

proteins on metal surfaces, representing a basic model for biological 

membranes (Bonifacio et al., 2008). Electrochemically roughened silver 

electrodes were incubated overnight in various SAMs solutions: 4-

mercaptopyridine (4PySH), 4-aminothiophenol (4ATP), 4-

mercaptobenzoic acid (4MBA), 11-mercaptoundecanoic acid (11MUA), 

and 11-mercaptoundecanol (11MU) (see figure 4.3) to test for the best 

monolayer.  

 

 

Figure 4.3. Schematic 

representation of the 

different SAMs. The 4ATP 

has positive charge, the 

4PySH, 11MU and 11 MUA 

are partially negative and 

the 4MBA is negatively 

charged.  
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A roughened bare electrode (i.e. without SAM) was also studied. After 

incubation with SAMs solutions, the electrodes were incubated with 

Dace_0364 (OmcB), purified as previously described in Alves et al., 

2011, with a concentration of approximately 2.9 µM in 5 mM Tris buffer 

pH 7.6 for 4-20 h at 4ºC. 

A 600 mM KCl solution was used to determine if the attachment with the 

SAM was electrostatic or covalent. 

 

RESULTS  

Study of Desulfuromonas cells and biofilms  

The suspension of D. acetoxidans was diluted in culture medium and 

compared using RR and SERR spectroscopy, in order to determine 

whether the signal obtained for c-type hemes originated from cells 

attached to the electrodes or planktonic cells. While the signal for c-type 

hemes was nearly undetectable using RR, using the same suspension 

with SERR spectroscopy, without applying a potential (open circuit – 

OC), the peaks of oxidized c-type hemes were very clear (figure 4.4, blue 

lines). This demonstrates that D. acetoxidans cells have the capability of 

attaching themselves to a silver electrode, and that the peaks obtained 

correspond to cells on the electrode surface. After about 30 minutes of 

room temperature incubation, a second SERR spectrum was recorded, 

where a significant increase in the signal could be observed (figure 4.4, 

purple line), meaning that more cells were attached to the electrode. 

Applying a negative potential (-485 mV) originated a set of peaks 

corresponding to fully reduced c-type cytochromes, and increasing the 

potential to -85 mV  originates a spectrum similar to the OC spectrum, 

corresponding to the oxidized state. At -285 mV applied potential, the 

signals correspond to partially reduced c-type cytochromes, since there’s 
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a peak with a shoulder, corresponding to reduced and oxidized hemes, 

respectively. 

 

Figure 4.4. Spectra of a diluted suspension of D. acetoxidans DSM 684 using 

RR (light blue line) and SERR spectroscopy (dark blue line). The purple line is a 

SERR spectrum of the same cells after ~30 min incubation at room temperature 

in open circuit (OC) conditions. Green and red lines correspond to the SERR 

spectra of these cells with an applied potential of -285 mV (partially reduced) 

and -485 mV (fully reduced), respectively. 

Bacterial growth on electrochemical cells 

Cell growth experiments in a glass electrochemical cell with graphite rods 

(figure 4.2 A) followed by chronoamperometry showed no significant 

current production, even when 15 mM acetate was added to the medium 

(figure 4.5). Cyclic voltammetry (CV) performed on these electrodes 

showed no departure from the basal capacitive current. 

Biofilm growth on Ag electrodes was performed adopting two different 

cells geometries, according to the procedures established in the host 
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group (Alessandro Carmona-Martinez, personal communications). Ag 

electrodes placed inside a glass electrochemical cell with the electrode 

surface facing the bottom of the cell (figure 4.2 B) and subjected to 

constant stirring gave a catalytic response with a maximum current 

density j = 1.85 µA cm-2 (figure 4.5).  

 

Figure 4.5. Chronoamperometric trace of biofilm growth on graphite rods (grey 

line) and bare Ag electrodes (black line) in a glass electrochemical cell. The 

arrows represent 15 mM acetate injection. For the Ag electrodes, after an initial 

increase, the current density j drops to zero (after ~18 hours). Acetate injection 

after the drop recovers the catalytic activity. Subsequent substrate depletion 

(after 48 hours) suppresses the electrocatalytic activity again. For the graphite 

electrodes, no current was detected, not even after an acetate addition at ~28h. 

The spectra obtained for the biofilm grown on the bare Ag electrode 

inside the glass electrochemical cell are presented in figure 4.6. 

With a spectroelectrochemical cell set-up (figure 4.2) it was possible to 

obtain a slightly higher current production of approximately 4.7 µA cm-2 

(figure 4.7, black line). After about 20h, the suspension was totally 

removed and replaced by fresh culture medium; an initial decrease of 

approximately 20% in current was observed, after which there was an 
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increase to nearly the previous value (figure 4.7, grey line). This behavior 

is typical of an electrochemically active biofilm. 

 

Figure 4.6. SERR spectra of a Desulforomonas acetoxidans biofilm grown on 

bare Ag electrodes inside a glass electrochemical cell. Spectra have been 

recorded under non-turnover conditions (i.e. in the absence of the substrate 

acetate) and at the poised potential indicated in the figure. 

The spectra obtained for the biofilm (figure 4.8) are typical of c-type 

cytochromes, reduced when a potential of -485 mV is applied (blue line) 

and oxidized when the potential is 0 mV (red line), as well as for OC. 

Since Desulfuromonas are very sensitive to the presence of oxygen, the 

spectroelectrochemical cell (figure 4.2) was placed inside an anaerobic 

chamber with N2 atmosphere.  
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Figure 4.7. Chronoamperometric trace of biofilm growth on a bare Ag electrode 

in the spectroelectrochemical cell (figure 4.2) placed inside an anaerobic box. 

After approximately 23h (black line), the cell was opened, the bacterial 

suspension was removed and the cell was filled with new culture medium and 

the potential was applied again (grey line).The difference in the noise is due to 

the removal of the cell suspension for clean medium, that increases the level of 

interference with the system.  

The SERR spectra shown in Figure 4.6 and 4.8 are fully consistent with 

those of a c-type heme featuring a central iron atom that is six-

coordinated, low spin (6cLS) and having two His residues acting as axial 

ligands (Millo et al., 2011). Importantly, the oxidation state of the OMCs 

embedded inside the microbial biofilm can be controlled by applying an 

external voltage, as revealed by the shift of the oxidation-marker band 

(Figure 4.6 and 4.8).  
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Figure 4.8.  SERR spectra of a D. acetoxidans biofilm grown on a bare Ag 

electrode inside a spectroelectrochemical cell. Spectra were recorded under 

non-turnover conditions and at the poised potential indicated in the figure. 

 

Figure 4.9. CV signal of a Desulforomonas acetoxidans biofilm grown on bare 

Ag electrodes. CV traces have been obtained under non-turnover conditions at 

the scan rate of 1 mV s
-1

. The lines and the square mark the voltammetric peaks 

and the midpoint potential (E1/2), respectively. 
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Cyclic voltammetry (CV) under non-turnover conditions (i.e. in the 

absence of the substrate acetate) suggests the presence of a redox 

couple with a midpoint potential (E1/2) centered at -145 mV (see Figure 

4.9). This couple is tentatively ascribed to the monoelectronic oxidation 

and reduction of an OMC.  

Study of OmcB 

OmcB is a 13-heme protein located on the outer membrane of D. 

acetoxidans, which has high identity with OmcB from G. sulfurreducens, 

a 12-heme cytochrome involved in the electron transfer pathway of iron 

oxides, and has been purified from the soluble fraction of D. acetoxidans 

grown in basal medium with elemental sulfur as final electron acceptor. 

Therefore, this protein has been proposed to promote the electron 

transfer between the cell metabolism and the electrode.  

For the several compounds tested to form monolayers on top of the Ag 

electrode (figure 4.10), the protein showed affinity to the partially 

negative 4PySH (blue lines) and to the positively charged 4ATP (pink 

lines), although the bound was stronger with the latter compound. Since 

11MU (light violet line) and 11MUA (light green line) are also partially 

negative, it would be expected that the protein would also bind to these 

monolayers, but because of the protein’s large size, it might bind to the 

monolayers adopting different geometries. Although 4MBA (purple and 

green line) is negatively charged, and the protein slightly bound to the 

monolayer, the SERR spectra for this compound show a peak at 

approximately the same position as one of the c-type cytochrome peaks, 

which makes this compound not suitable for studying this type of 

proteins. The bare electrode (turquoise and orange lines) was the one 

that gave a stronger heme-c signal. This is expected, since there is a 

smaller distance between the electrode and the laser, due to the absence 

of a monolayer. 
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Figure 4.10. SERR spectra obtained for the different monolayers tested on 

roughened Ag electrodes after incubation with OmcB. The applied potentials are 

in the side legend. The vertical dotted lines refer to the oxidized (ligher pink) and 

reduced (darker pink) peaks of the best SAM tested – 4ATP. The dotted square 

shows the peak of 4MBA between 1325 and 1450 zoomed 2x. 

 

DISCUSSION 

Biofilms are structures of organized cell layers that will only form under 

specific environmental conditions (O’Toole et al., 2000). These conditions 

are not studied for D. acetoxidans and for that reason we weren’t able to 

obtain a thick, visible and electrochemically active biofilm like those 

described for G. sulfurreducens (Millo et al., 2011). 

The glass electrochemical cell is usually the best set-up to grow cells that 

are sensitive to the presence of oxygen, like D. acetoxidans, but for this 

bacterium it did not work. Very little current was observed with this set-up 

and there was no visible biofilm or growth inside the vessel. Probably due 

2x 
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to the upside down configuration of the electrodes, along with the lack of 

favorable conditions for biofilm production that weren’t propitious for the 

growth of this bacterium with this type of cell.  

 

Figure 4.11. Comparison between the spectral signatures of the OMC under 

different experimental conditions and intact bacterial cells (i.e. pellets). 

Resonance Raman spectra of cell pellets (green); isolated OmcB in solution 

reduced via dithionite (dark blue); isolated OmcB in solution before adding 

dithionite (red). SERR spectra of isolated OmcB adsorbed on bare Ag electrodes 

at the poised potential of -500 (purple) and 0 (light blue) mV. Top three spectra 

are in agreement with those obtained for the microbial biofilm grown on bare Ag 

electrodes (figure 4.8).  

Remarkably, the observed current densities are among the lowest ever 

reported for catalytically-active microbial biofilms (only Shewanella 

puterfaciens IR-1 shows lower current densities as reported by Kim, 

Hyun, Chang, & Kim, 1999). In fact, as shown in figure 5, adding the 

substrate acetate to the biofilm at constant poised potential increases its 
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electrocatalytic activity immediately. This trend strongly indicates the 

presence of an electroactive biofilm or cells (figure 4.5).  

Consistently with the low current densities, also the content of OMCs in 

the vicinity of the Ag electrode was very poor, although still detectable 

with SERR spectroscopy (figure 4.6). 

 

Figure 4.12. Redox titration of the isolated OmcB immobilized on bare Ag 

surfaces. SERR spectra collected at different poised potentials have been 

subjected to a multicomponent analysis to extract the relative amount of reduced 

and oxidized species, hereby expressed as molar fraction X. The X of the 5cHS 

species responds to the variations of the applied potential, while the 6cHS and 

6cLS species seem electrochemically inert. The Nernstian fit of the dataset gives 

a E1/2 = -301 mV. 

The vertical set-up (figure 4.2) when placed inside an anaerobic 

chamber, on the other hand, increased more than twice the current 

intensity (figure 4.7) and an apparent biofilm was formed. However these 

values are lower than those described for the same set-up but with 

different species in Millo et al., 2011. This might be due to the fact that 

the best conditions for D. acetoxidans biofilm formation are still unknown. 
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Resonance Raman studies on the isolated protein in solution 

demonstrate that the iron atoms of the heme groups of OmcB are 6cLS 

with a His/His axial ligation (figure 4.11 blue and red lines). Remarkably, 

the same spectral signature has been observed also for D. acetoxidans 

pellets (i.e. for suspensions of bacterial cells, as shown in figure 4.11 

green line) as well as for biofilms grown on electrodes (figure 4.8). 

However, OmcB immobilized on bare (figure 4.10 and 4.11 purple and 

light blue lines) and chemically-modified Ag electrodes (figure 4.10) 

shows an increase of the amount of five-coordinated high-spin (5cHS) 

species. Spectral analysis showed that this is the most abundant species 

on the electrode and it undergoes reversible oxidation and reduction (see 

figure 4.12). These findings open two possible scenarios:  

(1) If OmcB is one of the proteins wiring the cell metabolism to the 

electrode. When it is embedded within a microbial biofilm it is not 

in direct physical contact with the Ag electrode. In fact, such a 

direct interaction can be safely excluded by the lack of 5cHS 

species, which are indeed dominant when the isolated OmcB is 

placed in direct contact with the bare Ag electrode (see figure 

4.11 purple and light blue lines). The lack of a direct physical 

contact may be due to the presence of extracellular 

polysaccharide substances between OmcB and the electrode. 

The existence and importance of this layer on cell attachment, 

cell-cell agglutination and OMCs localization has already been 

confirmed in G. sulfurreducens, and the gene involved has been 

identified as GSU1501 (Rollefson et al., 2011), which has a high 

identity with Dace_1843 from D. acetoxidans.  

(2) The redox-active protein detected with SERR of electroactive 

biofilms is not OmcB. This hypothesis may be investigated in the 

future by using genetically-modified bacterial strains lacking 

OmcB, when a genetic system is available for this bacterium. 
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CONCLUSIONS 

Concerning the growth of the biofilm of Desulfuromonas acetoxidans 

DSM 684, an electroactive biofilms has been formed and its 

spectroelectrochemical study was performed and compared with the 

results obtained for the isolated OMC, OmcB.  

Through SERR spectroscopy experiments the presence of 6cLS heme 

species with His/His axial ligation was observed. These belong to OMCs 

exchanging electrons with the electrode as it was seen by controlling the 

redox state applying an external voltage. RR spectra of the isolated cells, 

as well as the isolated OmcB protein revealed the same 6cLS His/His 

species. This finding is in agreement with the hypothesis that OmcB 

could mediate the electron transfer at the biofilm/electrode interface. 

Remarkably, when the isolated OmcB was immobilized on the bare Ag 

electrode, a strong amount of 5cHS heme species was observed. This 

finding may hint to a protective role of extracellular polysaccharide 

substances, avoiding the direct physical contact of OmcB with the Ag 

electrode and preventing its denaturation.  
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CONCLUDING REMARKS AND FUTURE 

PERSPECTIVES 

DMRB have attracted the attention of the scientific community over the 

past years, mainly due to the wide range of applications of these 

microorganisms, not only in health and environment, but also in 

biotechnology (Dubiel et al., 2002; Fredrickson and Zachara, 2008; 

Logan, 2009; Lovley, 2012). These microorganisms have the remarkable 

capacity of transporting the electrons from their internal metabolism to a 

solid terminal electron acceptor outside the cell. This ability allows them 

to reduce a diverse number of compounds, ranging from oxygen, to 

metal ores, toxic organic compounds or even radionuclides, and it is only 

possible because of the great amount of redox proteins, mainly c-type 

cytochromes, that these microorganisms have coded in their genomes 

(Fredrickson et al., 2008). 

Studies on model organisms from the genera Shewanella and Geobacter 

expanded our knowledge on these mechanisms over the past few years 

(Li et al., 2014; Brutinel and Gralnick, 2012; Aklujkar et al., 2013; Richter 

et al., 2012; Roden, 2012; Smith et al., 2013; Fonseca et al., 2014; Flynn 

et al., 2014; Liu et al., 2014; Shi et al., 2012a, 2012b; Snider et al., 2012). 

Currently, we have a clearer idea on how electrons are transported from 

the cell metabolism to the cytoplasmic membrane, across the periplasm 

and finally through the outer membrane to be delivered, directly or 

indirectly, to the acceptor on the outside of the cells. In this thesis, some 

of the key cytochromes in this complex network were studied, with the 

purpose of better understanding the molecular mechanisms involved in 

EET, towards optimization of this process for biotechnological 

applications. 

One of the most abundant and well-studied periplasmic cytochromes of 

S. oneidensis MR-1 is STC. The functional characterization of this protein 
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has previously been performed (Fonseca et al., 2009; Paquete et al., 

2010), and being a multiheme cytochrome with a relatively low 

complexity and with an important role in electron transfer (Fonseca et al., 

2013; Paquete and Louro, 2014), STC is a good model for protein 

engineering studies. Previous experiments performed by Qian et al., 

2011 with mutants of this protein, demonstrated that changing a single 

amino acid on the surface of the protein could affect its capacity to 

transfer electrons. In this work the way these mutants transfer electrons 

to/from an electron donor/acceptor was studied in more detail. The 

results show that the electrostatics of a protein can greatly affect its 

kinetics without causing significant changes in its thermodynamic 

properties, and without affecting the structure of the redox centres. One 

of the mutants, D66N, stood out from the rest. This residue is located in 

the vicinity of heme I, the most important for both electron uptake and 

release by STC. This mutation showed a great increase in the reference 

rate constants for the reduction with sodium dithionite and oxidation with 

ferric-NTA (work presented in chapter II of the present thesis). Without 

changing the redox centre it was possible to affect its surrounding 

environment increasing the rate at which the protein accepts and delivers 

electrons. Therefore, the methodology here tested allows the possibility 

of improving the kinetics of a redox protein or enzyme by altering the 

surface charge where the substrate approaches the protein. 

In order to understand to which extent this mutant could, by itself, affect 

the EET activity of this bacterium, further tests should be conducted, 

where mutant D66N would be expressed in a S. oneidensis strain lacking 

the native form of STC (STCwt). Since there’s clear evidence that both 

STC and the soluble flavocytochrome c3 fumarate reductase (FccA) from 

S. oneidensis MR-1 interact with MtrA from the MtrCAB-OmcA complex 

(Fonseca et al., 2013), fccA should also be knocked-out, to avoid 

redundancy of these two proteins. Growth tests with diverse insoluble 
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electron acceptors should be performed in order to understand to which 

extent D66N alone is capable of improving the EET mechanism. Later, 

single amino acid surface mutations can be performed on the more 

complex but highly important decahemes MtrA, from the periplasm, and 

also OmcA and MtrC, from the outer membrane, to understand how EET 

is affected. 

Although S. oneidensis MR-1 is a useful model organism, mainly 

because it is relatively easy to grow in laboratory environment and 

because it was the first to have an available genetic system, it presents 

some limitations in its range of applications in the real world. For 

instance, although it is able to reduce a wide variety of compounds, the 

number of carbon sources this bacterium uses is very limited 

(Fredrickson et al., 2008). Concerning MFCs studies, the current 

production of S. oneidensis MR-1 is not amongst the highest reported 

(Wrighton et al., 2008) and biofilms formed by this species seem to be 

dependent on the presence of oxygen, detaching fairly easily when 

oxygen depleted (Thormann et al., 2005, 2006), which is a major 

drawback when using anaerobic anodes for energy harvesting. 

In order to develop newly engineered and improved bioelectrochemical 

systems (BESs), diverse biological systems with different characteristics 

need to be studied. The Geobactereaceae family  has also been the 

target of successful investigations in the past years (Dantas et al., 2013; 

Smith et al., 2013; Ly et al., 2013), mainly with species from the 

Geobacter genus. The marine δ-proteobacterium Desulfuromonas (D.) 

acetoxidans, which belong to this family, is an interesting subject. Like 

other well-studied members from this family, this bacterium is capable of 

completely oxidizing organic compounds to carbon dioxide and uses a 

wide variety of terminal electron acceptors (Pfennig and Biebl, 1976). 

BLAST analysis allowed the immediate comparison between this 

bacterium and Geobacter (G.) sulfurreducens PCA, another model 
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species in EET. Some of the most important cytochromes involved in 

EET that have been characterized in G. sulfurreducens show identity with 

genes in the permanent draft genome of D. acetoxidans DSM 684, 

deposited at the Joint Genome Institute from the U.S. Department of 

Energy (http://jgi.doe.gov/). For instance, Dace_0364, which has 

homology with OmcB, the 12-heme cytochrome proposed to be the OMC 

that transfers electron to Fe(III) oxides directly (Leang et al., 2003). 

Dace_0364 or OmcB from D. acetoxidans is a cytochrome containing 13-

hemes that was purified for the first time in this work, and the interesting 

feature was that it was extracted from the soluble fraction of cells grown 

using elemental sulphur as terminal electron acceptor (Alves et al., 

2011). This probably means that this protein is loosely attached to the 

outer membrane, and that it might not only be involved in the reduction of 

Fe(III) oxides, but also elemental sulphur, anodes in MFCs and multiple 

other terminal electron acceptors. 

In order to test this hypothesis and also to further understand this 

microorganism, a comparative study between OmcB and the biofilm, both 

from D. acetoxidans, using electrochemistry and SERR spectroscopy 

was performed. This technique allows the selective probe of cytochromes 

present on the microbial/electrode interface, without the interference of 

the rest of the microbial cell. A comparison between an OMC and an 

electroactive microbial biofilm was obtained for the first time. The 

spectroelectrochemical study of the isolated OmcB on a bare Ag 

electrode showed a higher amount of 5cHS species than the isolated 

protein on a SAM coated Ag electrode, which showed a trend of 6cLS 

His/His axial ligand c-type hemes. These results mean that despite this 

protein being anchored to the outer membrane, itis not in direct contact 

with the insoluble electron acceptor, maintaining the correct coordination 

of the hemes.  From the behaviour of the biofilm, the same conclusion 

can be drawn, since the amount of 5cHS species is negligible, and 
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there’s a majority of 6cLS His/His axial ligands. Once again, BLAST 

analysis between a gene of G. sulfurreducens belonging to an operon 

responsible for polysaccharide biosynthesis and the draft genome of D. 

acetoxidans, allowed the identification of a gene with high identity 

between the two species. This gene seems to be involved, not only in the 

formation of an extracellular polysaccharide matrix, but might also be 

responsible for the correct location of OMCs, since its deletion led to a 

decrease in the content of OMCs (Rollefson et al., 2011). Despite the 

similarity between the species, most of the electron transfer mechanisms 

of D. acetoxidans remain unknown and the structure and characterization 

of the great majority of its cytochromes hasn’t yet been resolved.  

In conclusion, the present work gives a new insight on how to study 

redox proteins, and possibly enzymes, demonstrating that changing the 

charge of the surface of a protein can affect its kinetic behaviour. We 

applied well-established thermodynamic and kinetic models for proteins 

with multiple redox centres in order to identify a surface mutant of the 

model multiheme cytochrome STC which has improved its reduction and 

oxidation activities, simultaneously. This will allow a deeper look into 

more challenging proteins, like the OMCs from various DMRB. Changing 

the electrostatics of selected proteins might help to improve electron 

transfer mechanisms and therefore the biotechnological applications of 

DMRB.  

We were also able to identify for the first time, and before a trans-

membrane porin-cytochrome (Pcc) protein complex was proposed (Liu et 

al., 2014), an OMC supposed to be the terminal reductase of several 

insoluble electron acceptors in D. acetoxidans, Dace_0364 or OmcB. 

Finally, combining techniques, like SERR spectroscopy and 

electrochemistry, allowed a comparison between this isolated OMC and 

the whole biofilm of the same microorganism giving us structural and 
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coordination information about the hemes. Here, we propose that OMCs 

don’t contact directly with the surface of the electrode, having a thin layer 

of polysaccharides serving as protection. 

Likewise, the interest on mixed-culture MFCs has increased in the past 

years, demonstrating that, just like in nature, DMRB can benefit from the 

presence of other species in order to maintain the equilibrium of the 

system, improving current generation (Bourdakos et al., 2014; Nimje et 

al., 2012; Kiely et al., 2010; Khan et al., 2014), since D. acetoxidans is 

capable of completely oxidizing its carbon sources, other species which 

are not, like S. oneidensis, could make use of its presence, while 

reducing O2 for the profit of the intolerant D. acetoxidans. 

The work here presented offers a deeper insight into the EET mechanism 

of DMRB by improving the performance of a well-known protein and also 

by studying previously unknown proteins. This new knowledge, combined 

with technological advances, will allow not only building better and 

improved MFCs, but also the upgrade of other biotechnological 

applications of these microorganisms. 
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APPENDIX A: KINETIC MODEL FOR MULTICENTRE 

REDOX PROTEINS 

In order to fully characterize the molecular details of the electron transfer 

(ET) mechanism of a redox protein both thermodynamic and kinetic 

information are necessary (Correia et al., 2002; Paquete et al., 2010, 

2007). Exploring the kinetics of a multicenter redox protein in detail is not 

an easy task, especially in multiheme cytochromes, since all of the 

hemes in these proteins present some exposure and may react with 

small redox mediators. When a multicenter redox protein receives an 

electron, the center that accepts it, quickly distributes it among the 

centers of the protein according to the reduction potentials. In the inverse 

scenario, when the protein releases an electron, the remaining electrons 

are also redistributed within the protein according to their thermodynamic 

properties (Paquete et al., 2010). Because the distance between the 

redox centers is usually short, the protein equilibrates rapidly among the 

centers, making it very difficult to trace the starting point. However, when 

intermolecular ET is slow in the experimental timescale, for a protein with 

N redox centers, N+1 stages of oxidation can be determined, 

corresponding to N, N-1, until zero oxidized centers. These stages are 

connected by steps of transfer of one electron. Also, a mixture of redox 

stages will exist during the reduction/oxidation process. In order to 

determine which center receives/releases the electrons and how they are 

distributed inside the protein, thermodynamic and kinetic properties of 

each of the redox centers is required.  

The kinetic model used in this thesis makes use of the thermodynamic 

parameters to obtain information on the rate constants for the reduction 

or oxidation of the individual hemes (Catarino and Turner, 2001). In order 

to simplify the explanation of the model, only the reduction process will 

be considered, but it applies for the oxidation process as well.  
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Briefly, considering a tetraheme cytochrome like STC, the simplest 

thermodynamic model requires a network of redox interactions between 

the 4 hemes and at least 1 ionizable centre. In this 5 centre model, 32 

microscopic states need to be determined, which can be defined by 15 

thermodynamic parameters: one reduction potential for each of the four 

hemes, one pKa, six heme-heme interactions and four heme-ionizable 

center interactions (Turner et al., 1996). 

A minimum of three steps need to be considered in the kinetic scheme 

for an electron transfer reaction between electron donor and a protein: 1) 

complex formation, 2) electron transfer and 3) complex dissociation 

(scheme A.1).  

 

          

         

Scheme A.1. Kinetic steps for electron transfer with complex formation. P
ox

 and 

P
red

 represent oxidized and reduced protein, respectively, while D
ox

 and D
red

 

represent oxidized and reduced donor, respectively. The complexes formed are 

in brackets.  

When the model is used on multicenter proteins interacting with a single 

electron donor, this sequence of events should be considered for each 

individual center. However, under steady-state conditions, this scheme 

can be approximated by a simple collisional model (scheme A.2), where 

k+ and k– correspond to the product of equilibrium binding constant and 

the rate constant for electron transfer: 
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If complex formation and dissociation are in rapid equilibrium: 

 

 

Scheme A.2. Simple collisional model of the rate constants for the electron 

transfer. 

Using an excess of reducing agent, further simplification can be 

achieved, because irreversible ET and pseudo-first order conditions are 

guaranteed. 

For multicenter proteins, like STC, k+ has to be defined for each electron 

transfer reaction. The kinetic model assumes that each heme has a 

different reference rate constant that reflects the environment 

surrounding the heme and its exposure (Catarino and Turner, 2001). The 

system here described involves 16 protonated and 16 deprotonated 

microstates, which are in equilibrium due to fast proton exchange. Upon 

reaction with the electron donor, these 32 microstates can be 

interconverted through 64 possible ET microsteps. This model is suitable 

for situations where there is fast intramolecular ET and slower 

intermolecular ET, providing information on the kinetic properties of each 

individual heme. Under these conditions there is thermodynamic control 

of the distribution of electrons inside the multicenter protein and the 

complex kinetic scheme involving all possible microscopic ET steps 

collapses into a simple sequence of 4 consecutive macroscopic ET 

steps, for a tetraheme protein (figure A.1). Thus, the number of 

parameters to be determined is equal to the number of redox centers and 

therefore can be experimentally extracted. 

The macroscopic rate constant for each step (�����) is the weighted 

average of the microscopic rate constants (��
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participate in that step, according to the respective fractional populations 

(equation 1): 

 

        (Equation 1) 

 

 

 

Figure A.1. Schematic representation of the possible microscopic ET steps for a 

protein with 4 redox centers and one acid-base center. The protein can be 

protonated or deprotonated (darker and lighter bigger circles, respectively).  In 

order to simplify the scheme there are only 32 arrows that represent the redox 

transitions of either the protonated or deprotonated form of the protein. 

��
�
represent the microscopic rate constant of each step. The redox stages are 

defined according to the number of oxidized centers and KI-IV correspond to the 

macroscopic rate constant for the consecutive one-electron transfer steps. 
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Applying a mathematical model based on the Marcus theory (Marcus and 

Sutin, 1985) and using the thermodynamic parameters for the individual 

centers, a relationship between the individual rate constants at different 

levels of global reduction can be established, taking into account the 

driving force for each microstep (Catarino and Turner, 2001). Therefore, 

the detailed thermodynamic characterization of the multicenter redox 

protein is required in order to determine the kinetic behavior of the 

individual centers.  

This approach contains the implicit assumption that the environment 

around each center does not experience significant modifications 

throughout the process so that a single value of the reorganization 

energy (λ) is representative for all transitions (Paquete and Louro, 2014). 

Therefore, this assumption is not applicable for proteins which suffer 

significant redox linked structural modifications. Another implicit 

assumption is that electrostatics have a minor effect on the rate of 

electron transfer (Quintas et al., 2013). 

The rate constant of a particular center in a particular microstep, ��
�
  will 

then be given by the reference rate constant of the center involved ��
�, 

multiplied by an exponential factor that accounts for the driving force 

associated with the ET in that microstep, where ��
�
 is the reduction 

potential of center i in that microstep (known from the thermodynamic 

parameters of the centers), and �� is the reduction potential of the 

electron donor (Paquete and Louro, 2014): 

 

        (Equation 2) 

 

In equation 2 the value corresponding for �� when the reducing agent is 

sodium dithionite is -0.3 V (Lambeth and Palmer, 1973; Neta et al., 1987) 

and λ is 1 eV (Christensen et al., 1994) at 298 K and both values are 
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assumed to be constant during the reduction process. Having obtained 

the experimental data from the stopped-flow experiments, the 4 

reference rate constants can easily be determined by fitting of the 

equation to the data simultaneously, using the computer routine in 

Appendix C. 
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APPENDIX B: MATLAB THERMODYNAMIC ROUTINE 

Thermodynamic parameters 

Matlab routine used for determination of the thermodynamic parameters 

via simultaneous fitting of the experimental data obtained from the NMR 

and the potentiometric redox titrations. The function "hemes" (file 

hemes.m) uses the "Chi2" function (file Chi2.m) to calculate the 

respective standard errors. 

File hemes.m 

function Results = hemes(NMRdata, TITRATIONdata, SETTINGS) % 
22.11.2007 
  
% HEME PROTEIN THERMODYNAMIC MODEL PARAMETER DETERMINATION 
% -----------Nelder-Mead Simplex Minimization------------- 
% 
% In order to determine the thermodynamic parameters of a heme 
protein, 
% the present function uses the function Chi2.m to calculate the  
% chi-squared value of the differences between experimental and 
theoretic 
% values of NMR and Titration experiments. 
%  
% The chi-squared value is then minimized with the function 
fminsearch from 
% MATALAB that uses the Nelder-Mead Simplex algorithm, determining 
the  
% thermodynamic parameters of the model. 
% 
% The model may have any number of heme groups or proton groups 
and the  
% parameters are calculated RELATIVE TO THE FULY REDUCED 
UNPROTONATED PROTEIN. 
%  
% The experimental results must be inputed with two tab delimeted 
.txt files, 
% one for the NMR and one for the Titrations. The model settings 
must be 
% defined by a third tab delimited .txt file. 
%  
% IMPORTANT: the names of this three files are the three input 
variables of 
% the hemes function and must be input by the correct order. 
%  
% The NMR FILE must be defined by a string containing the file 
name 
% (strings are written between apostrophes). This string must be 
the FIRST 
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% input variable of the function hemes. 
% The file must have the following form: 
% 
%   In the first row must be the pHs of the experiments in an 
ascending order. 
%   Below the respective pH must be the oxidation fractions for 
each oxidaton  
%   stage in an ascending order down the table grouped by heme in 
a descending  
%   order down the table (see below). 
% 
%   In the same file, next to this table a similar one must be 
present with 
%   the respective linewidths (the pH values must be repeated in 
the first 
%   row). 
% 
%   Below is examplefied for a tetraheme protein with five 
different pH 
%   experiments. The roman numbers represent the oxidation 
fractions or 
%   linewidths of the respective oxidation stages. Unkown fraction 
must be 
%   inserted with NaN and the respective linewidth 1. 
%  
%   pH1 pH2 pH3 pH4 pH5     pH1 pH2 pH3 pH4 pH5 
%   I   I   I   I   I       I   I   I   I   I       | 
%   II  II  II  II  II      II  II  II  II  II      |_Heme4 
%   III III III III III     III III III III III     | 
%   IV  IV  IV  IV  IV      IV  IV  IV  IV  IV      | 
%   I   I   I   I   I       I   I   I   I   I           | 
%   II  II  II  II  II      II  II  II  II  II          |_Heme3 
%   III III III III III     III III III III III         | 
%   IV  IV  IV  IV  IV      IV  IV  IV  IV  IV          | 
%   I   I   I   I   I       I   I   I   I   I       | 
%   II  II  II  II  II      II  II  II  II  II      |_Heme2 
%   III III III III III     III III III III III     | 
%   IV  IV  IV  IV  IV      IV  IV  IV  IV  IV      | 
%   I   I   I   I   I       I   I   I   I   I           | 
%   II  II  II  II  II      II  II  II  II  II          |_Heme1 
%   III III III III III     III III III III III         | 
%   IV  IV  IV  IV  IV      IV  IV  IV  IV  IV          | 
%  
% The TITRATION FILE must be defined by a string compose of the 
file name 
% (strings are written between apostrophes). This string is the 
SECOND 
% input variable of the hemes function. 
% The file must have the following form: 
%  
%   In the first cell of the first colunm must be the pH of the 
Titration. 
% 
%   Bellow the first cell must be the potential values of the 
points of the 
%   Titration. Right to the potential values must be the 
respective 
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%   oxidation fractions (the first cell of this second column must 
be blank 
%   next to the pH). 
%    
%   Repeat this structure to the right for each Titration done. 
Titration 
%   must be in order of increasing pH value from left to right (it 
is 
%   possible to have several titration at the same pH). 
%     
%   Bellow is examplefied with two Titrations 
%    
%   pH1                       pH2 
%   potential   ox fraction   potential   ox fraction 
%   potential   ox fraction   potential   ox fraction 
%   potential   ox fraction   potential   ox fraction 
%   .           .             .           . 
%   .           .             .           . 
%   .           .             .           . 
% 
% The SETTINGS FILE is define by a string composed of the file 
name 
% (strings are writen between apostrophes). This string is the 
THIRD input 
% variable of the hemes function. 
% The file must have a single column with the following form: 
%  
%   first row - temperature in Kelvin 
% 
%   second row - number of heme groups 
% 
%   third row - number of protons 
% 
%   fourth row - units of the potential values of the TITRATION 
file 
%   (this entry must be either "V" or "mV" (without coats)). 
% 
%   following rows - initial estimation values in the following 
order 
%  
%          - heme potentials (ascending order of heme number down 
the colunm). 
%          - pK values (ascending order of proton down the 
colunm). 
%          - heme interactions (first heme1 with the others, next 
heme2 with  
%          the others and so on). 
%          - redox-Bohr effects for the first proton with all the 
hemes  
%          starting with heme1 and repeat for all the protons. 
%    
%   In case one or more parameters are not to be optimized its 
initial value  
%   must be followed by a tab and a 1. 
% 
%   Bellow is examplefied with four hemes and two protons with i23 
parameter 
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%   fixed: 
%  
%       temperature 
%       number of hemes 
%       number of protons 
%       mV                  (or V) 
%       E1 
%       E2 
%       E3 
%       E4 
%       pK1 
%       pK2 
%       i12 
%       i13 
%       i14 
%       i23    1 
%       i24 
%       i34 
%       i1H1 
%       i2H1 
%       i3H1 
%       i4H1 
%       i1H2 
%       i2H2 
%       i3H2 
%       i4H2 
% 
% The function originates a structure variable with the results: 
%      
%     - optimized parameters 
%     - standard errors of the optimized parameters 
%     - final chi-squared value of the minimization 
%     - p-value of the hypothesis test 
%     - pK values for each of the redox stages from 0 to the top 
%     - final chi-squared value with nmr data 
%     - final chi-squared value with titrations data 
%     - degrees of freedom 
%     - final least-squares value of the minimization 
%     - final least-squares value with the nmr data 
%     - final least-squares value with the titrations data 
%      
%          
%   
% An output tab delimited ASCII file is created with the  name of 
the NMRdata  
% file followed by 'OUT'. This file contains the seven first 
output variables. 
%  
% It is possible to use this file in a plot mode to get curves for 
known  
% proteins. 
% In this case: 
% 
%   -as the first argument put the settings file with the 
parameters in place 
%    of the initial estimation 
%   -as the second argument insert the string 'plot' 
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%   -as the third argument insert a row vector with the desired pH 
values 
%   (it has to be more than one) 
%  
% ----------------------------------------------------------------
--------- 
  
% constants 
  
R = 8.314;  % PGC 
F = 96490;  % Faraday constant 
  
% check mode 
  
if size(TITRATIONdata,2) ~= 4 
    cue = 0; 
elseif all(TITRATIONdata ~= 'plot') 
    cue = 0; 
else 
    cue = 1; 
end 
  
if cue   % plot mode 
    pH = SETTINGS; 
    if ~isnumeric(pH) 
        error('Insert pH row vector in third argument') 
    end 
    if size(pH,2) == 1 
        error('More then one pH value required') 
    end 
    TitrationpH = pH; 
     
        % settings 
  
    settings = textread(NMRdata, '%s'); 
  
    units = settings{4}; 
  
    T = str2num(settings{1}); 
  
    % Model characteristics 
  
    NumberOfHemes = str2num(settings{2}); 
  
    NumberOfProtons = str2num(settings{3}); 
  
    NumberOfMicrostates = 2^(NumberOfHemes + NumberOfProtons); 
  
    NumberOfParameters = NumberOfHemes + NumberOfProtons + 
size(combntns(1:NumberOfHemes,2),1) + 
NumberOfHemes*NumberOfProtons; 
     
    % to fixate desired parameters and only optimize the res two 
matrix can be 
    % used: r and fix. 
    % Known parameters (1 in the respective position of r means 
known value) 
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    r = zeros(1,NumberOfParameters); 
     
    % The fix matrix contains the known parameters in the 
respective position 
  
    fix = zeros(NumberOfParameters,1); 
           
else % optimization mode 
  
    % settings 
  
    [settings rr] = textread(SETTINGS, '%s %s'); 
  
    units = settings{4}; 
     
    T = str2num(settings{1}); 
  
    % Model characteristics 
  
    NumberOfHemes = str2num(settings{2}); 
  
    NumberOfProtons = str2num(settings{3}); 
  
    NumberOfMicrostates = 2^(NumberOfHemes + NumberOfProtons); 
  
    NumberOfParameters = NumberOfHemes + NumberOfProtons + 
size(combntns(1:NumberOfHemes,2),1) + 
NumberOfHemes*NumberOfProtons; 
     
    % initial estimation 
  
    x0 = []; 
    for m = 1:NumberOfParameters 
        x0 = [x0; str2num(settings{4+m})]; 
    end 
     
    % matrixes to fix parameters and not optimize 
     
    for m = 1:NumberOfParameters 
        if isempty(rr{m+4}) 
            r(m) = 0; 
        else 
            r(m) = str2num(rr{m+4}); 
        end 
    end 
     
    % The fix matrix contains the known parameters in the 
respective position 
     
    fix = x0 .* r'; 
     
    % correction in the initial estimation for the known 
parameters 
     
    x0(find(r==1))=[]; 
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    % algorithm termination conditions 
  
    TolFun = 1e-7; 
    TolX = 1e-7; 
    MaxIter = 20000; 
    
    % Titration oxidation fractions and standard deviantion 
  
    N = dlmread(TITRATIONdata, '\t'); 
  
        % titration file formatting check (this check can only 
find some  
        % errors not all). 
  
        for m = 1:size(N,2)/2 
            if N(1,2*m) ~= 0 
                error('Titration data file wrongly structured') 
            end 
        end 
        if round(size(N,2)/2) ~= size(N,2)/2 
            error('Titration data file wrongly structured') 
        end 
  
    fid = fopen(TITRATIONdata); 
    M = textscan(fid,'',size(N,1)-1, 'delimiter', '\t', 
'headerlines',1,'headercolumns',0,'returnonerror',0,'emptyvalue',N
aN); 
    for m = 1:size(N,2)/2 
        Titrationexpdata{m,1} = M{1,2*m}'; 
        
Titrationexpdata{m,1}(Titrationexpdata{m,1}~=Titrationexpdata{m,1}
) = []; 
    end 
  
    Titrationstdd = 0.03; % titration experimental error 
  
    % different pH's of the titrations 
  
    fid = fopen(TITRATIONdata); 
    TitrationpH = textscan(fid, '%n', size(N,2)-1, 'delimiter', 
'\t'); 
    TitrationpH = TitrationpH{1}'; 
    TitrationpH(TitrationpH~=TitrationpH) = []; 
    fclose('all');  
  
    % different Potentials's of the titrations 
  
    if strcmp(units, 'mV') 
        units = 1000; 
    elseif strcmp(units, 'V') 
        units = 1; 
    else 
       warning('Define potential units (mV or V).') 
    end 
  
    for m = 1:size(N,2)/2 
        Potentials{m,1} = M{1,2*m-1}'/units; 
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        Potentials{m,1}(Potentials{m,1}~=Potentials{m,1}) = []; 
    end 
  
    % NMR oxidation fractions and standard deviations 
  
    fid = load(NMRdata); 
  
        % NMR file formatting check (this check can only find some 
errors 
        % not all). 
  
        if round(size(fid,2)/2) ~= size(fid,2)/2 
            error('NMR data file wrongly structured') 
        end 
        if any(fid(1, 1:size(fid,2)/2) ~= fid(1, 
size(fid,2)/2+1:size(fid,2))) 
            error('NMR pH values are different between fractions 
and linewidths') 
        end 
  
    expdata = fid(2:size(fid,1),1:size(fid,2)/2); 
  
    stdd = fid(2:size(fid,1), size(fid,2)/2+1:size(fid,2)); 
  
    % different pH's of the NMR experiments 
    % n = number of experiments 
  
    pH = fid(1, 1:size(fid,2)/2); 
end 
  
n = size(pH, 2); 
  
% binary matrix to obtain the energies of the microstates without 
pH:  
% E = mb * x 
% x = vector of parameters 
  
%   mb determination 
  
mb = []; 
  
        % Potential part of mb 
  
for m = 1:NumberOfHemes 
    a = []; 
    for o = 1:2^(m-1) 
        a = [a; zeros(2^(NumberOfHemes+1)/2^m,1); 
ones(2^(NumberOfHemes+1)/2^m,1)]; 
    end 
    mb = [mb, a]; 
end 
  
        % pK part of mb 
  
a=[]; 
for m = 1:2^(NumberOfHemes+1) 
    if rem(m,2) & m ~= 2 
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        a = [a 
            0]; 
    else 
        a = [a 
            1]; 
    end 
end 
     
mb = [mb, a]; 
  
if NumberOfProtons > 1 
    for m = 2:NumberOfProtons 
        mb = [mb zeros(size(mb,1),1) 
            mb ones(size(mb,1),1)]; 
    end 
end 
  
        % Potential interaction part of mb 
  
NumberOfInteractions = 0; 
for m = 1:NumberOfHemes 
    for o = m+1:NumberOfHemes 
       mb(:,size(mb,2)+1) = mb(:,m) .* mb(:,o); 
       NumberOfInteractions = NumberOfInteractions + 1; 
    end 
end 
  
        % Proton interaction part of mb 
  
for m = 1:NumberOfProtons 
    for o = 1:NumberOfHemes 
       mb(:,size(mb,2)+1) = mb(:,o) .* mb(:,NumberOfHemes+m); 
    end 
end 
  
% Resizing the binary matrix mb0 for the fixed parameters. 
  
mb0 = mb; 
  
for m = 1:NumberOfParameters 
    if r(1,m) ~= 0 
        mb0(:,m-(NumberOfParameters-size(mb0,2))) = []; 
    end 
end 
  
% pH components of the energies of the microstates: 
% E = mb * x + EpH 
  
if NumberOfProtons > 1 
    EpH = 
sum((mb(:,NumberOfHemes+1:NumberOfHemes+NumberOfProtons))')' * 
(2.3*R*T/F*pH); 
else 
    EpH = mb(:,NumberOfHemes+1) * (2.3*R*T/F*pH); 
end 
  
% binary matrixes to obtain oxidation fractions from microstates 
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% Fr = (mb1 * P)./(mb2 * P)         with P = exp(-F/(R*T) * E). 
  
S = sum(mb(:,1:NumberOfHemes)')'; % oxidation stage 
  
a = S * ones(1,NumberOfHemes) .* mb(:,1:NumberOfHemes); 
  
mb1 = []; 
for m = 1:NumberOfHemes 
    for o = 1:NumberOfHemes 
        mb1 =[mb1, (a(:,NumberOfHemes+1-m) == o)]; 
    end 
end 
mb1 = mb1'; 
  
mb02 = []; 
for m = 1:NumberOfHemes 
    mb02 = [mb02, (S == m)]; 
end 
mb2 = []; 
for m = 1:NumberOfHemes 
    mb2 = [mb2, mb02]; 
end 
mb2 = mb2'; 
  
  
if cue 
    x = []; 
    for m = 1:NumberOfParameters 
        x = [x; str2num(settings{4+m})]; 
    end 
else 
    % parameter determination through Nelder-Mead SIMPLEX 
algorithm (fminserch 
    % function) 
  
  
    options = optimset('MaxFunEvals', size(x0,2)*MaxIter, 
'MaxIter', size(x0,2)*MaxIter, 'TolFun', TolFun,... 
        'TolX', TolX); 
  
    format long e 
  
    [x, chi2, exitflag, output] = fminsearch(@(x) Chi2(x, mb, mb1, 
mb2, Potentials, R, T, F, expdata, Titrationexpdata, stdd, 
Titrationstdd, mb0, fix, TitrationpH, EpH, n, NumberOfMicrostates, 
NumberOfHemes), x0, options); 
  
  
    format short 
  
    output.message 
end 
  
% pK values at the different redox stages 
  
E0 = mb0 * x + mb * fix; 
E = E0 * ones(1,n) + EpH; 
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P = exp(-F/(R*T) * E); 
  
pKa = []; 
for q = 0:NumberOfHemes 
    P1 = P(:,1); 
    P1(find(S~=q)) = []; 
    P1d = []; 
    P1p = []; 
    for m = 1:2:size(P1,1) 
        P1d = [P1d; P1(m)]; 
        P1p = [P1p; P1(m+1)]; 
    end 
    pKa = [pKa; -log10( sum(P1d)/sum(P1p) ) + pH(1)]; 
end 
     
if cue 
else 
    % Chi square discrimination between NMR and Titration and Chi 
squared test 
  
    E0 = mb0 * x + mb * fix; 
    E = E0 * ones(1,n) + EpH; 
    P = exp(-F/(R*T) * E); 
    Fr = (mb1 * P) ./ (mb2 * P); 
    B = Fr - expdata; 
    B(B~=B)=0; 
    NMR = sum((sum(((B)./stdd).^2)));  % chi-squared of the NMR 
expriments 
    LSnmr = sum(sum(B.^2));            % least-squares of the NMR 
experiments 
  
     E0 = mb0 * x + mb * fix; 
  
    TITRATION = 0; 
    LStitration = 0; 
    for m = 1:size(TitrationpH,2) 
        E = E0 * ones(1, size(Potentials{m,1},2)); 
        EE = -1*(sum( mb(:,1:NumberOfHemes)')' * ones(1, 
size(Potentials{m,1},2))) .* (ones(NumberOfMicrostates,1) * 
Potentials{m,1}) +... 
        mb(:,NumberOfHemes+1) * ones(1, size(Potentials{m,1},2)) * 
(2.3*R*T/F * TitrationpH(1,m)); 
        Fr1 = sum( (exp(-F/(R*T) * ( E + EE ) )) .* ( 
sum(mb(:,1:NumberOfHemes)')' * 
ones(1,size(Potentials{m,1},2))/NumberOfHemes ) ); 
        Fr2 = sum(exp(-F/(R*T) * ( E + EE ) )); 
        FrE = Fr1 ./ Fr2; 
        A = FrE - Titrationexpdata{m,1}; 
        A(A~=A) = 0; 
  
        TITRATION = TITRATION + sum( sum( (A / 
Titrationstdd).^2));   %  chi-squared of the titrations 
        LStitration = LStitration + sum(sum(A.^2));                   
%  least-squares of the titrations 
    end 
  
    LS = LStitration + LSnmr; % least-squares of both experiments 
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            % degrees of freedom calculation (df) 
  
    a = expdata; 
    b = []; 
    c = []; 
    for m = 0:NumberOfHemes-1 
        b = [b; 1 + m*NumberOfHemes]; 
        c = [c; (NumberOfHemes-1)*(m+1)]; 
    end 
    a(b,:) = []; 
    a(c,:) = []; 
  
    df = (NumberOfHemes-2)*NumberOfHemes*size(pH,2) + 
size([Potentials{:,1}],2) - sum(sum(isnan(a))) - size(x,1); 
  
    p = chi2cdf(chi2, df);   % p-value of the hypothesis test 
  
    % derivation for the determination of the curvature matrix 
(alfa) 
  
            %NMR part of function 
  
    E0 = mb0 * x + mb * fix; 
    E = E0 * ones(1,n) + EpH; 
    P0 = exp(-F/(R*T) * E0); 
    P = exp(-F/(R*T) * E); 
    Fr = (mb1 * P) ./ (mb2 * P); 
  
            % NMR derivative 
  
    h = 0.000000000000001; 
    dFr = zeros(NumberOfHemes^2, size(x,1)); 
    NMRalfa = zeros(size(x,1), size(x,1)); 
  
    for m = 1:n 
        Frdx = []; 
        for o = 1:size(x,1) 
            Dx = zeros(size(x)); 
            Dx(o,1) = h; 
            E0 = mb0 * (x+Dx) + mb * fix; 
            E = E0 + EpH(:,m); 
            P0 = exp(-F/(R*T) * E0); 
            P = exp(-F/(R*T) * E); 
            Frdx = [Frdx, (mb1 * P) ./ (mb2 * P)]; 
        end 
        dFr =  ( Fr(:,m) * ones(1,size(x,1)) - Frdx )  ./  h  ./ 
(stdd(:,m) * ones(1,size(x,1))); 
        NMRalfa = NMRalfa + (dFr' * dFr); 
    end 
  
  
            % Titration part of function 
  
    E0 = mb0 * x + mb * fix; 
  
    FrE = {}; 
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    for m = 1:size(TitrationpH,2) 
        E = E0 * ones(1,size(Potentials{m,1},2)); 
        EE = -1*(sum( mb(:,1:NumberOfHemes)')' * ones(1, 
size(Potentials{m,1},2))) .* (ones(NumberOfMicrostates,1) * 
Potentials{m,1}) +... 
        mb(:,NumberOfHemes+1) * ones(1, size(Potentials{m,1},2)) * 
(2.3*R*T/F * TitrationpH(1,m)); 
        Fr1 = sum( (exp(-F/(R*T) * ( E + EE ) )) .* ( 
sum(mb(:,1:NumberOfHemes)')' * 
ones(1,size(Potentials{m,1},2))/NumberOfHemes ) ); 
        Fr2 = sum(exp(-F/(R*T) * ( E + EE ) )); 
        FrE{m,1} = [Fr1 ./ Fr2]; 
    end 
  
            %Titration derivative 
  
    h = 0.000000000000001; 
    dFrE = zeros(1, size(x,1)); 
    Titrationalfa = zeros(size(x,1), size(x,1)); 
  
    for m = 1:size(TitrationpH,2) 
        for q = 1:size(Potentials{m,1},2) 
            FrEdx = []; 
            for o = 1:size(x,1) 
                Dx = zeros(size(x)); 
                Dx(o,1) = h; 
                E = mb0 * (x+Dx) + mb * fix; 
                Fr1 = []; 
                Fr2 = []; 
                EE = -1*(sum( mb(:,1:NumberOfHemes)')' * 
Potentials{m,1}(1,q)) +... 
                mb(:,NumberOfHemes+1) * (2.3*R*T/F * 
TitrationpH(1,m)); 
                Fr1 = sum( (exp(-F/(R*T) * ( E + EE )) .* ( 
sum(mb(:,1:NumberOfHemes)')'/NumberOfHemes ) )); 
                Fr2 = sum(exp(-F/(R*T) * ( E + EE ) )); 
                FrEdx = [FrEdx, Fr1 ./ Fr2]; 
            end 
            dFrE =  (FrE{m,1}(1,q) * ones(1,size(x,1)) - FrEdx) / 
h / Titrationstdd; 
            Titrationalfa = Titrationalfa + (dFrE' * dFrE); 
        end 
    end 
  
        % Standard Errors determination  
  
    alfa = NMRalfa + Titrationalfa;  % final curvature matrix 
  
    stderr = (diag(inv(alfa))).^0.5;  % standard errors 
end 
     
%Ploting 
  
   % NMR 
  
% CalcEpH is a matrix for ploting the teoretic curves 
% m = number of points 
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% c = pH for teoretic curves 
  
NMRPlot = figure('Name', 'NMR', 'NumberTitle', 'off'); 
m = 1000; 
c = pH(1):(pH(n)-pH(1))/(m-1):pH(n); 
  
CalcEpH = ( mb(:,NumberOfHemes+1) * ones(1,size(c,2)) ) .* ( 
ones(NumberOfMicrostates,1) * 2.3*R*T/F*c ); 
  
CalcE0 = mb0 * x + mb * fix;           % 
CalcE = CalcE0 * ones(1,m) + CalcEpH;  %  
CalcP0 = exp(-F/(R*T) * CalcE0);       %  Function 
CalcP = exp(-F/(R*T) * CalcE);         % 
POP = (mb1 * CalcP) ./ (mb2 * CalcP);  % 
  
w = [c;POP]; 
save([NMRdata(:,1:size(NMRdata,2)-4) '_NMRplot.txt'], 'w', '-
ASCII', '-TABS'); % file for NMR figure ploting 
  
b = 1:NumberOfHemes; 
for q = 0:NumberOfHemes-1 
    for o = 1:NumberOfHemes-1 
        subplot(round(NumberOfHemes/2),2,NumberOfHemes-q) 
        hold all 
        if cue 
        else 
            errorbar(pH, expdata(NumberOfHemes*q+o,:), 
stdd(NumberOfHemes*q+o,:), '.') 
        end 
        plot(c, POP(NumberOfHemes*q+o,:), '-') 
        axis ([pH(1) pH(n) 0 1]) 
        xlabel('pH') 
        ylabel('Oxidation Fraction') 
        title(['Heme', num2str(b(NumberOfHemes-q))]) 
    end 
end 
% legend('Stage 2',' ', 'Stage 3',' ', 'Stage 4',' ') 
  
  
  
    % Titration 
  
TitrationPlot1 = figure('Name', 'Titrations', 'NumberTitle', 
'off'); 
  
a = 1; 
TitrationRep = []; 
while sum(TitrationRep) < size(TitrationpH,2) 
    a = sum(TitrationpH == TitrationpH(1,sum(TitrationRep)+1)); 
TitrationRep = [TitrationRep, a]; 
end 
  
if cue 
else 
    a = 1; 
    for m = 1:size(TitrationRep,2) 
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        PlotPotentials{m,1} = 
[Potentials{a:sum(TitrationRep(1,1:m)),1}]; 
        a = sum(TitrationRep(1,1:m)) + 1; 
    end 
    a = 1; 
    for m = 1:size(TitrationRep,2) 
        PlotTitrationexpdata{m,1} = 
[Titrationexpdata{a:sum(TitrationRep(1,1:m)),1}]; 
        a = sum(TitrationRep(1,1:m)) + 1; 
    end 
  
    for m = 1:size(TitrationRep,2) 
        subplot(2,round(size(TitrationRep,2)/2),m) 
        hold all 
        plot(PlotPotentials{m,1}, PlotTitrationexpdata{m,1}, '.') 
        title(['pH', 
num2str(TitrationpH(1,sum(TitrationRep(1,1:m))))]) 
        xlabel('E / V') 
        ylabel('Populations') 
        axis ([min([PlotPotentials{m,1}]) 
max([PlotPotentials{m,1}]) 0 1]) 
    end 
end 
  
E0 = mb0 * x + mb * fix; 
     
c = -1:0.005:1; 
w = c; 
for m = 1:size(TitrationRep,2) 
    E = E0 * ones(1,size(c,2)); 
    EE = -1*(sum( mb(:,1:NumberOfHemes)')' * ones(1, size(c,2))) 
.* (ones(NumberOfMicrostates,1) * c) +... 
    mb(:,NumberOfHemes+1) * ones(1, size(c,2)) * (2.3*R*T/F * 
TitrationpH(1,sum(TitrationRep(1,1:m)))); 
    Fr1 = sum( (exp(-F/(R*T) * ( E + EE ) )) .* ( 
sum(mb(:,1:NumberOfHemes)')' * ones(1,size(c,2))/NumberOfHemes ) 
); 
    Fr2 = sum(exp(-F/(R*T) * ( E + EE ) )); 
    FrE = [Fr1 ./ Fr2]; 
    w = [w; FrE]; % variable for titration ploting file 
    subplot(2,round(size(TitrationRep,2)/2),m) 
    hold on 
    plot(c, FrE) 
    xlabel('E / V') 
    ylabel('Populations') 
    axis ([-1 1 0 1]) 
end 
  
save([NMRdata(:,1:size(NMRdata,2)-4) '_Titrationplot.txt'], 'w', 
'-ASCII', '-TABS'); % file for titration ploting 
  
TitrationPlot2 = figure('Name', 'Titrations', 'NumberTitle', 
'off'); 
  
hold all 
for m = 1:size(TitrationRep,2) 
    c = -1:0.005:1; 
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    E = E0 * ones(1,size(c,2)); 
    EE = -1*(sum( mb(:,1:NumberOfHemes)')' * ones(1, size(c,2))) 
.* (ones(NumberOfMicrostates,1) * c) +... 
    mb(:,NumberOfHemes+1) * ones(1, size(c,2)) * (2.3*R*T/F * 
TitrationpH(1,sum(TitrationRep(1,1:m)))); 
    Fr1 = sum( (exp(-F/(R*T) * ( E + EE ) )) .* ( 
sum(mb(:,1:NumberOfHemes)')' * ones(1,size(c,2))/NumberOfHemes ) 
); 
    Fr2 = sum(exp(-F/(R*T) * ( E + EE ) )); 
    FrE = [Fr1 ./ Fr2]; 
    plot(c, FrE) 
end 
title('') 
xlabel('E / V') 
ylabel('Populations') 
axis ([-1 1 0 1]) 
hold off 
  
StagePopulations = figure('Name', 'Stage Populations', 
'NumberTitle', 'off');  % plot stage populations 
  
c = -1:0.005:1; 
w = c; 
for m = 1:size(TitrationRep,2) 
    E = E0 * ones(1,size(c,2)); 
    EE = -1*(sum( mb(:,1:NumberOfHemes)')' * ones(1, size(c,2))) 
.* (ones(NumberOfMicrostates,1) * c) +... 
    mb(:,NumberOfHemes+1) * ones(1, size(c,2)) * (2.3*R*T/F * 
TitrationpH(1,sum(TitrationRep(1,1:m)))); 
    Fr1 = (exp(-F/(R*T) * ( E + EE ) )) .* ( 
sum(mb(:,1:NumberOfHemes)')' * ones(1,size(c,2))/NumberOfHemes ); 
    Fr2 = exp(-F/(R*T) * ( E + EE ) ); 
    subplot(2,round(size(TitrationRep,2)/2),m) 
    for o = 0:NumberOfHemes 
        hold all 
        FrE = [sum( Fr2(find(sum(mb(:,1:NumberOfHemes),2) == 
o),:)) ./ sum(Fr2)]; 
        plot(c, FrE) 
        leg{o+1} = ['Stage ', num2str(NumberOfHemes-o)]; 
        w = [w; FrE]; % variable for StagePopulation plot file 
    end 
    title(['pH' num2str(TitrationpH(1,sum(TitrationRep(1,1:m))))]) 
    fliplr(0:NumberOfHemes); 
    legend(leg) 
    xlabel('E / V') 
    ylabel('Populations') 
    axis ([-1 1 0 1]) 
end 
  
save([NMRdata(:,1:size(NMRdata,2)-4) '_StagePopulationsplot.txt'], 
'w', '-ASCII', '-TABS'); % file for StagePopulation ploting 
  
  
HemeRedoxFractions = figure('Name', 'Heme Reduction Fractions', 
'NumberTitle', 'off');  % plot Heme Reduction Fractions 
  
clear leg 
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c = -1:0.005:1; 
w = c; 
for m = 1:size(TitrationRep,2) 
    E = E0 * ones(1,size(c,2)); 
    EE = -1*(sum( mb(:,1:NumberOfHemes)')' * ones(1, size(c,2))) 
.* (ones(NumberOfMicrostates,1) * c) +... 
    mb(:,NumberOfHemes+1) * ones(1, size(c,2)) * (2.3*R*T/F * 
TitrationpH(1,sum(TitrationRep(1,1:m)))); 
    Fr1 = (exp(-F/(R*T) * ( E + EE ) )) .* ( 
sum(mb(:,1:NumberOfHemes)')' * ones(1,size(c,2))/NumberOfHemes ); 
    Fr2 = exp(-F/(R*T) * ( E + EE ) ); 
    subplot(2,round(size(TitrationRep,2)/2),m) 
    for o = 1:NumberOfHemes 
        hold all 
        FrE = [sum( Fr2(find(mb(:,o) == 0),:)) ./ sum(Fr2)]; 
        plot(c, FrE) 
        leg{o} = ['Heme ', num2str(o)]; 
        w = [w; FrE]; % variable for Heme Reduction Fractions plot 
file 
    end 
    title(['pH' num2str(TitrationpH(1,sum(TitrationRep(1,1:m))))]) 
    fliplr(0:NumberOfHemes); 
    legend(leg) 
    xlabel('E / V') 
    ylabel('Reduction Fraction') 
    axis ([-1 1 0 1]) 
end 
  
save([NMRdata(:,1:size(NMRdata,2)-4) 
'_HemeReductionFractionsplot.txt'], 'w', '-ASCII', '-TABS'); % 
file for Heme Reduction Fractions ploting 
  
  
MicrostatePopulation = figure('Name', 'Microstate Popupations', 
'NumberTitle', 'off'); 
  
micro =[1 2]; 
for o = 1:2^NumberOfHemes-1 
    micro = [micro; micro(size(micro,1),:) + 2]; 
end 
if NumberOfProtons > 1 
    for m = 1:2^(NumberOfProtons-1)-1 
        micro = [micro, micro(:, size(micro,2)-1:size(micro,2)) + 
2*2^NumberOfHemes]; 
    end 
end 
  
clear leg 
c = -1:0.005:1; 
w = c; 
for m = 1:size(TitrationRep,2) 
    E = E0 * ones(1,size(c,2)); 
    EE = -1*(sum( mb(:,1:NumberOfHemes)')' * ones(1, size(c,2))) 
.* (ones(NumberOfMicrostates,1) * c) +... 
    mb(:,NumberOfHemes+1) * ones(1, size(c,2)) * (2.3*R*T/F * 
TitrationpH(1,sum(TitrationRep(1,1:m)))); 
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    Fr1 = (exp(-F/(R*T) * ( E + EE ) )) .* ( 
sum(mb(:,1:NumberOfHemes)')' * ones(1,size(c,2))/NumberOfHemes ); 
    Fr2 = exp(-F/(R*T) * ( E + EE ) ); 
    subplot(2,round(size(TitrationRep,2)/2),m) 
    for o = 1:2^NumberOfHemes 
        hold all 
        FrE = [sum( Fr2(micro(o,:),:)) ./ sum(Fr2)]; 
        plot(c, FrE) 
        leg{o} = [num2str( abs(mb(micro(o,1),1:NumberOfHemes)-1) 
)]; 
        w = [w; FrE]; % variable for Microstatepopulation plot 
file 
    end 
    title(['pH' num2str(TitrationpH(1,sum(TitrationRep(1,1:m))))]) 
    fliplr(0:NumberOfHemes); 
    for o = 1:2^NumberOfHemes 
        for p = 1:size(leg{o},2) 
            if leg{o}(p) == '1' 
                leg{o}(p) = 'R'; 
            elseif leg{o}(p) == '0' 
                leg{o}(p) = 'O'; 
            end 
        end 
    end 
    legend(leg) 
    xlabel('E / V') 
    ylabel('Populations') 
    axis ([-1 1 0 1]) 
end 
  
save([NMRdata(:,1:size(NMRdata,2)-4) 
'_MicroStatePopulationsplot.txt'], 'w', '-ASCII', '-TABS'); % file 
for MicroStatePopulation ploting 
  
  
MicrostatePopulation_pKa = figure('Name', 'Microstate Popupations 
with pKa', 'NumberTitle', 'off'); 
  
clear leg 
c = -1:0.005:1; 
w = c; 
for m = 1:size(TitrationRep,2) 
    E = E0 * ones(1,size(c,2)); 
    EE = -1*(sum( mb(:,1:NumberOfHemes)')' * ones(1, size(c,2))) 
.* (ones(NumberOfMicrostates,1) * c) +... 
    mb(:,NumberOfHemes+1) * ones(1, size(c,2)) * (2.3*R*T/F * 
TitrationpH(1,sum(TitrationRep(1,1:m)))); 
    Fr1 = (exp(-F/(R*T) * ( E + EE ) )) .* ( 
sum(mb(:,1:NumberOfHemes)')' * ones(1,size(c,2))/NumberOfHemes ); 
    Fr2 = exp(-F/(R*T) * ( E + EE ) ); 
    subplot(2,round(size(TitrationRep,2)/2),m) 
    for o = 1:NumberOfMicrostates 
        hold all 
        FrE = Fr2(o,:) ./ sum(Fr2); 
        plot(c, FrE) 
        leg{o} = [num2str( 
abs(mb(o,1:NumberOfHemes+NumberOfProtons)-1) )]; 
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        w = [w; FrE]; % variable for Microstatepopulation plot 
file 
    end 
    title(['pH' num2str(TitrationpH(1,sum(TitrationRep(1,1:m))))]) 
    fliplr(0:NumberOfHemes); 
    for o = 1:size(leg,2) 
        for p = 1:size(leg{o},2) - NumberOfProtons 
            if leg{o}(p) == '1' 
                leg{o}(p) = 'R'; 
            elseif leg{o}(p) == '0' 
                leg{o}(p) = 'O'; 
            end 
        end 
        if leg{o}(1,size(leg{o},2)) == '1' 
            leg{o}(1,size(leg{o},2)) = '-'; 
        else 
            leg{o}(1,size(leg{o},2)) = 'H'; 
        end 
    end 
    legend(leg) 
    xlabel('E / V') 
    ylabel('Populations') 
    axis ([-1 1 0 1]) 
end 
  
save([NMRdata(:,1:size(NMRdata,2)-4) 
'_MicroStatePopulations_pKa_plot.txt'], 'w', '-ASCII', '-TABS'); % 
file for MicroStatePopulation ploting 
  
  
if cue 
    for m = 0:NumberOfHemes 
        a = ['Results.pKaSTAGE' num2str(m) '=pKa(m+1);']; 
        eval(a); 
    end 
else 
    NMRdata(size(NMRdata,2)-3:size(NMRdata,2)) = []; 
  
    a=x'; b=stderr'; c=chi2; d=p; e=pKa'; f=NMR; g=TITRATION; 
    save([NMRdata 'OUT' '.txt'], 'a', 'b', 'c', 'd', 'e', 'f', 
'g', '-ASCII', '-TABS') % output file 
  
    b=1; 
    for m = 1:NumberOfHemes 
        if r(m) 
            a = ['Results.E' num2str(m) '= [fix(m) NaN];']; 
            eval(a); 
        else 
            a = ['Results.E' num2str(m) '= [x(b) stderr(b)];']; 
            eval(a); 
            b=b+1; 
        end 
    end 
    b=1; c = 0; 
    for m = NumberOfHemes+1:NumberOfHemes+NumberOfProtons 
        if r(m) 
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            a = ['Results.pKa' num2str(m-NumberOfHemes) '= [fix(m) 
NaN];']; 
            eval(a); 
            c = c + 1; 
        else 
            a = ['Results.pKa' num2str(m-NumberOfHemes) '= 
[x(NumberOfHemes-sum(r(1:NumberOfHemes))+b-c) 
stderr(NumberOfHemes-sum(r(1:NumberOfHemes))+b-c)];']; 
            eval(a); 
            b=b+1; 
        end 
    end 
    b = 1; c = 0; 
    for o = 1:NumberOfHemes-1 
        for m = o+1:NumberOfHemes 
            if r(NumberOfHemes+NumberOfProtons+b) 
                a = ['Results.i' num2str(o) num2str(m) '= 
[fix(NumberOfHemes+NumberOfProtons+b) NaN];']; 
                eval(a); 
                b = b + 1; c = c + 1; 
            else 
                a = ['Results.i' num2str(o) num2str(m) '= 
[x(NumberOfHemes+NumberOfProtons-
sum(r(1:NumberOfHemes+NumberOfProtons))+b-c) 
stderr(NumberOfHemes+NumberOfProtons-
sum(r(1:NumberOfHemes+NumberOfProtons))+b-c)];']; 
                eval(a); 
                b = b + 1; 
            end 
        end 
    end 
    b = 1; c = 0; 
    for o = 1:NumberOfProtons 
        for m = 1:NumberOfHemes 
            if 
r(NumberOfHemes+NumberOfProtons+NumberOfInteractions+b) 
                a = ['Results.i' num2str(m) 'H' num2str(o) '= 
[fix(NumberOfHemes+NumberOfProtons+NumberOfInteractions+b) 
NaN];']; 
                eval(a); 
                b = b + 1; c = c + 1; 
            else 
                a = ['Results.i' num2str(m) 'H' num2str(o) '= 
[x(NumberOfHemes+NumberOfProtons+NumberOfInteractions-
sum(r(1:NumberOfHemes+NumberOfProtons+NumberOfInteractions))+b-c) 
stderr(NumberOfHemes+NumberOfProtons+NumberOfInteractions-
sum(r(1:NumberOfHemes+NumberOfProtons+NumberOfInteractions))+b-
c)];']; 
                eval(a); 
                b = b + 1; 
            end 
        end 
    end 
    for m = 0:NumberOfHemes 
        a = ['Results.pKaSTAGE' num2str(m) '=pKa(m+1);']; 
        eval(a); 
    end 



Appendix B 

161 
 

  
  
    Results.Chisquared = chi2; 
    Results.pvalue = p; 
    Results.NMRChisquared = NMR; 
    Results.DegreesOfFreedom = df; 
    Results.LeastSquares = LS; 
    Results.LSofNMR = LSnmr; 
    Results.LSofTitrations = LStitration; 
end 

 
File Chi2.m 

function f = Chi2(x, mb, mb1, mb2, Potentials, R, T, F, expdata, 
Titrationexpdata, stdd, Titrationstdd, mb0, fix, TitrationpH, EpH, 
n, NumberOfMicrostates, NumberOfHemes) 
  
E0 = mb0 * x + mb * fix; 
  
f = 0; 
for m = 1:size(TitrationpH,2) 
    E = E0 * ones(1, size(Potentials{m,1},2)); 
    EE = -1*(sum( mb(:,1:NumberOfHemes)')' * ones(1, 
size(Potentials{m,1},2))) .* (ones(NumberOfMicrostates,1) * 
Potentials{m,1}) +... 
    mb(:,NumberOfHemes+1) * ones(1, size(Potentials{m,1},2)) * 
(2.3*R*T/F * TitrationpH(1,m)); 
    Fr1 = sum( (exp(-F/(R*T) * ( E + EE ) )) .* ( 
sum(mb(:,1:NumberOfHemes)')' * 
ones(1,size(Potentials{m,1},2))/NumberOfHemes ) ); 
    Fr2 = sum(exp(-F/(R*T) * ( E + EE ) )); 
    FrE = Fr1 ./ Fr2; 
    A = FrE - Titrationexpdata{m,1}; 
    A(A~=A) = 0; 
     
    f = f + sum( sum( (A / Titrationstdd).^2)); 
end 
  
  
E0 = mb0 * x + mb * fix; 
E = E0 * ones(1,n) + EpH; 
P = exp(-F/(R*T) * E); 
Fr = (mb1 * P) ./ (mb2 * P); 
B = Fr - expdata; 
B(B~=B) = 0; 
  
f =  f + sum((sum(((B)./stdd).^2))) 
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APPENDIX C: MATLAB KINETIC ROUTINES 

Kinetic parameters 

Matlab routines used for determination of the kinetic parameters via 

simultaneous fitting of the experimental data obtained from the stopped-

flow experiments. Function "Kinetics" (file Kinetics.m) was used to 

calculate the reduction parameters and function “KineticsOx” (file 

KineticsOx.m) to calculate the oxidation parameters. These functions use 

the "Chi2Kinetics" function (file Chi2Kinetics.m) and "Chi2KineticsOx" 

function (file Chi2KineticsOx.m), respectively and both use 

“fminsearchkin” (file fminsearchkin.m). 

File Kinetics.m 

function Results = Kinetics(file, mode) 
  
% HEME PROTEIN KINETIC MODEL PARAMETER DETERMINATION 
% ----------Nelder-Mead Simplex Minimization-------- 
%  
% The present function determines, by Nelder-Mead Simplex 
Minimization, the 
% kinetic parameters of a model for heme proteins (Catarino T, 
Turner  
% DL,Chembiochem, 2001, 2, 416-424. Paquete CM et al., Biochim 
Biophys  
% Acta,2007, 1767, 1169-1179.), using the data from the stop-flow  
% kinetic curves and the thermodynamic parameters for the protein. 
% It calculates the Chi-square value of the data, which is 
minimized  
% using a modified version of the MATLAB function called 
'fminsearch'  
% that implements the simplex algorithm. The function is called  
% 'fminsearchkin' and is modified to give a graphical 
representation 
% of the optimization in real time. 
%  
% The 'Kinetics' function has one input argument: the name of the 
text  
% file (with it's path if required) containing the required 
parameters  
% and the kinetic curves. The file must have the following 
template: 
%  
%   (number of hemes)   (number of protons) (temperature)  
%   (reorganization energy) (uncertainty of traces) (number of  
%    experiments) 
%   (initial estimation) 
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%   (heme potentials) (pKa's) (heme interactions: one with others, 
two %    with others,...) (redox-Bohr: hemes with the first, hemes 
with  
%    the second,...) 
%   (pH values of experiments) 
%   (red concentration) 
%   (red potential) 
%   (protein concentrations for each experiment) 
%   (time) (trace) (time) (trace) (time) (trace)... 
%   (time) (trace) (time) (trace) (time) (trace)... 
%   (time) (trace) (time) (trace) (time) (trace)... 
%   . 
%   . 
%   . 
%  
% The values must be entered in volts, seconds, Kelvin and molar. 
%  
% The function originates an output structure variable with 5 
fields: 
%  
%       1st - (x) the kinetic parameters 
%       2nd - (stderr) the respective standard errors 
%       3rd - (chi2) the final Chi-squared value of the 
minimization 
%       4th - (p) the p-value of the Chi-squared test 
%       5th - (Chi2partials) the final Chi-squred values for the  
%       individual kinetic curves used 
%  
% All these variables will be entered in a tab delimited ASCII 
file by % the above order. The file has the same name as the entry 
file  
% followed by 'OUT'. 
%  
% In order to draw the kinetic curves without performing the  
% optimization it is possible to input a second input argument: 
this 
% 'plot'. The file, in case must have the following template: 
%  
%   (number of hemes)   (number of protons) (temperature) 
%   (reorganization energy) (number of experiments) 
%   (kinetic parameters) 
%   (heme potentials) (pKa's) (heme interactions: one with others, 
two  
%    with others,...) (redox-Bohr: hemes with the first, hemes 
with 
%    the second,...) 
%   (pH values of experiments) 
%   (red concentration for each experiment) 
%   (red potential) 
%   (protein concentrations for each experiment) 
%   (initial oxidation fractions for each experiment) 
% ----------------------------------------------------------------
----  
  
% constants 
  
format long e 
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R = 8.3143; % perfect gas constant 
F = 96484.6; % faraday constant 
  
% optimization termination conditions 
  
MaxIter = 200; % maximum iteration divided by the number of 
parameters to determine 
TolFun = 10^-4; 
TolX = 10^-4; 
  
% DATA LOADING 
  
data = dlmread(file, '\t'); 
  
if nargin == 1 
    f = 'f'; s = 's'; 
    speed = input('fast (f) or slow (s)?'); 
    clear f s 
    NumberOfHemes = data(1,1); 
    NumberOfProtons = data(1,2); 
    NumberOfParameters = NumberOfHemes + NumberOfProtons + 
size(combntns(1:NumberOfHemes,2),1) + 
NumberOfHemes*NumberOfProtons; 
    T = data(1,3); % temperature 
    l = data(1,4) * F;   % reorganization energy 
    stdd = data(1,5); % uncertainty of traces 
    NumberOfExperiments = data(1,6); 
    x0 = data(2,1:NumberOfHemes); % initial estimation 
    par = data(3,1:NumberOfParameters); % thermodynamic parameters 
    par = par(:); 
    pH = data(4,1:NumberOfExperiments); % pH of experiments 
    red = data(5,1) * ones(1,size(pH,2)); % reductant 
concentration of each experiment 
    eD = data(6,1:NumberOfExperiments);   % reductand potential 
    red = sqrt(1.4*10^-9 .* red); % corrected dithionite 
concentration 
    conc = data(7,1:size(pH,2)); % protein concentration of each 
experiment 
    t = data(8:size(data,1),1:2:2*NumberOfExperiments-1); % time 
values 
    traces = data(8:size(data,1),2:2:2*NumberOfExperiments); % 
oxidation fraction values 
    OF = traces(1,:); % initial oxidation fraction of each 
experiment 
elseif mode == 'plot' 
    NumberOfHemes = data(1,1); 
    NumberOfProtons = data(1,2); 
    NumberOfParameters = NumberOfHemes + NumberOfProtons + 
size(combntns(1:NumberOfHemes,2),1) + 
NumberOfHemes*NumberOfProtons; 
    T = data(1,3); % temperature 
    l = data(1,4) * F;   % reorganization energy 
    NumberOfExperiments = data(1,5); 
    x = data(2,1:NumberOfHemes); % kinetic parameters 
    par = data(3,1:NumberOfParameters); % thermodynamic parameters 
    par = par(:); 
    pH = data(4,1:NumberOfExperiments); % pH of experiments 
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    red = data(5,1:size(pH,2)); % reductant concentration of each 
experiment 
    red = sqrt(1.4*10^-9 .* red); % corrected dithionite 
concentration 
    eD = data(6,1:NumberOfExperiments);   % reductand potential 
    conc = data(7,1:size(pH,2)); % protein concentration of each 
experiment 
    OF = data(8,1:size(pH,2)); % initial oxidation fraction of 
each experiment 
    t = 0:0.01:5; % time values 
    t = t(:) * ones(1,NumberOfExperiments); 
    if nargout > 1 
        error('Plot mode only originates one output argument') 
    end 
end 
  
% -------------------------------------- 
  
% CONSTRUCTION OF mb:  E = mb * par 
  
mb = [];  % binary matrix to calculate the energies of the 
microstates from par 
  
        % Potential part of mb 
  
for m = 1:NumberOfHemes 
    a = []; 
    for o = 1:2^(m-1) 
        a = [a; zeros(2^(NumberOfHemes+1)/2^m,1); 
ones(2^(NumberOfHemes+1)/2^m,1)]; 
    end 
    mb = [mb, a]; 
end 
  
        % pK part of mb 
  
a=[]; 
for m = 1:2^(NumberOfHemes+1) 
    if rem(m,2) & m ~= 2 
        a = [a 
            0]; 
    else 
        a = [a 
            1]; 
    end 
end 
     
mb = [mb, a]; 
  
if NumberOfProtons > 1 
    for m = 2:NumberOfProtons 
        mb = [mb zeros(size(mb,1),1) 
            mb ones(size(mb,1),1)]; 
    end 
end 
  
        % Potential interaction part of mb 
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NumberOfInteractions = 0; 
for m = 1:NumberOfHemes 
    for o = m+1:NumberOfHemes 
       mb(:,size(mb,2)+1) = mb(:,m) .* mb(:,o); 
       NumberOfInteractions = NumberOfInteractions + 1; 
    end 
end 
  
        % Proton interaction part of mb 
  
for m = 1:NumberOfProtons 
    for o = 1:NumberOfHemes 
       mb(:,size(mb,2)+1) = mb(:,o) .* mb(:,NumberOfHemes+m); 
    end 
end 
  
% pH components of the energies of the microstates: 
% E = mb * par + EpH 
  
if NumberOfProtons > 1 
    EpH = 
sum((mb(:,NumberOfHemes+1:NumberOfHemes+NumberOfProtons))')' * 
(2.3*R*T/F*pH); 
else 
    EpH = mb(:,NumberOfHemes+1) * (2.3*R*T/F*pH); 
end 
  
% energy values for each microstep 
  
E = mb * par; 
  
for n = 1:NumberOfHemes 
    for m = 1:NumberOfHemes 
        e{m,n} = E(find(mb(:,n) == 1 & 
sum(mb(:,1:NumberOfHemes),2) == NumberOfHemes-m+1))' - 
E(find(mb(:,n) == 0 & sum(mb(:,1:NumberOfHemes),2) == 
NumberOfHemes-m))'; 
    end 
end 
Results.energies = e; 
  
% DETERMINATION OF [STAGE] CONCENTRATION AT TIME ZERO 
  
pot = -1:0.001:1; 
for r = 1:size(EpH,2) 
    if OF(r) ~= 1 
        for n = 1:size(pot,2) 
            E = mb * par + EpH(:,r) - 
par(NumberOfHemes+1)*ones(size(EpH(:,r))) - 
sum(mb(:,1:NumberOfHemes),2) * pot(n); 
            of(n) = sum( exp( -F/(R*T) * E) .* 
sum(mb(:,1:NumberOfHemes),2) ./ NumberOfHemes) / sum(exp( -F/(R*T) 
* E)); 
        end 
        SP = pot(   find( (of - OF(r)).^2 == min((of - OF(r)).^2) 
)   ); 
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        E = mb * par + EpH(:,r) - 
par(NumberOfHemes+1)*ones(size(EpH(:,r))) - 
sum(mb(:,1:NumberOfHemes),2) * SP; 
        P = exp(-F/(R*T) * E); 
        for n = 0:NumberOfHemes 
            S0(r,n+1) = sum(   P(find(sum(mb(:,1:NumberOfHemes),2) 
== NumberOfHemes-n))   ) / sum(P) * conc(r); 
        end 
    else 
        S0(r,:) = [conc(r), zeros(1,NumberOfHemes)]; 
    end 
end 
  
  
% OPTIMIZATION 
  
if nargin == 1 
    options = optimset('Display', 'final' ,'MaxFunEvals', 
size(x0,2)*MaxIter, 'MaxIter', size(x0,2)*MaxIter, 'TolFun', 
TolFun,... 
        'TolX', TolX); 
    if speed == 'f' 
        [x, chi2, exitflag, output] = fminsearch(@(x) 
Chi2Kinetics(x, T, t, traces, stdd, NumberOfHemes, 
NumberOfProtons, eD, red, l, S0, mb, EpH, par, e, speed), x0, 
options); 
    elseif speed == 's' 
        [x, chi2, exitflag, output, X, chi2s] = fminsearchkin(@(x) 
Chi2Kinetics(x, T, t, traces, stdd, NumberOfHemes, 
NumberOfProtons, eD, red, l, S0, mb, EpH, par, e, speed), x0, 
options); 
    end 
  
    x = abs(x); 
end 
  
% MICRORATE CONSTANTS 
clear micro 
for n = 1:NumberOfHemes 
    for m = 1:NumberOfHemes 
        micro{m,n} = x(n) * exp( e{m,n} .* F/(2*R*T) .* ( 1 + 
eD(r)*F/l - e{m,n}*F/(2*l) ) ); 
    end 
end 
Results.micro = micro; 
  
% TEORETIC CURVES DETERMINATION AND PLOTTING 
  
fig4out = [];  % for fig4 data file 
pas = diag(fliplr(pascal(NumberOfHemes)));  % pascal triangle to 
determine the number of microsteps per macrosteps 
for r = 1:size(EpH,2) 
        clear Cn Cd C A K KK K1 K2 E P f S S1 a Stages 
  
    E = mb * par + EpH(:,r) - 
par(NumberOfHemes+1)*ones(size(EpH(:,r))); 
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    P = exp(-F/(R*T) * E); 
  
    % fractions for each microstep 
  
    for n = 1:NumberOfHemes % heme 
        for m = 1:NumberOfHemes % redox stage 
            f{m,n} = P(find(mb(:,n) == 1 & 
sum(mb(:,1:NumberOfHemes),2) == NumberOfHemes-m+1))' ./ 
sum(P(find(sum(mb(:,1:NumberOfHemes),2) == NumberOfHemes-m+1))); 
        end 
    end 
     
    % reduction fractions of each heme at each stage 
     
    clear Hfr 
    for m = 1:size(f,1) 
        for o = 1:size(f,2) 
            Hfr(m,o) = 1-sum(f{m,o}); 
        end 
    end 
    Hfr(size(Hfr,1)+1,:) = ones(1,size(Hfr,2)); 
     
    % calculation of K (macroscopic rate constants) 
  
    K = zeros(1,NumberOfHemes); 
  
    for n = 1:NumberOfHemes  % heme 
        for m = 1:NumberOfHemes  % redox stage 
            K1 = [0]; 
            for o = 1:pas(m)*2^NumberOfProtons  % microstep 
                K1 = K1 + sqrt(x(n)^2) * f{m,n}(o) * exp( 
e{m,n}(o) * F/(2*R*T) * (1 + eD(r)*F/l -  e{m,n}(o)*F/(2*l)) ); 
            end 
            K2(1,m) = K1; 
        end 
        K = K + K2; 
    end 
    K = K .* red(r); 
     
    % calculation of the fraction of electron that enter each heme 
in each 
    % one electron step 
     
    for n = 1:NumberOfHemes  % heme 
        for m = 1:NumberOfHemes  % redox stage 
            fr(m,n) = sum( f{m,n} .* micro{m,n} ); 
        end 
    end 
    for n = 1:NumberOfHemes  % heme 
        for m = 1:NumberOfHemes  % redox stage 
            Fr(m,n) = fr(m,n) / sum(fr(m,:)); 
        end 
    end 
    FR{r} = Fr; 
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    % Calculation of the coefficients of the time dependent 
equations. 
  
    % numerator matrixes 
  
    a = zeros(NumberOfHemes); a(1,1) = 1; 
    Cn{1} = a; 
    for n = 2:NumberOfHemes 
        a(1:n-1,n) = a(1:n-1,n-1); 
        a = a .* K(n-1); 
        a(n,n) = 1; 
        Cn{n} = a; 
    end 
    a = a .* K(n); 
    for m = 1:NumberOfHemes 
        a(:,m) = a(:,m)./K(m); 
    end 
    Cn{n+1} = a; 
  
    % denominator matrixes 
  
    for n = 1:NumberOfHemes 
        for m =1:NumberOfHemes 
            KK(n,m) = K(n)-K(m); 
        end 
    end 
    KK(KK==0) = 1; 
  
    for n = 1:NumberOfHemes-1 
        for m = n:NumberOfHemes-1 
            KK(m,n) = KK(m+1,n); 
        end 
    end 
    KK(size(KK,1),:) = []; 
  
    Cd{1} = ones(NumberOfHemes); 
    for n = 1:NumberOfHemes-1 
        a = ones(NumberOfHemes); 
        for m = 1:n 
            a(m,m:n) = prod(KK(m:n,m:n)); 
            a(m,n+1) = prod(KK(m:n,n+1)); 
        end 
        Cd{n+1} = a; 
    end 
    Cd{size(Cd,2)+1} = Cd{size(Cd,2)}; 
  
    % coefficient matrixes 
  
    for n = 1:size(Cd,2) 
        C{n} = Cn{n}./Cd{n}; 
    end 
  
    % coefficient multiplication and [stage]  determination 
  
    for n = 1:size(t(:,r),1) 
        clear A S 
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        for m = 1:size(C,2) 
            for o = 1:size(K,2) 
                A{m}(:,o) = C{m}(:,o) .* exp(-K(o).*t(n,r)); 
            end 
            A{m} = sum(A{m},2); 
        end 
        for m = 1:NumberOfHemes 
            A{size(A,2)}(m) = 1 - A{size(A,2)}(m); 
        end 
        for m = 1:size(A,2) 
            S(m) = S0(r,1:NumberOfHemes) * A{m}; 
        end 
        S(size(S,2)) = S(size(S,2)) + S0(r,NumberOfHemes+1); 
        Stages(n,:) = S; % [STAGE] at each t 
        Hemes(n,:) = S * Hfr; % [reduced heme] at each t 
        S1 = sum(S(1:NumberOfHemes) .* fliplr(1:NumberOfHemes)) / 
(NumberOfHemes .* sum(S0(r,1:NumberOfHemes+1))); 
        TDE(n,r) = S1; % oxidation fraction at each t 
  
    end 
  
    figure(1) 
    subplot(round(size(pH,2)/2),2, r) 
    hold all 
    plot(t(:,r),TDE(:,r)) 
    xlabel('t/s') 
    ylabel('ox fraction') 
    if nargin == 1 
        plot(t(:,r),traces(:,r), '.', 'MarkerSize', 3) 
        axis([0 max(t(:,r)) 0 1]) 
        legend(['pH ', num2str(pH(r)), ' fitting'], ['pH ', 
num2str(pH(r)), ' data']) 
    else 
        axis([0 5 0 1]) 
        title(['pH ', num2str(pH(r))]) 
    end 
     
     
  
    figure(2) 
    hold all 
    subplot(round(size(pH,2)/2),2, r) 
    ylabel('stage fraction') 
    xlabel('t/s') 
    for n = 1:NumberOfHemes+1 
        hold all 
        plot(t(:,r), Stages(:,n)./sum(Stages,2)) 
        title(['pH ', num2str(pH(r))]) 
        if nargin == 1 
            axis([0 max(t(:,r)) 0 1]) 
        else 
            axis([0 5 0 1]) 
        end 
        fliplr(0:NumberOfHemes); 
        leg{n} = ['Stage ', num2str(ans(n))]; 
    end 
    legend(leg); clear leg 
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    figure(4) 
    hold all 
    subplot(round(size(pH,2)/2),2, r) 
    xlabel('t/s') 
    ylabel('red fraction') 
    for n = 1:NumberOfHemes 
        hold all 
        plot(t(:,r), Hemes(:,n)./sum(Stages,2)) 
        title(['pH ', num2str(pH(r))]) 
        %if nargin == 1 
            axis([0 max(t(:,r)) 0 1]) 
        %else 
            %axis([0 5 0 1]) 
            fig4out(:,size(fig4out,2)+1) = 
Hemes(:,n)./sum(Stages,2);  % for fig4 data file 
        %end 
        leg{n} = ['Heme ', num2str(n)]; 
    end 
    legend(leg); clear leg 
     
     
end % r 
Results.ElectronFraction = FR; 
  
if nargin == 1 
  
    Chi2partials = sum(((TDE - traces)./stdd).^2); 
  
  
    % DERIVATION AND STANDARD ERROR CALCULATION 
  
    h = mean(x)/1e15; % increment to calculate the derivative: 
f'(x) = (f(x+h)-f(x))/h 
    for q = 1:size(x,2) 
        dx = x; 
        dx(q) = dx(q) + h; 
  
    for r = 1:size(EpH,2) 
        clear Cn Cd C A K KK K1 K2 E P f S S1 a Stages 
  
    E = mb * par + EpH(:,r) - 
par(NumberOfHemes+1)*ones(size(EpH(:,r))); 
  
    P = exp(-F/(R*T) * E); 
  
    % fractions for each microstep 
  
    for n = 1:NumberOfHemes 
        for m = 1:NumberOfHemes 
            f{m,n} = P(find(mb(:,n) == 1 & 
sum(mb(:,1:NumberOfHemes),2) == NumberOfHemes-m+1))' ./ 
sum(P(find(sum(mb(:,1:NumberOfHemes),2) == NumberOfHemes-m+1))); 
        end 
    end 
  
    % calculation of K (macroscopic rate constants) 
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    K = zeros(1,NumberOfHemes); 
  
    for n = 1:NumberOfHemes  % heme 
        for m = 1:NumberOfHemes  % redox stage 
            K1 = [0]; 
            for o = 1:pas(m)*2^NumberOfProtons  % microstep 
                K1 = K1 + sqrt(dx(n)^2) * f{m,n}(o) * exp( 
e{m,n}(o) * F/(2*R*T) * (1 + eD(r)*F/l -  e{m,n}(o)*F/(2*l)) ); 
            end 
            K2(1,m) = K1; 
        end 
        K = K + K2; 
    end 
    K = K .* red(r); 
  
  
    % Calculation of the coefficients of the time dependent 
equations. 
  
    % numerator matrixes 
  
    a = zeros(NumberOfHemes); a(1,1) = 1; 
    Cn{1} = a; 
    for n = 2:NumberOfHemes 
        a(1:n-1,n) = a(1:n-1,n-1); 
        a = a .* K(n-1); 
        a(n,n) = 1; 
        Cn{n} = a; 
    end 
    a = a .* K(n); 
    for m = 1:NumberOfHemes 
        a(:,m) = a(:,m)./K(m); 
    end 
    Cn{n+1} = a; 
  
    % denominator matrixes 
  
    for n = 1:NumberOfHemes 
        for m =1:NumberOfHemes 
            KK(n,m) = K(n)-K(m); 
        end 
    end 
    KK(KK==0) = 1; 
  
    for n = 1:NumberOfHemes-1 
        for m = n:NumberOfHemes-1 
            KK(m,n) = KK(m+1,n); 
        end 
    end 
    KK(size(KK,1),:) = []; 
  
    Cd{1} = ones(NumberOfHemes); 
    for n = 1:NumberOfHemes-1 
        a = ones(NumberOfHemes); 
        for m = 1:n 
            a(m,m:n) = prod(KK(m:n,m:n)); 



Appendix C 

174 
 

            a(m,n+1) = prod(KK(m:n,n+1)); 
        end 
        Cd{n+1} = a; 
    end 
    Cd{size(Cd,2)+1} = Cd{size(Cd,2)}; 
  
    % coefficient matrixes 
  
    for n = 1:size(Cd,2) 
        C{n} = Cn{n}./Cd{n}; 
    end 
  
    % coefficient multiplication and [stage]  determination 
  
    for n = 1:size(t(:,r),1) 
        clear A S 
  
        for m = 1:size(C,2) 
            for o = 1:size(K,2) 
                A{m}(:,o) = C{m}(:,o) .* exp(-K(o).*t(n,r)); 
            end 
            A{m} = sum(A{m},2); 
        end 
        for m = 1:NumberOfHemes 
            A{size(A,2)}(m) = 1 - A{size(A,2)}(m); 
        end 
        for m = 1:size(A,2) 
            S(m) = S0(r,1:NumberOfHemes) * A{m}; 
        end 
        S(size(S,2)) = S(size(S,2)) + S0(r,NumberOfHemes+1); 
        Stages(n,:) = S; 
        S1 = sum(S(1:NumberOfHemes) .* fliplr(1:NumberOfHemes)) / 
(NumberOfHemes .* sum(S0(r,1:NumberOfHemes+1))); 
        dTDE(n,r) = S1; 
  
    end 
  
    end % r 
  
    dOF(:,q) = (dTDE(:) - TDE(:)) / h; % Jacobian 
  
    end % q 
  
    alpha = (dOF'/stdd) * (dOF/stdd); % Hessian 
  
    stderr = (diag(inv(alpha))).^0.5; % standard error estimation 
  
    df = size(traces,1) - size(traces,2) - NumberOfHemes; % 
degrees of freedom 
  
    p = chi2cdf(chi2, df)   % p-value of the hypothesis test 
  
    [x', stderr] 
  
    stderr = stderr'; 
  
    chi2 
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    output 
  
    file(size(file,2)-3:size(file,2)) = []; 
  
    a=x; b=stderr; c=chi2; d=p; g=Chi2partials; 
    save([file 'OUT' '.txt'], 'a', 'b', 'c', 'd', 'g', '-ASCII', 
'-TABS') % output file 
  
    Results.k0 = x; 
    Results.StandardError = stderr; 
    Results.Chisquared = chi2; 
    Results.pvalue = p; 
    Results.PartialChisquared = Chi2partials; 
%else 
    file(size(file,2)-3:size(file,2)) = []; 
    a = [t(:,1), TDE]; 
    save([file 'fig1' '.txt'], 'a', '-ASCII', '-TABS') 
    a = [t(:,1), fig4out]; 
    save([file 'fig4' '.txt'], 'a', '-ASCII', '-TABS') 
end 

  
  
File Chi2Kinetics.m 

function Chi2 = Chi2Kinetics(x, T, t, traces, stdd, NumberOfHemes, 
NumberOfProtons, eD, red, l, S0, mb, EpH, par, e, speed) 
  
pas = diag(fliplr(pascal(NumberOfHemes))); 
R = 8.3143; 
F = 96484.6; 
  
for r = 1:size(EpH,2) 
    clear Cn Cd C A K KK K1 K2 E P f S S1 a 
  
E = mb * par + EpH(:,r) - 
par(NumberOfHemes+1)*ones(size(EpH(:,r))); 
  
P = exp(-F/(R*T) * E); 
  
% fractions for each microstep 
  
for n = 1:NumberOfHemes 
    for m = 1:NumberOfHemes 
        f{m,n} = P(find(mb(:,n) == 1 & 
sum(mb(:,1:NumberOfHemes),2) == NumberOfHemes-m+1))' ./ 
sum(P(find(sum(mb(:,1:NumberOfHemes),2) == NumberOfHemes-m+1))); 
    end 
end 
  
% calculation of K 
  
K = zeros(1,NumberOfHemes); 
  
for n = 1:NumberOfHemes  % heme 
    for m = 1:NumberOfHemes  % redox stage 
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        K1 = [0]; 
        for o = 1:pas(m)*2^NumberOfProtons  % microstep 
            K1 = K1 + sqrt(x(n)^2) * f{m,n}(o) * exp( e{m,n}(o) * 
F/(2*R*T) * (1 + eD(r)*F/l -  e{m,n}(o)*F/(2*l)) ); 
        end 
        K2(1,m) = K1; 
    end 
    K = K + K2; 
end 
K = K .* red(r); 
  
% Calculation of the coefficients of the time dependent equations. 
  
% numerator matrixes 
  
a = zeros(NumberOfHemes); a(1,1) = 1; 
Cn{1} = a; 
for n = 2:NumberOfHemes 
    a(1:n-1,n) = a(1:n-1,n-1); 
    a = a .* K(n-1); 
    a(n,n) = 1; 
    Cn{n} = a; 
end 
a = a .* K(n); 
for m = 1:NumberOfHemes 
    a(:,m) = a(:,m)./K(m); 
end 
Cn{n+1} = a; 
  
% denominator matrixes 
  
for n = 1:NumberOfHemes 
    for m =1:NumberOfHemes 
        KK(n,m) = K(n)-K(m); 
    end 
end 
KK(KK==0) = 1; 
  
for n = 1:NumberOfHemes-1 
    for m = n:NumberOfHemes-1 
        KK(m,n) = KK(m+1,n); 
    end 
end 
KK(size(KK,1),:) = []; 
  
Cd{1} = ones(NumberOfHemes); 
for n = 1:NumberOfHemes-1 
    a = ones(NumberOfHemes); 
    for m = 1:n 
        a(m,m:n) = prod(KK(m:n,m:n)); 
        a(m,n+1) = prod(KK(m:n,n+1)); 
    end 
    Cd{n+1} = a; 
end 
Cd{size(Cd,2)+1} = Cd{size(Cd,2)}; 
  
% coefficient 
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for n = 1:size(Cd,2) 
    C{n} = Cn{n}./Cd{n}; 
end 
  
% coefficient multiplication 
  
for n = 1:size(t(:,r),1) 
    clear A S 
  
    for m = 1:size(C,2) 
        for o = 1:size(K,2) 
            A{m}(:,o) = C{m}(:,o) .* exp(-K(o).*t(n,r)); 
        end 
        A{m} = sum(A{m},2); 
    end 
    for m = 1:NumberOfHemes 
        A{size(A,2)}(m) = 1 - A{size(A,2)}(m); 
    end 
    for m = 1:size(A,2) 
        S(m) = S0(r,1:NumberOfHemes) * A{m}; 
    end 
    S(size(S,2)) = S(size(S,2)) + S0(r,NumberOfHemes+1); 
    S1 = sum(S(1:NumberOfHemes) .* fliplr(1:NumberOfHemes)) / 
(NumberOfHemes .* sum(S0(r,1:NumberOfHemes+1))); 
    TDE(n,r) = S1; 
     
end 
   
end 
  
Chi2partials = sum(((TDE - traces)./stdd).^2); 
  
Chi2 = sum( Chi2partials ); 
  
[Chi2, Chi2partials] 
  
if speed == 's' 
    figure(3) 
    subplot(2,2,4) 
    bar([Chi2, Chi2partials]) 
    title('\chi^{2}') 
    % subplot(2,1,2) 
    % bar(abs(x)) 
    % title('k_{0}') 
    drawnow 
else 
end 

 

File fminsearch.m 

function [x,fval,exitflag,output, X, fvals] = 
fminsearchkin(funfcn,x,options,varargin) 
%FMINSEARCH Multidimensional unconstrained nonlinear minimization 
(Nelder-Mead). 
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%   Modified for Kinetics program 16/10/2007 by Ivo Saraiva. 
%   X = FMINSEARCH(FUN,X0) starts at X0 and attempts to find a 
local minimizer  
%   X of the function FUN. FUN accepts input X and returns a 
scalar function  
%   value F evaluated at X. X0 can be a scalar, vector or matrix. 
% 
%   X = FMINSEARCH(FUN,X0,OPTIONS)  minimizes with the default 
optimization 
%   parameters replaced by values in the structure OPTIONS, 
created 
%   with the OPTIMSET function.  See OPTIMSET for details.  
FMINSEARCH uses 
%   these options: Display, TolX, TolFun, MaxFunEvals, MaxIter, 
FunValCheck, 
%   and OutputFcn. 
% 
%   [X,FVAL]= FMINSEARCH(...) returns the value of the objective 
function, 
%   described in FUN, at X. 
% 
%   [X,FVAL,EXITFLAG] = FMINSEARCH(...) returns an EXITFLAG that 
describes  
%   the exit condition of FMINSEARCH. Possible values of EXITFLAG 
and the  
%   corresponding exit conditions are 
% 
%    1  FMINSEARCH converged to a solution X. 
%    0  Maximum number of function evaluations or iterations 
reached. 
%   -1  Algorithm terminated by the output function. 
% 
%   [X,FVAL,EXITFLAG,OUTPUT] = FMINSEARCH(...) returns a structure 
%   OUTPUT with the number of iterations taken in 
OUTPUT.iterations, the 
%   number of function evaluations in OUTPUT.funcCount, the 
algorithm name  
%   in OUTPUT.algorithm, and the exit message in OUTPUT.message. 
% 
%   Examples 
%     FUN can be specified using @: 
%        X = fminsearch(@sin,3) 
%     finds a minimum of the SIN function near 3. 
%     In this case, SIN is a function that returns a scalar 
function value 
%     SIN evaluated at X. 
% 
%     FUN can also be an anonymous function: 
%        X = fminsearch(@(x) norm(x),[1;2;3]) 
%     returns a point near the minimizer [0;0;0]. 
% 
%   If FUN is parameterized, you can use anonymous functions to 
capture the  
%   problem-dependent parameters. Suppose you want to optimize the 
objective      
%   given in the function MYFUN, which is parameterized by its 
second argument A.  
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%   Here MYFUN is an M-file function such as 
% 
%     function F = myfun(x,a) 
%     f = x(1)^2 + a*x(2)^2; 
% 
%   To optimize for a specific value of A, first assign the value 
to A. Then  
%   create a one-argument anonymous function that captures that 
value of A  
%   and calls MYFUN with two arguments. Finally, pass this 
anonymous function  
%   to FMISEARCH: 
%     
%     a = 1.5; % define parameter first 
%     x = fminsearch(@(x) myfun(x,a),[0.3;1]) 
% 
%   FMINSEARCH uses the Nelder-Mead simplex (direct search) 
method. 
% 
%   See also OPTIMSET, FMINBND, FUNCTION_HANDLE. 
  
%   Reference: Jeffrey C. Lagarias, James A. Reeds, Margaret H. 
Wright, 
%   Paul E. Wright, "Convergence Properties of the Nelder-Mead 
Simplex 
%   Method in Low Dimensions", SIAM Journal of Optimization, 9(1): 
%   p.112-147, 1998. 
  
%   Copyright 1984-2004 The MathWorks, Inc. 
%   $Revision: 1.21.4.6 $  $Date: 2004/04/16 22:05:25 $ 
  
  
defaultopt = 
struct('Display','notify','MaxIter','200*numberOfVariables',... 
    'MaxFunEvals','200*numberOfVariables','TolX',1e-4,'TolFun',1e-
4, ... 
    'FunValCheck','off','OutputFcn',[]); 
  
% If just 'defaults' passed in, return the default options in X 
if nargin==1 && nargout <= 1 && isequal(funfcn,'defaults') 
    x = defaultopt; 
    return 
end 
  
if nargin < 2, 
    error('MATLAB:fminsearch:NotEnoughInputs',... 
        'FMINSEARCH requires at least two input arguments'); 
end 
  
if nargin<3, options = []; end 
  
% Check for non-double inputs 
if ~isa(x,'double') 
  error('MATLAB:fminsearch:NonDoubleInput', ... 
         'FMINSEARCH only accepts inputs of data type double.') 
end 
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n = numel(x); 
numberOfVariables = n; 
  
printtype = optimget(options,'Display',defaultopt,'fast'); 
tolx = optimget(options,'TolX',defaultopt,'fast'); 
tolf = optimget(options,'TolFun',defaultopt,'fast'); 
maxfun = optimget(options,'MaxFunEvals',defaultopt,'fast'); 
maxiter = optimget(options,'MaxIter',defaultopt,'fast'); 
funValCheck = 
strcmp(optimget(options,'FunValCheck',defaultopt,'fast'),'on'); 
  
% In case the defaults were gathered from calling: 
optimset('fminsearch'): 
if ischar(maxfun) 
    if isequal(lower(maxfun),'200*numberofvariables') 
        maxfun = 200*numberOfVariables; 
    else 
        error('MATLAB:fminsearch:OptMaxFunEvalsNotInteger',... 
            'Option ''MaxFunEvals'' must be an integer value if 
not the default.') 
    end 
end 
if ischar(maxiter) 
    if isequal(lower(maxiter),'200*numberofvariables') 
        maxiter = 200*numberOfVariables; 
    else 
        error('MATLAB:fminsearch:OptMaxIterNotInteger',... 
            'Option ''MaxIter'' must be an integer value if not 
the default.') 
    end 
end 
  
switch printtype 
    case 'notify' 
        prnt = 1; 
    case {'none','off'} 
        prnt = 0; 
    case 'iter' 
        prnt = 3; 
    case 'final' 
        prnt = 2; 
    case 'simplex' 
        prnt = 4; 
    otherwise 
        prnt = 1; 
end 
% Handle the output 
outputfcn = optimget(options,'OutputFcn',defaultopt,'fast'); 
if isempty(outputfcn) 
    haveoutputfcn = false; 
else 
    haveoutputfcn = true; 
    xOutputfcn = x; % Last x passed to outputfcn; has the input 
x's shape 
    % Convert to function handle as needed. 
    outputfcn = fcnchk(outputfcn,length(varargin)); 
end 
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header = ' Iteration   Func-count     min f(x)         Procedure'; 
  
% Convert to function handle as needed. 
funfcn = fcnchk(funfcn,length(varargin)); 
% Add a wrapper function to check for Inf/NaN/complex values 
if funValCheck 
    % Add a wrapper function, CHECKFUN, to check for NaN/complex 
values without 
    % having to change the calls that look like this: 
    % f = funfcn(x,varargin{:}); 
    % x is the first argument to CHECKFUN, then the user's 
function, 
    % then the elements of varargin. To accomplish this we need to 
add the  
    % user's function to the beginning of varargin, and change 
funfcn to be 
    % CHECKFUN. 
    varargin = {funfcn, varargin{:}}; 
    funfcn = @checkfun; 
end 
  
n = numel(x); 
  
% Initialize parameters 
rho = 1; chi = 2; psi = 0.5; sigma = 0.5; 
onesn = ones(1,n); 
two2np1 = 2:n+1; 
one2n = 1:n; 
  
% Set up a simplex near the initial guess. 
xin = x(:); % Force xin to be a column vector 
v = zeros(n,n+1); fv = zeros(1,n+1); 
v(:,1) = xin;    % Place input guess in the simplex! (credit 
L.Pfeffer at Stanford) 
x(:) = xin;    % Change x to the form expected by funfcn 
fv(:,1) = funfcn(x,varargin{:}); 
func_evals = 1; 
itercount = 0; 
how = ''; 
  
% Initialize the output function. 
if haveoutputfcn 
    [xOutputfcn, optimValues, stop] = 
callOutputFcn(outputfcn,x,xOutputfcn,'init',itercount, ... 
        func_evals, how, fv(:,1),varargin{:}); 
    if stop 
        [x,fval,exitflag,output] = 
cleanUpInterrupt(xOutputfcn,optimValues); 
        if  prnt > 0 
            disp(output.message) 
        end 
        return; 
    end 
end 
  
% Print out initial f(x) as 0th iteration 
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if prnt == 3 
    disp(' ') 
    disp(header) 
    disp(sprintf(' %5.0f        %5.0f     %12.6g         %s', 
itercount, func_evals, fv(1), how)); 
elseif prnt == 4 
    clc 
    formatsave = get(0,{'format','formatspacing'}); 
    format compact 
    format short e 
    disp(' ') 
    disp(how) 
    v 
    fv 
    func_evals 
end 
% OutputFcn call 
if haveoutputfcn 
    [xOutputfcn, optimValues, stop] = 
callOutputFcn(outputfcn,x,xOutputfcn,'iter',itercount, ... 
        func_evals, how, fv(:,1),varargin{:}); 
    if stop  % Stop per user request. 
        [x,fval,exitflag,output] = 
cleanUpInterrupt(xOutputfcn,optimValues); 
        if  prnt > 0 
            disp(output.message) 
        end 
        return; 
    end 
end 
  
% Following improvement suggested by L.Pfeffer at Stanford 
usual_delta = 0.05;             % 5 percent deltas for non-zero 
terms 
zero_term_delta = 0.00025;      % Even smaller delta for zero 
elements of x 
for j = 1:n 
    y = xin; 
    if y(j) ~= 0 
        y(j) = (1 + usual_delta)*y(j); 
    else 
        y(j) = zero_term_delta; 
    end 
    v(:,j+1) = y; 
    x(:) = y; f = funfcn(x,varargin{:}); 
    fv(1,j+1) = f; 
end 
  
% sort so v(1,:) has the lowest function value 
[fv,j] = sort(fv); 
v = v(:,j); 
  
how = 'initial simplex'; 
itercount = itercount + 1; 
func_evals = n+1; 
if prnt == 3 
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    disp(sprintf(' %5.0f        %5.0f     %12.6g         %s', 
itercount, func_evals, fv(1), how)) 
elseif prnt == 4 
    disp(' ') 
    disp(how) 
    v 
    fv 
    func_evals 
end 
% OutputFcn call 
if haveoutputfcn 
    [xOutputfcn, optimValues, stop] = 
callOutputFcn(outputfcn,x,xOutputfcn,'iter',itercount, ... 
        func_evals, how, fv(:,1),varargin{:}); 
    if stop  % Stop per user request. 
        [x,fval,exitflag,output] = 
cleanUpInterrupt(xOutputfcn,optimValues); 
        if  prnt > 0 
            disp(output.message) 
        end 
        return; 
    end 
end 
exitflag = 1; 
  
% Main algorithm 
% Iterate until the diameter of the simplex is less than tolx 
%   AND the function values differ from the min by less than tolf, 
%   or the max function evaluations are exceeded. (Cannot use OR 
instead of 
%   AND.) 
X=[]; fvals=[]; 
while func_evals < maxfun && itercount < maxiter     
    if max(max(abs(v(:,two2np1)-v(:,onesn)))) <= tolx && ... 
            max(abs(fv(1)-fv(two2np1))) <= tolf 
        break 
    end 
     
    % Compute the reflection point 
     
    % xbar = average of the n (NOT n+1) best points 
    xbar = sum(v(:,one2n), 2)/n; 
    xr = (1 + rho)*xbar - rho*v(:,end); 
    x(:) = xr; fxr = funfcn(x,varargin{:}); 
    func_evals = func_evals+1; 
     
    if fxr < fv(:,1) 
        % Calculate the expansion point 
        xe = (1 + rho*chi)*xbar - rho*chi*v(:,end); 
        x(:) = xe; fxe = funfcn(x,varargin{:}); 
        func_evals = func_evals+1; 
        if fxe < fxr 
            v(:,end) = xe; 
            fv(:,end) = fxe; 
            how = 'expand'; 
            X=[X;x]; % modofication to give solution values for 
every iteration (15/10/2007 Ivo Saraiva) 
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            fvals=[fvals;max(fv)]; % modification to give fval for 
every iteration (15/10/2007 Ivo Saraiva) 
            figure(3) 
            subplot(2,2,[1 2]) 
            plot(abs(X)) 
            legend('show') 
            title('k_{0}') 
            subplot(2,2,3) 
            plot(fvals) 
            axis([0 size(fvals,1) 0 fvals(size(fvals,1))*2]) 
            drawnow 
        else 
            v(:,end) = xr; 
            fv(:,end) = fxr; 
            how = 'reflect'; 
            X=[X;x]; % modofication to give solution values for 
every iteration (15/10/2007 Ivo Saraiva) 
            fvals=[fvals;max(fv)]; % modification to give fval for 
every iteration (15/10/2007 Ivo Saraiva) 
            figure(3) 
            subplot(2,2,[1 2]) 
            plot(abs(X)) 
            legend('show') 
            title('k_{0}') 
            subplot(2,2,3) 
            plot(fvals) 
            axis([0 size(fvals,1) 0 fvals(size(fvals,1))*2]) 
            drawnow 
        end 
    else % fv(:,1) <= fxr 
        if fxr < fv(:,n) 
            v(:,end) = xr; 
            fv(:,end) = fxr; 
            how = 'reflect'; 
            X=[X;x]; % modofication to give solution values for 
every iteration (15/10/2007 Ivo Saraiva) 
            fvals=[fvals;max(fv)]; % modification to give fval for 
every iteration (15/10/2007 Ivo Saraiva) 
            figure(3) 
            subplot(2,2,[1 2]) 
            plot(abs(X)) 
            legend('show') 
            title('k_{0}') 
            subplot(2,2,3) 
            plot(fvals) 
            axis([0 size(fvals,1) 0 fvals(size(fvals,1))*2]) 
            drawnow 
        else % fxr >= fv(:,n) 
            % Perform contraction 
            if fxr < fv(:,end) 
                % Perform an outside contraction 
                xc = (1 + psi*rho)*xbar - psi*rho*v(:,end); 
                x(:) = xc; fxc = funfcn(x,varargin{:}); 
                func_evals = func_evals+1; 
                 
                if fxc <= fxr 
                    v(:,end) = xc; 
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                    fv(:,end) = fxc; 
                    how = 'contract outside'; 
                    X=[X;x]; % modofication to give solution 
values for every iteration (15/10/2007 Ivo Saraiva) 
                    fvals=[fvals;max(fv)]; % modification to give 
fval for every iteration (15/10/2007 Ivo Saraiva) 
                    figure(3) 
                    subplot(2,2,[1 2]) 
                    plot(abs(X)) 
                    legend('show') 
                    title('k_{0}') 
                    subplot(2,2,3) 
                    plot(fvals) 
                    axis([0 size(fvals,1) 0 
fvals(size(fvals,1))*2]) 
                    drawnow 
                else 
                    % perform a shrink 
                    how = 'shrink'; 
                    X=[X;x]; % modofication to give solution 
values for every iteration (15/10/2007 Ivo Saraiva) 
                    fvals=[fvals;max(fv)]; % modification to give 
fval for every iteration (15/10/2007 Ivo Saraiva) 
                    figure(3) 
                    subplot(2,2,[1 2]) 
                    plot(abs(X)) 
                    legend('show') 
                    title('k_{0}') 
                    subplot(2,2,3) 
                    plot(fvals) 
                    axis([0 size(fvals,1) 0 
fvals(size(fvals,1))*2]) 
                    drawnow 
                end 
            else 
                % Perform an inside contraction 
                xcc = (1-psi)*xbar + psi*v(:,end); 
                x(:) = xcc; fxcc = funfcn(x,varargin{:}); 
                func_evals = func_evals+1; 
                 
                if fxcc < fv(:,end) 
                    v(:,end) = xcc; 
                    fv(:,end) = fxcc; 
                    how = 'contract inside'; 
                    X=[X;x]; % modofication to give solution 
values for every iteration (15/10/2007 Ivo Saraiva) 
                    fvals=[fvals;max(fv)]; % modification to give 
fval for every iteration (15/10/2007 Ivo Saraiva) 
                    figure(3) 
                    subplot(2,2,[1 2]) 
                    plot(abs(X)) 
                    legend('show') 
                    title('k_{0}') 
                    subplot(2,2,3) 
                    plot(fvals) 
                    axis([0 size(fvals,1) 0 
fvals(size(fvals,1))*2]) 
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                    drawnow 
                else 
                    % perform a shrink 
                    how = 'shrink'; 
                    X=[X;x]; % modofication to give solution 
values for every iteration (15/10/2007 Ivo Saraiva) 
                    fvals=[fvals;max(fv)]; % modification to give 
fval for every iteration (15/10/2007 Ivo Saraiva) 
                    figure(3) 
                    subplot(2,2,[1 2]) 
                    plot(abs(X)) 
                    legend('show') 
                    title('k_{0}') 
                    subplot(2,2,3) 
                    plot(fvals) 
                    axis([0 size(fvals,1) 0 
fvals(size(fvals,1))*2]) 
                    drawnow 
                end 
            end 
            if strcmp(how,'shrink') 
                for j=two2np1 
                    v(:,j)=v(:,1)+sigma*(v(:,j) - v(:,1)); 
                    x(:) = v(:,j); fv(:,j) = 
funfcn(x,varargin{:}); 
                end 
                func_evals = func_evals + n; 
            end 
        end 
    end 
    [fv,j] = sort(fv); 
    v = v(:,j); 
    itercount = itercount + 1; 
    if prnt == 3 
        disp(sprintf(' %5.0f        %5.0f     %12.6g         %s', 
itercount, func_evals, fv(1), how)) 
    elseif prnt == 4 
        disp(' ') 
        disp(how) 
        v 
        fv 
        func_evals 
    end 
    % OutputFcn call 
    if haveoutputfcn 
        [xOutputfcn, optimValues, stop] = 
callOutputFcn(outputfcn,x,xOutputfcn,'iter',itercount, ... 
            func_evals, how, fv(:,1),varargin{:}); 
        if stop  % Stop per user request. 
            [x,fval,exitflag,output] = 
cleanUpInterrupt(xOutputfcn,optimValues); 
            if  prnt > 0 
                disp(output.message) 
            end 
            return; 
        end 
    end 
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end   % while 
  
x(:) = v(:,1); 
if prnt == 4, 
    % reset format 
    set(0,{'format','formatspacing'},formatsave); 
end 
output.iterations = itercount; 
output.funcCount = func_evals; 
output.algorithm = 'Nelder-Mead simplex direct search'; 
  
fval = min(fv); 
  
% OutputFcn call 
if haveoutputfcn 
    callOutputFcn(outputfcn,x,xOutputfcn,'done',itercount, 
func_evals, how, f, varargin{:}); 
end 
  
if func_evals >= maxfun 
    msg = sprintf(['Exiting: Maximum number of function 
evaluations has been exceeded\n' ... 
                   '         - increase MaxFunEvals option.\n' ... 
                   '         Current function value: %f \n'], 
fval); 
    if prnt > 0 
        disp(' ') 
        disp(msg) 
    end 
    exitflag = 0; 
elseif itercount >= maxiter 
    msg = sprintf(['Exiting: Maximum number of iterations has been 
exceeded\n' ...  
                   '         - increase MaxIter option.\n' ... 
                   '         Current function value: %f \n'], 
fval); 
    if prnt > 0 
        disp(' ') 
        disp(msg) 
    end 
    exitflag = 0; 
else 
    msg = ... 
      sprintf(['Optimization terminated:\n', ... 
               ' the current x satisfies the termination criteria 
using OPTIONS.TolX of %e \n' ... 
               ' and F(X) satisfies the convergence criteria using 
OPTIONS.TolFun of %e \n'], ... 
               tolx, tolf); 
    if prnt > 1 
        disp(' ') 
        disp(msg) 
    end 
    exitflag = 1; 
end 
  
output.message = msg; 
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%-----------------------------------------------------------------
--------- 
function [xOutputfcn, optimValues, stop] = 
callOutputFcn(outputfcn,x,xOutputfcn,state,iter,... 
    numf,how,f,varargin) 
% CALLOUTPUTFCN assigns values to the struct OptimValues and then 
calls the 
% outputfcn. 
% 
% state - can have the values 'init','iter', or 'done'. 
% We do not handle the case 'interrupt' because we do not want to 
update 
% xOutputfcn or optimValues (since the values could be 
inconsistent) before calling 
% the outputfcn; in that case the outputfcn is called directly 
rather than 
% calling it inside callOutputFcn. 
  
% For the 'done' state we do not check the value of 'stop' because 
the 
% optimization is already done. 
optimValues.iteration = iter; 
optimValues.funccount = numf; 
optimValues.fval = f; 
optimValues.procedure = how; 
  
xOutputfcn(:) = x;  % Set x to have user expected size 
switch state 
    case {'iter','init'} 
        stop = 
outputfcn(xOutputfcn,optimValues,state,varargin{:}); 
    case 'done' 
        stop = false; 
        outputfcn(xOutputfcn,optimValues,state,varargin{:}); 
    otherwise 
        error('MATLAB:fminsearch:InvalidState', ... 
            'Unknown state in CALLOUTPUTFCN.') 
end 
  
%-----------------------------------------------------------------
--------- 
function [x,FVAL,EXITFLAG,OUTPUT] = 
cleanUpInterrupt(xOutputfcn,optimValues) 
% CLEANUPINTERRUPT updates or sets all the output arguments of 
FMINBND when the optimization 
% is interrupted. 
  
x = xOutputfcn; 
FVAL = optimValues.fval; 
EXITFLAG = -1; 
OUTPUT.iterations = optimValues.iteration; 
OUTPUT.funcCount = optimValues.funccount; 
OUTPUT.algorithm = 'golden section search, parabolic 
interpolation'; 
OUTPUT.message = 'Optimization terminated prematurely by user.'; 
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%-----------------------------------------------------------------
--------- 
function f = checkfun(x,userfcn,varargin) 
% CHECKFUN checks for complex or NaN results from userfcn. 
  
f = userfcn(x,varargin{:}); 
% Note: we do not check for Inf as FMINSEARCH handles it 
naturally. 
if isnan(f) 
    error('MATLAB:fminsearch:checkfun:NaNFval', ... 
        'User function ''%s'' returned NaN when evaluated at %g;\n 
FMINSEARCH cannot continue.', ... 
        localChar(userfcn), x);   
elseif ~isreal(f) 
    error('MATLAB:fminsearch:checkfun:ComplexFval', ... 
        'User function ''%s'' returned a complex value when 
evaluated at %g;\n FMINSEARCH cannot continue.', ... 
        localChar(userfcn),x);   
end 
  
%-----------------------------------------------------------------
--------- 
function strfcn = localChar(fcn) 
% Convert the fcn to a string for printing 
  
if ischar(fcn) 
    strfcn = fcn; 
elseif isa(fcn,'inline') 
    strfcn = char(fcn); 
elseif isa(fcn,'function_handle') 
    strfcn = func2str(fcn); 
else 
    try 
        strfcn = char(fcn); 
    catch 
        strfcn = '(name not printable)'; 
    end 
end 
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APPENDIX D: H1 NMR SPECTRA OF THE STC 

MUTANTS 

 

Figure D.1. H
1
NMR spectra of the produced mutants with the correct heme 

assignment: from bottom to top: STCwt, STC with His-tag, D2N, E11Q, D21N, 

D27N, E44Q, D46N, D53N, D60N, D66N, E76Q and D80N. 

 

Figure D.2. H
1
NMR spectra of the produced misfolded mutants compared with 

STCwt: from bottom to top: STCwt, D7N and D81N. 
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Appendix E: Thermodynamic parameters of STCwt 

and STC with His-tag 

 

Table E.1. Thermodynamic parameters determined for STCwt (dark grey 

lines) and STC with His-tag (light grey lines) with the technique described 

in this thesis.  

Energy (meV)

-318 (2) 24 (3) 17 (3) 9 (3)

-316 (3) 24 (2) 19 (3) -6 (3)

-299 (2) 69 (2) 7 (2)

-296 (3) 61 (2) 1 (2)

-289 (3) 26 (2)

-288 (3) 21 (2)

-226 (3)

-209 (4)

Ionizable center

Heme II Heme III Heme IV

-500

31

33

56

9

Ionizable centerHeme I

Heme I

Heme II

Heme III

Heme IV
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APPENDIX F: Fittings of the Thermodynamic and 

Kinetic data of the STC mutants 

Figures F.1 to F.12 

In the following pages the thermodynamic and kinetic fittings of the data 

for each individual protein are presented. 

Panel A: Potentiometric titrations of the protein followed by visible 

spectroscopy at pH 8.0. The blue line represents the fitting and the 

diamonds represent the experimental values. 

Panel B: pH dependence of the oxidized fraction of the heme methyl 

group resonances used to monitor the oxidation state of each heme 

(181CH3
I, 71CH3

II, 21CH3
III and 181CH3

IV). The lines correspond to the 

simultaneous fit of the thermodynamic model to the NMR and visible data 

for each individual stage of oxidation (Blue is stage 1, Pink is stage 2 and 

Green is stage 3), the circles correspond to the experimental data. The 

oxidized fractions in the fully reduced and in the fully oxidized stage are 0 

and 1, respectively. 

Panel C: Kinetics of reduction of the STC proteins by sodium dithionite at 

different pH values. Colored lines are the kinetic data, and black lines are 

the fit of the kinetic model to the data. 

Panel D: Kinetics of oxidation of the STC proteins by ferric-NTA. Colored 

lines are the kinetic data, and black lines are the fit of the kinetic model to 

the data.  
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APPENDIX G: RR VRIBRATIONAL ASSIGNMENT AND 

SPECTRAL PARAMETERS FOR C-TYPE 

CYTOCHROMES 

 

 

 

Figure G.1. Vector representation of the normal modes of vibrations which are 

usually encountered 1300-1700 cm
-1

 region of the RR spectra of heme 

proteins. Vectors represent atom displacement during vibrations (adapted 

from Abe, Kitagawa, & Kyogoku, 1978).  
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