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1  Introduction 

Throughout history, humans have both affected and been affected by the natural world. 

Environmental problems are becoming more complex, especially as issues arise on a more 

global level, such as that of aquatic and atmospheric pollution, global warming or equitable 

access to safe and affordable drinking water. The interactions between human society and the 

environment are constantly changing. The environment is used and altered by a wide variety 

of people with many different interests and the challenge is to find approaches to 

environmental management that give people the quality of life they seek, while protecting the 

environmental systems that are also the foundations of their well-being. An adequate mindset, 

implemented by schools and families, is a strong first step towards this goal. A 

multidisciplinary learning approach can be established by the contributions of a wide range of 

fields, providing a deeper understanding of the technological, political, and social options, as 

well as strategies for studying and managing the relationship between our society and the 

environment. 

In 2015, the United Nations set the Sustainable Development Goals, which comprise 17 

global goals that cover a broad range of environmental, social and economic development 

issues [1]. These include poverty, hunger, health, education, climate change, gender equality, 

water sanitation, energy, environment and social justice. Among these goals, the insurance of 

access to affordable, reliable, sustainable and modern energy for all, as well as the need to 

guarantee availability and sustainable management of clean water, stand out as the ones that 

can be achieved with biotechnological applications based on Geobacter bacteria. 

The first report that bacteria can generate electricity appeared almost a hundred years ago, 

by Potter [2]. Some microorganisms, such as Geobacter, can convert chemical energy from a 

wide range of organic and inorganic substances into electric current. On the other hand, 

Geobacter species have been shown to play important roles in the bioremediation of 

groundwater contaminated with petroleum and landfill leachate [3-7]. Since Geobacter

discovery, many studies have been made in order to understand the mechanisms underlying 

these unique characteristics which make Geobacter an excellent target to develop Microbial 

Fuel Cells (MFCs) based technologies and for application in bioremediation strategies (Figure 

1.1). 
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Figure 1.1  In situ test plot for U(VI) bioremediation station  This site, which was part of the 
Uranium Mill Tailings Remedial Action program from the U.S Department of Energy, was 
constructed on the grounds of a former uranium ore processing facility in Rifle, Colorado, USA. 
Geobacter sulfurreducens performs microbial reduction of soluble U(VI)  existing in contaminated 
groundwaters  to insoluble U(IV), facilitating the immobilization of the heavy metal. This strategy 
is then coupled with a soil washing technique, allowing the concentration of uranium from 
contaminated soils. Anderson and co-workers [8], responsible for the implementation of this station, 
discovered that Geobacter species can be simply and effectively stimulated for U(VI) reduction with 
the addition of an acetate solution to the contaminated groundwaters. They also verified that U(VI) 
concentrations decreased in as little as 9 days after acetate injection and that within 50 days, uranium 
concentration had declined below the prescribed treatment level of 0.18 μM [8] (photo taken from 
http://www.geobacter.org/bioremediation). 

The work developed and presented in this Thesis focuses on the functional, thermodynamic, 

and biochemical characterization of electron transfer components from Geobacter bacteria. 

1.1  Geobacter bacteria 

The family Geobacteraceae is part of the order Desulfuromonadales in the -subclass of the 

Proteobacteria. The order branches phylogenetically between the orders Desulfovibrionales and 

Desulfobacterales and consists of the genus Geobacter and the sole species Pelobacter 

propionicus [9]. 

Geobacter species are Gram-negative bacteria who play an important biogeochemical role in 

a diversity of natural environments. Geobacter species are mostly known for their capability of 

making electrical contacts with extracellular electron acceptors and other microorganisms [10]. 

This remarkable versatility permits Geobacter species to fill important niches in a variety of 

anaerobic environments [11]. These bacteria can also accept and donate electrons from 
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electrodes, in current consuming biofilms, a process that is currently explored in microbial 

electrosynthesis systems. 

Geobacter species show an impressive respiratory adaptability, since they are capable of 

sustaining their growth by using extracellular compounds, such as Fe(III), U(VI) or Mn(IV) 

oxides, as terminal electron acceptors, in addition to the more frequent respiratory processes, 

which use soluble electron donors (e.g. acetate) and acceptors (e.g. fumarate) [12]. Some of 

these compounds are toxic or radioactive, making this organism a potential target for 

bioremediation and biotechnological applications [12, 13]. 

Geobacter bacteria were firstly classified as strict anaerobes that are naturally found in a 

variety of soils and sediments. However, data obtained for Geobacter sulfurreducens (G. 

sulfurreducens) indicates that Geobacter species can also grow at low levels of molecular 

oxygen, providing an explanation for their abundance in oxic subsurface environments [14] 

and for the existence of genes predicted to code for proteins involved in response to oxidative 

stress, such as rubredoxin, catalase, superoxide dismutase and superoxide reductase, as well as 

for a terminal cytochrome c oxidase [15]. 

These bacteria can be easily cultured and genetically manipulated for physiological studies. 
G. sulfurreducens was the first Geobacter for which methods for genetic manipulation were 

developed and, therefore, it has served as model for functional genomic studies designed to 

regulation and extracellular electron transfer 

(EET) mechanisms [16-22]. 

1.2  Geobacter sulfurreducens electron transfer pathways 

The bacterium G. sulfurreducens was described for the first time in 1994, after being isolated 

from surface sediments of a hydrocarbon-contaminated ditch near Norman, Oklahoma, USA 

[23]. G. sulfurreducens has a versatile approach to capturing energy and carbon, having three 

enzyme systems capable of converting pyruvate to acetyl-CoA. These systems include a 

pyruvate-ferredoxin oxidoreductase and a pyruvate-formate lyase, both used by anaerobes, and 

a putative pyruvate dehydrogenase complex, found largely in aerobic organisms [24]. 

The genome of G. sulfurreducens has an unprecedented number of putative c-type 

cytochromes, with 111 coding sequences containing at least one match to the c-type 

cytochrome motif that identifies heme groups (CXXCH, where X corresponds to any amino 

acid). Out of these, 73 contain two or more heme groups. The abundance of cytochromes 
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highlights the importance of electron transport to this microorganism and suggests that this 

bacterium possesses electron transfer networks with high flexibility and redundancy, allowing 

the reduction of diverse metal ions in natural environments [15]. In fact, several studies 

revealed a complex transcriptional response by G. sulfurreducens to different electron 

acceptors. Currently, no single gene deletion on the G. sulfurreducens genome was found to 

eliminate electron transfer to all electron acceptors, thus confirming the complexity of the 

electron transfer networks in G. sulfurreducens [21, 25-34]. 

The cytochromes from G. sulfurreducens are strategically localized at the bacterial inner 

membrane (IM), periplasm or outer membrane (OM), allowing the transfer of electrons from 

intracellular carriers, such as NADH, to extracellular acceptors. 

The main IM electron transfer components studied in recent years have been the IM-

associated peroxidase MacA (GSU0466  the nomenclature of the genome of G. sulfurreducens 

is in agreement with http://www.genome.jp/kegg/genome.html), CbcL (GSU0274) and ImcH 

(GSU3259) cytochromes. MacA is a dihemic, 35 kDa protein, thought to be involved in the 

electron transfer from the IM to the periplasmic components of the EET network [35, 36]. 

This cytochrome was identified as a peroxidase and is also capable of exchanging electrons 

with the periplasmic c-type cytochrome PpcA [37]. The CbcL protein contains a HydC/FdnI 

diheme b-type cytochrome linked to a 9-heme periplasmic cytochrome c domain [38]. On the 

other hand, the cytochrome ImcH was predicted to contain up to three transmembrane helices 

(depending on processing of a putative signal anchor), a region of NapC/NirT homology, and 

up to 7 heme c-type heme binding motifs [39]. 

Amongst all the proteins involved in the EET processes of G. sulfurreducens, the most 

studied is the periplasmic cytochrome PpcA (GSU0612), that belongs to a family composed by 

five low molecular weight (10 kDa) triheme cytochromes with approximately 70 residues each. 

The other four cytochromes of this family are designated PpcB (GSU0364), PpcC (GSU0365), 

PpcD (GSU0124), PpcE (GSU1760) and share 77% (PpcB), 62% (PpcC), 57% (PpcD) and 65% 

(PpcE) amino acid sequence identity with PpcA. Due to the cellular location of these five 

cytochromes, it was proposed that they are likely reservoirs of electrons, destined for the cell 

outer surface, bridging the electron transfer between the cytoplasm and the cell exterior [19, 

27]. 

Also located in the periplasm of G. sulfurreducens, there are other relevant cytochromes, 
such as the dodecaheme cytochrome GSU1996 (42 kDa), the monoheme cytochrome PccH 

(GSU3274, 15 kDa) and the triheme cytochrome GSU0105 (10 kDa). GSU1996 is composed by 
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four similar triheme domains, designated A, B, C, D and the cytochrome is thought to act as a 

periplasmic electron capacitor [40, 41]. PccH was unequivocally identified as crucial for G. 

sulfurreducens cells to be able to accept electrons from electrodes [42]. GSU0105, together with 

two other uncharacterized cytochromes (GSU0701 and GSU2515), is highly expressed in 

Fe(III) reducing conditions but is not expressed at all in cultures grown on fumarate [27]. 

G. sulfurreducens is said to have a similar OM architecture compared to Shewanella 

oneidensis (S. oneidensis), meaning that the electrons reach the cellular exterior through porin-

cytochrome trans-outer membrane complexes [43]. The OM complexes OmaB(GSU2738)-

OmbB(GSU2739)-OmcB(GSU2737)/OmaC(GSU2732)-OmbC(GSU2733)-OmcC(GSU2731) in 

G. sulfurreducens may have similar functions to the ones described for the MtrA-MtrB-MtrC 

complex in S. oneidensis [44]. These complexes consist of a porin-like OM protein (OmbB or 

OmbC), a periplasmic octaheme cytochrome c (OmaB or OmaC) and an OM dodecaheme 

cytochrome c (OmcB or OmcC). Recently, other OM complexes, presenting a similar complex 

organization, OmaW(GSU2643)-OmbW(GSU2644)-OmcW(GSU2642) and OmaV(GSU2725)-

OmbV(GSU2726)-OmcV(GSU2724), were shown to be involved in EET to Fe(III) and Mn(IV) 

oxides [45]. Shi and co-workers [46] suggested that the OmaW-OmbW-OmcW complex has 

an extra periplasmic component, the GSU2645 cytochrome. Otero and co-workers [47] 

identified a five-component OM complex and named it ExtHIJKL (ExtH(GSU2940)-

ExtI(GSU2939)-ExtJ(GSU2938)-ExtK(GSU2937)-ExtL(GSU2936)). This complex was found to 

be important in Fe(III) citrate reduction [47]. 

Other OM cytochromes have been studied in G. sulfurreducens, namely OmcE, OmcF, 

OmcS and OmcZ. The 26 kDa tetraheme c-type cytochrome OmcE (GSU0618) is located in 

the exterior of the OM of the bacterium and was shown to have an important role in Fe(III) 

oxide reduction [30]. OmcF (GSU2432) is a monoheme cytochrome c predicted to be localized 

at the OM of G. sulfurreducens, having a crucial role in Fe(III) citrate reduction [29]. Finally, 

OmcS (GSU2504, 47 kDa) and OmcZ (GSU2076, 30 kDa) are extracellular c-type cytochromes, 

containing six and eight heme groups, respectively [48, 49]. OmcS is usually associated with 

conductive pili [49], whereas OmcZ is responsible for promoting electron transfer in current-

producing G. sulfurreducens biofilms [50]. 

As mentioned above, G. sulfurreducens also possesses electrically conductive pili that enable 

the bacterium  long-range electron transfer to insoluble minerals [51], to other cells [52-54] 

and through electrically conductive biofilms [55, 56]. Many findings have been supporting the 

concept of long-range electron transport along the pili of G. sulfurreducens [57], including: (i) 
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the inhibition of the electron transport to Fe(III) oxides, interspecies electron exchange and 

the development of thick electrically conductive biofilms in strains with deletion of the PilA 

(GSU1496), the pilus monomer [31, 51, 53, 55]; (ii) the inhibition of Fe(III) oxide reduction 

and reduced biofilm conductivity, in strains with genetically modified pilA, specially designed 

to yield poor conductivity [58]; (iii) infective Fe(III) oxide reduction and current production, 

in a strain of G. sulfurreducens expressing the poorly conductive pili of Pseudomonas 

aeruginosa [59]; (iv) the individual pilin filaments are electrically conductive [51, 55, 60]; and 

(v) the pili propagate charge similarly to carbon nanotubes [61]. 

Although many EET components of G. sulfurreducens are known, these mechanisms and 

the proteins implicated in each electron transfer pathway are still under investigation. The 

initial model presented by Lovley in 2006 [36] suggested that the electrons coming from the 

menaquinone pool were transferred to the periplasmic components of the bacterium through 

the IM associated cytochrome MacA (Figure 1.2). 

 

Figure 1.2  Initial model suggested for EET in G. sulfurreducens by Lovley [36], with iron oxides 
serving as final electron acceptors  The electrons are transferred from the menaquinone pool to 
the IM associated cytochrome MacA, who then shuttles them to the periplasmic components of the 
bacterium. The route continues through the OmcB cytochrome, followed by OmcE and OmcS. 
Finally, the electrons reach the iron oxides attached to the bacterium his figure was adapted 
from [36]. 
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Electrons were then shuttled via PpcA and related cytochromes to the outside of the cell 

through the OmcB multiheme cytochrome, followed by electron transfer reactions with other 

OM components and pili. Although the idea for the routes of EET remained the same, in 

2014, a slightly different model was presented, since OmcB was found to actually be part of a 

three-component OM complex (OmaB-OmbB-OmcB) [11, 44]. More recently, a series of 

findings about important EET components led to a redesign of the EET routes of electron 

transfer in G. sulfurreducens (Figure 1.3). 

 

Figure 1.3  Current proposed model for the extracellular electron transfer pathways in G. 
sulfurreducens  The black arrows represent the proposed electron transfer pathway. Either CbcL or 
ImcH (both in dark orange) receive electrons from the menaquinol (MQH2)/ menaquinone (MQ) 
pool, at the IM, depending on the final electron acceptor redox potential. The periplasmic 
components, namely the PpcA-family of triheme cytochromes (PpcA-E) are reduced by the electrons 
received from either CbcL or ImcH. These cytochromes mediate the electron transfer from the 
periplasm to the OM complexes (in blue), that are likely directly involved in insoluble Fe(III) oxides 
reduction, which are not represented in the figure. Other components that participate in electron 
transfer mechanisms in G. sulfurreducens are also represented (GSU0105 and other OM cytochromes 
 OmcF, OmcS and OmcZ  which are represented in red). 

The current model for EET maintains the theory that electrons are transferred to the 

menaquinone pool via the NADH dehydrogenase located in the IM [62]. Then, depending on 

the redox potential of the final electron acceptor, different proteins are involved in the 

quinone regeneration: the CbcL-dependent pathway operates with acceptors at or below redox 

potentials of 100 mV (versus the normal hydrogen electrode, NHE), whereas the ImcH-

dependent pathway operates above this redox potential [38, 39]. In either case, electrons are 
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putatively supplied from these two IM associated proteins to periplasmic triheme 

cytochromes. In order to reduce extracellular compounds, the electrons are transferred from 

the periplasmic cytochromes to OM associated cytochromes, through porin-cytochrome trans-

outer membrane complexes [63]. 

1.3  Gene knockout and proteomic studies in Geobacter sulfurreducens 

Several studies have been made in order to identify the proteins involved in the different 

reduction pathways used by G. sulfurreducens. Proteomic analysis under different growth 

conditions and gene deletion studies were performed, with special focus on the c-type 

cytochromes who may play important roles in electron transfer to extracellular electron 
acceptors. In this section, the main conclusions taken from those studies are summarized. 

The IM associated cytochrome MacA is more abundant during growth with Fe(III) oxides 

versus Fe(III) citrate [26] and the deletion of its gene was shown to result in the inhibition of 

the expression of the omcB gene [64]. However, the expression of the OM cytochrome OmcB 

in the macA deficient mutant restored the capacity for Fe(III) reduction [64]. In addition to 

this, a high similarity in the expression patterns and mutant phenotypes between MacA and 

OmcB, suggests that these two cytochromes may function in the same or similar routes of 

electron transfer [45]. The deletion of the genes encoding for the IM cytochromes CbcL and 

ImcH inhibited reduction of Fe(III) oxides and Fe(III) citrate , respectively [38, 39]. 

Regarding the periplasmic cytochromes, it was shown that the deletion of the gene coding 

for PpcA affects the ability of G. sulfurreducens to reduce Fe(III) oxides and U(VI) [19, 33]. 

Also, PpcA was detected in G. sulfurreducens cultures that grow in presence of Fe(III) citrate 

and Fe(III) oxide [26]. Similarly, PpcB and PpcC were also detected in Fe(III) citrate and 

Fe(III) oxide cultures [26]. The deletion of the genes encoding for these two cytochromes, 

which are part of the same locus, was shown to affect U(VI) reduction [33]. The deletion of the 

gene encoding for PpcD affects the reduction of U(VI) and the cytochrome was shown to be 

more abundant during growth with Fe(III) oxide versus Fe(III) citrate [27, 33]. PpcE was only 

detected in cultures with Fe(III) citrate and its gene deletion also affected U(VI) reduction [27, 

33]. Finally, PccH is crucial for fumarate reduction in current-consuming biofilms [42]. 

Several OM cytochromes have been proven to play relevant roles in EET pathways and on 

the overall regulation of energy transduction in G. sulfurreducens. OmcE, for example, is more 

abundant in Geobacter cells during growth with Fe(III) oxides than in cells grown in Fe(III) 

citrate [45]. Other studies revealed that an omcE-deficient mutant strain did slowly adapt to 
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reduce Fe(III) oxides, suggesting that other EET components can partially compensate for the 

absence of OmcE [30]. The deletion of the omcF gene affects the expression of other OM 

cytochromes, namely OmcB, OmcC and OmcS [18]. Specifically, the deletion of omcF resulted 

in a loss of expression of omcB and omcC, as well as an overexpression of omcS, during growth 

on Fe(III) citrate [29]. Recently, different studies revealed that a omcF-deficient strain was 

unable to grow in presence of Fe(III) oxide and presented a significant decrease in current 

production [29, 45]. On the other hand, the deletion of omcS affects Geobacter s growth in the 

presence of Fe(III) oxides [30, 45]. The OmcS cytochrome was shown to be more abundant 

during growth with Fe(III) oxides versus Fe(III) citrate [30, 31], whereas OmcZ is more 

abundant in the opposite conditions [26].  

Other studies performed in vitro demonstrated that OmcZ transfers electrons to a diversity 

of potential extracellular electron acceptors, such as Fe(III) citrate, U(VI), Cr(VI), Au(III), 

Mn(IV) oxide and AQDS [26, 48]. These studies also demonstrated that OmcZ does not 

transfer electrons to Fe(III) oxides, justifying its higher abundance during growth with Fe(III) 

citrate versus Fe(III) oxides. The OM complexes OmaB-OmbB-OmcB and OmaC-OmbC-

OmcC were found to be important in Mn(IV) oxide reduction [25]. 

Finally, the OmaW-OmbW-OmcW and OmaV-OmbV-OmcV complexes were found to be 

overexpressed during growth with Mn(IV) oxide versus Fe(III) citrate and with Fe(III) oxide 

versus Fe(III) citrate [25, 47]. 

1.4  Geobacter metallireducens 

G. metallireducens is a rod shaped, Gram-negative, anaerobic bacterium and was first 

isolated from freshwater sediments in 1987. It was the first Geobacter ever to be isolated [65]. 

This bacterium was also the first organism found to completely oxidize organic compounds to 

carbon dioxide with Fe(III) oxide serving as the electron acceptor [65-67]. 

Initially, G. metallireducens was reported to be a non-motile bacterium [68]. However, in 

2002, motility was observed for G. metallireducens cells grown in insoluble Fe(III) by phase-

contrast microscopy [69]. This bacterium is capable of storing energy through dissimilatory 

reduction of iron, manganese, uranium and other metals [65].  

Besides, this bacterium can also oxidize short chain fatty acids, alcohols and monoaromatic 

compounds, such as toluene and phenol, using iron as its electron acceptor [68, 70]. Several 

studies also suggested a core benzoyl-CoA degradation pathway in the utilization of these 
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aromatic compounds [71-74]. Furthermore, G. metallireducens can also use nitrate as electron 

acceptor, having a functional enzyme complex (which includes a multiheme cytochrome c) 

that exhibits both nitrate and nitrite reductase activities [68, 75].  

In 2006, studies revealed that G. metallireducens can reduce even very stable iron complexes, 

such as Prussian Blue (cyanide-metal complex, Fe4[Fe(CN)6]3, typically found in soils and 

aquifers of industrial sites, usually released or spread by outgassing or transport with the 

groundwater), using it as a primary electron acceptor [76]. 

G. metallireducens is also capable of reducing ionic mercury (Hg2+) to elemental mercury 

(Hg) without having to use a mercury reductase [77]. This feature of G. metallireducens can be 

explored in order to mobilize mercury from contaminated groundwaters and produce 

methylmercury in anoxic environments [77]. Also, G. metallireducens is able to use vanadium 

as a final electron acceptor, as proven by Aklujkar and co-workers [78].  

In 2008, Tremblay and co-workers [79] developed a genetic system for G. metallireducens 

and identified a very important role for pili in Fe(III) reduction and electron transfer to 

electrodes. G. metallireducens unique motility is one of the reasons why this bacterium is more 

efficient in the reduction of Fe(III) oxides, compared to G. sulfurreducens [79]. As mentioned, 
in G. sulfurreducens it has been proven that in addition to pili, OM c-type cytochromes are 

important for extracellular electron exchange with Fe(III) oxide [30, 80], U(VI) [33], humic 

substances [81], electrodes [28, 31] and other cells [53]. However, there is poor conservation of 

OM cytochromes between G. sulfurreducens and G. metallireducens. Further studies of the 

functional homologues in G. metallireducens are likely to provide important insights into the 

features that c-type cytochromes may share to permit similar function in the absence of 

sequence homology [79]. 

In the recent years, a few proteomic and gene knockout studies have been published for G. 

metallireducens [73, 74, 82, 83]. These studies revealed that there are some EET components 

that are conserved in G. metallireducens when compared with G. sulfurreducens, namely the 

PpcA-family of cytochromes and some IM and OM cytochromes. However, there is not much 

information about the functional properties of these components, in contrast with G. 

sulfurreducens (as demonstrated in the previous section). 

For the family of periplasmic cytochromes existing in G. metallireducens (composed by 

PpcA (Gmet_2902), PpcB (Gmet_3166), PpcC (Gmet_3165), PpcE (Gmet_1846) and PpcF 

(Gmet_0335)  the nomenclature of the genome of G. metallireducens is in agreement with 



1 - Introduction 
 

13 
 

http://www.genome.jp/kegg/genome.html), one can infer that their functions will be very 

similar to the ones of the PpcA-family from G. sulfurreducens, due to the high homology 

between both families. This means that in G. metallireducens, this family of cytochromes is 

probably responsible for controlling the electron flow from the IM to the OM electron transfer 

components (Figure 1.4). This subject will be addressed in more detail in Chapter 2. 

 

Figure 1.4  Current extracellular electron transfer pathways model in G. metallireducens  The 
black arrows represent the proposed electron transfer pathway. The periplasmic PpcA-family 
triheme cytochromes (PpcA, PpcB, PpcC, PpcE and PpcF) mediate the electron transfer between the 
IM associated cytochromes (in orange) to the porin-cytochrome complexes in the OM (in blue). 

1.5  Geobacter sulfurreducens versus Geobacter metallireducens 

Globally, G. sulfurreducens and G. metallireducens share several metabolic features, 

including the ability to reduce U(VI) [84], high current production [85], as well as the 

capability to transfer electrons to different species without the involvement of electron carrier 

molecules, a process designated direct interspecies electron transfer (DIET) [54, 86, 87]. 

Although there are several metabolic characteristics shared between the two bacteria, a 

marked difference relates to their ability to oxidize organic compounds. While G. 

sulfurreducens can only oxidize acetate, formate, lactate and pyruvate, G. metallireducens can 

oxidize all the above mentioned, as well as benzaldehyde, butanol, ethanol, phenol, propionate 

and propanol [78]. Furthermore, G. metallireducens is able to use more inorganic compounds 

as final electron acceptors, such as vanadium, in contrast with G. sulfurreducens [10, 78]. G. 

metallireducens can also be considered an organism of interest in the bioremediation field, for 
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application in several systems, such as: (i) bioremediation of waters contaminated with organic 

wastes, particularly important for the removal of azo compounds produced by textile 

industries [88]; (ii) bioremediation of contaminated waters with vanadium [89] and (iii) full 

degradation of several compounds to methane via DIET mechanisms with methanogenic 

bacteria [87]. This feature can be applied to the treatment of wastewaters where methanogenic 

microorganisms tend to degrade organic matter, with concomitant methane production [86]. 

Considering all the above mentioned, to optimize these processes, it is first necessary to 

understand the mechanisms underlying EET in these bacteria. The recent development of a 

genetic system for G. metallireducens is likely to refocus attention on this organism and it will 

allow the unravelling of the above mentioned physiological mechanisms, as well as other 

relevant novel properties, such as anaerobic benzene degradation, Fe(III) reduction or the use 

of cytochromes as capacitors to permit respiration in the absence of exogenous electron 

acceptors, among other remarkable features [78, 79].  

1.6  Functional diversity of cytochromes 

Heme-containing proteins display a diversity of biological functions, including (i) simple 

electron transfer reactions, such as those catalyzed by b- and c-type cytochromes [90]; (ii) 

oxygen transport and storage via hemoglobin and myoglobin [91]; (iii) oxygen reduction to 

the level of water by cytochrome oxidase [92]; (iv) oxygenation of organic substrates, as 

facilitated by the cytochromes P-450 [93] and (v) the reduction of peroxides by catalases and 

peroxidases [94]. By combining heme groups with other cofactors, such as flavins and/or metal 

ions (molybdenum or copper), these proteins can have an even higher range of functions, 

extending them to a large range of enzymatic processes, which include dehydrogenations [95] 

and the reduction of numerous small molecules [96]. 

In the particular case of cytochromes, their functional versatility is mainly related with the 

type of heme groups (Figure 1.5) and neighbor amino acids. 
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Figure 1.5  Different types of hemes found in cytochromes  The classification of the heme 
groups is based on the differences between the porphyrin molecules and types of polypeptide 
covalent attachments. a) b-type  protoheme IX; b) c-type  substituted protoheme IX; c) a-type, d) 
d-type; e) and f) d1-type. This figure was taken from [97]. 

Of the many factors capable of tuning cytochromes activity, (i) the ability of the protein 

environment to modulate heme reactivity; (ii) the number and nature of protein donated axial 
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ligands to iron; (iii) the heme solvent exposure; (iv) the heme accessibility to exogenous 

ligands; (v) the distribution of polar and charged groups in the heme neighborhood and (vi) 

the specific properties of the heme-binding site in the protein, stand out as the most crucial 

ones [95, 98]. 

scribe a group of 

heme proteins undergoing oxidation/reduction reactions, characterized in the reduced form by 

intense absorption bands in the 510-615 nm range [99]. Cytochromes are named accordingly 

to their heme type letter (in italic) and a number in subscript, depending on some intrinsic 

characteristics related to the protein axial ligands coordination, number of heme groups, 

optical or functional properties [100]. 

Cytochromes c, specifically, are heme proteins containing a c-type heme and often function 

as electron carriers in biological systems. The polypeptide chain of these proteins is covalently 

bound to one or several c-type heme groups through thioether linkages established with the 

sulfhydryl groups of two cysteine residues in a conserved binding motif sequence CXXCH [98, 

101]. The heme group displays a central role in the functional modulation of these proteins. It 

is constituted by four pyrrole subunits connected by methane bridges (protoporphyrin IX) and 

in the center, the iron ion is equatorially coordinated by four nitrogen atoms (Figure 1.5b). 

Iron (0) has an electronic structure 1s22s22p63s23p63d64s2 (where the first numbers 

corresponds to the principal quantum number; the letters correspond to the orbital quantum 

number; and the superscripts correspond to the electron occupancies). The electronic 

structure of iron is sometimes described as [Ar]3d64s2 to emphasize that the electron 

occupancies of the higher energy orbitals (3d and 4s), superimposed on an argon core, are 

responsible for the electronic properties and, ultimately, for the chemical behavior of iron 

[101]. In heme proteins, iron usually exists in two more common oxidation states: the ferrous 

state (Fe(II): [Ar]3d64s0) and the ferric state (Fe(III): [Ar]3d54s0).  

In an iron atom there are five 3d-orbitals  two orbitals of higher energy (dx2-y2 and dz2, also 

known as the eg set of orbitals) and three of lower energy (dxy, dxz and dyz, also known as the t2g 

set of orbitals). Each orbital can be occupied by two electrons, and the distribution of electrons 

within these orbitals determines the electronic properties of iron. Besides, the electronic 

distribution of iron is governed by its coordinated ligands [101]. The Crystal Field Theory 

considers that the bonding between the iron and the ligands is entirely electrostatic [102]. 
There are two major energy terms that govern the distribution of electrons in the d-orbitals: 

the strength of the d-orbital splitting (represented by the symbol 0), which depends upon the 
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electrostatic field created by the ligands and the energy required to pair electrons in the same 

orbital (pairing energy - P) [101]. 

The pairing energy is always unfavorable, but what is relevant is whether it requires less 

energy to pair electrons in the t2g orbitals than it does to keep them unpaired in the eg orbitals. 

In a weak crystal field, the d-orbital splitting is smaller than the pairing energy (0 < P) and the 

electrons remain unpaired in separate orbitals (Figure 1.6). This electron distribution is the 

high-spin configuration. On the other hand, in a strong crystal field, the electrons enter the t2g 

orbitals and pair to produce the low-spin configuration (Figure 1.6). 

 

Figure 1.6  Spin-states of octahedral Fe(III) and Fe(II)  The free iron ion has five 3d-orbitals of 
the same energy. In the figure, these orbitals are represented as a single one, for simplicity. When 
placed in an octahedral field, the d-orbitals of the iron atom are rearranged in two sets  the t2g set 
(of lower energy, composed by the dxy, dxz and dyz orbitals) and the eg set (composed by the dx2-y2 and 
dz2 orbitals). For Fe(III), whose electrons are represented by black arrows, a weak crystal field (0 < 
P) leads to a total spin of 5/2 (high-spin configuration), whereas a strong crystal field (0 > P) results 
in a total spin of 1/2 (low-spin configuration). On the other hand, for Fe(II), whose extra electron is 
represented by a red arrow, a weak crystal field (0 < P) leads to a total spin of 2 (high-spin 
configuration), whereas a strong crystal field (0 > P) results in a total spin of 0 (low-spin 
configuration). 

The porphyrin is a strong ligand that places the iron ion close to a state where small energy 

differences between the axial ligand components of the field can cause the change of spin state. 

Considering this, important information about the heme axial ligands and their 

stereochemistry can be accessed after the spin state of a heme protein is determined. The heme 
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spin state can be determined by a variety of spectroscopic techniques, namely Nuclear 

Magnetic Resonance (NMR), UV-visible and Electron Paramagnetic Resonance (EPR) [103]. 

In cytochromes c, one of the two axial coordination positions is occupied by the side chain 

of a histidine (designated as proximal ligand, see Figure 1.7). On the other hand, the distal 

ligand is more variable and can be the side chain of a (i) methionine, which predominates in 

monoheme cytochromes c, (ii) histidine, particularly predominant in multiheme cytochromes 

c or (iii) asparagine, lysine or tyrosine, although with less frequency. In certain conditions, the 

distal position of the heme can also be transiently vacant, as observed for various cytochromes 

with enzymatic activity [62, 100, 104]. 

 

Figure 1.7  Schematic representation of a c-type heme and the correspondent polypeptide 
binding motif (CXXCH)  The distal coordination position, labeled with A, can be free or occupied 
by different amino acids side chains. The IUPAC-IUB nomenclature for tetrapyrroles is illustrated in 
gray [105]. This figure was taken from [62]. 

Therefore, in hemes c with histidine or methionine as distal ligands, the d-orbital splitting is 

larger than the pairing energy, meaning that these hemes will be in a low-spin state (see Figure 

1.6). In contrast, if the heme iron distal position is bond to the side chain of an asparagine, 

lysine, tyrosine or to a water molecule, the d-orbital splitting is smaller than the pairing 

energy, and the heme will be in a high-spin state. Heme proteins involved in electron transfer 
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reactions usually have both axial positions occupied and hold histidine or methionine residues 

as distal ligands [62, 101]. 

Furthermore, the heme redox potential is also strongly dependent on the nature of the axial 

ligands. The side chain methionine sulfur is a good electron acceptor and favors the electron-

rich reduced state, resulting in a more positive redox potential compared to bis-histidinyl 

coordinated heme groups [97, 106]. 

1.7  Multiheme cytochromes 

Multiheme cytochromes are crucial components of several biological processes and are 

involved in electron transfer [107, 108], enzymatic reactions [108-110] and on signal 

transduction events [111]. They were also shown to work as electron biocapacitors (e.g. 

GSU1996, Figure 1.8), thus contributing for the enhancement of the electron-storage capacity 

of several bacteria [40, 41, 112].  

 

Figure 1.8  Crystal structure of the dodecaheme cytochrome GSU1996 from G. sulfurreducens, 
obtained in the oxidized state  The cytochrome (PDB ID: 3OV0 [41]) is organized in four similar 
domains (A-D), each containing three hemes, connected by a flexible linker. Each domain has 
structural homology to the triheme cytochromes of the PpcA-family from G. sulfurreducens, except 
for the heme IV, which contains His-Met axial coordination. In the figure, the backbone is 
represented in blue, whereas the hemes are represented in red. Roman numerals indicate the hemes 
in their order of attachment to the CXXCH motif in the polypeptide chain. The structure was drawn 
using the PyMOL molecular graphics system [113]. 

Multiheme cytochromes generally have a set of the same type of heme groups, as seen for 

the PpcA-family from G. sulfurreducens (in which all the hemes are from the c-type). 

However, some specific multiheme cytochromes can contain two different types of hemes, 
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namely the cytochrome cd1-nitrite reductase (hemes c and d1) [108, 114] and the IM CbcL 

cytochrome from Geobacter sulfurreducens, which contains a HydC/FdnI diheme b-type 

cytochrome linked to a 9-heme periplasmic cytochrome c domain [38]. 

These proteins are able to receive or donate multiple electrons in a cooperative way, 

depending on the intrinsic properties of the neighboring hemes (redox interactions) or heme 

surrounding protonable centers (redox-Bohr effect) [115-117]. The several heme groups 

ranges, as a consequence of the 

contribution of each individual heme redox potential. Typically, the heme iron-iron distances 

between adjacent hemes do not exceed 15 Å, allowing a fast electronic exchange between the 

redox centers and assuring efficient redox reactions [104, 118, 119]. 

The redox potential of hemes in multiheme cytochromes is affected by several factors, 

namely (i) the differences in the free energy between the oxidized and reduced sates, resulting 

from molecular interactions; (ii) the modulation of the electrostatic interactions within the 

protein or with the solvent; (iii) the heme solvent accessibility; (iv) the extent to which the 

heme group is distorted from planarity; (v) the protonation state of the heme propionate 

groups and (vi) the type of axial ligands and heme iron coordination, as stated previously [101, 

120-126]. Furthermore, multiheme cytochromes have a lower amino acid residue to heme 

ratio compared to monoheme cytochromes, meaning that the heme groups are more solvent 

exposed. The high heme solvent exposure and the typical His-His heme coordination strongly 

contributes to the lower redox potential values generally observed in multiheme cytochromes.   

1.8  Structural and thermodynamic characterization of cytochromes c 

The determination of multiheme cytochromes structures is crucial to understand their 

functional mechanisms. Three-dimensional structures of biological macromolecules can be 

determined by X-ray crystallography and NMR at atomic resolution. These techniques are well 

established complementary high-resolution methods to analyze protein structure-function 

relationships. 

NMR spectroscopy enables the determination of protein structures in conditions similar to 

and interactions with its redox partners in solution (this technique is discussed in depth in 

Chapter 2). However, the numerous proton-containing groups of the hemes in cytochromes, 

as well as the magnetic properties of the heme iron (particularly in the oxidized state), further 

complicate the assignment of the NMR signals of these proteins [127-129]. 
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Advances in protein expression protocols have contributed to increase the expression yields 

for mature multiheme cytochromes. Higher yields of protein expression allowed the overcome 

of traditional difficulties associated with the determination of solution structures using natural 

abundance samples [130-134]. This rendered the isotopic labelling of multiheme cytochromes 

much more cost-effective, facilitated the NMR signal assignment procedure and provided the 

foundations for the identification of redox partners and mapping of their interacting regions 

[135-137]. 

The isotopic labeling protocol developed by Fernandes and co-workers [138] was used to 

produce 15N and 13C-15N labeled cytochromes and allowed to obtain proteins uniformly 

labeled, with the correct folding and post-translational incorporation of heme groups [139-

141]. Taking advantage of these methodologies, the NMR solution structures of two different 

cytochromes from Geobacter sulfurreducens have been determined. Currently, there are 

solution structures available for the periplasmic triheme cytochrome PpcA, in both oxidized 

[142] and reduced states [143], and for the OM monoheme cytochrome OmcF, in the reduced 

state [144]. Crystal structures of Geobacter sulfurreducens cytochromes are available in the 

oxidized state, namely those of PpcA [145], PpcB [146], PpcC [147], PpcD [147], PpcE [147], 

OmcF [148, 149], GSU1996 [41], PccH [150] and MacA [37]. The structures of some of the 

referred cytochromes are presented in Figure 1.9. In the GSU1996 cytochrome and in the 

PpcA-family cytochromes (Figures 1.8 and 1.9, respectively), the hemes are numbered I, III 

and IV. This designation derives from the superimposition of the hemes in cytochromes c7 

with those of the structurally homologous tetraheme cytochromes c3 [151]. On the other hand, 

in MacA, the hemes are named as high potential (HP) and low potential (LP), because of the 

electric potential difference between them [37] (Figure 1.9). 
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Figure 1.9  Structures of several cytochromes from G. sulfurreducens, obtained in the oxidized 
state  The solution structure of PpcA (lowest energy, PDB ID: 2MZ9 [142]) and the crystal 
structures of PpcB (chain A, PDB ID: 3BXU [146]), PpcC (PDB ID: 3H33 [147]), PpcD (chain A, 
PDB ID: 3H4N [147]) and PpcE (PDB ID: 3H34 [147]) are represented in gray. The crystal 
structures of OmcF (PDB ID: 3CU4 [149]), MacA (PDB ID: 4AAL [37]) and PccH (PDB ID: 4RLR 
[150]) are represented in yellow, blue-gray and cyan, respectively. Roman numerals indicate the 
hemes (red for the PpcA-E cytochromes and for PccH; blue for OmcF) in their order of attachment 
to the CXXCH motif in the polypeptide chain. The high (HP) and low potential (LP) hemes (in 
gold) of MacA are also labelled. The structures were drawn using the PyMOL molecular graphics 
system [113]. 
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In monoheme cytochromes only the reduced and oxidized states may coexist in solution, 

whereas for multiheme cytochromes, several one-electron reversible transfer steps convert the 

fully reduced state (stage 0, S0) into the fully oxidized state (stage X, Sx). In addition, in each 

stage, the group responsible for the redox-Bohr effect may be protonated or deprotonated, 

which further increases the number of microstates in solution. For example, in a triheme 

cytochrome there are 16 different microstates in solution (Figure 1.10). 

 

Figure 1.10  Electronic distribution scheme for a triheme cytochrome with a proton-linked 
equilibrium, showing the 16 possible microstates  The light gray and dark gray circles correspond 
to the protonated and deprotonated microstates, respectively. The protonated microstates are also 

-Bohr center. Inner hexagons represent 
heme groups. The reduced hemes I, III, and IV are colored green, orange and blue, respectively. The 
oxidized hemes are colored white. The microstates are grouped, according to the number of oxidized 
hemes, in four oxidation stages connected by three one-electron redox steps. P0H and P0 represent the 
reduced protonated and deprotonated microstates, respectively. PijkH and Pijk indicate, respectively, 
the protonated and deprotonated microstates, where i, j and k represent the heme(s) that are 
oxidized in that particular microstate. 

Therefore, on one hand, in a monoheme cytochrome the heme reduction potential value 

can be directly obtained of the Nernst equation, at the point at which the oxidized and 

reduced fractions are equal (Eapp). On the other hand, in multiheme cytochromes, redox 
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titrations describe the whole-protein macroscopic redox behavior (macroscopic redox 

potentials), without deconvoluting the reduction potentials of the individual redox centers 

(microscopic redox potentials) [50, 149, 152, 153]. For multiheme cytochromes, the detailed 

thermodynamic characterization involves the determination of several parameters, namely the 

redox potentials, redox interactions, redox-Bohr interactions and pKa value(s) of the redox-

Bohr center(s). To calculate these thermodynamic parameters, it is necessary to monitor the 

stepwise oxidation of each heme oxidation at several pH values. This information can be 

achieved by NMR spectroscopy, which allows the determination of the individual heme 

oxidation profiles, due to the different spectral signatures of the NMR spectra of low-spin 

multihemes, in the reduced and oxidized states. This topic is explained in more detail in 

Chapter 2, where a full thermodynamic characterization of the triheme cytochrome PpcA 

from Geobacter metallireducens is presented. 

In the last few years, several thermodynamic parameters of G. sulfurreducens and G. 

metallireducens cytochromes have been published, namely the (i) heme redox potentials, redox 

interactions, redox-Bohr interactions (Table 1.1) and the macroscopic pKa values of the redox-

Bohr center of several periplasmic cytochromes (Table 1.2), as well as the (ii) Eapp values of 

several periplasmic, inner- and outer-membrane cytochromes (Table 1.3). 

Table 1.1  Heme reduction potentials and pairwise interactions (mV) of the fully reduced and 
protonated forms of several priplasmic cytochromes from G. sulfurreducens [129, 154]  The 
values were determined at 288 K . DC stands for Domain C of the GSU1996 cytochrome. 

 Heme redox potentials  Redox interactions  Redox-Bohr interactions 
 I III IV  I-III I-IV III-IV  I-H III-H IV-H 

PpcA -154 -138 -125  27 16 41  -32 -31 -58 
PpcB -150 -166 -125  17 8 32  -16 -9 -38 
PpcD -156 -139 -149  46 3 14  -28 -23 -53 
PpcE -167 -175 -116  27 5 22  -12 2 -13 
DC -106 -136 -125  44 7 40  -4 -25 -13 
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Table 1.2  Macroscopic pKa values of the redox-Bohr center of several periplasmic cytochromes 
from G. sulfurreducens at each stage of oxidation [129, 154]  The values were determined at 288 
K. DC stands for Domain C of the GSU1996 cytochrome. 

 pKa 
Oxidation stage PpcA PpcB PpcD PpcE DC 

0 8.6 7.4 8.7 7.7 6.0 
1 8.0 7.1 8.1 7.6 5.6 
2 7.2 6.8 7.4 7.5 5.4 
3 6.5 6.3 6.9 7.4 5.2 
pKa 2.1 1.1 1.8 0.3 0.8 

 
Table 1.3  Data set of G. sulfurreducens (Gs) and G. metallireducens (Gmet) c-type cytochromes 
participating in EET pathways  The redox potential values were determined at pH 7. 

Protein Heme axial ligands Eapp (mV) vs NHE 
MacA Gs His-Met -188 [37] 
GSU1996 His-His; His-Met -124 [11] 
PpcA Gs His-His -117 [146] 
PpcB Gs His-His -137 [146] 
PpcC Gs His-His -143 [11] 
PpcD Gs His-His -132 [129] 
PpcE Gs His-His -134 [129] 

PpcA Gmet His-His -78 [155] 
PpcF Gmet His-His -56 [156] 
OmcF Gs His-Met +180 [149] 
OmcS Gs His-His -212 [152] 
OmcZ Gs Not determined -220 [50] 
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1.9  Objectives and thesis outline 

The structural and functional characterization of individual electron transfer components is 

crucial to understand the EET mechanisms of Geobacter. This knowledge can be further used 

to design optimized Geobacter mutant strains, with increased bacterial respiratory rates. 

The goal of this Thesis was to study different electron transfer components from Geobacter 

bacteria, namely the periplasmic cytochrome PpcA from G. metallireducens, the periplasmic 

cytochrome GSU0105 from G. sulfurreducens and the OM cytochromes OmaV and OmaW 

from G. sulfurreducens. The Thesis is divided in five Chapters. A general introduction to 

Geobacter and cytochromes is presented in Chapter 1. In Chapter 2, the functional and 

thermodynamic characterization of the properties of the triheme cytochrome PpcA from G. 

metallireducens and their comparison with those of PpcA from G. sulfurreducens are 

presented. Chapter 3 describes the optimization of the expression and purification protocols of 

the periplasmic cytochrome GSU0105 from G. sulfurreducens, as well as preliminary insights 

on the biochemical and functional properties of the cytochrome. Chapter 4 focuses on initial 

work made in the expression and purification protocols of OmaW and OmaV cytochromes 

from G. sulfurreducens. Finally, future perspectives are presented in Chapter 5. 
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2  Thermodynamic characterization of PpcA from G. metallireducens 

The PpcA-family of triheme periplasmic cytochromes is well conserved among the Geobacter 

species and its members are known to occupy a strategic position in the cell to function as 

capacitors and control electron flow towards OM components (see Figures 1.3 and 1.4) [1, 2]. 

The cytochromes belonging to this family are in the frontline as potential targets to develop 

rational Geobacter mutated strains with increased respiratory rates and concomitant higher 

current densities. In order to achieve this goal, it is first necessary to obtain detailed structural 

and functional data for the targeted electron transfer components [3]. 

The PpcA-family from G. sulfurreducens has been deeply studied over the years [4-13]. 

Although there is not much information coming from genomic and proteomic studies about 

the role of this family of cytochromes in G. metallireducens, it is known that PpcA is involved 

in the Fe(III) reduction pathways of G. metallireducens [14, 15]. Furthermore, the high sequence 

identity between the cytochromes of the two bacteria (Table 1.1) suggests that their functions in 

the EET pathways are going to be very similar.  

Table 1.1  Amino acid sequence identity percentages within and between the PpcA-families from 
G. metallireducens and G. sulfurreducens  The sequence identity percentage values between the 
homologous cytochromes of the two bacteria are highlighted in red. Notice that in G. metallireducens 
there is no PpcD, but there is a PpcF cytochrome and that for that reason, the highlighted values do 
not follow a diagonal. The values were determined using the BLAST tool from the database Uniprot 
[16].  

 
Geobacter metallireducens 

PpcA PpcB PpcC PpcE PpcF 

Geobacter 
sulfurreducens 

PpcA 80% 68% 59% 54% 62% 
PpcB 73% 72% 56% 61% 58% 
PpcC 64% 57% 79% 52% 57% 
PpcD 68% 68% 42% 55% 55% 
PpcE 62% 63% 51% 69% 57% 

Geobacter 
metallireducens 

PpcA  81% 59% 59% 69% 
PpcB 81%  56% 61% 58% 
PpcC 59% 56%  49% 53% 
PpcE 59% 61% 49%  56% 
PpcF 69% 58% 53% 56%  
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The PpcA cytochrome is the most studied among all the cytochromes of G. sulfurreducens [4, 

6, 7, 10, 12, 13, 17, 18] and for that reason, it was thought that the PpcA from G. metallireducens 

would be the perfect target for preliminary studies on the EET components of this bacterium, 

whose advantages over G. sulfurreducens were highlighted in Chapter 1. 

Considering the above mentioned, an initial characterization of PpcA from G. metallireducens 

was recently published [19]. This cytochrome is a 9.7 kDa protein with 70 amino acids (Figure 

2.1A), having 80% amino acid sequence identity with PpcA from G. sulfurreducens. 

 

Figure 2.1  Amino acid sequence and spectroscopic properties of PpcA from G. metallireducens  
(A) Amino acid sequence alignment of PpcA cytochromes from G. metallireducens (PpcA Gm) and G. 
sulfurreducens (PpcA Gs). The heme binding motifs and axial ligands are highlighted in orange and 
non-conserved residues are highlighted in blue. (B) Far-UV CD spectrum in the native state at 25 oC 
(solid line) and upon heating to 95 oC (dashed line). The more intense negative bands, typical of α-
helix, are labeled. (C) UV-visible spectra of the fully oxidized (solid line) and fully reduced (dashed 
line) forms. The optical absorption spectrum of the oxidized cytochrome has maxima at 353, 409 and 
531 nm. Upon reduction, the protein shows the Soret, β and α bands at 418, 523 and 552 nm, 
respectively. (D) 1D 1H-NMR spectra of the reduced (upper) and oxidized (lower) forms (25 oC and 
pH 7). This figure was taken from [19]. 



2  Thermodynamic characterization of PpcA from G. metallireducens 
 

43 

 

PpcA contains three low-spin c-type heme groups with His-His axial coordination, a feature 

also observed for its homologue in G. sulfurreducens [3, 5, 19]. 

The native far-UV circular dichroism (CD) spectra (Figure 2.1B) of the cytochrome revealed 

a high α-helix content, featuring intense negative bands with slightly uncommon wavelengths 

(205 and 224 nm, instead of the typical 208 and 222 nm), probably resulting from substantial 

groups [19]. The thermal stability of the protein was also 

accessed by CD spectroscopy and revealed that the protein is stable, even at high temperatures 

[19]. 

The 1D 1H-NMR signals of PpcA cover the regions -5 to 27 ppm in the oxidized paramagnetic 

state (Fe(III), S = 1/2) and -5 to 10 ppm in the reduced diamagnetic state (Fe(II), S = 0), which 

are typical of low-spin heme groups (Figure 2.1D) [19]. The heme-spin state features observed 

for the protein were additionally corroborated by UV-visible spectroscopy (Figure 2.1C). The 

assignment of the backbone, side chain and heme substituents in the reduced state (BMRB 

accession number 27363) allowed a comparative structural analysis with the PpcA from G. 

sulfurreducens and revealed marked differences in the relative orientation of the hemes I and 

III, between the cytochromes [19]. 

Finally, redox titrations followed by visible spectroscopy showed that the redox potential 

values for PpcA from G. metallireducens (-78 and -93 mV at pH 7 and 8, respectively) are 

considerably less negative, when compared with its homologous from G. sulfurreducens, and 

that the redox-Bohr effect (which will be further explained) is less evident [19].   

The results detailed above raised interest on the full thermodynamic characterization of the 

PpcA cytochrome from G. metallireducens, since the characterization of the redox centers of this 

multiheme protein is crucial to assist in the elucidation of its physiological function and 

interactions with redox partners. In this Thesis, NMR redox titrations were performed at 

different pH values and the results obtained allowed the calculation of the microscopic 

parameters that fully characterize the thermodynamic behavior of the protein. Furthermore, the 

results obtained were compared with the ones previously obtained for the PpcA from G. 

sulfurreducens [13]. 
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2.1  Materials and methods 

2.1.1  Nuclear magnetic resonance fundamentals 

NMR spectroscopy is a very powerful tool in the field of structural biology and has been used 
in the study of protein structure and dynamics, as well as in protein-ligand and protein-protein 

interaction studies. Historically, the first published work using NMR to study a biological 

molecule dates back to 1954 [20]. Furthermore, ribonuclease was the first intact protein studied 

by NMR, in 1957 [21], whereas the first protein structure was determined in 1985 [22]. 

This technique studies the selective absorption of electromagnetic radiation (radiofrequencies 

region) by nucleus in the presence of an external magnetic field. Nuclei are characterized by a 

quantum spin number (I), which can be determined from the atomic mass (number of protons 

and neutrons) and the atomic number (number of protons). When the atomic number and the 

atomic mass are even, nuclei have a quantum spin number of 0 (absence of magnetic properties, 

NMR silent nuclei). Then, when the atomic mass is odd (semi-integer quantum spin number) 

or when the atomic mass is even and the atomic number is odd (integer quantum spin number), 

nuclei have a quantum spin number different from 0 and present magnetic properties (NMR 

active nuclei) [23]. 

Spectra of several nuclei can be readily obtained (1H, 13C, 15N, 19F, 31P), since they have 

quantum spin numbers different from 0 and a uniform spherical charge distribution (Table 2.2). 

Table 2.2  Properties of some NMR active nuclei  Some important NMR active nuclei in the study 
of biomolecules with the corresponding gyromagnetic constant (see below), nuclear spin quantum 
number and natural abundance. The data was taken from [23].  

Nuclei γ (106 rad s-1 T-1) I Natural abundance (%) 
1H 267.513 1/2 99.980 
13C 67.262 1/2 1.108 
15N -27.116 1/2 0.370 
19F 251.815 1/2 100.000 
31P 108.291 1/2 100.000 

 

The most widely observed in NMR spectroscopy are the 1H and 13C nuclei. Other nuclei, with 

quantum spin number of 1 or higher, may have non-spherical charge distribution. This 

particular asymmetry affects the relaxation times of these nuclei and, consequently, the linewidth 
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and coupling (with neighboring nuclei) of these nuclei signals, making it harder to obtain 

resolved NMR spectra. 

The magnetic moment of a nuclear spin (𝜇⃗) is related to its quantum spin number (I) and 

gyromagnetic ratio (γ), as shown in Equation 1. 

𝜇⃗ = 𝛾𝐼 (1) 

The gyromagnetic ratio (γ) is a constant number, characteristic for each nucleus, and indicates 

the frequency at which they will precess in a fixed external magnetic field [23]. 

In the absence of an external magnetic field (B0), all nuclei of the same isotope have the same 

energy (degenerated states of energy). However, when an external magnetic field is applied, a 

splitting of nuclei spin energies occurs. For example, if a nucleus of I = 1/2 is considered, two 

linearly independent spin states (m = 1/2 and m = 1/2, with m being the magnetic quantum 

number) exist for the z-component of spin. On one hand, in the absence of a magnetic field, 

these states have the same energy and  

presence of an external magnetic field, two different levels of energy are defined (Figure 2.2). 

 

 

Figure 2.2  Energy diagram of a nucleus with increasing magnetic field strength  In the absence 
of a magnetic field, the α and β states are degenerated. When a magnetic field is applied, there is an 
energy splitting and, the low and high energy levels get populated with the nucleus whose spins have 
the same (α-state) or opposite (β-state) direction to the external magnetic field, respectively. 

The energy splitting is determined by the applied field (B0) and gyromagnetic ratio of the 

nucleus (γ, rad s-1 T-1), according to Equation 2. In this equation, h is the Planck constant. 
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∆𝐸 = ℎ𝛾𝐵0/2𝜋 (2) 

In the state of lower energy (α), the nuclear magnetic moment is aligned with B0 (m = 1/2), 

whereas in the state of higher energy (β), the nuclear magnetic moment is opposed to B0 (m = 

1/2). In reality, the nuclear magnetic moments are not aligned or opposed to B0 but are 

precessing along the z-axis (Figure 2.3). This precession frequency, intrinsic for each nucleus in 

the presence of an external magnetic field, is called Larmor frequency (ω0) [24]. 

 

Figure 2.3  Nuclei precess in the presence of a magnetic field  Nuclei spin naturally around their 
own axis and when a magnetic field is applied, they will also rotate about the axis of the applied 
magnetic field (precession). 

The distribution of spin populations between the referred energy states (α and β) occurs 

according to Equation 3, where Nα and Nβ are the populations of the α and β states, k is the 

Boltzmann constant and T is the absolute temperature (K). 

𝑁𝛽 𝑁𝛼⁄ = 𝑒−∆𝐸 𝑘𝑇⁄  (3) 

At room temperature, the population difference between the two energy states is very small. 

For example, the population ratio for protons at 800 MHz field strength is 0.99987. Therefore, 

only a small fraction of the spins contributes to the signal intensity of the NMR spectrum. For 

this reason, the use of stronger magnetic fields favors the NMR spectral resolution, since higher 

magnetic fields increase the population ratio between the ground and excited NMR energy 

states. 

An NMR signal is produced when a nuclear transition between the two energy states occurs 

(resonance condition). This transition will occur if the energy of the electromagnetic radiation 

applied is equal to the energy difference between the two states. Theoretically, in a molecule, all 

protons have the same Larmor frequency. However, due to the effect of the electron density 

surrounding each individual proton, different Larmor frequencies will be detected for different 
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protons. This phenomenon is what makes NMR a powerful technique, since it gives information 

about the nuclei and their interactions and/or surroundings. 

These frequencies are expressed in terms of an empirical quantity called chemical shift (), 

which is related to the difference between the resonance frequency of a certain nucleus (𝜈) and 

that of a reference standard (𝜈ref), as depicted in Equation 4. 

𝛿 =
𝜈−𝜈𝑟𝑒𝑓

𝜈𝑟𝑒𝑓
 × 106 (4) 

The detected frequencies are usually referenced against TMS or DSS, which by the equation 

above have a chemical shift of zero if chosen as the reference and are expressed in ppm (parts 

per million). The NMR spectra, by convention, are plotted with chemical shift values increasing 

from the right to the left. 

The magnetic field of a nucleus is not only affected by the magnetic fields created by its own 

electrons, but also from the magnetic moments of the neighboring nuclei. This interaction 

between different nuclei results in signal splitting for each of the nucleus involved. The 

separation between the resulted peaks is called coupling constant (J), which is independent of 

the applied magnetic field and is measured in frequency units (Hz). 

In NMR, the approach to any structural or mechanistic problem will invariably start with the 

acquisition of one dimensional (1D) spectra, since these provide information about the 

preliminary stage of the sample in study, as well as foundations to design further experiments. 

In the simplest 1D experiment, a two building block (preparation and detection) pulse 

sequence is applied (Figure 2.4). In the preparation, there is a delay time of relaxation that allows 

the magnetization to return to equilibrium. After that, a 90o radiofrequency pulse is applied 

during a certain time period (intrinsic of the sample), which rotates the equilibrium 

magnetization from the z-axis to the xy-plane. The recovery of the magnetization back to 

equilibrium is then detected in the form of a FID (free induction decay), during the detection 

period. 
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Figure 2.4  Simplest 1D pulse sequence  During preparation, the spin-systems are set to a defined 
state. During detection, the resulting signal is recorded. The 90o pulse rotates the equilibrium 
magnetization from the z-axis onto the xy-plane. After this pulse, each spin precesses with its own 
Larmor frequency around the z-axis and induces voltage in the receiver coil. This signal is called FID. 

In the case of small molecules, 1D spectra can contain valuable information (Figure 2.5). 

However, for complex macromolecules, such as proteins, 1D spectra become much more 

complex and crowded due to signal overlapping (Figure 2.6). In the last decades, in order to 

solve this problem and improve the NMR spectra resolution and the concomitant assignment 

of the signals, multidimensional NMR has been developed. 

 

Figure 2.5  Expansion of the 1D 1H-NMR spectrum of methyl acrylate, in acetone solution  The 
spectra of small organic molecules, such as methyl acrylate, are simple and contain very few signals. 
These signals, however, are enough to assign and distinguish the different protons in the molecule. 
The methyl acrylate molecule is represented and the different signals of the molecule are labeled. This 
figure was adapted from [25]. 
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Figure 2.6  1D 1H-NMR spectrum of the triheme cytochrome PpcA from G. metallireducens in the 
reduced state  The NMR spectra of proteins are much more complex, with spectral crowded regions 
arising from the amino acid backbone and side chains signals (black labels). Furthermore, in this 
particular protein, the three hemes substituents signals (red labels) add further complexity to the 
spectrum. 

In the case of two-dimensional (2D) NMR spectra, the signals are dispersed over two 

frequency dimensions, yielding a 2D spectrum. In these experiments, one additional period, 

called the evolution time (which contains a variable time delay t1), is inserted between the 

preparation and detection periods (Figure 2.7). 

 

Figure 2.7  Pulse sequence of the 2D 1H-COrrelation SpectroscopY (COSY) experiment  In this 
experiment, the preparation begins with a relaxation delay that allows the magnetization to come back 
to its equilibrium, followed by a 90o pulse. Then, the t1 period occurs with a stepwise increase in time 
and after a second 90o pulse, the signal is detected during the detection time (t2). 
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The evolution delay increases systematically for each increment of the 2D experiment. After 

all the scans, the different FIDs obtained are transformed with the same phase parameters and 

the use of two Fourier transformations results in a two-dimensional NMR spectrum. These types 

of experiments can be homonuclear (usually 1H-1H experiments), giving rise to squared spectra 

with diagonal peaks, or heteronuclear (1H-13C, 1H-15N, among others), resulting in asymmetric 

spectra. 2D experiments may also contain other additional periods, such as the mixing period 

(tm), that further complicate the pulse sequences (see below). 

In this Thesis, a series of 2D-NMR experiments were used, namely homonuclear (2D 1H-

TOCSY, 2D 1H-NOESY, 2D 1H-EXSY) and heteronuclear (2D 1H,13C-HMQC) ones. The 

principles of these techniques are summarized below. 

Total Correlation SpectroscopY (TOCSY) uses scalar coupling (through bond nuclear 

interactions) to correlate the spins within a spin system. This experiment provides geometric 

information about molecules via J-coupling and correlates the coupled homonuclear spins and 

those that reside within the same spin system, but which may not share mutual couplings (a 

propagation of magnetization along a continuous chain of spins occurs) [23]. Usually, in this 

experiment, the magnetization is transferred successively over up to five or six bonds, as long as 

successive protons are coupled. This magnetization transfer may be interrupted by small or zero 

proton-proton couplings, or either by the presence of hetero-atoms, such as oxygen. The 

number of magnetization transfer steps can be adjusted by adjustment of the spin-lock time. 

Short spin-lock times (around 20 ms) will result in one-bond transfers, whereas longer spin-

lock times (80  120 ms) will result in five- or six-bond transfers [23]. The pulse sequence of the 

2D 1H-TOCSY experiment is presented below (Figure 2.8). 

 

Figure 2.8  Pulse sequence of the 2D 1H-TOCSY experiment  In this pulse sequence, t1 and t2 stand 
for the evolution and detection period, respectively. After the first 90o pulse, transverse magnetization 
evolves during a free variable t1 period. After the second 90o pulse, the TOCSY experiment uses an 
isotropic mixing sequence (in this case, DIPSI-2 (Decoupling In the Presence of Scalar Interactions)) 
to transfer magnetization via scalar coupling. The signal detection is performed as in the 2D 1H-COSY 
experiment, during the t2 period. 
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Nuclear Overhauser Effect SpectroscopY (NOESY) uses the Nuclear Overhauser Effect (NOE) 

to exchange magnetization between protons that have spatial proximity (up to 5 Å). The NOE 

is defined as the change in intensity of one NMR resonance as a consequence of the saturation 

of another close by resonance. This effect results from dipole-dipole cross-relaxation between 

nuclei and is proportional to their inter-nuclear distance (r) by a factor of 1/r6 [23]. For small 

molecules in solution, the effect is positive (affected resonances increase in intensity), whereas 

for larger molecules, the effect is negative (affected resonances decrease in intensity). This 

experiment can therefore be used to get structural restraints for solution structure calculations, 

but it is also useful for specific assignments [23]. The pulse sequence of the 2D 1H-NOESY 

experiment is presented below (Figure 2.9). 

 

Figure 2.9  Pulse sequence of the 2D 1H-NOESY experiment  In this pulse sequence, t1, tm and t2 
stand for the evolution, mixing and detection period, respectively. After the first 90o pulse, transverse 
magnetization evolves during a free variable t1 period. Another 90o pulse is applied to create 
longitudinal magnetization and during the tm, magnetization is transferred via cross-relaxation. The 
final 90o pulse creates transverse magnetization, which is detected during t2.  

The 2D 1H-EXSY experiment is very similar to the 2D 1H-NOESY experiment. This particular 

technique is discussed in more detail in the next section. 

The Heteronuclear Multiple Quantum Coherence (HMQC) experiment correlates the 

chemical shift of coupled heteronuclear spins, via the J-coupling existing between them. This 

experiment is very similar to the Heteronuclear Single Quantum Coherence (HSQC) 

experiment, with the only difference being the fact that in a HMQC, both proton (1H) and the 

heteronucleus (for example, 13C) are allowed to evolve during the evolution time, whereas in a 

HSQC, only the heteronucleus magnetization is allowed to evolve. In simple words, the HMQC 

experiment is affected by homonuclear proton J-coupling during the evolution time, whereas 

the HSQC experiment is not. The pulse sequence of the 2D 1H,13C-HMQC experiment is 

presented below (Figure 2.10). 
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Figure 2.10  Pulse sequence of the 2D 1H,13C-HMQC experiment  The first 90o pulse is applied on 
the 1H-channel, creating transverse magnetization that evolves under the effect of heteronuclear 
coupling, during a JCH (carbon-proton coupling 
constant). The second 90o pulse is applied on the 13C-channel, creating heteronuclear multiple-
quantum coherences, that evolve during the variable evolution period t1. The 180o pulse applied on the 
1H-channel, which is inserted at middle of t1, removes the evolution of heteronuclear couplings and 
1H chemical shifts. The third and final 90o pulse, applied on the 13C-channel, creates antiphase single-
quantum coherence in 1

during t2 on the 1H dimension, with 13C decoupling. 

Although 2D-NMR experiments are already very useful and informative to study a broad 

range of proteins, in more complex cases, three and four dimension experiments are necessary 

[26]. For the purpose of this Thesis, these multidimensional experiments will not be discussed. 

Finally, it is important to highlight the relaxation processes in NMR, that are not only 

important for the existence of the NMR signal itself, but also for the study of biomolecules 

dynamics. In NMR, there are two relaxation parameters: the spin-lattice or longitudinal 

relaxation time (T1) and the spin-spin or transverse relaxation time (T2). The parameter T1 

measures the efficiency with which excited nuclear spins return to their ground state by 

exchanging energy with their surroundings. T2 is a measurement of the efficiency with which 

spins exchange energy with each other. The more efficient this exchange, the shorter the 

relaxation time. In a single NMR experiment, one of two relaxation times can be studied to 
cale of milliseconds (transverse relaxation, T2) to 

seconds (longitudinal relaxation, T1). In solution, the resonance linewidths are inversely 

proportional to the T2 relaxation time, which decreases with the increase in molecular size and 

tumbling time (Figure 2.11) [27]. 
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Figure 2.11  Size limitation of the NMR technique  The increase in molecular weight (MW) and, 
consequently, on the correlation time of the molecule (τc, see below), leads to shorter T2 relaxation 
times and concomitant broadening of the NMR signals.   

Dipole-dipole interaction is probably the most important mechanism of relaxation pathway 

for protons in molecules containing contiguous protons and for carbons with directly attached 

protons.  

The relaxation consequent of these interactions is dependent on the correlation time of the 

molecule, τc. Small molecules tumble very fast and have short τc, usually in the order of 

picoseconds. Large molecules, such as proteins, usually move slowly in solution and have longer 

τc (in the order of the nanoseconds). The relationship between relaxation (T1 and T2) and 
correlation (τc) times for small- and macromolecules is represented below (Figure 2.12). 

 

Figure 2.12  Plot of relaxation time versus correlation time (τc)  The expected changes in the T1 
(black line) and T2 (red line) relaxation times with respect to the molecular size are represented. Small 
molecules have shorter correlation times and relax slower, whereas macromolecules (such as proteins) 
have longer correlation times and relax faster. This figure was taken from [28].  
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2.1.2  Exchange spectroscopy and its importance for cytochromes characterization 

NMR parameters are influenced by a number of rate processes, the most dominant ones being 

molecular relaxation, molecular diffusion and chemical exchange processes. The use of 2D-

NMR for studying chemical kinetics was first proposed by Jeener, Meier, Bachmann and Ernst, 

in 1979 [29]. They developed a three-pulse technique for 2D-EXchange SpectroscopY (2D-

EXSY) and comprised a study of chemical exchange, magnetization transfer by inter- and 

intramolecular relaxation in liquids, and of spin diffusion and cross-relaxation processes in 

solids [29]. 

Dynamic NMR involves the study of samples that undergo chemical or physical changes with 

time. The timescale of motions that can be observed in NMR ranges from nanoseconds to 

minutes, depending on the sampled experimental observed, such as chemical shift, relaxation 

rate or coupling constant [30]. EXSY experiments can be used to study molecular motions and 

molecular exchanges that occur within a timescale of 1 to 10-3 seconds. Many parameters can be 

measured to access the exchange between two different environments, namely the chemical shift. 

The exchange between two environments (A and B) is considered slow if k << |νA νB| (with k 

being an exchange rate constant), intermediate if k  |νA νB| and fast if k >> |νA νB|, where the 

resonance frequencies of the two environments are νA and νB. Since chemical shift differences 

are magnetic field dependent, a system that is in the fast exchange regime on a low field 

instrument, may enter the slow exchange regime when studied at a higher field. Under slow 

exchange, each chemical shift is observed distinctly (Figure 2.13). In contrast, under fast 

exchange, only a single chemical shift is observed at the population-weighted average position 

[30]. Therefore:  

𝛿𝑜𝑏𝑠 = 𝑝𝐴𝛿𝐴 + (1 − 𝑝𝐴)𝛿𝐵   (5) 

In Equation 5, pA is the fractional population of A. Figure 2.13 shows the features of 1D NMR 

spectra under slow, intermediate and fast exchange conditions. 
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Figure 2.13  Exchange spectroscopy basics  (A) Variation of the NMR spectra for two molecular 
environments (A and B) as a function of the reaction exchange constant (slow, intermediate and fast 
exchange) and resonance frequencies. (B) Pulse sequence of a 2D-EXSY experiment  the pulse 
sequence has exactly the same features of the pulse sequence used in 2D-NOESY, but in this case, it is 
used to investigate chemical exchange. (C) Schematic 2D exchange spectrum in the slow exchange 
regime  the off-diagonal peaks correspond to peaks that undergo exchange during the experiment. 

The EXSY experiment is based on the pulse sequence of the NOESY experiment, which is 

used to investigate cross-relaxation due to dipolar coupling. In the case of EXSY, the pulse 

sequence is used to investigate cross-relaxation due to chemical exchange. In an EXSY 

experiment, transverse magnetization is created by a 90o pulse, and all components are 

 labeled  since they process at their characteristic frequencies during the evolution 

period t1. The magnetization is stored along the z-axis with another 90o pulse, for a mixing time 

tm. During this time, chemical exchange may or may not occur, depending on the sample 

conditions.  The magnetization is detected during time t2, with a final 90o pulse. Nuclei that have 

not undergone exchange will resonate at the same characteristic frequency during t1 and t2 (the 

peaks lie along the diagonal of the 2D spectrum). Nuclei that have undergone exchange will 

have different frequencies in t1 and t2 (the peaks lie off-diagonal). The magnitude of these cross-

peaks is directly related to the exchange rate [30].  

In EXSY experiments, the cross-peaks and diagonal peaks are all positive. Moreover, the 

magnitude of these cross-peaks is generally large compared to NOESY cross-peaks. 

Furthermore, NOESY cross-peaks are positive in the slow tumbling regime and negative in the 
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extreme narrowing limit. So, for small molecules, cross-peaks due to exchange and NOE are 

easily distinguished. For bigger molecules, such as proteins, the distinction between cross-peaks 

due to exchange (EXSY cross-peaks) and NOE is not straightforward. 

There are several experimental conditions that must be varied and optimized to obtain 

exchange rates that fit into the EXSY timescale (1 to 10-3 seconds), namely the magnetic field 

strength, temperature and ionic-strength [6, 30-33]. 

The biological role of electron-transfer proteins, such as cytochromes, has been thoroughly 

investigated during the last decades. In order to study and understand these proteins, namely 

the specific way the electron transfer is mediated, suitable techniques, that provide specific 

information about each redox center and its interactions at different stages of oxidation, must 

be used. 

Until 1984, several physico-chemical techniques, mainly Mössbauer spectroscopy [34], 

circular dichroism [35], EPR [36-39], NMR (mostly 1D 1H-NMR and saturation transfer 

experiments) [40-44], cyclic voltammetry, differential pulse polarography [45-49] and pulse 

radiolysis [50] had been used to elucidate the mechanisms of electron transfer in cytochromes.  

In 1984, Santos and co-workers suggested the application of 2D exchange NMR to obtain the 

cross-assignments of the resonances in a multisite electron transfer system [51], important for 

the understanding of the intramolecular and intermolecular electron transfer mechanisms of 

cytochromes. Since then, over 50 cytochromes (including wild-type and mutants) have been 

functionally characterized using this approach, including proteins from Geobacter [6, 8, 9, 13, 

52, 53], Shewanella [54-59], Desulfuromonas [60], Desulfomicrobium [61] and Desulfovibrio [51, 

62-71] bacteria. In this Thesis, 2D-EXSY experiments were also used to study the triheme 

cytochrome PpcA from G. metallireducens, as described in the next sections.  

2.1.3  Expression and purification of PpcA from G. metallireducens 

PpcA from G. metallireducens was produced and purified as previously described [19]. Briefly, 

Escherichia coli (E. coli) BL21 (DE3) cells, containing the plasmid pEC86 (encoding for 

cytochrome c maturation gene cluster ccmABCDEFGH and a chloramphenicol resistance gene), 

were transformed with the plasmid pCSGmet2902 (containing the gene Gmet_2902, encoding 

for G. metallireducens PpcA and carrying and ampicillin resistance gene) and grown in 2xYT 

media supplemented with 34 µg/mL chloramphenicol and 100 µg/mL ampicillin, to an OD600 of 

approximately 1.5 at 30 oC. The protein expression was then induced with 10 µM of isopropyl 
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β-D-thiogalactoside (IPTG) and the cell cultures grown overnight at 30 oC. Following overnight 

incubation, cells were harvested by centrifugation at 4000 xg for 20 minutes and the periplasmic 

fraction was isolated using lysis buffer (100 mM Tris-HCl pH 8.0, 0.5 mM EDTA, 20% sucrose 

and 0.5 mg/mL lysozyme). The periplasmic fraction was recovered by centrifugation at 14700 

xg, at 4 oC for 20 minutes and further ultracentrifugated at 150000 xg, at 4 oC for 1 hour. The 

final supernatant obtained was dialyzed against 2 x 4.5 L of 10 mM Tris-HCl pH 8.0 and loaded 

onto 2 x 5 mL Bio-ScaleTM Mini UNOsphereTM S cartridges (Bio-Rad), equilibrated with the 

same buffer. The protein was eluted with a sodium chloride gradient (0-300 mM) and the 

obtained fraction was concentrated to 1 mL and injected in a XK 16/70 Superdex 75 molecular 

exclusion column (GE Healthcare), equilibrated with 100 mM sodium phosphate buffer (pH 

8.0). Both chromatography steps were performed on an ÄKTA Pure (GE Healthcare) system. 

Protein purity was evaluated by BlueSafe stained SDS-PAGE. The concentration of the 

cytochrome was determined by measuring the absorbance of the reduced form at 552 nm, using 

the extinction coefficient of 118 mM-1 cm-1 [19].  

2.1.4  NMR studies 

2.1.4.1  Sample preparation 

Protein samples for NMR studies at intermediate levels of oxidation were prepared with 

approximately 80 µM concentration, in 80 mM phosphate buffer prepared in pure 2H2O (CIL 

isotopes), at different pH values, with NaCl (250 mM of final ionic strength), after lyophilization. 
The protein samples used on the NMR pH titration in the fully oxidized state were prepared in 

the same conditions. The protein samples used to assign the heme methyl chemical shifts, both 

in the fully reduced and fully oxidized states, were prepared with approximately 750 µM 

concentration, in the same buffer at pH 5.8 and 8.1. The pH values of the samples were checked 

with a glass micro electrode and were not corrected for isotope effects. For sample reduction, 

the NMR tubes were sealed with a gas-tight serum cap and the air was flushed out from the 

sample, to avoid possible oxidation of the samples. Then, the samples were reduced directly in 

the NMR tube with gaseous hydrogen (Air Liquide) in the presence of catalytic amounts of 

hydrogenase from Desulfovibrio vulgaris (Hildenborough). The partially oxidized samples, used 

for the NMR redox titrations, were obtained by first removing the hydrogen from the reduced 

sample with argon (Gasin) and then adding controlled amounts of air into the NMR tube with 

a Hamilton syringe. 
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2.1.4.2  NMR experiments 

All the NMR experiments were acquired in a Bruker Avance III 600 MHz spectrometer 

equipped with a triple-resonance cryoprobe (TCI). The 1H chemical shifts were calibrated using 

the water signal as internal reference. All the different spectra obtained were processed using 

TopSpin3.5.7TM (Bruker BioSpin, Karlsruhe, Germany). 

2.1.4.2.1  Redox titrations 

The oxidation patterns of PpcA from G. metallireducens were monitored by 2D-EXSY 

spectroscopy, at different pH values. All the 2D-EXSY spectra were accumulated with a mixing 

time of 25 ms and were acquired at 288 K, collecting 2048 (t2) x 256 (t1) data points to cover a 

sweep width of 27.5 kHz, with 256 scans per increment. 1D 1H-NMR spectra were obtained 

before and after each 2D-NMR spectrum to check for any changes in the oxidation state of the 

sample during the 2D-NMR experiment. The 1D-NMR spectra were acquired at 288 K, with 

water pre-saturation, collecting 32k data points to cover a spectral width of 33 kHz. 

2.1.4.2.2  Fully reduced state experiments 

For the assignment of the heme methyl substituents in the fully reduced state, 2D 1H-NOESY 

and 2D 1H-TOCSY experiments were acquired using pulse sequences with water pre-saturation. 

The 2D 1H-NOESY spectra were acquired with a mixing time of 80 ms, collecting 2048 (t2) x 

256 (t1) data points to cover a sweep width of 8.4 kHz, with 160 scans per increment. The 2D 
1H-TOCSY spectra were acquired with a mixing time of 60 ms, 128 scans and with the same 

number of data points and spectral width. 

2.1.4.2.3  Fully oxidized state experiments 

For the assignment of the heme methyl substituents of the protein in the fully oxidized state, 

the following set of 2D-NMR experiments was acquired: 2D 1H,13C-HMQC, 2D 1H-NOESY and 

2D 1H-TOCSY. The 2D 1H,13C-HMQC spectra were acquired collecting 4096 (t2) x 256 (t1) data 

points to cover a sweep width of 28.8 kHz in the 1H dimension and 52.8 kHz in the 13C 

dimension, with 360 scans per increment. The 2D 1H-NOESY spectra were acquired with a 

mixing time of 80 ms, collecting 4096 (t2) x 512 (t1) data points, to cover a sweep width of 28.8 

kHz, with 200 scans per increment. The 2D 1H-TOCSY spectra were acquired with a mixing 

time of 45 ms, collecting 2048 (t2) x 512 (t1) data points to cover a sweep width of 28.8 kHz, with 

160 scans per increment. 
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2.1.4.2.4  NMR pH titration in the fully oxidized state 

1D 1H-NMR spectra were used to monitor the effect of pH on the chemical shifts of the heme 

methyl substituents, in the fully oxidized state at 288 K. The spectra were acquired in the pH 

range 5.5 to 9.5, with 32k data points, a spectral width of 30 kHz, with a total of 256 transients 

and water pre-saturation. The sample pH was adjusted by addition of small amounts of NaO2H 

or 2HCl (both from Sigma-Aldrich). The pH values of the samples were checked with a glass 

micro electrode and were not corrected for isotope effects. 

2.1.5  Assignment of the heme substituents signals in the reduced state 

The PpcA cytochrome is diamagnetic when reduced (Fe(II), S = 0) and paramagnetic when 

oxidized (Fe(III), S = 1/2), as said previously. In the diamagnetic reduced form, the proton 

chemical shifts of the heme substituents are essentially affected by the heme ring-current effects 

[72-77]. Therefore, for the fully reduced cytochrome, typical regions for the signals of the heme 

substituents can be easily identified in 2D 1H-NOESY spectra: 8 to 10 ppm  meso protons (5H, 

10H, 15H and 20H); 6 to 8 ppm  thioether methines (31H and 81H); 2.5 to 5 ppm  methyl 

groups (21CH3, 71CH3, 121CH3 and 181CH3); and -1 to 3 pm  thioether methyls (32CH3 and 

82CH3). In the reduced state, the first step of the assignment is the analysis of the 2D 1H-TOCSY 

spectra, in which the connectivities between the thioether methines (31H or 81H) and the 

thioether methyl groups (32CH3 and 82CH3) are identified. Indeed, these are the only heme 

protons that are in the same spin system (except for the propionates αCH2 (171CH2 and 131CH2) 

and βCH2 (172CH2 and 132CH2) protons) and that can be easily identified in the 2D 1H-TOCSY 

spectra (Figure 2.14). The heme nomenclature is represented in Figure 2.14. 



Characterization of extracellular electron transfer components of Geobacter bacteria 

60 
 

 

Figure 2.14  Diagram of heme c, numbered according to the IUPAC-IUB nomenclature [78]  
Dashed and solid lines indicate the connectivities observed in NOESY and TOCSY spectra, 
respectively. 

As previously said, 2D 1H-NOESY experiments allow the detection of spatial correlation 

between nuclei that are typically closer than 5 Å [23]. Meso protons have some short-range 

intraheme connectivities and thus present a characteristic pattern in the 2D 1H-NOESY spectra. 

Protons 15H are not connected to either methyl groups or thioether substituents and are the 

most difficult meso protons to assign. Protons 20H are connected to two heme methyls (21CH3 

and 181CH3) and can be easily assigned. Finally, the most ambiguous assignment arises with the 

5H and 10H protons, since they both present connectivities with a thioether methine (31H or 

81H, respectively), a thioether methyl (32CH3 or 82CH3, respectively) and one heme methyl group 

(71CH3 or 121CH3, respectively). This ambiguity is solved by observing the connectivities 

between the heme methyls near the 20H protons (21CH3) with the closest thioether groups (31H 

or 32CH3), which are unequivocally assigned in the 2D 1H-TOCSY spectrum. This allows the 

connection between the 20H and 5H faces of each heme. The heme methyls 71CH3 are part of 

the 5H faces of the heme and also show connectivities with thioether groups (81H and 82CH3), 

which are in 10H faces. After the identification of these three heme faces, 15H protons can be 

identified by observing the connectivities between cross-peaks that connect 15H and 121CH3 or 

181CH3 protons. This strategy of assignment was initially described by Keller and Wüthrich [79] 

for the horse heart ferrocytochrome and later applied to multiheme ferrocytochromes by Turner 

et al. [80]. 



2  Thermodynamic characterization of PpcA from G. metallireducens 
 

61 

 

The NOE connectivities observed for PpcA from G. metallireducens in the reduced state 

(Figure 2.15) were previously assigned (pH 7.1, 100 mM ionic strength and 298 K) [19] and were 

used as a guide to distinguish the different heme faces and unequivocally assign the heme 

substituents at the new experimental conditions (pH 5.8, 250 mM ionic strength and 288 K). 

 

Figure 2.15  Interheme NOE connectivities observed in the 2D 1H-NOESY spectra of PpcA from 
G. metallireducens  The indicated NOE connectivities were observed at pH 7, 100 mM ionic strength, 
298 K. The heme core of PpcA from G. sulfurreducens (PDB ID: 2LDO [10]) is used as model and the 
IUPAC-IUB nomenclature for tetrapyrroles [78] is shown on heme IV. 

2.1.6  Assignment of the heme substituents signals in the oxidized state 

In the oxidized state, in addition to the ring-current effect, the intrinsic (from own heme) and 

the extrinsic (from neighbor hemes) paramagnetic contributions due to the presence of unpaired 

electrons, strongly contribute to the final observed chemical shift of the heme substituents. The 

intrinsic and extrinsic paramagnetic contributions of a heme substituent usually have two 

components: (i) the scalar contact shift (or Fermi contact shift), which is a through-bond effect 

and depends on the heme unpaired electronic distribution; and (ii) the dipolar pseudocontact 

shift, which is a spatial effect [81]. The magnitude of the observed paramagnetic shifts is mostly 

dominated by the contact contribution. 

In the oxidized form, the same type of signals are (i) differently affected by the paramagnetic 

centers, (ii) show different levels of broadness and (iii) are spread over the entire NMR spectral 

width, making their assignment more complex than for the diamagnetic reduced state. 
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The acquisition of 2D 1H,13C-HMQC spectra is usually used to assist the assignment of the 

heme substituents signals, since the dipolar shifts of the carbon nuclei attached to the pyrrole β-

carbons are very small and unlike the protons bonded to them, their Fermi contact shits are 

directly proportional to the spin density on the pyrrole β-carbons [82]. In 2D 1H,13C-HMQC 

spectra, there is overlap between the heme signals with those of the polypeptide chain, which 

are also displaced from their typical positions in paramagnetic proteins, making their 

assignment extremely complex as well. Although the assignment of the heme substituents is 

complex in the oxidized paramagnetic state, there are typical 1H-13C regions for some of the 

heme substituents (Figure 2.16). 

 

Figure 2.16  2D 1H,13C-HMQC spectra of PpcA from G. sulfurreducens at pH 5.5 and 298 K  The 
blue and black labels indicate the heme substituents and the polypeptide resonances, respectively. The 
peaks of the protons connected to the same carbon atom (CH2 groups) are linked by a straight line. 
This figure was adapted from [83]. 

The propionates αCH2 protons (171CH2 and 131CH2) are identified in the 2D 1H,13C-HMQC 

spectrum, whereas the intraheme connectivities with the propionates βCH2 (172CH2 and 

132CH2) are obtained from the analysis of a 2D 1H-TOCSY spectrum. This intraheme 

connectivities are then confirmed in the 2D 1H,13C-HMQC spectrum, at the typical region of 

propionates βCH2. 
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Finally, a 2D 1H-NOESY spectrum is used to identify the cross-peaks of each propionate 

proton with those of the closest heme methyl (181CH3 and 121CH3), as well as to identify the 

remaining cross-peaks existing between the different heme substituents, for each heme. Since 

the interheme NOE connectivities for the PpcA from G. metallireducens were previously 

identified [19], it is possible to distinguish the different hemes and complete the assignment in 

the paramagnetic form. 

This strategy of assignment, which gathers the analysis of 2D 1H,13C-HMQC, 2D 1H-TOCSY 

and 2D 1H-NOESY spectra, was previously described [11, 81, 84]. In this Thesis, the assignment 

of the hemes methyls and propionates 13C and 1H chemical shifts, in the oxidized state, was 

performed at pH 5.8 (288 K) and pH 8.1 (288 and 298 K). 

2.1.7  Thermodynamic model 

In multiheme cytochromes, the coexistence of several microstates in solution makes the study 

of the properties of the redox centers particularly complex. In the particular case of a triheme 

cytochrome, three consecutive reversible steps of one-electron transfer convert the fully reduced 

state (stage 0, S0) in the fully oxidized state (stage 3, S3) and, therefore, four different redox stages 

can be defined (Figure 2.17). At each stage, microstates are grouped with the same number of 

oxidized hemes. Additionally, within each microstate, the group responsible for the redox-Bohr 

effect may be protonated or deprotonated, leading to a total of 16 possible microstates. 
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Figure 2.17  Thermodynamic model of a triheme cytochrome  This figure is presented with the 
same features of Figure 1.10. Furthermore, the presented equations describe the energy parameters 
that allow the calculation of the global energy of each microstate. In these equations, G0H and G0 
represent the energies of the reduced protonated and deprotonated microstates, respectively. GijkH and 
Gijk represent the energies of the protonated and deprotonated microstates, respectively. For more 
details, see Equations 6 and 7, presented below. 

As a consequence of the close spatial disposition of the heme groups in small multiheme 

cytochromes, the redox potential of one heme is modulated by the oxidation state of its 

neighbors (redox interactions, gij, Figure 2.18). Moreover, the redox potential of the hemes can 

also be modulated by the pH (redox-Bohr effect). The magnitude of this effected is determined 

by the so-called redox-Bohr interactions (giH, Figure 2.18), which measure the effect of the 

protonation state of the redox-Bohr center (a protonable center, located in the vicinity of the 

hemes [85-88]) on the heme redox potentials. 
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Figure 2.18  Energy interactions in a triheme cytochrome with one redox-Bohr center  Schematic 
representation of the interaction network of a multiheme cytochrome with three hemes (numbered I 
(green), III (orange) and IV (blue)) and one redox-  The terms gij and giH 
represent the interaction energies between the hemes (ij) and between the hemes and the redox-Bohr 
center (H), respectively. The individual heme oxidation energies are represented as g1, g3 and g4, for 
hemes I, III and IV, respectively. The 10 energy parameters that describe the full interaction network 
and the global equations that describe the energy of each possible microstate are listed next to the 
figure. 

The fractional contribution of the 16 microstates, across the full range of pH and solution 

potential can be defined by 10 thermodynamic parameters: the three heme oxidation energies 

(reduction potentials), the pKa of the redox-Bohr center, the three interaction energies between 

each pair of hemes (redox interactions) and the three interaction energies between each heme 

and the redox-Bohr center (redox-Bohr interactions). 

The energy of each microstate relative to the reference microstate (fully reduced and 

protonated, P0H) is then given by a simple sum of the appropriate energy terms amongst the four 

independent centers, the six possible two-center interactions and one term that accounts for the 

effect of the solution potential (SFE) in the oxidation stage S (Equation 6), and another for the 

proton chemical potential (2.3RTpH) added for the deprotonated forms (Equation 7): 

𝐺𝑖𝐻 =  𝛴𝑔𝑖 +  𝛴𝑔𝑖𝑗 − 𝑆𝐹𝐸 (6) 

𝐺𝑖 =  𝐺𝑖𝐻 +  𝑔𝐻 +  𝛴𝑔𝑖𝐻 − 2.3𝑅𝑇𝑝𝐻  (7) 

In these equations, iH designates a particular protonated microstate with oxidized heme(s) 

group(s) i (i = 1-3); gi the energy of oxidation of heme i; gij the interaction energy between each 
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pair of hemes i and j; gH the deprotonation energy of the fully reduced protein; giH the energy of 

interaction between the hemes and the redox-Bohr center; S the oxidation stage (that 

corresponds to the number of oxidized hemes); F the Faraday constant; E the redox potential of 

the solution; R the molar gas constant and T the absolute temperature. 

The referred energy values can be converted to reduction potentials, which further facilitates 

data interpretation, using the Nernst equation (Equation 8): 

𝛥𝐺 =  −𝑛𝐹𝛥𝐸 (8) 

Finally, the fractional contribution of each microstate (Pi) can be determined by the 

Boltzmann equation (Equation 9): 

𝑃𝑖 = 𝑒−𝐺𝑖/𝑅𝑇 (9) 

In experimental terms, the thermodynamic parameters can be determined by combining data 

obtained from NMR and visible redox titrations. In order to obtain information about each 

microstate, it is necessary to monitor the stepwise oxidation of each individual heme at different 

pH values, which for the particular case of heme groups displaying identical optical properties 

(as in PpcA from G. metallireducens, which contains three low-spin c-type hemes) can be 

obtained with EXSY spectroscopy [89]. 

When the interconversion between microstates within the same oxidation stage 

(intramolecular electron exchange) is fast on the NMR time scale and the interconversion 

between microstates belonging to different oxidation stages (intermolecular electron exchange) 

is slow, the individual heme NMR signals can be discriminated. This allows for the separation 

of the peaks belonging to the same heme substituent at different stages of oxidation. On the 

other hand, the intermolecular electron exchange has to be fast enough for significant transfer 

to occur before the magnetization has decayed, so that exchange cross-peaks can be observed in 

the EXSY spectra [71]. 

This is only possible because the distribution of the paramagnetic shifts observed for each 

oxidation stage is governed by the relative microscopic reduction potentials of the heme groups, 

and thus provides information on the relative order of oxidation of the hemes [70, 89]. The 

substituents of each heme have different chemical shifts in the four macroscopic oxidation 

stages, and since these paramagnetic shifts are proportional to the degree of oxidation of that 

particular heme group, they can be used to monitor the oxidation of each heme throughout a 

redox titration. As the reoxidation of a multiheme protein proceeds, the heme methyl signals 
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become much shifted from the diamagnetic region of the spectra. Furthermore, the three-proton 

intensity of these signals facilitates their assignment. Therefore, these are the most adequate 

heme substituents to monitor the protein reoxidation process. However, this is only valid if the 

extrinsic paramagnetic shifts (the contributions of the paramagnetic interactions with the other 

heme groups in the protein) are negligible. 

Considering the above mentioned, at each pH, a methyl group of any heme, in the oxidation 

stage S, has a single peak with a determined chemical shift (𝛿𝑜𝑏𝑠
𝑖,𝑆 ). This shift depends on the 

populations of the microstates in which that heme is oxidized, weight-averaged according to the 

deprotonated and protonated populations (Equation 10  also see section 6.9): 

 

𝛿𝑜𝑏𝑠
𝑖,𝑆 =

(𝛿𝑖,3− 𝛿𝑖,0) ∑ 𝑝𝑖,𝑆+(𝛿𝐻
𝑖,3− 𝛿𝑖,0) ∑ 𝑝𝑖,𝑆

𝐻

∑ 𝑝𝑆
+  𝛿𝑖,0   (10) 

 

In this equation, 𝛿𝑖,0 is the observed chemical shift of the methyl i in the fully reduced protein 

and 𝛿𝑖,3 and 𝛿𝐻
𝑖,3 are those observed in the fully oxidized deprotonated and protonated protein, 

respectively. The chemical shift of the heme methyl in the fully reduced form is assumed to be 

independent of pH. ∑ 𝑝𝑖,𝑆 and ∑ 𝑝𝑖,𝑆
𝐻  are the sums over all the populations with heme i oxidized 

in stage S, with the redox-Bohr center being deprotonated and protonated, respectively; whereas  

∑ 𝑝𝑆 is the sum over all the populations (either protonated or deprotonated), for each stage S 

(see Figure 2.17 and 2.18). 

It is also possible to represent the averaged oxidation fraction for each heme (m), in each stage 

of oxidation (S), using a simple equation (Equation 11). This equation considers that at each 

pH, the paramagnetic shifts of one methyl group of each heme in oxidation stages 1 or 2, relative 

to the fully oxidized form (stage 3) follow the presented relationship: 

 

𝛴𝑚=1
3 (𝛿𝑜𝑏𝑠

𝑚,𝑆−𝛿𝑜𝑏𝑠
𝑚,0)

(𝛿𝑜𝑏𝑠
𝑚,3−𝛿𝑜𝑏𝑠

𝑚,0)
= 𝑆 (11) 

 

However, the NMR data obtained with redox titrations only defines the relative heme 

reduction potentials and heme redox interactions. To determine the absolute potentials, the total 

reduced protein fractions need to be measured through redox titrations followed by UV-visible 
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spectroscopy. The total reduced fraction (Equation 12) as a function of the solution potential 

for each pH value, can be represented by accounting the relative populations weighted by the 

number of reduced hemes: 

 

𝑅𝑒𝑑𝑢𝑐𝑒𝑑 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 =  
3 ∑ 𝑃𝑆,0+ 2 ∑ 𝑃𝑆,1 + ∑ 𝑃𝑆,2 

3 ∑ 𝑝𝑆
   (12) 

 

In this equation,  PS,0,  PS,1 and  PS,2 are the sums over all the populations in stages 0, 1 and 

2, respectively. 

In this Thesis, the chemical shifts of the different heme methyl groups at different stages of 

oxidation were assigned through redox titrations followed by NMR. Then, together with the 

data previously obtained from the UV-visible spectroscopy redox titrations [19], the 

experimental data were fitted to the presented thermodynamic model using a software developed 

by Turner et al. [71]. This software uses the Marquardt method [90] to simultaneously fit the 

NMR and UV-visible data in an iterative approach, targeting a minimization in the differences 

between the target function and the experimental data. The experimental uncertainty of the 

NMR data was evaluated from the line width of each NMR signal at half height and taken into 

account in the data fitting. Finally, the UV-visible data points were estimated to have an 

uncertainty of 3% of the total optical signal. 

2.2  Results and discussion 

2.2.1  Order of oxidation of the heme groups 

As described above, the individual heme oxidation profiles can be monitored by 2D 1H-EXSY 

NMR experiments, if the intra- and intermolecular electron exchange rates are fast and slow on 

the NMR time scale, respectively. The 2D 1H-EXSY NMR spectra obtained for the samples at 

intermediate levels of oxidation show that the cytochrome PpcA from G. metallireducens meets 

these requirements in the experimental conditions used, since the heme methyl signals can be 

followed throughout the different oxidation stages (Figure 2.19). 
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Figure 2.19  Illustration of the heme oxidation profiles for PpcA from G. metallireducens (pH 5.8, 
288 K)  The 1D 1H-NMR spectra, acquired at different stages of oxidation, illustrate the redox 
titration of the cytochrome. The peaks corresponding to the heme methyls 21CH3

I, 121CH3
III and 

21CH3
IV (labelled according to the IUPAC-IUB nomenclature for tetrapyrroles [78]) are marked by 

green, orange and blue circles, respectively. These heme methyls are also highlighted with the same 
color code in the heme core of PpcA from G. sulfurreducens (PDB ID: 2MZ9 [7]). In the expansions 
of the 2D 1H-EXSY NMR spectra, the cross-peaks resulting from intermolecular electron transfer 
between the different oxidation stages (0-3) are indicated by dashed lines for heme methyls 21CH3

I 
(green), 121CH3

III (orange) and 21CH3
IV (blue). 

The chemical shifts of the heme methyls in the reduced state constitute excellent starting 

points to monitor their variation up to their final position in the fully oxidized state. The 

assignment of the heme methyls signals in the reduced form was previously obtained at pH 7.1 

and 298 K [19]. In this Thesis, the assignment was redone at the experimental conditions used 

to monitor the heme oxidation profiles of PpcA from G. metallireducens (see Table 6.8). 
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However, when the hemes show a very small percentage of oxidation in the first oxidation 

steps, the variation in their chemical shifts is also very small, leading to exchange connectivities 

that are placed at or near the diagonal of the spectra. This is exactly the case for one of the heme 

groups in PpcA, as illustrated by the 2D 1H-EXSY NMR spectrum obtained at early stages of 

oxidation, in Figure 2.19. In fact, only connectivities between oxidation stages 0 and 1 for hemes 

I and IV could be observed. As discussed below, the first oxidation step is essentially dominated 

by the oxidation of heme IV, followed by heme I, which prevents the observation of 

connectivities between stages 0 and 1 for heme III. Consequently, it was not possible to monitor 

the stepwise oxidation of heme III, starting from the fully reduced state. 

In order to overcome this, the assignment of the heme methyls was also carried out in the 

fully oxidized state (as described in section 2.1.6). The assignment of the hemes methyls and 

propionates was carried at three different experimental conditions  (i) pH 8.1, 288 K (Figure 

6.3 and Table 6.5), (ii) pH 8.1, 298 K (Figure 6.4 and Table 6.6) and (iii) pH 5.8, 288 K (Figure 

2.20 and Table 6.7). 

 

Figure 2.20  2D 1H,13C-HMQC spectrum of PpcA from G. metallireducens at pH 5.8, 288 K  The 
heme methyls and propionates signals are identified in the spectrum, according to the IUPAC-IUB 
nomenclature for tetrapyrroles [78]. The peaks of the protons connected to the same carbon atom 
(CH2 groups) are linked by a straight line. The assignment table can be found in section 6.4.  
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The chemical shifts of the heme methyls in the oxidized state were then used to follow signals 

backwards to their position at intermediate oxidation states. This strategy allowed the 

monitorization of the stepwise oxidation of each heme in the pH range 5.8  8.9. As an example, 

the heme oxidation profiles of the cytochrome, at pH 5.8, are illustrated by the heme methyls 

21CH3
I, 121CH3

III and 21CH3
IV in Figure 2.19. The correspondent oxidation fractions were 

calculated using Equation 11 and the values are listed in Table 2.3 (also see section 6.6). 

Table 2.3  Redox-dependent heme methyl chemical shifts of PpcA from G. metallireducens at pH 
5.8, 288 K  The heme methyls 21CH3

I, 121CH3
III and 21CH3

IV were chosen to monitor each heme 
oxidation through the four oxidation stages (see text). The heme oxidation fractions, xi, in each stage 
of oxidation, were calculated according to the equation xi = (δi-δ0)/(δ3-δ0), where δi, δ0 and δ3 are the 
observed chemical shifts of the heme methyl in stage i, 0 (fully reduced) and 3 (fully oxidized), 
respectively. The value indicated in parenthesis was obtained from the fitting of the thermodynamic 
model. 

pH 5.8  Chemical shift (ppm)  xi  
∑ 𝒙𝒊 Oxidation 

stage 
 

21CH3
I 121CH3

III 21CH3
IV  21CH3

I 121CH3
III 21CH3

IV  

0  3.55 3.51 3.64  0.00 0.00 0.00  0 
1  6.91 (4.83) 11.02  0.20 0.11 0.68  0.99 
2  17.77 5.34 13.76  0.83 0.16 0.94  1.93 
3  20.70 15.18 14.45  1.00 1.00 1.00  3.00 

 
In the typical arrangement of the heme core of a triheme cytochrome (Figure 2.19), the 

selected methyl groups for each heme point away from neighboring hemes and, consequently, 

the extrinsic contribution to their chemical shifts from the oxidation of neighboring hemes is 

minimized. The analysis of Table 2.3 confirms that the extrinsic shifts for the selected heme 

methyls are not significant, since the sums of the oxidation fractions at each oxidation stage are 

close to integers and, therefore, each methyl reflects the oxidation state of its own heme [71, 89, 

91]. The heme oxidation fractions obtained at pH 5.8 show that heme IV clearly dominates the 

first oxidation step (68%). The largest fractional oxidation of heme I is obtained in the second 

step (63%), followed by heme III in the last step (84%). 

2.2.2  Thermodynamic properties of PpcA from G. metallireducens 

To determine the thermodynamic parameters of PpcA, the pH dependence of the heme 

methyl chemical shifts, in the pH range 5.8  8.9, together with the data from visible redox 
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titrations obtained at pH 7 and 8 [19], was fitted to the model summarized previously (Figure 

2.21). 

 

Figure 2.21  Fitting of the thermodynamic model to the experimental data for PpcA from G. 
metallireducens - The solid lines are the result of the simultaneous fitting of the NMR and visible data. 
The upper figures show the pH dependence of heme methyl chemical shifts at oxidation stages one 
(triangles), two (squares) and three (circles). The chemical shift of the heme methyls in the fully 
reduced stage (stage 0) are not plotted since they are unaffected by the pH. The bottom figure 
corresponds to the reduced fraction of the cytochrome, determined by visible spectroscopy at pH 7 
(circles) and pH 8 (squares). The open and filled symbols represent the data points in the reductive 
and oxidative titrations, respectively.  
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The quality of the fitting obtained clearly shows that the thermodynamic properties of PpcA 

are well described by the model. The thermodynamic parameters and the macroscopic pKa 

values associated with the four stages of oxidation are indicated in Table 2.4.  

Table 2.4  Thermodynamic parameters (mV) of the fully reduced and protonated form of PpcA, 
obtained at 288 K and 250 mM ionic strength  Diagonal terms (in bold) represent the redox 
potentials of the three hemes and the redox potential of the redox-Bohr center, in the fully reduced 
and protonated protein. Off-diagonal values are the redox (heme-heme) and redox-Bohr (heme-
proton) interaction redox potentials. The standard errors are given in parenthesis. All the redox 
potentials presented are relative to NHE. The pKa values of the redox-Bohr center, at the different 
oxidation stages, are also indicated.  

  Redox potential (mV) 
 Heme I Heme III Heme IV Redox-Bohr center 

Heme I  -80 (6) 35 (4) 2 (5) -22 (6) 
Heme III   -70 (7) 33 (7) -23 (7) 
Heme IV    -113 (6) -49 (6) 

Redox-Bohr center     477 (13) 

pKa 
 Stage 0 Stage 1 Stage 2 Stage 3 
 8.1 7.3 6.9 6.5 

 

The macroscopic pKa values of the fully reduced and oxidized states of the protein are given 

by Equations 13 and 14, respectively (see section 2.1.7):  

 

𝑝𝐾𝑎 (𝑆𝑡𝑎𝑔𝑒 0) =  𝑔𝐻𝐹/(2.3𝑅𝑇) (13) 

 

𝑝𝐾𝑎 (𝑆𝑡𝑎𝑔𝑒 1 − 3) = (𝑔𝐻 + 𝛴𝑖=1
3 𝑔𝑖𝐻)𝐹/(2.3𝑅𝑇) (14) 

 

The parameters show that the microscopic reduction potentials of the hemes are different and 

negative: -80, -70 and -113 for hemes I, III and IV, respectively. Compared with the data 

available for homologous cytochromes, the reduction potentials of the hemes in PpcA from G. 

metallireducens are considerably less negative, though at a smaller extent for heme IV (Table 

2.5). 
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Table 2.5  Heme reduction potentials of triheme cytochromes from G. metallireducens (Gm), G. 
sulfurreducens (Gs) and Desulfuromonas acetoxidans (Da) in the fully reduced and protonated state 
 The presented values are relative to NHE and were calculated at 288 K. 

Cytochrome 
Heme reduction potentials (mV) 

Heme I Heme III Heme IV 
GmPpcA (this Thesis) -80 -70 -113 

GsPpcA [6] -154 -138 -125 
GsPpcB [6] -150 -166 -125 
GsPpcD [6] -156 -139 -149 
GsPpcE [6] -167 -175 -116 
Dac7 [60] -201 -200 -142 

 

The structural analysis carried out by the comparison of the heme substituents and backbone 

NMR chemical shifts of PpcA from G. metallireducens, with those obtained for the homologous 

cytochrome from G. sulfurreducens in a previous study, showed that the non-conserved residues 

are responsible for important local conformational changes in the vicinity of hemes I and III 

[19], which might explain the differences observed in the reduction potential values of the 

hemes.  

The thermodynamic parameters of PpcA from G. metallireducens also showed that the redox 

interactions for each pair of hemes are positive, indicating that the oxidation of one heme makes 

difficult the oxidation of its neighbor. As expected from the heme core architecture (Figure 

2.19), the higher redox interaction values are of the same magnitude and are observed for the 

closest pairs of hemes: I-III (35 mV) and III-IV (37 mV). Furthermore, the redox-Bohr 

interactions are negative, which indicates that the removal of proton(s), upon deprotonation of 

the redox-Bohr center, lowers the affinity for electrons by the heme groups (lower reduction 

potential values) and vice-versa. Heme IV shows the highest redox-Bohr interaction (-49 mV), 

which suggests that the redox-Bohr center is located in its vicinity. This was independently 

confirmed by the analysis of the pH dependence of all heme methyl chemical shifts, which 

showed that methyl 121CH3
IV is clearly the most affected one (Figure 2.22). The full pH titration 

of the cytochrome, in the oxidized state, is presented in section 6.5 (Figures 6.5-6.7). The pH 

dependence analysis was carried out by comparing the values of the heme methyls chemical 

shifts at pH 5.8 and pH 8.1. 
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Figure 2.22  pH dependence of the heme methyl proton chemical shifts of PpcA from G. 
metallireducens in the oxidized state  The chemical shift variations were calculated between pH 8.1 
and 5.8. The green, orange and blue bars represent the variations observed for the hemes I, III and IV 
methyls, respectively. The complete lists of the assigned heme methyls are provided in section 6.4. 

2.2.3  The effect of pH on the heme oxidation profiles 

Previously, it was shown that the cytochrome PpcA from G. metallireducens has visible redox 

titration curves that are pH dependent (redox-Bohr effect) [19]. The data obtained in this Thesis 

clearly confirms this observation, since the macroscopic pKa values of the redox-Bohr center are 

significantly different in the reduced and oxidized states (8.1 and 6.5, respectively  Table 2.4). 

From the thermodynamic parameters (Table 2.4), it is possible to establish the order of oxidation 

of the hemes for the fully reduced and protonated protein, which is IV-I-III (-113, -80 and -70 

mV, respectively). As mentioned before, the negative redox-Bohr interactions decrease the 

affinity of the hemes for electrons. This is, in fact, reflected in the heme reduction potentials of 

the fully reduced and deprotonated protein, which can be obtained by the simple sum of the 

heme reduction potentials of the fully reduced and protonated state with their respective redox-

Bohr interactions: -162, -102 and -93 mV for hemes IV, I and III, respectively (Table 2.4). 

Since the solution pH modulates the affinity of the hemes for electrons in PpcA, the individual 

heme oxidation profiles were analyzed, inside and outside the physiological pH range (Figure 

2.23). 
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Figure 2.23  Redox dependence of the heme oxidation fractions of PpcA from G. metallireducens 
at different pH values  The curves (green, orange and blue for hemes I, III and IV, respectively) were 
calculated as a function of the solution reduction potential (relative to NHE) using the parameters 
listed in Table 2.4. The midpoint reduction potentials of the hemes (eapp) are also indicated. The arrow 
highlights the deviation from a pure Nernst curve.  

The shape of the heme redox curves differs from a pure Nernst curve, which indicates that 

the heme electron affinity is also modulated by the heme-heme redox interactions. This is 

particularly notorious for heme III at pH 5 (see arrow in Figure 2.23). In fact, at low pH, the eapp 

values (i.e. the point at which the oxidized and reduced fractions of each heme group are equally 

populated) of the first two hemes to oxidize (hemes I and IV) are close to each other. 

Consequently, as their oxidation progresses, the oxidation curve of heme III shifts to higher 

reduction potential values, as a result of the large redox interactions with hemes I and IV (35 

and 37 mV, respectively). 

Overall, the individual heme oxidation profiles in the pH range 5 to 9 show that the relative 

order of oxidation remains unaltered (Figure 2.23). This is explained by the largest redox-Bohr 

interaction showed by heme IV (-49 mV), the first heme to oxidize, compared to the nearly 

identical redox-Bohr interactions of hemes I and III (-22 and -23 mV, respectively). Although 

the order of oxidation of the heme groups is independent from the pH, the redox-Bohr center 

still plays a role in the modulation of the eapp values, as they decrease with the solution pH 

(Figure 2.23). Due to the higher redox-Bohr interaction, this is particularly notorious for the 

heme IV curve, which progressively deviates from those of the other hemes, with the increase of 

pH (Figure 2.23). 

2.2.4  Functional mechanism of PpcA at physiological pH 

The redox-Bohr effect is functionally relevant if observed at the physiological pH range for 

cellular growth. The optimal growth for G. metallireducens cells occurs between pH 7 and 8 [92, 
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93]. Therefore, to further rationalize the effect of the protonation/deprotonation of the redox-

Bohr center in the functional mechanism of the cytochrome PpcA, the fractional contributions 

of the 16 microstates were determined at pH 5, 7 and 9, in order to obtain functional mechanistic 

insights on the electron transfer pathways of the protein (Figure 2.24A). 

 

Figure 2.24  Electron/proton transfer pathways of PpcA from G. metallireducens  (A) Redox 
dependence of the molar fractions of the 16 microstates of the cytochrome, at different pH values. The 
curves were calculated as a function of the solution reduction potential (relative to NHE) using the 
parameters listed in Table 2.4. Solid and dashed lines indicate the protonated and deprotonated 
microstates, respectively. For clarity, only the dominant microstates are labelled. (B) Preferential 
electron/proton coupled transfer pathway of PpcA from G. metallireducens, at physiological pH. The 
figure is represented with the same features of Figure 2.17, although in a simpler extend, for clarity. 
The dominant microstates are highlighted by red circles. 

The analysis of Figure 2.24A shows that the relevant microstates are quite distinct at different 

pH values. At values outside the physiological pH range, the dominant microstates are all 

protonated (pH 5) or deprotonated (pH 9). However, at pH 7, stage 0 is dominated by the 

protonated form P0H and stage 1 is dominated by the oxidation of heme IV (P4H), while keeping 

the redox-Bohr protonated. Stage 2 is then dominated by the oxidation of heme I and 

deprotonation of the acid-base center (P14), which remains deprotonated in stage 3 (P134). 

Therefore, at pH 7, the following route is defined for the electrons: P0H → P4H → P14 → P134 

(Figure 2.24B). This clearly indicates that at physiological pH, a concerted e-/H+ transfer occurs 

between oxidation stages 1 and 2. 
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2.2.5  Functional comparison with the homologous PpcA from G. sulfurreducens 

The optimal growth of Geobacter bacteria occurs at pH values between 7 and 8 [92, 93]. G. 

metallireducens and G. sulfurreducens have similar optimal growth conditions and there are 

evidences that the bacterial growth is severely affected with slight pH changes (down to one pH 

unit) [94]. Direct measurements of the periplasmic pH in the Gram-negative bacterium E. coli 

showed that the periplasmic pH remains at or near the pH of the external medium [95]. 

Therefore, it is reasonable to assume that in Gram-negative Geobacter bacteria, the periplasmic 

pH would also be close to that of the external medium. 

In this section, the functional properties of the homologous PpcA cytochromes from G. 

metallireducens and G. sulfurreducens are analyzed and compared at pH 7. In Table 2.6, some 

of the main thermodynamic features of these two cytochromes are presented. 

Table 2.6  Thermodynamic parameters of the fully reduced and protonated forms of PpcA from 
G. metallireducens (Gm) and PpcA from G. sulfurreducens (Gs), obtained at 288 K and 250 mM 
ionic strength  Redox potentials are relative to NHE. Standard errors are given in parenthesis. The 
pKa values of the different oxidation stages were obtained from Equations 13 and 14. 

 Redox centers PpcA Gm PpcA Gs [96] 

Heme redox 
potentials (mV) 

I -80 (6) -154 (5) 
III -70 (7) -138 (5) 
IV -113 (6) -125 (5) 

Heme-heme redox 
interactions (mV) 

I-III 35 (4) 27 (2) 
I-IV 3 (5) 16 (3) 

III-IV 37 (7) 41 (3) 

Redox-Bohr 
interactions (mV) 

I-H -22 (6) -32 (4) 
III-H -23 (7) -31 (4) 
IV-H -49 (6) -58 (4) 

pKa 

Stage 0 8.1 (0.1) 8.6 (0.1) 
Stage 1 7.3 (0.1) 8.0 (0.1) 
Stage 2 6.9 (0.1) 7.2 (0.1) 
Stage 3 6.5 (0.1) 6.5 (0.1) 

 
The analysis of Table 2.6 shows that, in general, the thermodynamic parameters of the two 

proteins are comparable. This is expected considering their amino acid sequence identity (80%), 

as well as the conservation of the heme core and heme axial coordinations. Interestingly, in both 

proteins, the strongest redox-Bohr interactions occur with heme IV. The carboxylate group of 

heme IV propionate 13 (P13
IV) was suggested to be the redox-Bohr center of PpcA from G. 
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sulfurreducens [5]. Considering the high homology between both cytochromes, the conservation 

of the heme IV architecture [19], as well as the equivalent magnitude of the redox-Bohr 

interactions, this propionate is most likely the acid-base center of the PpcA from G. 

metallireducens, as well. 

Despite this, the variation of the heme reduction potentials values, which reflect local changes 

in the surrounding environments of hemes I and III, leads to a different order of oxidation at 

pH 7: IV-I-III for PpcA from G. metallireducens and I-IV-III for PpcA from G. sulfurreducens. 

This also has an impact in the dominant microstates at each oxidation stage (Figure 2.25). 

 

Figure 2.25  Preferential electron/proton coupled transfer pathways in the homologous PpcA 
cytochromes from G. metallireducens (Gm) and G. sulfurreducens (Gs) at physiological pH (pH 7) 
 The figure is represented with the same features of Figure 2.17, with the only difference being the 

highlighted (red circles) dominant microstates that are part of the preferential electron/proton transfer 
pathways of both cytochromes.  

 It is important to note that despite the differences observed in the order of oxidation of the 

hemes, both cytochromes display a preferential electron/proton pathway and, therefore, 

contribute to e-/H+ energy transduction processes at physiological pH. The comparison between 

the preferential pathways of electron transfer in G. metallireducens (P0H → P4H → P14 → P134) 

and G. sulfurreducens (P0H → P1H → P14 → P134 [96]) also shows that the proteins are designed 
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to assure a directional electron transfer to acceptors, involving the same dominant microstates, 

except those of the first oxidation stage (P4H and P1H for G. metallireducens and G. sulfurreducens, 

respectively), as result of the change in the reduction potential values of heme I. 

The ability of these cytochromes to transfer H+ may represent additional mechanisms 

contributing to the proton electrochemical potential gradient across the periplasmic membrane 

that drives ATP synthesis, as previously suggested [96]. In fact, it has been proven that the use 

of extracellular electron acceptors (instead of the usual soluble electron acceptors, such as 

fumarate) by Geobacter bacteria leads to a decrease in biomass production, due to the dissipation 

of the membrane potential by cytoplasm acidification [97]. In contrast, the cytoplasmic H+ 

produced from acetate oxidation are consumed in the cytoplasm when fumarate is the terminal 

electron acceptor. Through metabolic simulation studies, Mahadevan and co-workers [97] 

showed that cellular growth in the presence of insoluble electron acceptors is only possible when 

additional e-/H+ coupling mechanisms are present (when compared with the number of 

mechanisms existing in cellular growth with fumarate respiration). These additional 

mechanisms most likely involve the coupling of electron transfer to periplasmic cytochromes 

with proton translocation, leading to additional membrane potential and consequent ATP 

production by ATP synthase. Although there are no studies that show how G. metallireducens 

metabolically behaves outside the physiological pH, one may infer that the bacterium is going 

to have a similar behavior to G. sulfurreducens. In a study involving the PpcA and PpcD 

cytochromes from G. sulfurreducens [96], it was suggested that G. sulfurreducens probably 

becomes metabolically inactive at pH 6 or lower because of the insufficient proton translocation 

across the IM at those conditions, which is related with the fact that those periplasmic 

cytochromes only perform e-/H+ at pH values between 7-8 [94, 98-100]. This hypothesis further 

supports the importance of the PpcA cytochrome in the metabolic regulation of G. 

metallireducens. 
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2.3  Conclusions 

In this Chapter, NMR and visible spectroscopic data were used to probe the functional 

properties of the triheme cytochrome PpcA from G. metallireducens. In order to achieve this, 

the assignment of the heme methyl NMR signals was carried out for the fully reduced and 

oxidized states. These assignments constituted the starting points for the thermodynamic 

studies, performed by probing the heme methyl chemical shift variation during the protein 

oxidation at different pH values. These data, together with data obtained from visible redox 

titrations, were fitted with the thermodynamic model that allowed the determination of the 

heme reduction potentials, the heme interactions and the properties of the redox-Bohr center. 

The results obtained showed that the heme reduction potentials of the cytochrome PpcA are 

modulated by heme-heme interactions and by interactions with the redox-Bohr center, located 

in the vicinity of heme IV (probably the carboxylate group of the P13
IV). The order of oxidation 

of the hemes is pH independent, however, the cytochrome is designed to perform e-/H+ within 

the cellular optimal pH range for growth, reinforcing the physiological significance of the redox-

Bohr effect observed. 

A comparative analysis with the PpcA from G. sulfurreducens demonstrated that the 

homologous cytochromes may have similar functions, participating in electron transfer and 

contributing to additional membrane potential and consequent ATP production. However, the 

homologous cytochromes possess some different functional features that would be interesting 

to explore, considering the high sequence identity between the two cytochromes (80%). This 

would lead to a better understanding of how the polypeptide chain of closely related proteins 

uniquely modulates the properties of their cofactors to assure effectiveness in their respective 

metabolic pathways. In fact, the data obtained suggests that although the G. sulfurreducens and 

G. metallireducens bacteria are very similar, the last one is optimized to probably function at less 

negative redox potential windows. Since previous studies on G. sulfurreducens biofilms have 

shown that the electrochemical responses are mainly driven by the highly abundant periplasmic 

cytochromes (such as PpcA) [101-103], one can conclude that the higher reduction potential 

values of the cytochrome PpcA from G. metallireducens also suggest that in this bacterium, the 

electron transfer from cytoplasmic electron donors towards periplasmic cytochromes is 

accomplished with higher driving force, conferring extracellular electron transfer directionality. 
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3  Expression, purification and biochemical characterization of GSU0105  

In 2006, Ding and co-workers [1] highlighted a group of three cytochromes (GSU0105, 

GSU0701 and GSU2515) that are highly expressed in Fe(III) reducing conditions, but are not 

expressed at all in cultures grown on fumarate, linking them directly with EET networks. 

GSU0105 has three CXXCH heme binding motifs and by analyzing its amino acid sequence 

with a protein subcellular localization prediction software (LocTree 3 [2]), it was concluded that 

the cytochrome is most probably located on the periplasm. GSU0701 (also designated as OmcJ), 

on the other hand, is predicted to be located in the OM of G. sulfurreducens, having six CXXCH 

heme binding motifs [3]. Finally, GSU2515 is a monoheme cytochrome [1], predicted to be 

located either on the periplasm or in the OM of the bacterium [4]. 

Taking advantage of the expression and purification protocols developed for the periplasmic 

cytochromes from G. sulfurreducens [5, 6], GSU0105 was thought as the best candidate for initial 

expression and purification tests. By analyzing GSU0105 amino acid sequence, it is possible to 

infer that the heme axial coordination is necessarily different from the cytochromes belonging 

to the PpcA-family (Figure 3.1), which all have His-His c-type heme groups [7]. 

 

Figure 3.1  Amino acid alignment of the PpcA-family cytochromes (PpcA, PpcB, PpcC, PpcD and 
PpcE) with the periplasmic cytochrome GSU0105  The conserved residues in the PpcA-family are 
highlighted with blue boxes. The heme-attached residues (from the CXXCH heme binding motif, plus 
the distal histidines of each heme confirmed for the PpcA-family cytochromes) are highlighted in 
orange boxes. 

Besides the three histidine residues included on the CXXCH binding motifs, there is only one 

free histidine residue (His20), meaning that only one of the GSU0105 heme groups can have a 

His-His coordination. As described in Chapter 1, c-type hemes can be distally coordinated by 
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methionine, histidine, asparagine, tyrosine, lysine residues and/or have the distal position of the 

heme transiently vacant. Therefore, there are many possible scenarios for the axial coordination 

of two out of the three hemes of GSU0105, making this cytochrome a very interesting target for 

biochemical, biophysical and structural studies. 

The analysis of Figure 3.1 shows that GSU0105 has very low sequence identity with all the 

cytochromes of the PpcA-family. Surprisingly, the main biochemical features of concern for its 

purification are remarkably similar with those cytochromes (Table 3.1). GSU0105 is 

biochemically similar to all the PpcA-family cytochromes in terms of isoelectric point and 

molecular weight. 

Table 3.1  Biochemical characteristics of periplasmic cytochromes from G. sulfurreducens  The 
presented molecular weights are approximated. The isoelectric points were all theoretically predicted 
using the Compute pI/MW tool, from ExPASy  Swiss Institute of Bioinformatics 
(https://www.expasy.org). 

Protein Gene Residues Molecular weight (kDa) Isoelectric point 
GSU0105 GSU0105 72 9.7 9.2 

PpcA GSU0612 71 9.6 9.2 
PpcB GSU0364 71 9.6 9.0 
PpcC GSU0365 75 9.6 8.8 
PpcD GSU1024 71 9.6 9.0 
PpcE GSU1760 70 9.7 9.5 

 

By the time this Thesis started, GSU0105 was already cloned into the vector pVA203 [7, 8] 

with the sequence presented in Figure 3.1. In this Chapter, the work developed in the 

optimization of the expression and purification protocols of this cytochrome is discussed and a 

preliminary biochemical and functional characterization is presented. 

 

 

 

 

 

https://www.expasy.org/
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3.1  Materials and methods 

3.1.1  Expression and purification 

The expression of GSU0105 was performed in different E. coli strains (BL21 (DE3), JM109 
and SF110) containing the plasmid pEC86. These cells were transformed with the plasmid 

pGSU0105 (containing the gene GSU0105, encoding for GSU0105 cytochrome, an ampicillin 

resistance gene, a lac promoter and an OmpA leader sequence [9]) and grown in 2xYT media 

supplemented with 34 µg/mL chloramphenicol and 100 µg/mL ampicillin, to an OD600 of 

approximately 1.5 at 30 oC. Then, protein expression was induced either with 10 or 100 µM of 

IPTG and the cultures were left growing at 24 or 30 oC overnight. 

After overnight incubation, cells were harvested by centrifugation at 6400 xg for 20 minutes, 

at 4 oC. The cell pellet was gently resuspended in 30 mL of lysis buffer (20% sucrose, 100 mM 

Tris-HCl pH 8, 0.5 mM EDTA, containing 0.5 mg/mL of lysozyme), per liter of initial cell 

culture. After 15 minutes of incubation at room temperature, 30 mL of pre-cooled water were 

added to the cell suspension, which was then left incubating on ice for 15 minutes. Following 

that step, the suspension was centrifugated at 14700 xg for 20 minutes, at 4 oC. The supernatant 

constituted the periplasmic fraction, which was ultracentrifugated at 150000 xg for 1 hour, at 4 
oC. The final supernatant was dialyzed against 2 x 4.5 L of 10 mM Tris-HCl pH 8, using a 

Spectra/Por dialysis membrane (MWCO: 3.5 kDa), and then loaded onto either 2 x 5 mL Bio-

ScaleTM Mini UNOsphereTM S cartridges (Bio-Rad) or 2 x 5 mL HiTrap SP HP cartridges (GE 
Healthcare), equilibrated with the same buffer. The protein was eluted with a sodium chloride 

gradient (0-300 mM). The obtained fractions were evaluated by SDS-PAGE (15% 

acrylamide/bis-acrylamide), stained either for hemes (TMBZ staining) or with BlueSafe (see 

protocol for both types of staining in section 6.2). The fractions containing the protein were 

concentrated to 1 mL in Amicon Ultra centrifugal filter units (Ultra-4, MWCO 3 kDa) and 

equilibrated with 100 mM sodium phosphate buffer pH 8, before being injected in a XK 16/70 

Superdex 75 molecular exclusion column, equilibrated with the same buffer. Both 

chromatography steps were performed on an ÄKTA Pure system and the final protein purity 

was evaluated by SDS-PAGE. The concentration of the cytochrome was determined by 

measuring the absorbance of the reduced form at 552 nm, using the extinction coefficient of 

97.5 mM-1 cm-1, determined for PpcA from G. sulfurreducens. The UV-visible absorption spectra 

of GSU0105 were acquired in the oxidized and reduced (achieved with addition of sodium 

dithionite) states in a Thermo Scientific Evolution 201 spectrophotometer. The measurements 

were made with a quartz cuvette (Helma), with 1 cm path length, at room temperature.  
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3.1.2  NMR studies 

3.1.2.1  Sample preparation 

Protein samples were prepared with approximately 350 µM concentration, in 32 mM 

phosphate buffer, pH 8, with NaCl (100 mM of final ionic strength). The buffer was prepared 

either in pure 2H2O (CIL isotopes) or in 90% H2O/10% 2H2O. In the first case, the protein 

samples were prepared after liophylization.  The pH values of the samples were measured with 

a glass micro electrode and were not corrected for isotope effects. For sample reduction, the 

NMR tubes were sealed with a gas-tight serum cap and the air was flushed out from the sample 

with argon (Gasin). Then, two different approaches were used: (i) the samples were reduced 

directly in the NMR tube with gaseous hydrogen (Air Liquide) in the presence of catalytic 

amounts of hydrogenase from Desulfovibrio vulgaris (Hildenborough); or (ii) the samples were 

reduced with direct addition of sodium dithionite in small aliquots from a degassed stock 

solution, prepared in the sample buffer (in 2H2O). These additions were made either by using 

an Hamilton syringe or by direct addition inside an anaerobic glove box (MBraun) with O2 

levels kept under 0.5 ppm, with argon circulation. 

3.1.2.2  NMR experiments 

All the NMR experiments were acquired in a Bruker Avance III 600 MHz spectrometer 

equipped with a triple-resonance cryoprobe (TCI) and processed using TopSpin3.5.7TM (Bruker 

BioSpin, Karlsruhe, Germany). The 1H chemical shifts were calibrated using the water signal as 

internal reference. 

3.1.2.2.1  Reduced state experiments 

1D 1H-NMR spectra were acquired in a partial reduced state (see section 3.2.2), at 298 K. The 

spectra were acquired with 32k data points, a spectral width of 30 kHz, with a total of 1024 

transients and water pre-saturation.  

3.1.2.2.2  Oxidized state experiments 

1D 1H-NMR spectra were acquired in the oxidized state, at 298 K. The spectra were acquired 

with 32k data points, a spectral width of 96 kHz, with a total of 8192 transients and water pre-

saturation.  
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3.1.3  Electrochemistry 

3.1.3.1  Fundamentals 

Electrochemistry is a dynamic science, whose beginnings date back to the 18th century, when 

the Italian physician Luigi Galvani described the connection between chemical reactions and 

De Viribus Electricitatis in Motu Musculari Commentarius [10]. 

Electrochemistry may be defined as the study of chemical reactions used to produce electric 

power or, alternatively, the use of electricity to affect chemical processes or systems [11]. Hence, 

electrochemistry can be seen as the relationship between electricity and chemistry, namely the 

measurements of electric quantities, such as current, potential, charge and their relationship to 

several chemical parameters. These chemical reactions, involving the transfer of electrons to and 

from molecules or ions, are often referred to as redox (reduction/oxidation) reactions [12]. 

In electrochemistry, unlike other techniques of chemical measurements that involve 

homogenous bulk solutions, reactions are heterogeneous in nature, as they take place at 

interfaces, usually electrode-solution boundaries. The electrode creates a phase boundary that 

differentiates otherwise identical solute molecules in (i) those at a distance from the electrode 

and (ii) those close enough to the surface of the electrode in order to participate in the electron 

transfer process [11].  

Electrochemical responses or signals are divided in two main types: (i) faradaic or redox 

signals, which are caused by changes in the redox state of the analyte and that obey the Faraday 

-

differential capacitance of the electrode double layer, due to the adsorption, desorption or 

reorientation of the sample on the electrode surface [12]. 

There are several electrochemical methods to detect these types of signals, namely controlled-

potential and controlled-current ones [11]. Voltammetric methods (controlled-potential 

methods) are based on the monitorization of the changes in current of the sample, depending 

on the applied potential (against the potential of the reference electrode) at the working 

electrode. The potential versus time apparatus defines the voltammetric mode. Basic 

voltammetric methods are linear sweep voltammetry, cyclic voltammetry (CV), differential pulse 

voltammetry, square wave voltammetry and alternating current voltammetry. Controlled-

current (galvanostatic) methods are based on the application of a current on the working 

electrode, while the differences in potential are monitored in a time dependent manner [13]. 
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In this Thesis, the method used was CV. This technique is the most widely used for 

approaching qualitative information about electrochemical reactions (thermodynamics of redox 

processes, coupled chemical reactions and adsorption processes). CV consists of scanning 

linearly the potential of a stationary working electrode, using a triangular potential waveform 

(Figure 3.2) [12]. 

 

 

Figure 3.2  Potential-time excitation signal in a cyclic voltammetric experiment  Every cycle in a 
CV experiment is composed of a forward scan and a reverse scan. In the forward and reverse scans, 
reduction and oxidation reactions occur, respectively. This image was taken from [12]. 

Depending on the information sought, single or multiple cycles can be used. During the 
potential sweep, the potentiostat measures the current resulting from the applied potential. The 

resulting current-potential plot is termed a cyclic voltammogram. The cyclic voltammogram is 

a complicated, time-dependent function of a large number of physical and chemical parameters 

[12]. In Figure 3.3, it is possible to see the expected response of a reversible redox couple during 

a single potential cycle. It is assumed that only the oxidized form O  is present initially. Thus, 

a negative-going potential scan is chosen for the first half-cycle, starting from a value where no 

reduction occurs. 
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Figure 3.3  Typical cyclic voltammogram for a reversible redox couple, during a single potential 
cycle  In the 
the redox pair, respectively. In cyclic voltammetry, the anodic peaks (resulting from oxidation 
reactions) are positive and the cathodic peaks (resulting from reduction reactions) are negative. This 
figure was adapted from [12]. 

As the applied potential approaches the characteristic E0 (standard reduction potential) for 

the redox process, a cathodic current begins to increase, until a peak is reached. After traversing 

the potential region in which the reduction process takes place, the direction of the potential 

sweep is reversed. During 
half- , resulting in an anodic 

peak. 

3.1.3.2  Protein electrochemistry 

The several advantages of electrochemical methods (low cost, rapidity and sensitivity) make 

them very promising in the growing fields of proteomics and biomedicine. Electrochemistry of 

proteins is based on (i) the investigation of the redox properties of non-protein particles 

conjugated to protein molecules, (ii) the application of various labels attached to the protein 

molecule and on (iii) label-free investigation of non-conjugated proteins, which is related only 

on their intrinsic electroactivity [14].  
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Protein electrochemistry experiments are usually carried out using a potentiostat in 

conjunction with electrochemical cells, where the different electrodes, sample and electrolyte are 

placed. Electrochemical cells are vessels in which electrochemical measurements are performed. 

Depending on the experimental requirements, these cells can be of various types and have 

different compartments. The most common type of cells are the ones with three-electrode 

systems, which consist of (i) the working electrode, on which the electrochemical reaction 

occurs, (ii) the reference electrode, which is not affected by changes in current during the 

electrochemical reaction and (iii) the auxiliary electrode, which is used to ensure a flowing 

current to close the circuit. These cells usually contain stirring systems and argon inlet entrances, 

for pressing out oxygen and allow experiments to be run in low oxygen environments [12]. 

There are many types of working electrodes, with the most common ones being metal and 

carbon-based electrodes [12, 15-21]. An ideal working electrode needs to have the following 

characteristics: (i) technical stability, (ii) chemical inertness, (iii) homogeneity, (iv) large 

hydrogen overpotential, (v) capability of chemical modification in service of specific analyte 

investigation, (vi) non-toxicity, (vii) durability, (ix) low cost maintenance and (x) appropriate 

surface properties. Every working electrode has its advantages and disadvantages and in some 

electrochemical experiments, it is useful to combine various types of working electrodes, in order 

to overcome and compensate those individual disadvantages. The type(s) of working 

electrode(s) depends on the nature of the investigated analyte [12]. 

The potential of the reference electrodes is constant, known and independent of the 

investigated sample conditions. The most commonly used reference electrodes are the silver 

chloride (Ag/AgCl, 3M KCl) and the saturated calomel (Hg/Hg2Cl2, saturated KCl) electrodes 

[12]. Furthermore, the auxiliary electrodes are usually made of well-conductive and inert 

materials, such as platinum [12]. The potentiostat controls the potential difference between the 

working electrode and the reference electrode. Usually, in these experiments, it is important to 

include in the cell solution a large quantity usually has 

inert salt concentrations three orders of magnitude higher than the concentration of the active 

species in study [22]. In protein electrochemistry, it is very common to use pyrolytic graphite 

(PG) electrodes, since they have been proved to be especially useful for probing redox-active 

proteins [23]. Rather than measuring the electrochemical response associated with a transient 

adsorption event, proteins can be immobilized, often irreversibly, on the electrode surface. The 

proteins on PG usually maintain their native function after immobilization, possibly due to the 

diversity of aromatic and oxo species present in the surface and their similarity 

natural environment [14, 23, 24]. Furthermore, the immobilization removes macromolecular 
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diffusion from electrochemical measurements, which greatly simplifies the interpretation of 

protein voltammetry data and allows analyses to be carried out until sub-picomole amounts of 

protein sample [25, 26]. 

CV was used to study the intrinsically electroactive protein GSU0105, in order to get initial 

insights on the redox potentials of the different hemes. 

3.1.3.3  Electrochemical studies 

The electrochemical assays for GSU0105 were performed using a µAUTOLAB type III 

potentiostat, in a single compartment electrochemical cell (Metrohm) with a three electrodes 

configuration, inside a Faraday cage. PG disk was used as working electrode (3 mm diameter). 

A platinum wire and a Ag/AgCl (3M, KCl) were the counter and reference electrodes, 

respectively. The working electrode was polished with alumina of different grades (0.3 and 1 

µm, from Buehler), then immersed in Millipore water in an ultra-sound bath and, finally, 

thoroughly rinsed with Millipore water. A small amount of protein (5 µL, 200 µM) was let to 

evaporate at room temperature, until it reached approximately half of the initial volume (solvent 

casting technique). Then, the protein sample was immobilized on the electrode using a cellulose 

membrane (Spectra/Por) with a 3500 Da cut-off, that was fitted to the electrode with an O-ring, 

forming a uniform thin layer. The control assays were performed using Bovine Serum Albumin 

(BSA (NZYTech), 5 µL, 200 µM). The supporting electrolyte (50 mL) used for the studies was 

32 mM phosphate buffer, 0.1 M NaCl, pH 7. The cyclic voltammetry (CV) assays were carried 

out at 293 ± 1 K, using different scan rates (5, 10, 20, 35, 50, 75, 100, 150, 200, 500, 1000, 2000 

and 5000 mV s-1). The experiments were performed in triplicates. Before the electrochemical 

experiments, the electrolyte was degassed for 25 minutes using a continuous flow of high purity 

argon (Gasin). The assays were performed with positive argon pressure on the electrochemical 

cell headspace. The potential values were converted and are presented in reference to NHE. 
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3.2  Results and discussion 

3.2.1  Optimization of the expression and purification of GSU0105 

3.2.1.1  Optimization of the strains and protein expression induction 

The GSU0105 cytochrome was initially expressed as previously described for the PpcA-family 

cytochromes of G. sulfurreducens, using E. coli BL21 (DE3) cells [6]. The first purification step 

encompassed a cation exchange chromatography (performed with 2 x 5 mL Bio-ScaleTM Mini 

UNOsphereTM S cartridges) and the results are presented in Figure 3.4. 
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Figure 3.4  Purification of GSU0105  (A) Cation exchange chromatography of GSU0105  The 
primary and secondary y-axis report the variation of absorbance at 280 nm (black line) and the NaCl 
gradient profile (blue line), respectively. (B) Size exclusion chromatography of GSU0105  The inset 
shows the SDS-PAGE analysis of the fraction resulted from the cation exchange chromatography step 
(lane L), as well as the fractions of peaks 1 (lane 1) and GSU0105 (lane 2). Lane M corresponds to the 
molecular weight marker (Protein Plus ProteinTM Dual Xtra Standards, from Bio-Rad). The gel was 
stained with TMBZ. 

In the cation exchange chromatography step (Figure 3.4A), the eluted fractions were analyzed 

by SDS-PAGE (data not shown). The fractions containing GSU0105 were concentrated to 1 mL 

before being injected in the size exclusion chromatography column. The final fractions, resulting 



Characterization of extracellular electron transfer components of Geobacter bacteria 
 

104 
 

from this final purification step (Figure 3.4B), were also analyzed by TMBZ stained SDS-PAGE, 

as shown on the inset of Figure 3.4B. The obtained protein was quantified and 0.0125 mg of 

GSU0105 per liter of cell culture were obtained. Considering this low yield, the expression and 

purification protocols were further optimized.  

In order to gather some insights on which possible changes could be made in the different 

protocol steps, an analysis of the expression and purification protocols, together with the results 

obtained, was performed. The low yields obtained in the first protein expression and purification 

test can be due to different factors, namely low levels of expression as a result of unoptimized 

experimental conditions in the expression and purification processes (competent cell strain, 

temperature of incubation, buffer, elution methods, columns used, among others). 

The first parameter to optimize regarded the amount of IPTG used in protein expression. 

Therefore, protein expression was induced with a higher concentration of IPTG (100 µM). In a 

second round of expression and purification of GSU0105, protein expression was performed in 

the same conditions, with the only difference being the IPTG concentration for protein 

expression induction. The higher IPTG concentration did not affect the intensity of the 

periplasmic fraction color, which was an initial indicator that the protein yield did not increase. 

The size exclusion elution profile (Figure 3.5) of the concentrated fractions resulting from the 

cation exchange chromatography step presents a band with lower intensity for GSU0105, thus 

confirming that the use of a higher IPTG concentration did not increase the protein expression. 

In fact, it can be said that the use higher IPTG concentrations results in lower GSU0105 

expression yields. 
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Figure 3.5  Size exclusion chromatography elution profile of GSU0105  The peak corresponding 
to GSU0105 is indicated. 

The second parameter to optimize regarded the temperatures of cell growth after protein 

induction. In another trial, protein expression was performed at 24 oC (also with more time of 

incubation after induction), since many works have proven that expressing proteins with 

complex post-translational modifications works better at lower temperatures [27-29]. In the case 

of GSU0105, the expression of the apo-protein has to occur sufficiently slow to allow the cells 

to produce the heme cofactor and incorporate it in the polypeptide chain. This fact may also be 

related with the results obtained with higher IPTG concentrations, since the protein expression 

could have increased, but the cell was not capable to produce the heme cofactor at a sufficient 

rate to perform the necessary post-translational incorporations efficiently and correctly. By 

comparing the results obtained with the different incubation temperatures after protein 

expression induction (Figure 3.6), it is clear that the protein expression is very similar at 24 oC 

and 30 oC. 



Characterization of extracellular electron transfer components of Geobacter bacteria 
 

106 
 

 

Figure 3.6  SDS-PAGE analysis of the GSU0105 protein expression induction temperature 
dependence  (A) TMBZ staining. (B) BlueSafe staining. On both cases (A and B), the molecular 
weight marker (lane M) used was the Protein Plus ProteinTM Dual Xtra Standards. Lane 1 corresponds 
to the protein content of the cells after protein induction and growth at 24 oC. Lane 2 corresponds to 
the protein content of the cells after protein induction and growth at 30 oC. Lane 3 corresponds to the 
protein content of the cells before protein induction (up until this point, the cells were grown at 30 
oC). 

Finally, the expression of GSU0105 was tested out in the E. coli strains JM109 and SF110, that 

were previously used with success for the expression of other Geobacter cytochromes [30, 31]. 

Considering so, the commonly used calcium chloride competent cells preparation protocol [32] 

was used to prepare competent cells of the JM109 and SF110 E.coli strains, containing the pEC86 

plasmid [33, 34]. The protein expression was performed according to the previous conclusions 

(10 µM IPTG, followed by an overnight incubation at 30 oC) and after the cation exchange step, 

it was clear that the JM109 strain had the most promising results compared to the SF110 strain 

(Figure 3.7). 
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Figure 3.7  Cation exchange chromatography elution profiles of the periplasmic fractions of E.coli 
JM109 and E. coli SF110 cells  The chromatograms obtained for the (A) JM109 and (B) SF110 strains 
are represented. In both chromatograms, the primary and secondary y-axis report the variation of 
absorbance at 280 nm (black line) and the NaCl gradient profile (blue line), respectively. The peaks 
analyzed by SDS-PAGE (Figure 3.8) are marked. 

The fractions obtained were further analyzed by SDS-PAGE and the results demonstrated 

that a peak for GSU0105 was only found in one of the fractions resulting from the cation 
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exchange chromatography performed on the periplasmic fraction of the E. coli JM109 cells 

(Figure 3.8). 

 

Figure 3.8  Protein expression of JM109 and SF110 E. coli strains  SDS-PAGE of different fractions 
eluted during the cation exchange chromatography step of the periplasmic fractions of (A) JM109 and 
(B) SF110 cells. The molecular weight marker (lane M) used was the Protein Plus ProteinTM Dual Xtra 
Standards. The remaining lanes are identified according to the labels presented in Figure 3.7. 

After protein expression and purification, it was clear that the E. coli strain JM109 is more 

adequate for the expression of GSU0105, since the yields increased considerably when compared 

with the BL21 (DE3) strain, as discussed in section 3.2.1.3. 

3.2.1.2  Optimization of the purification 

Since a considerable amount of protein did not bind to the column in the first cation exchange 

purification, an attempt to optimize the process was tested. GSU0105 is a very basic protein 

(predicted isoelectric point of 9.2) and at the experimental conditions used (10 mM Tris-HCl 

pH 8), it should strongly bind to the cation exchange column used. There were a few possible 

reasons why the protein was not binding to the cation exchange column, namely the capacity of 

ion-exchange of the resin [35]. Therefore, a different set of columns (2 x 5 mL HiTrap SP HP 

cartridges) was used in the second purification process. The peak corresponding to GSU0105 

(Figure 3.9) was eluted with the same percentage of 300 mM NaCl and had a similar intensity, 

meaning that the columns from GE Healthcare did not have an effect on the cation exchange 
chromatography step. 
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Figure 3.9  Cation exchange chromatography elution profile of GSU0105  The primary and 
secondary y-axis report the variation of absorbance at 280 nm (black line) and the NaCl gradient 
profile (blue line), respectively. The peak corresponding to GSU0105 is indicated. 

3.2.1.3  Final conclusions 

Combining the data obtained with all the different expression and purification tests, the 

protocol of expression and purification of GSU0105 was reassessed and it was concluded that 

the E. coli JM109 strain was the most adequate host for protein expression, which should be 

induced with 10 µM IPTG, followed by overnight incubation at 30 oC. By gathering the above 

conditions, an increase of 13-fold in the total protein yield was achieved (0.165 mg/liter of cell 

culture). 

3.2.2  Preliminary spectroscopic characterization of GSU0105 

UV- -state and 

the nature of the heme axial ligands of the cytochrome GSU0105. 

3.2.2.1  UV-visible features of GSU0105 

The optical absorption spectrum of the oxidized cytochrome (Figure 3.10) has maxima at 354, 

408 and 527 nm. 
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Figure 3.10 - UV-visible spectra features of cytochrome GSU0105 in the oxidized and reduced states 
 The maxima of the UV-visible spectra of the cytochrome in the oxidized (solid line) and reduced 

states (dashed line) are labeled. The inset shows a close in of the region containing the CT band (see 
below), in the oxidized state, indicative of high-spin character. The spectra were acquired with 
approximately 1 µM of protein. 

Upon reduction, the protein shows the Soret, β and α bands at 417, 523 and 552 nm, respectively. 

At first look, the spectral patterns are similar with those presented by low-spin hexacoordinated 

hemes [36], in both states. 

According to Moore and Pettigrew [36], cytochromes can have multiple arrangements of 

spin-states between the ferrihemochrome (Fe3+) and ferrohemochrome (Fe2+) forms. The UV-

visible spectrum of the reduced cytochrome is typical of a low-spin cytochrome, but the 

spectrum of the oxidized form seems to present a pattern with a mixture of low- and high-spin 

signatures. High-spin cytochromes (in this case, S = 5/2, Fe(III)) usually present a charge-

transfer (CT) absorbance band between 600-640 nm [36], which results from a weakening of the 

Met-Fe bond. This band is present (although subtle and really broad) in the UV-visible spectrum 

of the oxidized GSU0105 (see inset of Figure 3.10), with a maximum at 614 nm. 

The spin-state of most cytochromes c does not change with an alteration in the oxidation 

state. An example of two exceptions are the periplasmic heme-containing sensor proteins 
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GSU0582 and GSU0935 from G. sulfurreducens [37]. These cytochromes c possess one heme 

with His-Met coordination in the reduced state. The change in the redox state of these sensor 

proteins is coupled to a heme spin-state/coordination alteration, as a consequence of the 

detachment of the methionine residue at the heme distal position in the reduced form [37, 38]. 

Therefore, these cytochromes are high- (S = 5/2) and low-spin (S = 0) in the oxidized and 

reduced forms, respectively. The UV-visible spectra of these cytochromes in the oxidized state 

both present a CT band with maximum at 623 nm [37]. 

Considering the above mentioned, one hypothesis that explains the spectral pattern (Figure 

3.10) of GSU0105 is that one of its hemes is His-Met coordinated in the low-spin reduced state, 

which becomes high-spin in the oxidized state, probably due to the detachment of the axial 

methionine. Furthermore, there are reports in the literature that match the proposed hypothesis 

for GSU0105. In fact, the cytochrome c from Wolinella succinogenes has a low-spin state in the 

reduced form (with histidine and methionine axial ligation, just as hypothesized for at least one 

of the hemes of GSU0105) and a mixture of high- and low-spin states in the oxidized form [39]. 

This would mean that GSU0105 possesses a His-Met coordinated heme in the reduced state, 

which then is in an equilibrium between an hexacoordinated (His-Met, low-spin) and a 

pentacoordinated (His-vacant, high-spin) form, in the oxidized state. All these evidences have 

to be tested by EPR and NMR experiments, as previously described [37, 39]. 

On the other hand, since it is expected that the axial ligand from at least one of the hemes is 

a methionine residue, a 695 nm band should be visible in the UV-visible spectrum of the 

oxidized form. Theorell and Åkesson [40, 41] first observed a weak 695 nm absorbance band in 

a ferricytochrome c. Further studies confirmed that this band is sensitive to pH and to the 

conformational state of the protein [42-45].  The fact that the displacement of the methionine 

ligand is coincident with the loss of the 695 band, together with the observation that most 

cytochromes possessing a 695 nm band contain a methionine ligand, has led to the view that the 

695 nm band is diagnostic of methionine coordination [46-49]. However, its absence does not 

mean Met is not a ligand, as proved by Ångström and co-workers [50] in 1982, using NMR 

spectroscopy. Furthermore, the ionization of the axial His to histidinate causes a shift of the 695 

nm band to shorter wavelengths, to a point where it may not be resolved from the α/β bands in 

the optical spectrum [36, 47]. 
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Thus,  the absence of a band at 695 nm in the UV-visible spectra does not mean that GSU0105 

has no hemes coordinated with methionine residues. Further UV-visible spectroscopy assays 

need to be performed at higher protein concentrations, since this band is not very intense and 

is usually observed at much higher concentrations than the ones used in the assays performed 

[51]. 

3.2.2.2  NMR features of GSU0105 

NMR is a very powerful technique to identify the spin-state of heme groups in proteins, since 

NMR signals appear in quite distinct spectral regions, depending if the hemes are high- or low-

spin. In the paramagnetic oxidized state, the 1D 1H-NMR spectra of high-spin cytochromes 

display extremely broad signals and some frequencies above 40 ppm (usually belonging to heme 

methyl substituents). Low-spin cytochromes, on the other end, present narrower spectral 

windows, with the main heme substituents frequencies ranging from 8 to 35 ppm. In the 

diamagnetic reduced state, 1D 1H-NMR spectra are also quite distinct for high- and low-spin 

cytochromes. In fact, high-spin hemes present wider spectral regions (ranging from -15 up to 

30 ppm) than low-spin ones (ranging from -5 up to 10 ppm). 

The 1D 1H-NMR signals of GSU0105 in the oxidized state are very broad and cover a wide 

spectral region, namely from 10 ppm to above 65 ppm (Figure 3.11A). Therefore, the 

cytochrome is paramagnetic in the oxidized state, with at least one high-spin heme (Fe(III), S = 

5/2), as hypothesized with the analysis of the UV-visible spectra previously presented. The broad 

signals (due to the strong paramagnetic contribution of the high- and low-spin heme(s)) make 

it very difficult to analyze other spectral features of the cytochrome in the paramagnetic state. 
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Figure 3.11  Expansion of the 1D 1H-NMR spectra of GSU0105, in 32 mM sodium phosphate, pH 
8 (100 mM ionic strength), at 298 K  (A) NMR spectrum of GSU0105 in the oxidized state. The 
heme methyl signals are spread over the entire spectral width, due to the paramagnetic effect of 
multiple unpaired electrons. The possible spin-states of the hemes irons are indicated for the oxidized 
(Fe(III)) and reduced (Fe(II)) states. The spectrum was obtained with a 350 µM sample. (B) Low-
frequency regions of the spectra of GSU0105 from G. sulfurreducens (black) and cytochrome c from 
Saccharomyces cerevisiae (red), in the reduced state. The three-proton intensity peak (εCH3) and the 
three resolved one-proton intensity peaks, typical of methionine distal coordination, are highlighted 
by green and blue circles, respectively. The spectrum was obtained with a 20 µM sample. 

An initial straightforward partial reduction of the sample was achieved with direct addition 

of sodium dithionite powder to the NMR tube containing GSU0105 (around 20 μM). The 

spectrum obtained (Figure 3.11B) displays the typical signal pattern of a distal coordinated 

methionine, which includes a three-proton intensity peak at approximately -3 ppm and up to 

four resolved one proton intensity peaks in the low-frequency region of the spectrum due to the 

heme ring-current effects [36]. However, the low-resolution of the spectrum, together with the 

fact that sodium dithionite was added in an uncontrolled manner, led to the necessity of 

improving the experimental reduction protocol. Furthermore, the signal widths were still large 

and the sample was possibly not completely reduced. Therefore, a more concentrated sample 

(350 μM) was prepared and a catalytical reduction was attempted by using hydrogenase from 

Desulfovibrio vulgaris (Hildenborough). However, after several cycles of hydrogen saturation, 

no differences in sample color were observed. Since the spectroscopic features of the heme 

groups usually allow for a naked eye distinction between the oxidized (brown) and reduced 

(pink) states, this indicated that no reduction occurred. Indeed, NMR experiments supported 

this hypothesis (data not shown).   
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After the unsuccessful sample reduction with hydrogenase, a different approach was used. 

Sodium dithionite is a powerful reducing agent (E  = -0.66 V vs NHE, at pH 7 [52]) and is 

commonly used in redox experiments. In the commercially available form (powder), sodium 

dithionite may have different levels of activity (depending on the company, batch, age and 

conservation conditions), meaning that only a percentage is active. Therefore, proper solutions 

were prepared according to the procedure described in section 6.7, in order to guarantee that 

the additions to the protein sample followed a stoichiometry of one electron per heme group. 

After the solutions of sodium dithionite were prepared and degassed with argon, direct additions 

were performed in the NMR tube, either by using an Hamilton syringe or by direct addition, 

inside an anaerobic glove box. The sample redox state was confirmed after each addition by 1D 
1H-NMR, and not even with stoichiometries well above the 1:1 (electron:heme) sample 

reduction was achieved. 

From the above, no confident conclusions can be taken about the spin-state of the cytochrome 

in the reduced state. In fact, only for the low concentrated sample of GSU0105 (20 μM), typical 

signals for a heme distal coordinated Met were observed (Figure 3.11B). Overall, the data 

obtained suggested that at least one heme group is His-Met axially coordinated, which further 

supports the statements made upon the UV-visible analysis. 

Further insights are needed in order to understand why the protein is not reduced with the 

addition of sodium dithionite. Partial reduction seems to be occurring (since visually, changes 

in color were observed with the addition of the reducing agent), but not to a full extent that 

leads the protein to a stable fully reduced state. The hemes redox potentials may be very different 

from each other and/or very negative, factors that further complicate the reduction process. In 

order to probe this, an electrochemistry study was carried out. 
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3.2.3  Electrochemical characterization of GSU0105 

The voltammograms obtained for cytochrome GSU0105 at different scan rates are presented 

in Figures 3.12 and 3.13. The voltammograms are represented in two sets, for simplicity, since 

at higher scan rates the peak intensities become too intense and would mask the initial scans if 

represented together. 

 

 

Figure 3.12  CV assays of 200 μM GSU0105 in phosphate buffer with NaCl (170 mM final ionic 
strength), at pH 7  The voltammograms were recorded at different scan rates: 5 (gray), 10 (cyan), 20 
(orange), 35 (yellow), 50 (blue), 75 (green) and 100 (dark blue) mV s-1. The peak intensity scale is 
presented in μA. The anodic and cathodic peaks corresponding to each redox center are marked (also 
see Figure 6.10). 
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Figure 3.13  CV assays of 200 μM GSU0105 in phosphate buffer with NaCl (170 mM final ionic 
strength), at pH 7  The voltammograms were recorded at different scan rates: 150 (gray), 200 (cyan), 
500 (orange), 1000 (yellow), 2000 (red) and 5000 (green) mV s-1. The peak intensity scale is presented 
in μA. The anodic and cathodic peaks corresponding to each redox center are marked. 

By analyzing the voltammograms obtained, it is possibly to verify that the protein has 3 redox 

pairs, which is in agreement with the number of predicted redox centers for GSU0105. This was 

further confirmed with the analysis of the voltammogram of the control assay performed with 

BSA, at the same experimental conditions (see section 6.8), which confirmed that the peaks 

the electrolyte neither with 

surface processes associated with the electrode material. Therefore, they are the result of intrinsic 

mechanisms of the protein. 

The unequivocally identification of the different anodic and cathodic peaks (as depicted in 

Figures 3.12 and 3.13) was achieved by obtaining voltammograms at specific potential intervals: 

(i) 0.3 to 0.1 V vs NHE, (ii) 0.3 to 0.0 V vs NHE, (iii) 0.3 to -0.05 V vs NHE, (iv) 0.3 to -0.15 V 

vs NHE, (v) 0.3 to -0.25 V vs NHE, (vi) 0.3 to -0.4 V vs NHE and (vii) 0.3 to -0.5 V vs NHE. 

These different voltammograms, which are represented in Figure 3.14, allowed the indexation 

of the different anodic and cathodic peaks. 
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Figure 3.14  Indexation of the anodic and cathodic peaks of GSU0105  The CV assays were 
performed with 200 μM GSU0105 in phosphate buffer with NaCl (170 mM final ionic strength), at 
pH 7. The voltammograms were recorded with a scan rate of 10 mV s-1, with different potential 
windows: 0.3 to 0.1 V vs NHE (gray), 0.3 to 0.0 V vs NHE (orange), 0.3 to -0.05 V vs NHE (cyan), 0.3 
to -0.15 V vs NHE (yellow), 0.3 to -0.25 V vs NHE (dark blue), 0.3 to -0.4 V vs NHE (green) and 0.3 
to -0.5 V vs NHE (purple). The peak intensity scale is presented in μA. The anodic and cathodic peaks 
corresponding to each redox center are marked. 

The anodic and cathodic current peaks of the redox centers were observed approximately at 

the following average values: (i) for the first redox center, 131 and 51 mV vs NHE, respectively, 

(ii) for the second redox center, -54 and -146 mV vs NHE, respectively and (iii) for the third 

redox center, -205 and -218 mV vs NHE, respectively. These values correspond to formal 

potentials of 91 ± 16, -100 ± 23 and -212 ± 26 mV vs NHE, for the first, second and third redox 

centers. These formal potentials (E ) were calculated according to Equation 15, where Epa and 

Epc correspond to the anodic and cathodic potentials of the respective peaks. 

𝐸0′ = (𝐸𝑝𝑎 + 𝐸𝑝𝑐) 2⁄  (15)  

Although is not possible to directly assign the redox centers observed in the electrochemical 

experiments, one can infer, together with the data obtained in the previous sections, that the 
redox center with the most positive formal potential is probably the His-Met coordinated heme 
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observed in the NMR experiments, since c-type heme groups with this type of coordination 

usually present more positive redox potentials when compared to bis-histidinyl coordinated 

hemes [43, 53-60]. This is directly related with the fact of the side chain methionine sulfur being 

a good electron acceptor, which favors the electron-rich reduced state of the heme, resulting in 

more positive redox potentials compared to bis-histidinyl coordinated heme groups [43, 53]. 

However, there are exceptions to these observations, namely on the domain C of the 

dodecaheme GSU1996 [61] and on the cytochrome subunit of the photosynthetic reaction 

center from Rhodopseudomonas viridis [62, 63]. 

Many studies have been made in order to explain these exceptions [64-66], which are probably 

related with the tuning of the hemes potential by electrostatic interactions between the heme 

cofactor and protein surroundings (both polypeptide chain and neighboring hemes). Further 

experiments and techniques need to be used in order to confirm the hypothesis of the redox 

center with more positive formal potentials being the one coordinated by His and Met residues. 

Further conclusions can be taken about this more positive redox center. It is observed that 

with slower scan rates, the anodic and cathodic peaks corresponding to this center are more 

intense and resolved. On the other way, with faster scan rates, the peaks are less intense and 

more difficult to observe. This means that the heterogeneous electron transfer constant (ksh) of 

this center is relatively slow, since it can be observed more clearly at lower scan rates. This 

constant reflects the ease of electron transfer between the working electrode and the protein. 

Moreover, with higher scan rates, the anodic peak of the redox center is almost completely flat 

and unobservable, which is probably a consequence of intramolecular electron transfer. This 

phenomenon leads to a decrease in the populations of oxidized molecules and to a consequent 

lack of signal (absence of anodic peak). During the oxidation process, the more positive redox 

center transfers electrons to the other redox centers before the electrode is capable of reaching 

the potential values at which the anodic peak is usually resolved. The remaining redox centers 

have close formal potentials and are more easily distinguished and resolved at higher scan rates. 

For that reason, and compared to the other redox center, these centers possess faster electron 

transfer rates with the electrode, with the redox center number 2 being, apparently, the fastest 

one. Therefore, the electron transfer rates in GSU0105 are ksh (redox center 2) > ksh (redox center 

3) > ksh (redox center 1). 

Comparing the formal potentials of the redox centers of GSU0105 (91, -100 and -212 mV vs 

NHE) with other triheme cytochromes (Table 3.2), it is possible to verify that the redox centers 
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1 (91 mV) and 3 (-212 mV) are the most positive and the most negative hemes found in all 

triheme cytochromes studied to date. 

Table 3.2  Heme reduction potentials of triheme cytochromes from G. metallireducens (Gm), G. 
sulfurreducens (Gs) and Desulfuromonas acetoxidans (Da) at pH 7 and 293 K  The values presented 
(vs NHE) were calculated using the values published in the indicated references. 

Cytochrome 
Heme reduction potentials (mV) 

Heme I Heme III Heme IV 
GmPpcA (this Thesis) -82 -18 -121 

GsPpcA [67] -148 -106 -114 
GsPpcB [67] -147 -155 -122 
GsPpcD [67] -150 -98 -152 
GsPpcE [67] -155 -160 -97 

GSU1996 (Domain C) [61] -70 -146 -109 
Dac7 [68] -193 -186 -123 

 
The redox center 2 (-100 mV vs NHE), on the other side, has a reduction potential with values 

relatively similar to the ones presented by other triheme cytochromes, especially with the hemes 

III of PpcA and PpcD from G. sulfurreducens and with the hemes IV of PpcE and Domain C of 

GSU1996 from G. sulfurreducens, as well. This value is still, however, considerably more positive 

when compared with most of the heme groups of the PpcA-family of triheme cytochromes. 

These comparisons are, however, preliminary and superficial, considering the (i) necessity of 

performing more assays in order to have a consistent statistical meaning, (ii) values of errors 

obtained, that if considered, slightly change the interpretations made. 

The main goal of the electrochemical studies was to get initial insights on the hemes redox 

potentials and eventually relate those results with the fact that sodium dithionite does not lead 

to total GSU0105 reduction. The formal potentials of all the redox centers are more positive 

than the formal potential of sodium dithionite (E  = -0.66 V vs NHE, at pH 7 [52]), meaning 

that the reduction of the hemes is thermodynamically favorable, if looking to the redox 

potentials of the components involved in the reaction (sodium dithionite as the reducing agent 

and the redox centers of GSU0105 as the oxidizing agents). The absence of reduction of 
GSU0105 in the presence of sodium dithionite is then most probably related with the kinetics 

of the electron transfer process. This subject needs to be further investigated. 
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3.3  Conclusions 

In this Chapter, the expression and purification protocols for GSU0105 cytochrome of G. 

sulfurreducens were optimized. Initially, the cytochrome was heterologously expressed in E. coli 

BL21 (DE3) cells, but it was concluded that higher yields are obtained in E. coli JM109 cells. 

Other factors that may affect protein expression were tested, namely IPTG concentration and 

cell growth temperatures after protein induction. The best expression conditions for GSU0105 

were obtained with 10 μM IPTG and cell growth at 30 oC. The final optimized yield was 0.165 

mg per liter of cell culture. 

Furthermore, preliminary spectroscopic insights were obtained for the GSU0105 cytochrome. 

The UV-visible spectra of GSU0105 display features of c-type cytochromes containing low-spin 

hemes in the reduced state and a mixture of low- and high-spin hemes in the oxidized state. 

This mixture probably includes a high-spin heme (which undergoes a redox-linked spin-state 

change, caused by the detachment of the axial methionine of one of the heme groups) and two 

low-spin hemes.  

The 1D 1H-NMR spectra of GSU0105 revealed that the cytochrome is paramagnetic and 

diamagnetic in the oxidized and reduced states, respectively. Furthermore, the large spectral 

width of the 1D 1H-NMR spectrum of GSU0105 in the oxidized state suggests the presence of 

at least one high-spin heme (Fe(III), S = 5/2). The remaining heme-spin states need to be 

accessed with different techniques, namely EPR. In the reduced state, the 1D 1H-NMR spectrum 

of GSU0105 shows a typical pattern of methionine axial coordination, which together with the 

data from UV-visible experiments, further supports the hypothesis of a redox-linked spin-state 

change, due to the detachment of the axial methionine of one of the heme groups. Considering 

the spectroscopic data, it is plausible to affirm that the cytochrome GSU0105 has three low-spin 

hemes (S = 0)  in the reduced state (one His-His, one His-Met and one unknown) and a mixture 

of low- and high-spin characters in the oxidized state (S = 1/2 and S = 5/2, Fe(III)), with one 

His-His heme (low-spin), one His-vacant heme (high-spin) and one heme with unknown 

coordination. There are examples of cytochromes that contain heme groups with different types 

of axial coordination, such as GSU1996 [69] (see Chapter 1). However, GSU1996 is low-spin in 

both oxidation stages. 

Electrochemical studies were performed using CV, in order to access the reduction potential 

values of the heme groups. The values measured for the three redox centers were 91 ± 16, -100 

± 23 and -212 ± 26 mV. The reduction potential values of all the redox centers are more positive 
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than that of sodium dithionite (E  = -0.66 V vs NHE, at pH 7 [52]), meaning that the reduction 

of the hemes is thermodynamically favorable. Therefore, the absence of reduction of GSU0105 

in the presence of sodium dithionite is most probably related with the kinetics of the electron 

transfer process. 

The heme with the more positive redox potential was hypothesized as being His-Met 

coordinated, although further experiments need to be performed to confirm this hypothesis. By 

analysis of the voltammograms at different scan rates, it was concluded that the heterogeneous 

electron transfer constants of the redox centers are different. 
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4  Exploring membrane proteins of Geobacter sulfurreducens 

Over the years, membrane proteins have been gathering attention from the scientific 

community, since they play a fundamental role in many critical biological processes. Membrane 

proteins are essential components of biological processes such as ions, metabolites or water 

transport, signal transduction, sensing cell environment and control of cell-cell contact [1]. 

Although it is crucial to understand the functional mechanisms behind all these processes, the 

study of membrane proteins has only recently started to be developed. In fact, membrane protein 

structural biology is still a largely unconquered area, given that approximately 25% of all proteins 

are membrane proteins and only about 800 unique structures are available [2, 3]. These proteins 

are difficult to study owing to their partially hydrophobic surfaces, flexibility and lack of stability. 

Thanks to the development of high-throughput techniques in structural biology and methods 

that are emerging for effective expression, solubilization, purification and crystallization of 

membrane proteins, a rapid increase in the rate at which membrane protein structures and 

biochemical data are published is expected. 

Membrane proteins can be classified into two broad categories  integral (intrinsic) and 

peripheral (extrinsic)  based on the nature of the membrane-protein interactions (Figure 4.1). 

 

Figure 4.1  Schematic diagram of typical membrane proteins in a biological membrane  The 
phospholipid bilayer, the basic structure of all cellular membranes, consists of two leaflets of 
phospholipid molecules whose fatty acyl tails form the hydrophobic interior of the bilayer. Their polar, 
hydrophilic head groups line both surfaces. Most integral proteins span the bilayer as shown. A few of 
them are tethered to one leaflet by a covalently attached lipid anchor group. Peripheral proteins are 
primarily associated with the membrane by specific protein-protein interactions. Oligosaccharides 
bind mainly to membrane proteins, however, some bind to lipids, forming glycolipids. This image was 
taken from [4]. 
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Integral membrane proteins have one or more segments that are embedded in the 

phospholipid bilayer. Most integral proteins contain residues with hydrophobic side chains that 

interact with fatty acyl groups of the membrane phospholipids, thus anchoring the protein to 

the membrane. On the other hand, peripheral membrane proteins do not interact with the 

hydrophobic core of the phospholipid bilayer. Instead, these proteins usually bind to the 

membrane indirectly by interactions with integral membrane proteins or directly by interactions 

with lipid polar head groups.  

Geobacter are Gram-negative bacteria and as in all the bacteria of this type, the OM plays 

pivotal roles in bacterial survival in a wide range of environments, serving as a protective barrier 

and allowing the uptake of nutrients [5, 6]. OM proteins are major components of the OM and 

include anchoring lipoproteins and transmembrane β-barrel proteins, such as porins, substrate-

specific transporters and active transporters [5]. The transmembrane β-barrel proteins are 

characterized by the number of anti-parallel β-strands, ranging in number from eight to twenty-

four [7]. Porins are the most abundant and important transmembrane β-barrel proteins of the 

OM, comprising up to 2% of the entire protein content of the cell [6]. They serve as water-filled 

open channels allowing the passive penetration of hydrophilic molecules, which are 

discriminated depending on their overall physicochemical properties (size, hydrophobicity and 

charge) [8]. 

These OM porin-like proteins can form trans-OM conductive porin-cytochrome (Pcc) 

complexes, by getting together with OM and periplasmic cytochromes c, in order to transfer 

electrons from the periplasmic space and across the OM to the extracellular electron acceptors 

[9-12]. Examples of this kind of complexes include the well-characterized S. oneidensis MtrA-

MtrB-MtrC complex [13], as well as OmaB-OmbB-OmcB and OmaC-OmbC-OmcC complexes 

of G. sulfurreducens [11], which are represented in Figure 4.2 together with other similar 

complexes. 
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Figure 4.2  The proposed Mtr and Pcc extracellular electron transfer pathways  In the (A) metal-
reducing (Mtr) pathways of S. oneidensis MR-1 and (B) in the porin-cytochrome (Pcc) pathways of G. 
sulfurreducens, electrons are transferred from quinol (QH2) in the cytoplasmic membrane, through the 
periplasm, and across the OM to the bacterial surface. In S. oneidensis, MtrC then transfers electrons 
to surface iron atoms directly through its solvent-exposed heme iron atom (inset of (A)  brown 
sphere, based on Edwards and co-workers [14]). This mechanism is likely similar in G. sulfurreducens. 
This figure was taken from [11]. 

Several models have been presented for explaining how electrons are conducted from inside 

of the cell to the extracellular environment in Gram-negative bacteria.  These models are based 

on studies performed with EET components of S. oneidensis [15]. However, it is unknown how 

the electrons are transferred once outside the cell. There are three main theories regarding this 

subject: the electrons are transferred (i) directly from OM cytochromes to insoluble electron 

sinks (as presented in Figure 4.2), (ii) by assemblies of cytochromes, perhaps associated with 

extracellular appendages, sometimes referred to as nanowires or (iii) via electron shuttles (Figure 

4.3) [15]. 
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Figure 4.3  Scheme for electron transfer from the inner cytoplasmic membrane to the extracellular 
environment in S. oneidensis  The scheme is illustrated with formate as electron donor. The formate 
dehydrogenase (Fdh)-CymA redox loop couples the net movement of two positive charges from the 
membrane potential- Ψ ) to the membrane potential- Ψ+) side of the membrane, 
per two electrons transferred in one Q/QH2 cycle. The electrons are then transferred from the 
periplasmic components to the MtrA-MtrB-MtrC complex and once they reach the cell exterior, 
different mechanisms of electron transfer are activated. This figure was taken from [15]. 

Considering the above mentioned, it would be interesting to further confirm the theories 

presented for electron transfer in Gram-negative bacteria by using other bacteria models (such 

as Geobacter) and further contribute for the general understanding of how electron transfer is 

carried out to final insoluble acceptors in the extracellular environment, in these bacteria. 

As previously said, the G. sulfurreducens genome contains more than 100 genes predicted to 

encode cytochromes c [16]. However, only a limited number of OM cytochromes has been 

characterized with some detail [9, 10, 12, 17-20]. Considering the above mentioned, there is the 

need to functionally and structurally characterize these proteins, in order to further understand 

how the EET routes are organized in Geobacter. 

Recently, other OM complexes, OmaW(GSU2643)-OmbW(GSU2644)-OmcW(GSU2642) 

and OmaV(GSU2725)-OmbV(GSU2726)-OmcV(GSU2724), were shown to be involved in EET 
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to Fe(III) and Mn(IV) oxides [21, 22]. OmaW and OmaV are predicted to be periplasmic 

peripheral membrane proteins, bonded indirectly to the membrane by interactions with the 

integral membrane proteins OmbW and OmbV, respectively. 

Considering that peripheral membrane proteins can be dissociated using relatively mild 

techniques that break the electrostatic or hydrogen bonds between the peripheral proteins and 

the membrane, without total membrane disruption, OmaW and OmaV proteins were chosen as 

the cytochromes of choice for initial expression and purification tests. These cytochromes have 

a theoretical molecular weight of around 18.5 kDa and are both predicted to have 5 heme groups, 

according to the number of CXXCH motifs present in their sequences (Figure 4.4). 

 

Figure 4.4  Amino acid sequence alignment of OmaW and OmaV from G. sulfurreducens  The 
heme binding motifs and the conserved residues are highlighted in orange and green, respectively.  

The pentaheme cytochromes share 49% amino acid sequence identity and 58 conserved 

residues, including the Cys and His residues included on the CXXCH binding motifs. Their 

main biochemical features are presented in Table 4.1. 

Table 4.1  Biochemical characteristics of OM cytochromes from G. sulfurreducens  The presented 
molecular weights are approximated. The isoelectric points were all theoretically predicted using the 
Compute pI/MW tool, from ExPASy  Swiss Institute of Bioinformatics (https://www.expasy.org). 

Protein Gene Residues Molecular weight (kDa) Isoelectric point 
OmaW GSU2643 131 18.5 9.0 
OmaV GSU2725 133 18.4 7.7 

 

By the time this Thesis started, OmaW and OmaV were already cloned into the vector 

pVA203 [23, 24]. In this Chapter, several biochemical and molecular biology techniques were 

used to improve the purification protocols of these cytochromes. The results obtained and the 

improvements achieved are presented and discussed. 

 

https://www.expasy.org/
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4.1  Materials and methods 

4.1.1  Insertion of His-tag on the pGSU2643 (OmaW) plasmid 

In order to facilitate the process of purification of the OmaW cytochrome, the plasmid 

pGSU2643, containing the gene encoding for the referred cytochrome, was modified to contain 

an His-tag, a cleavage site for the TEV (Tobacco Etch Virus) protease and two pairs of Gly-Ser 

linker sequences. These linker sequences are quite flexible, due to the small and simple structure 

of the two amino acids that compose them. These linkers are often used in fusion proteins design 

[25]. The cleavage site for the TEV protease was added so the tag can be further removed, after 

the purification processes [26].  

The desired sequence (Table 4.2) was inserted into the pGSU2643 vector (using a strategy 

based on the Q5® Site-

sequence encoding for the OmaW cytochrome (N-terminal of the protein). The primers used 

in the procedure were produced by Invitrogen and are presented in Table 4.2. 

Table 4.2  Sequences of the DNA insert and primers used to produce the pGSU2643H plasmid, 
encoding for the N-terminal His-tagged OmaW cytochrome  The melting temperatures (Tm) for 
each primer were calculated from the Thermo Scientific web tool (https://www.thermofisher.com). 
The annealing temperature calculated for the pair of primers was 72 oC, using the same tool. The Gly-
Ser linkers, the His residues composing the His-tag and the cleavage site for TEV protease are 
highlighted in blue, orange and green, respectively. In the primers, the sequences complementary to 
the pGSU2643 plasmid are highlighted in red.  

 DNA sequence Tm (oC) 

His-tag insert 
 GGCAGCCATCATCATCATCATCACAG 

CGGCGAAAACCTGTATTTTCAGTCT  
 

Primer forward 
CTGTGATGATGATGATGATGGCT 

GCCGGCGGCCGCAACGGTAGC  
81.0 

Primer reverse 
CGGCGAAAACCTGTATTTTCA 

GTCTGCGCGCTATCGGCTGCCC  
79.1 

 
The Q5® Site-Directed Mutagenesis kit is designed for rapid and efficient incorporation of 

insertions, deletions and substitutions into double stranded plasmid DNA. The first step of the 

protocol is an exponential amplification using standard primers and a master mix formulation 

of the Q5 Hot Start High-Fidelity DNA Polymerase (Figure 4.5). 
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Figure 4.5  Overview of the Q5® Site-Directed Mutagenesis kit from New England Biolabs  This 
figure was adapted from the Instructions Manual of the kit. 

The second step involves incubation with a unique enzyme mix containing a kinase, a ligase 

and DpnI (Figure 4.5). Together, these enzymes allow for rapid circularization of the PCR 
product and removal of the template DNA. The final step involves a transformation in 

competent cells for final plasmid maturation.  

-tagged 

OmaW. The first step (exponential amplification, with insertion of the target sequence) was 

performed by Polymerase Chain Reaction (PCR). PCR is a widely used technique in molecular 

biology for exponentially amplify a single copy or a few copies of a specific segment of DNA to 

generate thousands to millions of copies of a particular DNA sequence [27]. 

The PCR samples were prepared with the conditions presented in Table 4.3. PCR cycling 

conditions used for the insertion of the target sequence are indicated in Table 4.4. 
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Table 4.3  Composition of the final PCR mix (reaction volume = 50 μL).  

PCR reaction mix components Final concentration 
Phusion GC/HF buffer 1x 

Phusion High-Fidelity DNA polymerase 1 U*1 
Deoxynucleotides (dNTPs) 0.2 mM 

Primer forward 0.5 μM 
Primer reverse 0.5 μM 

DNA template (pGSU2643) 0.2 or 0.5 ng/μL 
* The Phusion DNA polymerase, the Phusion GC/HF buffers and the dNTPs are all 
from Thermo Scientific. *11 U = amount of enzyme necessary to catalize the 
conversion of 1 μmole of substrate per minute. 

 
Table 4.4  PCR cycling conditions  The annealing/extension time was calculated according to 

indication of 15-30 seconds/kb. 

PCR step  Temperature (oC) Time (seconds) 
Initial denaturation  98 30 

Denaturation 
25x 

98 8 
Annealing/extension 72 100 

Final extension  72 600 
Final hold  16  

 
The annealing and extension steps are represented as a single one because in this case the 

temperature of primer annealing is equivalent to the optimal temperature of activity (72 oC) for 

the polymerase used in the assays (Phusion High-Fidelity DNA polymerase). Negative controls 

were carried out for the PCR reaction and the results were analyzed by 1% agarose gel 

electrophoresis, stained with GreenSafe Premium (NZYTech). The protocol of the agarose gel 

electrophoresis step is presented in section 6.3. After this step, the PCR products were purified 

using the NZYMiniprep kit (NZYTech) and quantified in the Nanodrop (Thermo Fischer 

Scientific). 

In molecular biology, vectors and inserts digested by restriction enzymes contain the 

necessary terminal modification

further hybridized, once inside competent cells. Fragments created by PCR, however, do not 

possess these necessary modifications, unless the amplification process is performed with 

previously phos

non-
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since the primers used in this experiment were not previously phosphorylated, kinase was used 

in the second step of the mutagenesis protocol. 

Furthermore, this step also included the use of the DNA ligase and DpnI enzymes. DNA 

ligase is added to catalyze the formation of the phosphodiester bonds crucial to bind the DNA 

strands of the PCR product. The addition of DpnI is related with the necessity of eliminating 

the DNA template (pGSU2643). This enzyme is specific for methylated and hemimethylated 

DNA. Since DNA isolated from most E. coli strains is methylated, it is susceptible to DpnI 

digestion. Hence, DpnI is frequently used after a PCR reaction to digest the methylated parental 

DNA template and select for the newly synthesized DNA containing mutations. Taking into 

account these considerations, a protocol was developed for the sample incubation with the 

different enzymes. 

The PCR products were incubated with 1 U (in this case, one unit is defined as the amount 

of DpnI required to digest completely 1 μg of plasmid DNA in 50 μL of the reaction mixture at 

37 oC for one hour) of DpnI (NZYTech) at 37 oC for 2 hours (optimal activity temperature of 

the enzyme) and then left at 80 oC for 20 minutes (DpnI inactivation). The reaction mix was 

 Then, the samples were 

submitted to a single step which comprised the enzymatic reactions of both the T4 

polynucleotide kinase (NZYTech) and the T4 DNA ligase (Thermo Scientific). The samples were 

prepared with the conditions presented in Table 4.5 (which included a specific buffer with the 

necessary substrates for both enzymatic reactions) and then left incubating at 37 oC for 1 hour 

(optimal activity temperature of the enzymes) and 65 oC for 10 minutes (enzyme activity 

inactivation). 

Table 4.5  Composition of the final enzymatic mix  The T4 DNA ligase buffer (1x) from Thermo 
Scientific contains 10 mM MgCl2, 10 mM dithiothreitol (DTT) and 0.5 mM ATP. 

Enzymatic mix components Final concentration 
T4 DNA ligase buffer (Thermo Scientific) 1x 

T4 polynucleotide kinase 1 U* 
T4 DNA ligase 1 U* 
PCR product 64 ng 

*1 U = amount of enzyme necessary to catalize the conversion of 1 μmole of substrate 
per minute. 

 
After the enzyme treatment, the constructed vectors were transformed in E. coli DH5α 

competent cells and plated for selection in Luria-Bertani (LB) medium supplemented with 
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ampicillin (100 μM/mL). Proper controls were performed. The resulting colonies were screened 

by colony PCR [28, 29] (with primers complementary to the pVA203 plasmid) and analyzed by 

1.3% agarose gel electrophoresis. The colonies with PCR products of the correct size were grown 

in liquid LB supplemented with ampicillin for plasmid extraction and purification, using the 

NZYMiniprep kit. Finally, the presence of the desired insertion was confirmed by DNA 

sequencing performed by STAB Vida. 

4.1.2  Expression of OmaW and OmaV of Geobacter sulfurreducens 

The OmaW and OmaV cytochromes were expressed as previously described for other 

cytochromes of G. sulfurreducens [23, 30]. The expression was performed in E. coli BL21 (DE3) 

cells, containing the plasmid pEC86 [31, 32]. These cells were transformed with the plasmids 

pGSU2643H/pGSU2643 or pGSU2725 (containing the genes GSU2643 (with and without an 

His-tag) and GSU2725, respectively, an ampicillin resistance gene, a lac promoter and an OmpA 

leader sequence [30]) and grown in 2xYT media supplemented with 34 µg/mL chloramphenicol 

and 100 µg/mL ampicillin, to an OD600 of approximately 1.5 at 30 oC. Then, protein expression 

was induced with 100 µM of IPTG and the cultures were left at 30 oC for overnight growth. 

4.1.3  Purification of OmaW and OmaV of Geobacter sulfurreducens 

After overnight incubation, cells were harvested by centrifugation at 6400 xg for 20 minutes, 

at 4 oC. The cell pellet was gently resuspended in 10 mM Tris-HCl pH 8.1 (containing 0.5 mg/mL 

of lysozyme, 0.5 mM EDTA, DNase (Sigma-Aldrich) and protease inhibitors  1 mM of 
phenylmethylsulphonyl fluoride (PMSF, Sigma-Aldrich) and 2 mM of benzamidine-HCl 

(Sigma-Aldrich)) and disrupted by three passages through a French Press (Thermo Scientific 

IEC), at a pressure of 1400 psi (1 psi = 6.9 kPa). The cell lysates were then centrifugated at 30000 

xg for 30 minutes at 4 oC, and the resultant pellets and supernatants analyzed by SDS-PAGE 

(15% acrylamide/bis-acrylamide), stained either for hemes (TMBZ staining) or with BlueSafe 

(see protocol for both types of staining in section 6.2). The soluble and insoluble fractions 

containing the target proteins were further purified by chromatographic techniques (see below) 

or resuspended in various conditions, respectively. 

Throughout the optimization of the purification protocol, different approaches were used for 

protein solubilization, based either on (i) mild techniques that detach the target proteins from 

the membrane and (ii) total membrane disruption with the use of detergents. The solutions used 

based on the first and second approaches are presented in Tables 4.6 and 4.7 (detergents and 

glycerol), respectively. 
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Table 4.6  Solutions used for mild solubilization of OmaW and OmaV cytochromes. 

10 mM Tris-HCl pH 8.1 + 300 mM NaCl 10 mM Tris-HCl pH 7.5 + 6 M GuHCl* 
10 mM Tris-HCl pH 8.1 + 1 M NaCl 100 mM sodium phosphate pH 7 + 2 M NaCl 
10 mM Tris-HCl pH 8.1 + 8 M urea 100 mM Na2CO3 pH 10.6 
10 mM Tris-HCl pH 7.5 + 8 M urea 100 mM Na2CO3 pH 10.6 + 2 M NaCl 

*GuHCl stands for guanidine hydrochloride.   
 
Table 4.7  Solutions used for total membrane disruption and/or solubilization of the OmaV and 
OmaW cytochromes  The buffers used are indicated in parenthesis.  

2% (w/v) SDS 
(1x PBS* pH 7.5) 

0.1% (w/v) LDAO 
(10 mM Tris-HCl pH 7.5 + 150 mM NaCl) 

2% (w/v) SDS 
(1x PBS* pH 7.5 + 500 mM NaCl) 

0.2% (w/v) LDAO 
(10 mM Tris-HCl pH 7.5 + 300 mM NaCl) 

2% (v/v) Triton X-100  
(1x PBS* pH 7.5) 

0.5% (w/v) CHAPS 
(10 mM Tris-HCl pH 7.5 + 150 mM NaCl) 

5% (v/v) Triton X-100 
(10 mM Tris-HCl pH 7.5 + 300 mM NaCl) 

10% (v/v) glycerol 
(10 mM Tris-HCl pH 7.5 + 150 mM NaCl) 

*PBS stands for phosphate-buffered saline. 
 

Although glycerol is not a detergent and does not lead to membrane disruption, it is known 

to increase protein stability and solubility [33, 34]. In fact, Shi and co-workers [35] previously 

suggested a purification protocol for multiheme c-type cytochromes using 10% glycerol. 

Therefore, assays using glycerol as a solubilization agent were also performed. The assays 

performed using the conditions indicated in Table 4.7 were all performed with OmaW. 

In either case, after homogenization of the cell pellets (achieved either by mechanical stirring 

or with a homogenizer), the mixtures were maintained at 4 oC for 30 minutes, with gentle 

stirring, before being ultracentrifugated at 100000 xg for 60 minutes at 4 oC. This procedure 

followed a protocol previously presented by Smith [36]. To check for protein solubilization, the 

resultant pellets and supernatants were analyzed by SDS-PAGE. 

OmaW and OmaV were partially solubilized with 10 mM Tris-HCl pH 7.5 + 8 M urea. The 

samples were then dialyzed against sodium acetate pH 5.85 + 8 M urea and only OmaV was 

kept in solution in these conditions, while OmaW precipitated. OmaV was then loaded onto 2 

x 5 mL HiTrap SP HP cartridges (GE Healthcare), equilibrated with the same buffer of the 

dialysis process. The protein was eluted with a sodium chloride step gradient (0.5 and 1 M) and 
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the obtained fractions were analyzed by SDS-PAGE. This chromatographic step was performed 

on a ÄKTA Prime (GE Healthcare) system. 

4.1.4  Purification of His-tagged OmaW  

After overnight incubation, cells were lysed as described in the previous section, with the same 

buffer (at pH 7.5). The cell lysates were then separated and supplemented with other 

components (see below) and the protein was purified by affinity chromatography (Ni-NTA 

affinity purification), using either an ÄKTA Pure system or gravity flow columns. 

On the first approach, the cell lysates were mixed with 10 mM Tris-HCl pH 7.5 + 300 mM 

NaCl + 20 mM imidazole. Cell debris were then removed by centrifugation at 30000 xg for 30 

minutes at 4 oC and the resultant supernatant was ultracentrifugated at 100000 xg for 1 hour, at 
4 oC, before being loaded onto a 5 mL HisTrap FF Crude cartridge (GE Healthcare), equilibrated 

with the same buffer. The protein was eluted with an imidazole gradient (0-500 mM) and the 

obtained fractions were analyzed by SDS-PAGE and UV-visible spectroscopy. The UV-visible 

absorption spectrum for one of the fractions was acquired in the oxidized state, between 300-

750 nm, in a Thermo Scientific Evolution 201 spectrophotometer. The measurement was made 

with a quartz cuvette (Helma), with 1 cm path length, at room temperature. 

On the second approach, the cell lysates were mixed either with 10 mM Tris-HCl pH 7.5 + 

150 mM NaCl + 20 mM imidazole or with 10 mM Tris-HCl pH 7.5 + 0.5% CHAPS + 20 mM 

imidazole. The mixtures were then directly loaded onto gravity flow columns (from G-

Biosciences, containing a 3 mm hydrophobic polyethylene layer, with 30 μm pores), prepared 

with Ni2+-beads (5 mL of HisPurTM Ni-NTA resin (Thermo Scientific)), previously equilibrated 

with the equivalent buffers (either with 150 mM NaCl or 0.5% CHAPS) and incubated for 1 

hour under continuous shaking. The protein was eluted with an imidazole step gradient (100, 

250 and 500 mM), containing either 150 mM NaCl or 0.5% CHAPS, and the obtained fractions 

were analyzed by SDS-PAGE. 
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4.2  Results and discussion 

4.2.1  Optimization of the expression and purification protocols 

The optimization of expression and purification protocols for membrane proteins is very 

demanding, since modifications in each step of the protocol, such as vector design, culture 

conditions, expression strategies, protein extraction, choice of detergents and buffer conditions, 

can have a significant impact on the final yield and sample quality [37]. Some central factors 

that could determine the yield, integrity, activity and stability of the expressed proteins are the 

availability of highly processive transcription and translation machineries, suitable folding 

environments, the lipid composition of cellular membranes, the presence of efficient targeting 

systems and appropriate pathways for post-translational modifications [37]. 

The membrane proteins that were studied on this Thesis have special requirements, since they 

possess complex post-translational modifications (the incorporation of the hemes cofactors). To 

date, the most efficient strain used in the expression of multiheme cytochromes of G. 

sulfurreducens has been E. coli BL21 (DE3), containing the pEC86 plasmid that codes for all the 

machinery required for the hemes incorporation [31, 32]. Therefore, the protein expression was 

performed in this E. coli strain and the growth conditions were kept according to the protocols 

previously optimized for the PpcA-family cytochromes [38]. As demonstrated in the next 

sections, both OmaW and OmaV presented acceptable expression levels and, therefore, the main 

concern regarded the protein purification protocols, which were tested and optimized. 

4.2.1.1  Purification of OmaW and OmaV using mild techniques 

In the first protein expression and purification test, the periplasmic fractions were isolated 

using the protocol presented in the previous Chapters. However, the results obtained after the 

first centrifugation clearly indicated that the majority of the cytochrome c content was in the 
pellets (Figure 4.6). 
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Figure 4.6  SDS-PAGE of OmaV and OmaW supernatants and pellets after periplasmic fraction 
isolation and mechanical lysis with the French-press  Supernatants and pellets of the (A) OmaV 
(GSU2725) and (B) OmaW (GSU2643) cytochromes. (C) SDS-PAGE analysis of different pellets (P) 
and supernatants (S) of OmaV and OmaW. The different numbers correspond to different conditions: 
1  samples after periplasmic fraction isolation; 2  samples after mechanical lysis with the French-
press. Lane M corresponds to the molecular weight marker (Protein Plus ProteinTM Dual Xtra 
Standards). The bands corresponding to either OmaV or OmaW are highlighted with orange boxes.  

The red color of the pellets and the strong protein bands at the correct molecular weigths for 

both OmaW and OmaV (Figure 4.6) were indicative of a high cytochrome c content, which for 

initial trials of expression and purification was reflected as an acceptable yield. Therefore, no 

further modifications were made in the expression protocol of the OmaW and OmaV 

cytochromes. However, in the future, improvements may be necessary in the expression 

protocol, after a convenient and efficient purification protocol is developed.  

Considering that OmaW and OmaV cytochromes were in the pellets, they were resuspended 

and further lysed mechanically, using the French-Press. After the centrifugation cycle, the 

resultant pellets and supernatants presented red and yellow colors, respectively. The protein 

location was further confirmed by SDS-PAGE (Figure 4.6C). Since the mechanical lysis did not 

lead to total membrane disruption and consequent protein detachment, the resultant pellets 

were resuspended in various conditions, as an attempt to solubilize the proteins. As previously 

said, peripheral membrane proteins can be dissociated using relatively mild techniques that 

break the electrostatic or hydrogen bonds between the peripheral proteins and the membrane, 

without total membrane disruption. There are commonly used reagents that work for the 

extraction of peripheral membrane proteins (Table 4.8). 
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Table 4.8  Treatments for the extraction of peripheral membrane proteins  The details presented 
are general indications for the protocols of extraction. This table was adapted from [36]. 

Extraction type Extraction details 
Acidic buffers Buffer with pH 3.0-5.0 

Alkaline buffers Buffer with pH 8.0-12.0 
Chaotropic ions I-, ClO4

-, SCN- 
Denaturing agents 8 M urea or 6 M GuHCl 

Metal chelators 10 mM EDTA or EGTA 
Salt solutions (high ionic strength) 1 M NaCl or KCl 

 

Peripheral proteins extraction from the membrane is often accomplished with (i) buffers 

containing high salt concentrations, as the presence of salt decreases the electrostatic interactions 

between proteins and charged residues [39]; (ii) chaotropic ions, which disrupt hydrophobic 

bonds present in the membrane surface and promote the transfer of hydrophobic groups from 

the non-polar environment of the membrane to the aqueous phase [39]; (iii) alkaline or acid 

buffers, since extreme pH values result in disruption of sealed membrane structures, without 
denaturing the lipid bilayer and disrupting integral membrane proteins [40, 41]; (iv) chelating 

agents, due to the fact that some peripheral membrane proteins are attached to the membrane 

via specific ions (such as Ca2+) that can be further chelated [42]; and (v) denaturing agents, that 

totally disrupt the protein structure and detach it from any biological surface [36]. 

Hence, the pellets were resuspended in different buffers, following the indications of Table 

4.8. After the resuspension and homogenization of each pellet, cell suspensions were placed in 

eight different conditions, as indicated in Table 4.2. After proper incubation time and 

centrifugation, the resultant pellets and supernatants for the different conditions were analyzed 

by SDS-PAGE (Figures 4.7 and 4.8). 
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Figure 4.7  SDS-PAGE analysis of the different mild solubilization techniques (Part 1)  The left 
and right panels correspond to OmaW and OmaV cytochromes, respectively. S and P correspond to 
supernatant and pellet, respectively. The different numbers correspond to different conditions: 1  10 
mM Tris-HCl pH 8.1 + 8 M urea; 2  100 mM Na2CO3 pH 10.6; 3  Tris-HCl pH 8.1 + 300 mM NaCl; 
4 and 5  10 mM Tris-HCl pH 8.1, without and with 1 M NaCl, respectively. In all the gels, lane M 
corresponds to the molecular weight marker (Protein Plus ProteinTM Dual Xtra Standards). The bands 
corresponding to either OmaV or OmaW are highlighted with orange boxes. 
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Figure 4.8  SDS-PAGE analysis of the different mild solubilization techniques (Part 2)  In all the 
gels, S and P correspond to supernatant and pellet, respectively. The lanes identified either in red or 
green correspond to OmaW or OmaV cytochromes, respectively. The different numbers correspond 
to different conditions: 1  10 mM Tris-HCl pH 7.5 + 8 M urea; 2  100 mM Na2CO3 pH 10.6 + 2 M 
NaCl; 3  100 mM sodium phosphate pH 7 + 2 M NaCl; 4.1 and 4.2  10 mM Tris-HCl pH 7.5 + 6 M 
GuHCl, before and after a centrifugation step at 100000 xg, respectively. In all the gels, lane M 
corresponds to the molecular weight marker (Protein Plus ProteinTM Dual Xtra Standards). The bands 
corresponding to either OmaV or OmaW are highlighted with orange boxes. 

By analyzing Figures 4.7 and 4.8, it is possible to verify that some solubilization occurred 

using three conditions: (i) 100 mM Na2CO3 pH 10.6 (with and without 2 M NaCl), (ii) 100 mM 

phosphate buffer pH 7 + 2 M NaCl and (iii) 10 mM Tris-HCl pH 7.5 + 8 M urea. The 

solubilization achieved with the two first conditions occurred in insignificant amounts since the 

supernatants presented a yellow color and the pellets were dark red. The third solubilization 

condition resulted in light pink supernatants and red pellets. Therefore, the supernatant of the 

OmaV cytochrome was submitted to a cation exchange chromatography in the presence of urea. 

During the preparation of the OmaW supernatant for the chromatography step, the protein 

precipitated and it was not possible to perform the cation exchange on that cytochrome. 
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Concentrated solutions of urea are usually used to denature proteins in a reversible way [43, 

44]. Urea can affect protein structure by both direct and indirect mechanisms. In the indirect 

mechanism, urea is presumed to disrupt the structure of water, thus making hydrophobic groups 

more readily solvated [45-50]. In the direct mechanism, urea interacts either directly with the 

protein backbone (via hydrogen bonds and other electrostatic interactions with charged and 

polar side chains) or with amino acids through more favorable van der Waals attractions as 

compared with water [51, 52]. 

There are many studies which have analyzed the effects of urea on cytochromes, as well as the 

ability of these types of proteins to refold after urea denaturation [53-58]. In most cytochromes 

c, that are evidences that indicate that the addition of urea to the protein solution results in 

uncoupling of the polypeptide chain from close proximity to the heme(s) group(s), without 

detachment of the cofactors [55, 59], meaning that a complete renaturation is viable in most 

cases. However, one of the studies also demonstrates that in some cases, there is disruption of 

the protein-heme bonds (possibly by replacement of the intrinsic ligands by an urea molecule) 

[55], which further complicates the process of correct refolding.  

Furthermore, there are a few works published on multiheme cytochromes whose purification 

steps involve the use of urea, with protein renaturation [60, 61]. The cation exchange 

chromatography of OmaV was performed in denaturation conditions and the resulted fractions 

were analyzed by SDS-PAGE (Figure 4.9). 
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Figure 4.9  Cation exchange chromatography of OmaV in the denaturated state  The primary and 
secondary y-axis report the variation of absorbance at 280 nm (black line) and the conductivity (blue 
line), respectively. The NaCl step gradient (0.5 and 1 M) is not represented. The inset shows the SDS-
PAGE analysis of the chromatographic step. Lane M corresponds to the molecular weight marker 
(Protein Plus ProteinTM Dual Xtra Standards). Lane L corresponds to the initial sample, before loading. 
Lane FT corresponds to the flow-through. Lane 1 corresponds to peak 1. The bands corresponding to 
OmaV are highlighted with orange boxes. The gel was stained with BlueSafe. 

The fractions obtained after the application of the NaCl gradient did not contain OmaV. The 

protein did not bind to the column and other experimental conditions regarding the cation 

exchange chromatography should be reconsidered in next experimental trials. 

4.2.1.2  Purification of OmaW and OmaV using detergents 

As seen in the previous section, the mild techniques of solubilization applied did not result in 

significant protein solubilization and considering the gathered results, it was inferred that the 

OmaW and OmaV cytochromes are more embedded in the OM than expected. Considering 

that OmaW and OmaV are interacting with the integral membrane proteins OmbW and OmbV, 

there are at least two reasons why these proteins are not solubilizing with the mild techniques 

used  the pentaheme cytochromes may be (i) stability-dependent on the anchoring of these 

proteins to the integral membrane components of the complexes, meaning that the consequent 

detachment of the OmaW and OmaV cytochromes destabilizes their structure and results in 
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protein denaturation and consequent precipitation or (ii) attached to the membrane with 

stronger interactions, that are not disrupted with mild techniques. Therefore, detergents were 

used in the next approaches of protein solubilization. The use of detergents is directly related 

with the fact that the solubilization of integral membrane proteins is only achieved with 

disruption of the lipid bilayer, which can be accomplished with several types of detergents. 

Detergents are amphipathic molecules that contain both hydrophobic and hydrophilic 

moieties and form micelles in water. Micelles are clusters of detergent molecules in which the 

hydrophilic head moieties face outwards. Detergents solubilize proteins by binding to the 

hydrophobic parts of the protein on one side and interacting with the aqueous parts on the other 

side. Helenius and Simons [62] classify detergents by their overall chemical structure as type A 

and type B, which are further subdivided according to their electric charge as nonionic, ionic or 

zwitterionic detergents (see below). Type A detergents exhibit flexible hydrophobic tails and 

hydrophilic head groups, whereas type B detergents are more rigid and are cholesterol-based 

structures, with amphiphilic properties (Table 4.9). 

Table 4.9  Classification of detergents, according to Helenius and Simons [62]  The presented 
detergents are commonly employed in the solubilization of biological membranes. 

Global charge 
 Chemical structure 
 Type A Type B 

Nonionic 
 Triton X-100 

Digitonin  Octylglucoside 
 Lubrol PX 

Zwitterionic  Zwittergent 3-14 CHAPS 
Ionic   Sodium cholate 

 
In ionic detergents, the polar head group contains either a positive (cationic) or negative 

(anionic) charge. Anionic detergents typically have negatively-charged sulfate groups as the 

hydrophilic head, whereas cationic detergents usually contain a positively-charged ammonium 

group. The polar head groups of zwitterionic detergents contain both negatively and positively 

charged atomic groups, having an overall neutral charge. These compounds share characteristics 

of both ionic and nonionic detergents but are typically more efficient at breaking protein-protein 

bonds without affecting the proteins involved in the process, since they effectively break the 

protein bonds while maintaining the native state and charge of the individual proteins. Finally, 

nonionic detergents contain molecules with head groups that are uncharged.  
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The selection of a particular detergent depends on the properties of the protein of interest 

and on the given aims of the subsequent experiments involving that protein. It is also important 

to be aware of the unique critical micelle concentration (CMC), which is the concentration of 

free detergent at which the transition from disperse detergent molecules to a micellar structure 

occurs. Since solubilization corresponds to the removal of the protein from the membrane into 

the detergent micelle, the CMC is the minimal concentration of detergent necessary to form the 

required micellar structure for protein extraction. CMC values vary between detergents (some 

are indicated in Table 4.10). 

Table 4.10  Critical micelle concentration (CMC) for detergents commonly used in integral 
membrane proteins extraction  This table was adapted from [36]. The values presented are averaged 
or presented in intervals commonly reported by detergent manufacturers. 

Global charge Detergent name CMC (mM) 

Nonionic 

Big Chap 3.4 
C12E8 < 0.1 

Triton X-100 0.3 
Triton X-114 0.2 

Zwitterionic 
CHAPS 3  10 

CHAPSO 4  8 
LDAO 1 

Ionic 

CTAB 1 
Sodium cholate 10 

Sodium deoxycholate 2 
SDS 6  8 

 
Considering the above mentioned, different trials with detergents were performed in the 

pellets of the OmaW cytochrome, using the conditions presented in Table 4.3. The trials were 

performed with concentrations above the CMC values of the utilized detergents, to guarantee 

formation of the required micellar structures for protein extraction. 

According to Ohlendieck [40], retention of a membrane protein in the supernatant following 

a centrifugation for 60 minutes at 100000 xg (after a solubilization protocol) defines the protein 

as soluble. Therefore, the supernatants which resulted from the solubilization protocol with the 

different detergents (and subsequent centrifugation) were analyzed by SDS-PAGE (Figure 4.10). 
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Figure 4.10  SDS-PAGE analysis of the different detergent or glycerol based solubilization 
techniques  In all the gels, S and P correspond to supernatant and pellet, respectively. The different 
numbers correspond to different conditions: 1  2% Triton X-100 (1x PBS pH 7.5); 2  2% SDS (1x 
PBS pH 7.5); 3  2% SDS (1x PBS pH 7.5 + 500 mM NaCl); 4  0.5% CHAPS (10 mM Tris-HCl pH 
7.5 + 150 mM NaCl); 5  0.1% LDAO (10 mM Tris-HCl pH 7.5 + 150 mM NaCl); 6  10% glycerol 
(10 mM Tris-HCl pH 7.5 + 150 mM NaCl); 7  5% Triton X-100 (10 mM Tris-HCl pH 7.5 + 300 mM 
NaCl); 8  0.2% LDAO (10 mM Tris-HCl pH 7.5 + 300 mM NaCl). In all the gels, lane M corresponds 
to the molecular weight marker (Protein Plus ProteinTM Dual Xtra Standards). The bands 
corresponding to OmaW are highlighted with orange boxes. 

By analyzing Figure 4.10, it is possible to verify that protein solubilization occurred using two 

conditions: (i) 0.2% LDAO (10 mM Tris-HCl pH 7.5 + 300 mM NaCl) and (ii) 0.5% CHAPS 

(10 mM Tris-HCl pH 7.5 + 150 mM NaCl). Out of the two conditions, it was decided that the 

following trials (purification of His-tagged OmaW, using affinity chromatography) would be 

performed using the zwitterionic detergent CHAPS as the membrane disruption agent. This 

choice was related with the existence of other works in the literature which have used CHAPS 

to solubilize membrane multiheme cytochromes [13, 63, 64]. 
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4.2.1.3  Purification of His-tagged OmaW 

The use of affinity tags has been implemented in the purification of complex protein systems 

[65], namely on the purification of membrane proteins. In fact, some protocols have been 

reported for the purification of mono- and multiheme cytochromes, using this type of strategies 

[30, 35, 61, 66-70]. Considering the several unsuccessful conditions tested for the purification 

of OmaV and OmaW presented, the insertion of an His-tag in the expression vectors of these 

cytochromes was thought as a solution to further simplify the purification protocols of these 

proteins. This procedure was only performed on the OmaW cytochrome. 

As described in section 4.1.1, the insertion of the His-tag involved an initial PCR step, for 

which experimental conditions were optimized. Four different conditions were tested: (i) 0.2 

ng/μL of DNA template with Phusion GC buffer, (ii) 0.2 ng/μL of DNA template with Phusion 

HF buffer, (iii) 0.5 ng/μL DNA template with Phusion GC buffer and (iv) 0.2 ng/μL DNA 

template with Phusion HF buffer. The error rate of Phusion DNA polymerase in HF buffer is 

lower than that in GC buffer. Therefore, the HF buffer should be used as the default buffer for 

high-fidelity amplification. However, GC buffer can improve the performance of Phusion DNA 

polymerase on some difficult or long templates, such as GC-rich or those with complex 

secondary structures. For those reasons, PCR assays were performed with both buffers. The final 

results were analyzed by 1% agarose gel electrophoresis (Figure 4.11). 
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Figure 4.11  Gel electrophoresis of PCR products in 1% agarose gel, 1x TAE (Tris-acetate-EDTA) 
buffer  Lane M corresponds to the 1 kb DNA ladder, from New England Biolabs. The remaining 
lanes are as follows: 1  negative control of Phusion GC buffer; 2  Phusion GC buffer with 0.2 ng/μL 
DNA template; 3  Phusion GC buffer with 0.5 ng/μL DNA template; 4  negative control of Phusion 
HF buffer; 5  Phusion HF buffer with 0.2 ng/μL DNA template; 6  Phusion HF buffer with 0.5 ng/μL 
DNA template. The DNA band corresponding to the PCR product (expected size of 4750 bp) is 
highlighted by an orange box.  

By analyzing the results, it is clear that lane 5 contains the desired PCR product, which was 

further treated with DpnI, kinase and ligase enzymes. The resulting colonies were screened by 

colony PCR and analyzed by agarose gel electrophoresis. The plasmids of the colonies with PCR 

products of the correct size were purified and analyzed by DNA sequencing. The mature protein 

sequence, encoded by this plasmid, is presented in Figure 4.12. 

 

Figure 4.12  Final sequence of the His-tagged OmaW  The Gly-Ser linkers, the His residues 
composing the His-tag and the cleavage site for TEV protease are highlighted in blue, orange and 
green, respectively. 

After the insertion of the His-tag, initial purification procedures were tested. In the first 

procedure, after mechanical lysis with the French-press, the cell lysates buffer was adjusted to 

10 mM Tris-HCl pH 7.5 + 300 mM NaCl + 20 mM imidazole and loaded onto HisTrap FF 

Crude cartridge (GE Healthcare), equilibrated with the same buffer. The elution profile is 

presented in Figure 4.13, together with the SDS-PAGE analysis of the different fractions. 
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Figure 4.13  Affinity chromatography of OmaW  The primary and secondary y-axis report the 
variation of absorbance at 280 nm (black line) and the imidazole gradient profile (blue line), 
respectively. The inset shows the SDS-PAGE analysis of the chromatographic step. Lane M 
corresponds to the molecular weight marker (Protein Plus ProteinTM Dual Xtra Standards). Lane FT 
corresponds to the flow-through. Lanes 1-3 correspond to different fractions, highlighted in the 
chromatogram. In lane 3, a band containing the expected molecular weight for the His-tagged OmaW 
(around 20 kDa) is highlighted by an orange box. The gel was stained with BlueSafe. 

One of the fractions (eluted at 23% of imidazole gradient) contained a band with the 

molecular weight expected for OmaW. This fraction was further analyzed by UV-visible 

spectroscopy and the spectrum presented typical patterns of cytochromes c [71], as shown in 

Figure 4.14. 
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Figure 4.14  UV-visible spectrum of the fraction containing OmaW in the oxidized state  The 
spectrum presents the Soret band at 409 nm, typical of cytochromes c [71]. The remaining bands may 
also be correlated with the presence of OmaW in the analyzed fraction, but there are too many 
contaminations to take valid conclusions. 

On the second purification procedure, the same cell lysates buffer was adjusted to 10 mM 

Tris-HCl pH 7.5 + 150 mM NaCl + 20 mM imidazole or to 10 mM Tris-HCl pH 7.5 + 0.5% 

CHAPS + 20 mM imidazole and directly loaded onto Ni-NTA beads equilibrated with the same 

buffer. The fractions resulted from those two chromatographic steps were then analyzed by SDS-

PAGE (Figure 4.15). 
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Figure 4.15  SDS-PAGE analysis of the affinity chromatographies performed in Ni2+ beads  The 
(A) and (B) electrophoresis gels refer to the chromatographies performed with 0.5% CHAPS and 150 
mM NaCl, respectively. In both gels, lane L corresponds to the mixtures before loading on the columns; 
lane FT corresponds to the flow-through and lanes 1, 2 and 3 correspond to the fractions eluted with 
100, 250 and 500 mM imidazole, respectively. Lane M corresponds to the molecular weight marker 
(Protein Plus ProteinTM Dual Xtra Standards). The gel bands containing the His-tagged OmaW are 
highlighted by orange boxes. The (A) and (B) gels were stained with BlueSafe and TMBZ, respectively. 

By analyzing the results, no fractions containing OmaW were obtained after the affinity 

chromatography, either with 100, 250 or 500 mM imidazole. Further conditions need to be 

tested out in order to find a suitable purification protocol. 
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4.3  Conclusions 

 In this Chapter, the membrane cytochromes OmaW (GSU2643) and OmaV (GSU2725) were 

expressed in E. coli BL21 (DE3) cells. Several purification protocols were tested, using either 

mild solubilization techniques or detergents for total membrane disruption. In total, 16 different 

solubilization conditions were tested and only 4 resulted in protein solubilization: (i) 100 mM 

Na2CO3 pH 10.6 (with and without 2 M NaCl), (ii) 10 mM Tris-HCl pH 7.5 + 8 M urea, (iii) 

0.2% LDAO (10 mM Tris-HCl pH 7.5 + 300 mM NaCl) and (iv) 0.5% CHAPS (10 mM Tris-

HCl pH 7.5 + 150 mM NaCl). These conditions can be utilized in future purification processes 

and some of them were already used during the chromatographic processes presented. 

 In the presence of 10 mM Tris-HCl pH 7.5 + 8 M urea, the cell lysates containing OmaV 

were partially solubilized and submitted to a cation exchange chromatography step. However, 

pure protein could not be obtained and purification conditions need to be further optimized.  

 In order to facilitate the process of purification of the OmaV and OmaW, an His-tag was 

inserted into the pGSU2643 plasmid (expressing the OmaW cytochrome). This approach can 

be further applied in other expression vectors, namely on the pGSU2725 plasmid. 

 Taking advantage of some of the solubilization conditions with positive results and of the 

His-tag inserted into the pGSU2643 plasmid (OmaW), different affinity chromatographies were 

tested. Promising results were obtained using 10 mM Tris-HCl pH 7.5 + 300 mM NaCl + 20 

mM imidazole, immediately after French-press mechanical lysis. 

 The overall work described in this Chapter did not lead to an effective purification protocol, 

but it will hopefully stand as a major building block for the development of definitive and 

appropriate purification strategies for membrane-associated multiheme cytochromes from 

Geobacter bacteria. 
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5  Future perspectives 

The work developed in this Thesis will stand as a contribution for the general 

understanding of the Geobacter bacteria EET pathways and assist the development of 

rationally designed mutant strains, with higher current density production in MFCs and 

optimized bioremediation capabilities.  

The thermodynamic and functional differences between the homologous PpcA cytochromes 

from G. metallireducens and G. sulfurreducens discussed in this Thesis will be further explored 

together with the determination of the solution structure of PpcA from G. metallireducens. 

The assignment of the backbone, side chain and heme substituents in the reduced state 

(BMRB accession number 27363) was already accomplished and the structure calculation is 

already in progress. The diamagnetic structure to be obtained will then be compared with the 

one already available for PpcA from G. sulfurreducens (PDB ID: 2LDO [1]). Structure-

function relationships will be established in order to explain how the non-conserved residues 

near hemes I and III modulate the properties of these redox centers and concomitant 

thermodynamic and functional properties. 

In order to probe redox-linked conformational changes, the structure of PpcA from G. 

metallireducens will also be determined in the oxidized state. The experiments necessary for 

the assignment of the NMR backbone and side chain signals were already obtained. The 

structure determination of low-spin paramagnetic cytochromes in solution requires the use of 

paramagnetic constraints to achieve good precision and accuracy [2, 3]. The quality of these 

constraints depends on the correct placement of the magnetic axes that define the magnetic 

susceptibility tensor of the unpaired electrons. These axes can be defined from paramagnetic 

NMR chemical shifts of the substituents at the heme periphery (α-substituents). The 

assignment of most of the heme substituents was accomplished in this Thesis and will serve as 

a starting point for the assignment of the remaining substituents, following strategies 

previously described [4, 5]. 

Furthermore, in order to elucidate the physiological function and mechanistic influence of 

individual key residues in PpcA from G. metallireducens, different mutants of the cytochrome 

will be designed and prepared by site-directed mutagenesis. The thermodynamic and 

functional features of the mutants will be compared with the data obtained in this Thesis for 

the wild-type protein. 
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The preliminary results obtained for the GSU0105 cytochrome suggest that the cytochrome 

has three low-spin hemes in the reduced state and a mixture of low- and high-spin characters 

in the oxidized state. These evidences will be further confirmed by EPR. The results also point 

out the existence of a combination of His-Met, His-His and His-unknown coordinations, that 

need to be accessed. The coordinations of the heme groups will be confirmed by NMR or X-

ray crystallography. The determination of the paramagnetic solution structure and/or any 

studies performed in the oxidized state will always be challenging, considering the high-spin 

character of the cytochrome. 

UV-visible redox-titrations and electrochemical assays will be performed on the cytochrome 

GSU0105 at different experimental conditions, in order to get more insights on the heme 

reduction potentials and overall thermodynamic properties of the cytochrome. Finally, 

gathering the structure determination with these parameters, structure-function relationships 

will be accessed, as well as comparative studies with other triheme cytochromes, namely the 

PpcA-family cytochromes. 

The development of proper expression and purification protocols for OM cytochromes is 

still in a preliminary stage. In the future, improvements may be necessary in the protein 

expression protocol, either to guarantee higher expression yields or to increase protein 

solubility, by varying different expression conditions. Further purification steps for the OmaW 

and OmaV cytochromes will be tested using the solubilization conditions summarized in 

Chapter 4, as well as others. The implementation of the protocol for insertion of affinity tags 

in expression vectors, also presented in Chapter 4, will be further applied in other OM 

expression vectors. The hypothesis that the peripheral membrane proteins OmaW and OmaV 

are not stable in the absence the remaining components of the complex (OmbW/OmcW for 

OmaW and OmbV/OmcV for OmaV) needs to be taken into consideration and in the future, 

these proteins may be co-expressed together with the remaining components of the OM 

complexes. Furthermore, some OM proteins from G. sulfurreducens have been recently cloned 

into the pVA203 [6, 7] or pET-28a(+) (Novagen) plasmids using RF cloning (Restriction-Free 

cloning) [8]. The cloned proteins are indicated in Table 5.1. 
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Table 5.1  Features of the recently cloned OM proteins  The presented molecular weight (MW) 
values are approximated. TM stands for transmembrane. 

Protein Gene Residues MW (kDa) CXXCH motifs TM motifs 
OmbW GSU2644 394 44.2  20 
OmcW GSU2642 205 26.2 6  
OmcV GSU2724 661 75.6 13  
OmcB GSU2737 722 82.3 12  
OmcC GSU2731 746 85.7 12  

 
Initial expression tests will be performed for these cytochromes taking advantage of the 

work carried out on OmaV and OmaW proteins.  

Finally, and as an ultimate goal, the main future objective would be to interconnect the 

work performed in the different chapters and find physiological partners for the different 

cytochromes. This could be accomplished with the complementary use of different disciplines, 

namely microbiology, electrochemistry and, structural and functional biochemistry. 
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6  Appendix 

6.1  Reagents 

Table 6.1  List of the reagents used in this Thesis  The name of the reagents and their respective 
chemical formula, CAS number and supplier are indicated.  

Reagent Chemical formula CAS number Supplier 
Acetic acid CH3COOH 64-19-7 Sigma-Aldrich 

Acrylamide/bis-acrylamide  79-06-1 NZYTech 
Agar  9002-18-0 VWR 

Agarose C24H38O19 9012-36-6 NZYTech 
Ammonia persulfate (PSA) (NH4)2S2O8 7727-54-0 Riedel-de Haën 

Ampicillin C16H18N3O4SNa 69-52-3 NZYTech 
Benzamidine-HCl C7H9N2Cl 1670-14-0 Sigma-Aldrich 

BlueSafe   NZYTech 
Bromophenol blue C19H10Br4O5S 115-39-9 Sigma-Aldrich 
Calcium chloride CaCl2 10043-52-4 Sigma-Aldrich 
Casein peptone  91079-40-2 VWR 

CHAPS C32H58N2O7S 75621-03-3 Carl Roth 
Chloramphenicol C11H12Cl2N2O5 56-75-7 NZYTech 

Deuterium chloride 2HCl 7698-05-7 Sigma-Aldrich 
Deuterium oxide 2H2O 7789-20-0 CIL Isotopes 

Disodium phosphate Na2HPO4 10028-24-7 VWR 
DNase   Sigma-Aldrich 
Ethanol C2H6O 64-17-5 Sigma-Aldrich 
EDTA C10H16N2O8 60-00-4 Amresco 

Glycerol C3H8O3 56-81-5 Fluka 
Glycine C2H5NO2 56-40-6 NZYTech 

GreenSafe   NZYTech 
Guanidine hydrochloride CH6ClN3 50-01-1 Fluka 

Hydrochloric acid HCl 7647-01-0 Carlo Erba 
Hydrogen peroxide H2O2 7722-84-1 Sigma-Aldrich 

Imidazole C3H4N2 288-32-4 Sigma-Aldrich 
IPTG C9H18O5S 367-93-1 NZYTech 
LDAO C14H31NO 1643-20-5 Glycon 

Lysozyme  12650-88-3 Sigma-Aldrich 
Methanol CH3OH 67-56-1 Fisher Chemical 

Monopotassium phosphate KH2PO4 7778-77-0 Carlo Erba 
Monosodium phosphate NaH2PO4 10049-21-5 Merck 
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Table 6.1 (continued) 

Reagent Chemical formula CAS number Supplier 
PMSF C7H7FO2S 329-98-6 Sigma-Aldrich 

Potassium chloride KCl 7447-40-7 Panreac 
Propanol C3H8O 67-63-0 VWR 
Pyridine C5H5N 110-86-1 Fisher Chemical 

SDS CH3(CH2)11SO4Na 151-21-3 VWR 
Sodium acetate CH3COONa 127-09-3 Sigma-Aldrich 

Sodium carbonate Na2CO3 5968-11-6 Sigma-Aldrich 
Sodium chloride NaCl 7647-14-5 NZYTech 

Sodium deuteroxide NaO2H 14014-06-3 Sigma-Aldrich 
Sodium dithionite Na2S2O4 7775-14-6 Fisher Chemical 
Sodium hydroxide NaOH 1310-73-2 Pronalab 

Sucrose C12H22O11 57-50-1 Fisher Chemical 
TEMED  110-18-8 Fluka 
TMBZ C16H20N2 54827-17-7 Acros Organics 

Tris C4H11NO3 77-86-1 NZYTech 
Triton X-100  9002-93-1 Sigma-Aldrich 

Urea (NH2)2CO 57-13-6 Sigma-Aldrich 
Yeast extract  8013-01-2 NZYTech 
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6.2  SDS-PAGE electrophoresis  

Throughout this Thesis, protein purity was evaluated by SDS-PAGE, using a Mini-Protean® 

Electrophoresis System (Bio-Rad). The SDS-PAGE gel recipe (5% stacking gel and 15% running 

gel) is presented in Table 6.3. 

Table 6.2  SDS-PAGE gel recipe for 5% stacking gel + 15% running gel. 

Stock solutions Stacking gel (µL) Running gel (µL) 
1.5 M Tris-HCl pH 8.8  750 
0.5 M Tris-HCl pH 6.8 450  

40% acrylamide/bis-acrylamide (37.5:1) 225 1880 
10% SDS 18 50 

H2O 1107 2280 
10% PSA 13.5 38 
TEMED 2 2.5 

 
All the samples were loaded with the same loading buffer (2% SDS, 5% glycerol, 0.01% 

bromophenol blue, in 62.5 mM Tris-HCl pH 6.8), after an incubation time of 5 minutes at 95 
oC. The electrophoresis were run in 1x SDS running buffer (25 mM Tris, 192 mM glycine, 1% 

SDS), at 120 V during 90 minutes. The molecular weight marker used was the Precision Plus 

ProteinTM Dual Xtra Standards (Bio-Rad, Figure 6.1). 

 

Figure 6.1  Protein molecular weight marker Precision Plus ProteinTM Dual Xtra Standards (Bio-
Rad)  The numbers on the right refer to the molecular weight of each band, in kDa. 

Finally, the electrophoresis gels were stained either with TMBZ or with BlueSafe (see below). 
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6.2.1  Heme staining of SDS-PAGE electrophoresis gels 

The heme staining of SDS-PAGE electrophoresis gels is based on the peroxidase activity of 

the heme group. The heme group of any cytochrome is capable of using H2O2 has an electron 

acceptor and catalyze an oxidative reaction until the formation of H2O. Based on this, in the 

heme staining of SDS-PAGE gels, tetramethylbenzidine (TMBZ, from Acros Organics) is used 

as a chromogenic electron donor (TMBZ forms a blue precipitate when oxidized, leading to 

light blue bands in the SDS-PAGE gel) and H2O2 as an electron acceptor [1, 2]. In order for this 

staining technique to work, the heme(s) group(s) have to be in the oxidized state and so, the 

loading-buffer used does not contain β-mercaptoethanol. 

After running the SDS-PAGE electrophoresis, the gel is placed in a solution containing TMBZ 

(Solution C) for 30 minutes. The gel must be incubated while stirring with no light exposure. 

Then, 300 µL of 30% H2O2 are directly added, followed by another 30 minutes of incubation. 

Finally, the gel is washed twice with a sodium acetate/propanol solution (Solution D). The 

necessary solutions for this staining method are indicated in Table 6.4. 

Table 6.3  Solutions for heme staining. 

Solution Composition/Name Preparation 
A 4.17 mM TMBZ 30 mg of TMBZ in 30 mL of methanol 

B 0.25 M sodium acetate 
17.01 g of sodium acetate trihydrate in 500 mL 

(pH 5  adjusted with acetic acid) 
C Coloring solution 30 mL solution A + 70 mL solution B 
D Washing solution 70 mL solution B + 30 mL propanol 

 

6.2.2  BlueSafe staining of SDS-PAGE electrophoresis gels 

BlueSafe is a NZYTech protein stain which consists of a safer alternative (it does not contain 

methanol or acetic acid) to the traditional Coomassie Blue staining for detecting proteins in 

SDS-PAGE [3]. BlueSafe does not require the use of a destaining solution and is capable of 

detecting low concentration proteins (60 ng within 10-15 minutes, and down to 10 ng within 

30-60 minutes) [3]. For staining the gels presented in this Thesis, about 25 mL of BlueSafe 

solution were added to the gel and incubated for 60 minutes with gentle agitation before 

removing the excess. BlueSafe was reused 2-3 times, when conserved at 4 oC. 
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It is important to note that BlueSafe staining is not efficient in protein bands that were 

previously strongly stained with heme staining. Therefore, a protein band that was strongly 

stained with heme staining may not have the same relative intensity with BlueSafe. 

6.3  Agarose gel electrophoresis  

Throughout this Thesis, the purity of the PCR products was evaluated by agarose gel 

electrophoresis, using a kuroGel Midi 13 Horizontal Electrophoresis System (VWR). The 

agarose gels were prepared by adding either 1 or 1.3 g of agarose (for 1 and 1.3% agarose gels, 

respectively) to 100 mL of 1x TAE buffer (40 mM Tris, 20 mM acetic acid and 1 mM EDTA) 

and 1 µL of GreenSafe Premium (NZYTech). 

GreenSafe Premium is a new nucleic acid stain, introduced by NZYTech, that can be used as 

a safer alternative to the traditional ethidium bromide for detecting nuclei acids in agarose gels. 

It is as sensitive as ethidium bromide and can be used exactly in the same way in agarose gel 

electrophoresis. This stain emits green fluorescence when bound to DNA or RNA, having two 

secondary fluorescence excitation peaks (around 270 and 290 nm) and one strong excitation 

peak centered at 530 nm. 

All the samples were loaded with the same loading buffer (1x DNA gel loading dye, from 

Fermentas). The electrophoresis were run in 1x TAE running buffer, at 90 V during 60 minutes. 

The DNA ladder used was the 1 kb DNA ladder, from New England Biolabs (Figure 6.2). 

 

Figure 6.2  1 kb DNA ladder from New England Biolabs  The numbers on the right refer to the 
number of kilobases and mass (in ng) of each band. 

Finally, the bands were observed under UV light (VWR UV transilluminator). 
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6.4  NMR signal assignments 

The experiments used to perform the different assignments were acquired in a Bruker Avance 

III 600 MHz spectrometer. The heme substituents are named in agreement with the IUPAC-

IUB nomenclature for tetrapyrroles [4]. 

 

Figure 6.3  1H,13C-HMQC spectrum of PpcA from G. metallireducens, at pH 8.1, 288 K  The heme 
methyls and propionates signals are identified in the spectrum. The peaks of the protons connected to 
the same carbon atoms (CH2 groups) are linked by a straight line. The detailed assignment is presented 
in Table 6.5. 
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Table 6.4  Heme methyls and propionates assignment (1H and 13C) of PpcA from G. 
metallireducens in the oxidized state, at 250 mM ionic strength, pH 8.1, 288 K.  

Heme 
substituent 

Heme I Heme III Heme IV 

 13C 1H 13C 1H 13C 1H 

21 -41.77 20.69 -21.81 10.28 -33.11 14.14 
71 -40.97 16.43 -15.60 5.57 -25.29 11.50 
121 -59.09 25.98 -27.40 15.20 -40.26 17.12 

131 -15.89 
0.77 

-62.60 
14.97 

-18.47 
3.90 

9.79 22.69 4.46 

132 93.88 
-1.41 

173.60 
-2.94 

90.19 
-1.48 

-0.68 -1.16 -0.59 

171 -3.07 
-1.59 

-17.02 
3.06 

-17.21 
3.06 

1.91 5.29 4.82 

172 67.38 
-0.69 

87.65 
-2.47 

94.45 
-0.84 

-0.47 -2.30 -0.29 
181 -37.98 15.20 -2.74 0.64 -39.48 15.77 
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Figure 6.4  1H,13C-HMQC spectrum of PpcA from G. metallireducens, at pH 8.1, 298 K  The heme 
methyls and propionates signals are identified in the spectrum. The peaks of the protons connected to 
the same carbon atoms (CH2 groups) are linked by a straight line.  The detailed assignment is presented 
in Table 6.6. 
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Table 6.5  Heme methyls and propionates assignment (1H and 13C) of PpcA from G. 
metallireducens in the oxidized state, at 250 mM ionic strength, pH 8.1, 298 K. 

Heme 
substituent 

Heme I Heme III Heme IV 

 13C 1H 13C 1H 13C 1H 

21 -39.52 19.96 -21.03 10.22 -31.95 13.99 
71 -39.50 16.17 -15.53 6.09 -24.24 11.34 
121 -56.44 25.08 -26.55 14.99 -38.96 16.91 

131 -14.55 
0.98 

-60.06 
14.84 

-17.14 
4.05 

9.52 22.14 4.64 

132 88.57 
-1.36 

168.70 
-2.82 

92.11 
-1.26 

-0.55 -1.11 -0.60 

171 -3.03 
-1.05 

-15.89 
3.15 

-16.08 
3.31 

2.39 5.29 4.98 

172 68.02 
-0.58 

86.09 
-2.34 

92.78 
-0.68 

-0.36 -2.13 -0.19 
181 -37.48 15.42 -2.93 1.01 -38.22 15.62 
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Table 6.6  Heme methyls and propionates assignment (1H and 13C) of PpcA from G. 
metallireducens in the oxidized state, at 250 mM ionic strength, pH 5.8, 288 K. 

Heme 
substituent 

Heme I Heme III Heme IV 

 13C 1H 13C 1H 13C 1H 

21 -41.28 20.68 -21.88 10.29 -33.79 14.48 
71 -40.95 16.52 5.68 5.68 -24.67 11.27 
121 -58.91 25.91 -27.13 15.19 -38.18 15.67 

131 -14.72 
0.79 

-62.65 
14.89 

-18.76 
2.89 

9.30 22.88 5.02 

132 89.05 
-1.32 

174.60 
-2.89 

95.03 
-0.88 

-0.57 -1.14 -0.30 

171 -2.90 
-1.85 

-17.07 
2.98 

-17.95 
3.83 

2.76 5.29 4.55 

172 67.95 
-0.35 

87.77 
-2.44 

96.49 
-0.89 

0.05 -2.17 -0.21 
181 -38.67 15.95 -2.57 0.59 -38.66 15.59 

 

Table 6.7  Chemical shifts of the heme methyl protons of PpcA from G. metallireducens in the 
reduced and oxidized (values in parenthesis) states, at pH 5.8 and 288 K  The paramagnetic 
contribution (δox - δred) of the observed chemical shifts at the oxidized state is indicated for each heme 
methyl proton.  

Heme 
substituents 

 Chemical shift (ppm)  δox - δred 
 I III IV  I III IV 

21CH3 
 3.55 4.50 3.64  

17.13 5.79 10.84 
 (20.68) (10.29) (14.48)  

71CH3 
 3.55 3.99 3.08  

12.97 1.69 8.19 
 (16.52) (5.68) (11.27)  

121CH3 
 2.88 3.51 3.84  

23.03 11.68 11.83 
 (25.91) (15.19) (15.67)  

181CH3 
 3.34 3.96 3.37  

12.61 -3.37 12.22 
 (15.95) (0.59) (15.59)  
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6.5  NMR pH titration of PpcA from G. metallireducens 

 

Figure 6.5  1D 1H-NMR pH titration of PpcA from G. metallireducens in the oxidized state, at 288 
K (pH 5.3  7.2)  The 1H chemical shift changes of the heme methyls were followed at different pH 
values. Samples were prepared in 80 mM phosphate buffer, 250 mM final ionic strength.  
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Figure 6.6  1D 1H-NMR pH titration of PpcA from G. metallireducens in the oxidized state, at 288 
K (pH 7.3  8.2)  The 1H chemical shift changes of the heme methyls were followed at different pH 
values. Samples were prepared in 80 mM phosphate buffer, 250 mM final ionic strength. 
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Figure 6.7  1D 1H-NMR pH titration of PpcA from G. metallireducens in the oxidized state, at 288 
K (pH 8.3  9.5)  The 1H chemical shift changes of the heme methyls were followed at different pH 
values. Samples were prepared in 80 mM phosphate buffer, 250 mM final ionic strength. 
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6.6  NMR redox titrations of PpcA from G. metallireducens 

Table 6.8  Heme methyl chemical shifts of PpcA from G. metallireducens at different stages of 
oxidation (pH 5.8  8.9)  The heme oxidation fractions (xi), in each stage of oxidation, were calculated 
according to the equation xi = (δi-δ0)/(δ3-δ0), where δi, δ0 and δ3 are the observed chemical shifts of 
the heme methyl in stage i, 0 (fully reduced) and 3 (fully oxidized), respectively. The values indicated 
in parenthesis were obtained from the fitting of the thermodynamic model. 

pH 5.8  Chemical shift (ppm)  xi  
∑ 𝒙𝒊 Oxidation 

stage 
 

I III IV  I III IV  

0  3.55 3.51 3.64  0.00 0.00 0.00  0.00 
1  6.91 (4.83) 11.02  0.20 0.11 0.68  0.99 
2  17.77 5.34 13.76  0.83 0.16 0.94  1.93 
3  20.70 15.18 14.45  1.00 1.00 1.00  3.00 

pH 6.3  Chemical shift (ppm)  xi  
∑ 𝒙𝒊 Oxidation 

stage 
 

I III IV  I III IV  

0  3.55 3.51 3.64  0.00 0.00 0.00  0.00 
1  6.77 (4.87) 11.03  0.19 0.12 0.68  0.99 
2  17.95 5.24 13.76  0.84 0.15 0.94  1.93 
3  20.69 15.19 14.43  1.00 1.00 1.00  3.00 

pH 6.9  Chemical shift (ppm)  xi  
∑ 𝒙𝒊 Oxidation 

stage 
 

I III IV  I III IV  

0  3.55 3.51 3.64  0.00 0.00 0.00  0.00 
1  5.95 (4.72) 11.70  0.14 0.10 0.76  1.00 
2  17.80 5.23 13.67  0.83 0.15 0.94  1.92 
3  20.63 15.20 14.27  1.00 1.00 1.00  3.00 

pH 7.6  Chemical shift (ppm)  xi  
∑ 𝒙𝒊 Oxidation 

stage 
 

I III IV  I III IV  

0  3.55 3.51 3.64  0.00 0.00 0.00  0.00 
1  5.20 (4.43) 12.19  0.10 0.08 0.81  0.99 
2  17.83 5.31 13.62  0.83 0.15 0.95  1.93 
3  20.67 15.19 14.14  1.00 1.00 1.00  3.00 
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Table 6.8 (continued) 

pH 8.3  Chemical shift (ppm)  xi  
∑ 𝒙𝒊 Oxidation 

stage 
 

I III IV  I III IV  

0  3.55 3.51 3.64  0.00 0.00 0.00  0.00 
1  5.02 (4.22) 12.27  0.09 0.06 0.82  0.97 
2  18.07 5.13 13.53  0.84 0.14 0.94  1.92 
3  20.80 15.21 14.11  1.00 1.00 1.00  3.00 

pH 8.9  Chemical shift (ppm)  xi  
∑ 𝒙𝒊 Oxidation 

stage 
 

I III IV  I III IV  

0  3.55 3.51 3.64  0.00 0.00 0.00  0.00 
1  (4.96) (4.17) 12.14  0.08 0.06 0.83  0.97 
2  18.19 5.14 13.35  0.85 0.14 0.94  1.93 
3  20.84 15.30 13.92  1.00 1.00 1.00  3.00 
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6.7  Preparation of sodium dithionite solutions 

Sodium dithionite solutions were prepared according to the procedure described below. 

The sample used for the NMR experiments was prepared with a concentration of 380 μM. 

Considering that GSU0105 has 3 hemes, this means that there is a total concentration of 1.14 

mM hemes in solution. Sodium dithionite transfers 2 electrons when oxidized, meaning that 

there is the need of having at least 570 μM of active sodium dithionite in solution in order to 

respect the intended ratio of 1:1 (electron:heme). 

Initially, a 10.3 mM solution of sodium dithionite was prepared in 32 mM phosphate buffer, 

pH 8, with NaCl (100 mM of final ionic strength). The UV-visible spectrum of sodium dithionite 

has a local maximum absorbance peak at 315 nm, for which the molar extinction coefficient was 

previously determined (ε315nm = 8000 M-1 cm-1) [5, 6]. Therefore, the concentration of active 

sodium dithionite in solution was determined from the absorbance at 315 nm, with the use of 

the respective molar extinction coefficient. A spectrum was obtained between 200-375 nm and 

the result is presented below (Figure 6.8). 

 

Figure 6.8  UV-visible spectrum of sodium dithionite  The spectrum was obtained with a 0.5 mM 
sodium dithionite solution, in a 1 cm path length quartz cell (Helma), at room temperature.  

The observed absorbance at 315 nm was 0.631, meaning that there was 0.0789 mM active 

sodium dithionite in solution. The sample analyzed by UV-visible spectroscopy was prepared 

from the 10.3 mM sodium dithionite solution and then diluted 1:20. Therefore, about 16% of 

the total sodium dithionite in solution was active. This value was taken into account in the 

preparation of the following solutions, in order to respect the 1:1 (electron:heme) ratio when 

adding sodium dithionite to GSU0105. 
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6.8  Electrochemistry data 

 

Figure 6.9  Cyclic voltammetry control assays with 200 μM BSA in phosphate buffer with NaCl 
(170 mM final ionic strength), at pH 7  The voltammograms were recorded at two different scan 
rates: 10 (green) and 20 (blue) mV s-1. The peak intensity scale is presented in μA. 

 

 

Figure 6.10  Anodic and cathodic peaks of GSU0105 redox centers at 5 mV s-1. The voltammogram 
presented was plotted from Figure 3.12. The peak intensity scale is presented in μA. 
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Table 6.9  Electrochemical parameters of the first redox center (I) of GSU0105  The different 
parameters are presented with the respective errors.   

Redox 
center 

Scan speed 
(mV s-1) 

Epa 
(mV) 

Epc 
(mV) 

Ipa 
(μA) 

Ipc 
(μA) 

I 

5 138 ± 15 49 ± 13 0.0008 ± 0.0002 0.0008 ± 0.0002 
10 133 ± 21 32 ± 19 0.0008 ± 0.0001 0.0008 ± 0.0006 
20 98 ± 27 32 ± 12 0.0010 ± 0.0005 0.0009 ± 0.0002 
35 107 ± 20 30 ± 9 0.0015 ± 0.0009 0.0011 ± 0.0006 
50 94 ± 27 41 ± 6 0.0018 ± 0.0012 0.0011 ± 0.0008 
75 151 ± 19 52 ± 4 0.0031 ± 0.0016 0.0020 ± 0.0005 
100 144 ± 16 58 ± 2 0.0103 ± 0.0065 0.0097 ± 0.0026 
150 133 ± 14 76 ± 6 0.0117 ± 0.0075 0.0104 ± 0.0034 
200 165 ± 22 65 ± 4 0.0194 ± 0.0052 0.0122 ± 0.0039 
500 153 ± 3 54 ± 19 0.0267 ± 0.0112 0.0188 ± 0.0063 
1000 133 ± 18 69 ± 10 0.0275 ± 0.0131 0.0190 ± 0.0056 
2000 120 ± 1 38 ± 16 0.1013 ± 0.0108 0.0617 ± 0.0084 
5000 140 ± 13 71 ± 13 0.3750 ± 0.0009 0.3520 ± 0.0401 

 

Table 6.10  Electrochemical parameters of the second redox center (II) of GSU0105  The different 
parameters are presented with the respective errors.   

Redox 
center 

Scan speed 
(mV s-1) 

Epa 
(mV) 

Epc 
(mV) 

Ipa 
(μA) 

Ipc 
(μA) 

II 

5 -55 ± 3 -139 ± 28 0.0011 ± 0.0003 0.0008 ± 0.0004 
10 -73 ± 15 -181 ± 31 0.0012 ± 0.0003 0.0013 ± 0.0006 
20 -113 ± 30 -136 ± 22 0.0012 ± 0.0004 0.0017 ± 0.0003 
35 -62 ± 6 -91 ± 17 0.0022 ± 0.0008 0.0017 ± 0.0001 
50 -97 ± 25 -95 ± 15 0.0024 ± 0.0007 0.0026 ± 0.0011 
75 -57 ± 5 -166 ± 4 0.0026 ± 0.0003 0.0039 ± 0.0002 
100 -33 ± 28 -181 ± 13 0.0139 ± 0.0027 0.0150 ± 0.0038 
150 -22 ± 46 -168 ± 19 0.0167 ± 0.0021 0.0173 ± 0.0042 
200 -33 ± 22 -146 ± 23 0.0183 ± 0.0018 0.0208 ± 0.0076 
500 -42 ± 4 -157 ± 27 0.0287 ± 0.0050 0.0346 ± 0.0021 
1000 -46 ± 16 -150 ± 24 0.0341 ± 0.0129 0.0499 ± 0.0145 
2000 -48 ± 15 -137 ± 25 0.1025 ± 0.0061 0.1283 ± 0.0375 
5000 -42 ± 9 -148 ± 21 0.2822 ± 0.0266 0.5067 ± 0.0624 
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Table 6.11  Electrochemical parameters of the third redox center (III) of GSU0105  The different 
parameters are presented with the respective errors.   

Redox 
center 

Scan speed 
(mV s-1) 

Epa 
(mV) 

Epc 
(mV) 

Ipa 
(μA) 

Ipc 
(μA) 

III 

5 -208 ± 15 -254 ± 16 0.0015 ± 0.0006 0.0042 ± 0.0005 
10 -195 ± 6 -259 ± 22 0.0023 ± 0.0008 0.0052 ± 0.0007 
20 -203 ± 12 -243 ± 6 0.0028 ± 0.0004 0.0055 ± 0.0014 
35 -252 ± 30 -232 ± 9 0.0029 ± 0.0006 0.0061 ± 0.0022 
50 -261 ± 41 -236 ± 3 0.0032 ± 0.0004 0.0077 ± 0.0020 
75 -177 ± 19 -250 ± 4 0.0039 ± 0.0013 0.0077 ± 0.0011 
100 -199 ± 4 -245 ± 16 0.0119 ± 0.0024 0.0209 ± 0.0058 
150 -188 ± 28 -261 ± 19 0.0179 ± 0.0033 0.0260 ± 0.0048 
200 -181 ± 6 -263 ± 16 0.0227 ± 0.0021 0.0414 ± 0.0098 
500 -197 ± 4 -258 ± 16 0.0335 ± 0.0054 0.0573 ± 0.0126 
1000 -203 ± 13 -250 ± 16 0.0487 ± 0.0023 0.0826 ± 0.0203 
2000 -208 ± 6 -263 ± 16 0.0943 ± 0.0089 0.1800 ± 0.0462 
5000 -201 ± 14 -256 ± 25 0.4422 ± 0.0153 0.4584 ± 0.1218 
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6.9   Redox and pH dependence of paramagnetic chemical shifts 

The observed chemical shift (𝛿𝑜𝑏𝑠) of a certain nucleus in a paramagnetic protein is a result 

of the diamagnetic (𝛿𝑑 or 𝛿𝑖,0) and paramagnetic (𝛿𝑝) contributions. 

𝛿𝑜𝑏𝑠 = 𝛿𝑑 + 𝛿𝑝 (16) 

The paramagnetic shift of a certain heme methyl (𝛿𝑝), not the total chemical shift (𝛿𝑜𝑏𝑠), is 

proportional to the degree of oxidation of that particular heme methyl, meaning that it can be 

used to monitor the oxidation of each heme throughout a redox titration. 

In the experimental conditions used for the redox titration followed by NMR, the 

intramolecular electron exchange is fast and, therefore, the observed chemical shift of a heme 

methyl group (i, j or k) in each oxidation stage (S) depends on the ratio between the populations 

of the microstates which have that particular heme oxidized and the sum of the populations of 

all microstates of that oxidation stage. The observed chemical shift of a certain methyl group i 

(𝛿𝑜𝑏𝑠
𝑖,𝑆 ) can be calculated in stages 1 to 3, according to the equations presented below: 

 

𝛿𝑜𝑏𝑠
𝑖,1 −  𝛿𝑖,0 = (𝛿𝑖,3 − 𝛿𝑖,0)

𝑝𝑖,1

𝑝𝑖,1+𝑝𝑖,1
𝐻 + (𝛿𝐻

𝑖,3 − 𝛿𝑖,0)
𝑝𝑖,1

𝐻

𝑝𝑖,1+𝑝𝑖,1
𝐻  (17) 

 

𝛿𝑜𝑏𝑠
𝑖,2 − 𝛿𝑖,0 = (𝛿𝑖,3 − 𝛿𝑖,0)

𝑝𝑖𝑗,2+𝑝𝑖𝑘,2

𝑝𝑖𝑗,2+𝑝𝑖𝑘,2+𝑝𝑖𝑗,2
𝐻 +𝑝𝑖𝑘,2

𝐻 + (𝛿𝐻
𝑖,3 − 𝛿𝑖,0)

𝑝𝑖𝑗,2
𝐻 −𝑝𝑖𝑘,2

𝐻

𝑝𝑖𝑗,2+𝑝𝑖𝑘,2+𝑝𝑖𝑗,2
𝐻 +𝑝𝑖𝑘,2

𝐻  (18) 

 

𝛿𝑜𝑏𝑠
𝑖,3 −  𝛿𝑖,0 = (𝛿𝑖,3 − 𝛿𝑖,0)

𝑝𝑖𝑗𝑘,3

𝑝𝑖𝑗𝑘,3+𝑝𝑖𝑗𝑘,3
𝐻 + (𝛿𝐻

𝑖,3 − 𝛿𝑖,0)
𝑝𝑖𝑗𝑘,3

𝐻

𝑝𝑖𝑗𝑘,3+𝑝𝑖𝑗𝑘,3
𝐻  (19) 

 
In these equations, 𝛿𝑖,0 is the observed chemical shift of the heme methyl i in the fully reduced 

protein and 𝛿𝑖,3 and 𝛿𝐻
𝑖,3 are those observed in the fully oxidized deprotonated and protonated 

protein, respectively. The chemical shift of the heme methyl in the fully reduced form is assumed 

to be independent of pH. Then, 𝑝𝑖,𝑆 and 𝑝𝑖,𝑆
𝐻  are the sums over all the populations with heme i 

oxidized in stage S, with the redox-Bohr center being deprotonated and protonated, respectively; 

𝑝𝑖𝑗,𝑆 and 𝑝𝑖𝑗,𝑆
𝐻  are the sums over all the populations with hemes i and j oxidized in stage S, with 

the redox-Bohr center being deprotonated and protonated, respectively; 𝑝𝑖𝑘,𝑆 and 𝑝𝑖𝑘,𝑆
𝐻  are the 

sums over all the populations with hemes i and k oxidized in stage S, with the redox-Bohr center 

being deprotonated and protonated, respectively; and 𝑝𝑖𝑗𝑘,𝑆 and 𝑝𝑖𝑗𝑘,𝑆
𝐻  are the sums over all the 
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populations with hemes i, j and k oxidized in stage S, with the redox-Bohr center being 

deprotonated and protonated, respectively. 
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