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ABSTRACT 

 

Heme proteins, also termed cytochromes, are a widespread class of 

metalloproteins containing an Fe-protoporphyrin IX cofactor. They perform 

numerous functions in nature such as oxygen-transport by hemoglobin, 

monooxygenation reactions catalyzed by Cytochrome P-450, and electron 

transfer reactions during photosynthesis. The differences between protein-

cofactor binding characteristics and the cofactor environment greatly influence 

the extensive range of functions.  

In this dissertation, proteins from the Mtr pathway of Shewanella oneidensis are 

characterized. These c-type cytochromes contain multiple heme cofactors per 

protein molecule that covalently attach to the protein amino acid sequence and 

are involved in electron transfer to extracellular metal oxides during anaerobic 

conditions. Successful recombinant expression of pathway components MtrC 

and MtrA is achieved in Escherichia coli. Heme-dependent gel staining and 

UV/Vis spectroscopy show characteristic c-type cytochrome characteristics. 

Mass spectrometry confirms that the correct extensive post-translational 

modifications were performed and the ten heme groups were incorporated per 

protein of MtrC and MtrA and the correct lipid-anchor was attached to 

extracellular MtrC. Raman spectroscopy measurements of MtrA provide 

intriguing structural information and highlight the strong influence of the heme 

cofactors within the protein structure. 

Next, an Arabidopsis thaliana protein is analyzed. It was previously identified 

via a motif search of the plant genome, based on conserved residues in the H-
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NOX pocket. Here, the incorporation of a heme b cofactor is confirmed. UV/Vis 

spectroscopy under anaerobic conditions demonstrates reversible binding of 

nitric oxide to the heme iron and depicts the previously published characteristic 

absorption maxima for other H-NOX proteins. 
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1 Introduction 

1.1 Importance and diversity of heme proteins 

Metals hold a great importance for numerous biochemical processes and are a 

critical catalytic part of various enzymes. A widespread metal cofactor is the 

iron protoporphyrin IX, the essential component of heme proteins [1]. These 

proteins perform numerous functions: e.g., electron transfer, where one-

electron transfer is achieved by the valence change of the cofactor iron [2]; 

peroxide reductions, such as catalyzed by cytochrome c peroxidase [3]; small 

molecule transport such as oxygen-binding by hemoglobin [4]; 

monooxygenation reactions catalyzed by the Cytochrome P-450 enzyme class 

[5]; and iron uptake by bacterioferritin [6].  

Because of these various functions, considerable differences exist between 

heme proteins, especially within the cofactor environment. They employ 

different stoichiometry with protein cofactors ranging from only a single cofactor 

to several in multi-heme proteins. The cofactor can either be bound via 

hydrogen-bonding interactions with protein residues or it can be covalently 

linked [7]. Likewise, ligands to the heme iron differ e.g. Cytochrome P-450 

contains a proximal cysteine ligand while the distal side is available for 

substrate binding [8]. In contrast, heme proteins that are involved solely in 

electron transfer but do not require substrate binding have proximal and distal 

iron-protein residue ligands. For example, in cytochrome c, both histidine and 

methionine act as proximal and distal ligands to the heme iron [9]. 
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Heme proteins are not only abundant in biological systems but are also 

promising candidates for green chemistry applications e.g. in the production of 

electricity from organic material or as sensors for example for the messenger 

gas nitric oxide (NO). Therefore, research into various heme proteins is 

necessary. The following section summarizes the knowledge on multi-heme 

proteins that catalyze the electron transfer from cells to extracellular metal 

oxides and their application as Bioelectrochemical Systems (BES) or Microbial 

Electrolysis Cells (MEC) (1.2). Subsequently, heme proteins that employ the 

heme cofactor as sensor for the messenger gas nitric oxide (NO) will be 

presented (1.3).  

 

1.2 Multi-heme proteins involved in exoelectric activity 

1.2.1 Discovery and Investigation of Electromicrobiology 

Electromicrobiology is an intensively studied field that is of interest not only to 

the scientific community but also to industry. It is defined as the study of 

microorganisms that have electroactive properties and their electron exchange 

with electronic devices [10]. 

The first observation of electroactivity of microbial cultures was probably made 

by M. Potter in 1910 [11]. He discovered that the degradation of organic 

compounds by microorganisms was accompanied by the release of electrical 

energy. Generally, extracellular electron transfer results either from the 
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transport of electrons into or out of the cell, or from or towards an insoluble 

electron donor or acceptor [12]. 

1.2.1.1 Application of Electromicrobiology 

Since their discovery, electroactive microorganisms have sparked great interest 

in utilizing their electricity producing capabilities with numerous possible 

applications in Bioelectrochemical Systems (BES). These systems rely on an 

exchange of metabolic electrons with solid-state electrons via an electrode [12]. 

The system is composed of three components: an anode and a cathode, where 

the oxidation and reduction process takes place respectively, separated by a 

membrane, and an electrolyte i.e. the fluid surrounding the electrodes which 

contains reactants and products [13]. 

One application area contains power producing systems such as microbial fuel 

Cells (MFC) [13]. The fuel cells convert chemical energy directly into electricity. 

This is achieved by microorganisms oxidizing reduced substrates and 

delivering the electrons to the anode. The electrons then travel to the cathode, 

thereby generating an electric current. At the cathode, the electrons combine 

with an electropositive terminal electron acceptor such as oxygen or nitrate, 

catalyzed either electrochemically or biologically. MFCs can be used, for 

example, to harvest electricity from organic matter [10, 12]. However, difficulties 

arise when attempting to scale up the current production to an industrial scale. 

Therefore, if this is not improved considerably, only niche applications of MFCs 

seem probable where the main aim is not generating current. Examples of such 

applications include wastewater treatment or small-scale remote power 

supplies for field applications [10, 12]. The predicted upper limit for power 
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production in MFCs is 17 - 19 W m-2, but typical maximum power densities in 

MFCs in reality lie around 2 - 3 W m-2 of projected electrode area. This is 

exceptionally low compared to a standard hydrogen fuel cell generating 1 W 

cm-2 [14]. 

Another field of applications is power utilizing systems, also known as microbial 

electrolysis mode, such as in the Microbial Electrolysis Cell (MEC). Here, 

electrons flow in the reverse direction, i.e. from electrode to cells. Therefore, 

power needs to be supplied so that the electron-accepting reaction at the 

cathode occurs freely while the kinetics of the reactions are increased and/or 

thermodynamically unfavorable reactions are driven. The electrons for the 

cathodic half-reaction come from the anodic oxidation of organic matter and not 

from the power supply, which is solely there to increase the potential difference 

between the electrodes [12, 15]. Microbial Electrosynthesis (MES) is a power 

utilizing system of growing interest. In MES, a microbe acts as a catalyst and, 

through its interaction with the electrode and electron uptake, biosynthetic 

pathways and chemical reactions are driven by electricity [13]. Another 

application of microbial electrosynthesis is the electricity-driven reduction of 

carbon dioxide. Here, carbon dioxide is converted to a more useful organic 

commodity leading to not only a desired carbon dioxide capture, but also 

generating higher value products from it. This is useful for renewable energies 

such as solar technologies, where the produced electricity is used for fuel and 

for chemical production via microbial electrosynthesis [10]. 

Electroactive microbes also play an important role in bioremediation of 

contaminated environments and in biomining, to name just two additional 
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application fields. Bioremediation relies on bacteria reducing toxic metals, 

resulting in a changed solubility and precipitation, thereby immobilizing toxic 

metals. Biomining, on the other hand, utilizes an increased solubility of metal 

ores after changing the oxidation state. For example, outer membrane c-type 

cytochromes of the electroactive microbe Shewanella oneidensis MR-1 are 

essential for the reduction of Uranium (VI) to Uranium (IV) and concomitant 

formation of UO2 nanoparticles. Therefore, the soluble radionuclides convert 

into reduced, less-soluble forms [16]. This is possible as Shewanella utilizes a 

large variety of oxidized ions and oxides as electron acceptors, such as 

uranium, chromium, iodate, technetium, neptunium, plutonium, selenite, 

tellurite, and vanadate. This makes it ideal to remediate environments 

contaminated with radionuclides [17]. 

Generally, using microorganisms as biocatalysts has several advantages, 

including self-regeneration and adaptation of the catalyst to its environment. 

Moreover, the possible substrate use is generally larger and more versatile 

products are formed. Microorganisms as catalysts have been shown to 

decrease the overpotentials at the anode and cathode, leading to an improved 

performance of the system, which is a characteristic of catalysts. A 

disadvantage, however, is that microorganisms consume part of the substrate 

to sustain their growth. The real amount of energy that is gained or is invested 

in the application of electromicrobiology differs from theoretical calculations, 

with either less being gained or more having to be invested. This stems from 

several reasons. Overpotential still occurs at the electrodes due to imperfect 

catalysis at the electrodes. To maintain the charge balance, ions have to flow 

between the half-cells, and every electrolyte has a certain conductivity. This 
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results in an ohmic loss due to the electrolyte, which also occurs in the 

electrodes and electrical circuit. Likewise, diffusion limitation plays a role in 

supplying the electrodes with substrate or discharging protons or hydroxyl ions, 

especially at higher current densities or low solution mixing [13].  

For all applications, a greater understanding of the molecular basis for electron 

transfer will increase the applicability and use of these electroactive 

microorganisms. 

1.2.1.2 Mechanistic Insight into Electromicrobiology 

Interest and research into extracellular electron transfer (EET) mechanisms has 

generated a substantial amount of knowledge. To date, more is known about 

electron transfer from the cell to an acceptor than about the reverse process 

i.e. electron uptake into the cell from an electron donor. 

Generally, there are two mechanisms for EET: an indirect and a direct transfer, 

as depicted in Figure 1. 
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Figure 1: Depicting different extracellular electron transfer (EET) mechanisms. a) shows direct electron 

transfer between the microorganism and an electrode via outer redox active proteins such as c-type 

cytochromes bound to the membrane or located in the extracellular matrix. b) shows indirect electron 

transfer between microorganism and electrode via soluble redox shuttles which are released by the cells. 

These shuttles are reduced by the cell and then oxidized at the electrode leading to electron transfer. 

Another possibility is long-range electron transfer via bacterial nanowires in biofilms ending in short-range 

electron transfer via cytochromes to the electrode (see [10]). 

Indirect electron transfer relies on electron shuttles i.e. soluble redox active 

molecules, such as flavins, which the cell produces and secretes to transfer 

electrons between cell and the final electron acceptor. Direct electron transfer 

occurs over short range by direct contact of extracellular redox-active proteins 

and electron acceptors. Therefore, these redox active proteins, such as c-type 

cytochromes, transfer the electrons, not requiring the diffusion of a mobile 

component. These c-type cytochromes are often membrane anchored and are 
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extensively studied in model electroactive organisms such as Geobacter 

sulfurreducens and Shewanella oneidensis [10, 13]. 

Long-range electron transfer through conductive biolayers has been shown via 

conductive pili, called bacterial nanowires, extending from the cell surface and 

ending in a redox active molecule, thereby transferring the electrons over a 

short distance to the final electron acceptor [13]. Pirbadian et al. were the first 

to report on in vivo observation of the formation and impact of nanowires in the 

model Shewanella oneidensis. They proved that the nanowires are extensions 

of the outer membrane and periplasm and have outer membrane c-type 

cytochromes involved in EET [18]. 

1.2.2 C-type cytochromes 

Cytochromes are redox active molecules containing heme as a prosthetic 

group. They perform essential functions in electron transfer reactions, e. g. 

energy-transduction processes such as photosynthesis and respiration, where 

they serve as electron carriers via a valence change of the heme iron atom [19]. 

C-type cytochromes differ from other cytochromes by the covalent attachment 

of heme b (iron-protoporhyrin IX) to the apoprotein. Attachment occurs by two 

thioether linkages between the heme vinyl groups and cysteine sulfhydryls in 

the heme binding motif CXXCH, located in the polypeptide, although variations 

of the heme binding motifs occur. The heme iron is hexacoordinated with the 

nitrogen atoms of the tetrapyrrole ring providing four ligands, the imidazole of 

the histidine residue in the heme binding motif contributing another ligand, and 

an additional ligand provided by another His or Met residue in the protein chain 
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[19, 20]. Figure 2 illustrates the stereospecific heme attachment reaction 

catalyzed by a heme lyase and displays the final cofactor structure. 

 

Figure 2: Stereospecific attachment of heme b to the apocytochrome c backbone. This reaction is 

catalyzed by a lyase and yields the holocytochrome c with the heme attached to the CXXCH heme 

attachment site. 

 

1.2.2.1 Maturation of c-type cytochromes: The Ccm system 

Generally, two types of c-type cytochromes partake in electron transfer 

reactions, which are divided into soluble or membrane-anchored cytochromes 

[19]. 

For the maturation of c-type cytochromes, three different systems exist across 

different species; nonetheless, in all cases, the final location of the c-type 

cytochrome differs from the location of polypeptide and heme synthesis. One 

system, System I, is found in gram-negative (α, γ-) proteobacteria, archaea, 

and plant mitochondria, and is therefore the maturation pathway for c-type 

cytochromes in S. oneidensis. It is also known as the Cytochrome c maturation 

(Ccm) system [19, 21, 22]. In most gram-negative bacteria, the Ccm system 
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consists of up to ten membrane-bound components consisting of 

CcmABCDEFGHI and CcdA (cytochrome c defective) or DsbD (disulfide bond 

formation protein) [23]. 

In general, the maturation process of c-type cytochromes can be divided into 

three modules as shown in Figure 3, as published by Sanders et al. [24]. 

 

Figure 3: Modular system of the Ccm (Cytochrome c maturation) system. Module 1 is responsible for 

heme translocation to the periplasmic space and supplies the heme to Module 3. Module 2 translocates 

the apocytochrome c to the periplasm where it is supplied to Module 3. Module 3 catalyzes the actual 

ligation reaction between heme and apoprotein, yielding mature holocytochrome c. 

Module 1 and Module 2 are responsible for translocating heme b and 

apocytochrome c to the periplasmic space. In Module 3, the actual ligation 

reaction between heme and apoprotein is catalyzed, forming the 

holocytochrome c. 
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Figure 4: Module 1 of the Ccm system. Heme translocation across the inner membrane is achieved as 
described further in the text. 

 
Module 1, shown in Figure 4, is responsible for translocating the synthesized 

heme b from the cytoplasm into the periplasmic space where it is transferred 

onto CcmE. CcmE is a transient heme chaperon having a periplasmic exposed 

heme-binding domain. CcmC is a member of the putative heme-handling (HHP) 

family and contains two conserved His residues essential for loading heme b 

onto CcmE. Moreover, it aids in the translocation of heme b across the 

membrane, however, the exact mechanism of translocation is unknown. CcmD 

is a more poorly conserved small membrane protein that enhances CcmC 

activity. CcmE is released after heme attachment, forming holoCcmE from the 

CcmABCDE complex in an ATP-dependent process by means of an ABC 

transporter formed by CcmAB [24, 25]. 
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Figure 5: Module 2 of the Ccm System. This translocates the apocytochrome from the cytoplasm to the 

periplasm in an unfolded state and keeps the cysteines of the heme attachment site in their reduced 

forms. See the main text for further descriptions. 

In Module 2 (Figure 5) of the Ccm system, first the apocytochrome, which is 

synthesized in the cytoplasm, is transported across the membrane to the 

periplasm. This is accomplished via the Sec-dependent protein translocation 

pathway. After translocation, the Sec system cleaves the signal peptide of the 

apoprotein. An important function of Module 2 is that the cysteine residues, to 

which the heme function will be attached, must be kept in a reduced state prior 

to the ligation reaction in the following Module 3. It is speculated that the apocyt 

c is oxidated in the periplasm forming an intramolecular disulfide bridge, and 

therefore renders it less prone to degradation. This is accomplished by the 

DsbA-DsbB pair connected to the quinone (Q/QH2) pool. The thio-redox loop is 

completed by a second protein pair, CcdA/CcmG, which is linked to cytoplasmic 

thioredoxin (TrxA) and NADH. This reduces the disulfide bridge, which is 

required prior to Module 3, where the ligation reaction takes place. Therefore, 

Module 2, along with performing the translocation of apocyt c to the periplasm, 
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is responsible for conveying reducing power across the membrane, keeping the 

cysteine residues in a reduced state for the following ligation to heme b from 

Module 1. CcmG presumably also functions as a chaperone, bringing the 

reduced apocyt c to the ligation site [24, 26]. 

 

Figure 6: Module 3 of the Ccm system. Part a) shows components CcmFH with CcmH containing a 

disulfide bridge. b) A mixed disulfide bond is formed between the CcmFH complex and one cysteine 

residue of the reduced heme binding motif of the apocyt c. c) The second cysteine residue of the heme 

binding motif in the apocyt c is free to react with the heme b, which is loaded onto CcmE, which is now 

bound to the CcmFH complex. d) The heme iron is reduced, possibly via CcmF and the quinone pool, 

and is then e) released from CcmE. The mixed disulfide bond between CcmH and the apocyt c is then 

resolved. f) The first cysteine residue from the apocyt c heme binding motif forms a thioether bond to the 

heme and g) after folding the maturated holocyt c is released [24]. 
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In Module 3 of the Ccm system, the ligation of heme b and reduced apocyt c 

takes place. This is catalyzed by a heme lyase believed to be CcmF. As Figure 

6 shows, a cycle containing numerous components takes place and the number 

of subunits varies among different species. In general, a complex is formed 

between CcmFH and component CcmI. In E. coli, for example, CcmH is a 

fusion protein between CcmH and the C-terminal part of CcmI from other 

organisms, as depicted in Figure 6. This complex binds heme-loaded 

holoCcmE and apocyt c and performs the apocyt c-heme ligation reaction. As 

depicted in Figure 6, CcmF, which is part of the putative heme-handling (HHP) 

family containing four conserved His residues, is thought to mainly interact with 

holoCcmE, acting as the heme lyase. CcmH (proposed to have a disulfide bond 

and a periplasmic thioredoxin-like (LRCXXC) motif binds apocyt c and 

conceivably contributes to the stereospecific ligation reaction to heme b [24, 

27]. The reaction cycle is described in more detail under Figure 6. 

1.2.2.2 Lipoprotein Biosynthesis 

Several c-type cytochromes are attached to the outer membrane via a lipid 

anchor. These outer membrane cytochromes therefore must undergo 

lipoprotein maturation steps. 

The prolipoprotein is synthesized in the cytoplasm and contains an N-terminal 

signal sequence composed of three regions recognized by either the Sec or Tat 

transport system. The tripartite signal sequence contains a positively charged 

amino terminal region, named n-region, followed by a hydrophobic region, the 

h-region, and a polar carboxy-terminal c-region. Here is the cutting site for 
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signal peptidases type II and the lipid anchor attachment site, characterized by 

the consensus pattern Leu-Ala(Ser)-Gly(Ala)-Cys (Figure 7) [28, 29]. 

 

Figure 7: N-terminal sequence of prolipoproteins as recognized by the Sec system. Different regions are 

depicted as well as the cutting site by signal peptidases as described in the main text. 

Figure 8 depicts the steps for lipoprotein maturation. After transport via the Sec 

system, a diacylglycerol lipid anchor is added via a thioether linkage to the 

cysteine residue in the conserved lipid anchor sequence. Subsequently, the 

signal peptide is cleaved resulting in the lipid-modified cysteine residue at the 

protein N-terminus. Next, a third fatty acid is added in an amide linkage to a 

free amino group of the lipid-modified cysteine. The modified lipoprotein is then 

released from the cytoplasmic membrane and transported to the outer 

membrane [28, 29]. 
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Figure 8: Lipoprotein maturation in gram-negative bacteria. Translocation via Sec (or Tat system) and 

signal cleavage occur as described in the main text. 

 

1.2.3 Electroactive bacterium Shewanella oneidensis MR-1 

One of the most investigated electron transfer pathways is the one from 

Shewanella oneidensis MR-1, although the exact mechanism is not fully 

understood. 

Shewanella oneidensis was isolated from sediment from Oneida Lake, New 

York, USA and is a gram-negative γ-proteobacterium [30]. S. oneidensis is a 

facultative anaerob and characterized by a remarkable respiratory versatility. 

Complementing the use of O2 in aerobic respiration, it utilizes a variety of 

soluble and terminal electron acceptors, such as nitrate, fumarate, thiosulfate, 

and trimethylamine N-oxide, as well as insoluble forms of iron (Fe(III)) and 

manganese (Mn(III/IV)) [31]. 

Over 20 terminal electron acceptors for respiration have been reported [17, 32, 

33]. The genome sequence was published in 2002 by Heidelberg et al. and 

genome analysis revealed 39 c-type cytochromes, compared to E. coli which 

codes for seven. Of these 39 c-type cytochromes, 20 contain four or more 

heme-binding sites of which eight are decaheme cytochromes, four of them 

located periplasmatically and three being outer membrane lipoproteins [31]. 
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1.2.3.1 Mtr (Metal reduction) pathway from S. oneidensis 

Soluble electron acceptors can enter into the periplasm where they are reduced 

by well-characterized reductases found in many proteobacteria. However, the 

reduction of insoluble acceptors such as Fe(III) oxides takes place in the 

extracellular space. Therefore, electrons have to be transported from the inner 

membrane to the cell surface. This metal oxide reduction ability is conferred by 

two pathways: the OmcA-MtrCAB pathway, and the MtrDEF pathway [34], 

which are detailed in Figure 9. 

 

Figure 9: Shewanella oneidensis Mtr (Metal reduction) pathway. Multiheme proteins are depicted in red. 

Two pathways exist for electron transport to extracellular metal oxides: the OmcA-MtrCAB and the MtrDEF 

pathway. Both originate at the quinol dehydrogenase CymA, which transfers electrons to periplasmatic 

cytochromes MtrA and MtrD. CymA also transfers electrons to periplasmic tetraheme cytochromes Fcc3 

and STC (not shown in the figure). MtrB and MtrE are β-barrel membrane proteins. MtrF, MtrC and OmcA 

are the terminal metal reductases for insoluble iron oxides located on the extracellular side of the outer 

membrane. The number of small heme groups are indicated in each protein where present. 

The OmcA-MtrCAB pathway (shown in Figure 9 and Figure 10) receives 

electrons from the quinole pool via the periplasmic tetraheme cytochrome 
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CymA, a protein quinol dehydrogenase located at the inner membrane. MtrA, 

which is a decaheme cytochrome, acts as an electron shuttle from the inner to 

the outer cell membrane, binding to MtrB, which is not a cytochrome but rather 

a β-barrel membrane protein. MtrC and OmcA, which are also decaheme 

cytochromes, act as the outer membrane terminal reductases. Overall, this 

pathway transfers electrons from the quinol pool via CymA to extracellular 

metal oxides, serving as final electron acceptors [35]. 

 

Figure 10: OmcA-MtrCAB pathway of Shewanella oneidensis. The number of small heme groups is 

indicated in each protein where present. 

CymA is a tetraheme c-type cytochrome and a quinol dehydrogenase, which is 

anchored in the inner membrane, protruding into the periplasm. CymA acts as 

a link between the quinone(Q)/quinol(QH2) pool of the inner membrane and 

reductases located in the periplasm, transferring the electrons produced by 

reoxidation of QH2 to Q. The periplasmic proteins include the small tetraheme 

cytochrome STC and the decaheme cytochrome MtrA [36]. The reductases 

taking up electrons from CymA in the periplasm either reduce soluble terminal 
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acceptors, such as fumarate, or they are periplasmic proteins such as MtrA, 

thereby delivering the electrons across the periplasm to the outer membrane 

for reduction of insoluble electron acceptors which are located extracellularly 

[34, 37].  

Redox cycling between quinone (Q) and the reduced form quinol (QH2) in the 

inner membrane of Shewanella oneidensis is key to energy conservation. The 

oxidation of organic matter generates energy for the cell and supplies electrons, 

which are transferred to the quinone pool. The reduced form quinol has to be 

reoxidized back to quinone for the cycle to go on. Therefore, the electrons must 

be transferred, which is done by QH2-dehyrogenases such as CymA [34]. The 

potential windows of the proteins participating in the pathway overlap and 

electron transfer seems to be thermodynamically favorable, with the exception 

of the first step: the uptake of electrons from QH2 by CymA [36]. 

MtrA, a decaheme periplasmic cytochrome, is encoded within a four-gene 

cluster containing MtrA, MtrC, OmcA, and MtrB. It is considered to be the 

electron transporter shuttling from CymA across the periplasm to the outer 

membrane. How electrons are transferred across this membrane to proteins, 

such as MtrC, located in the extracellular space, is not fully understood, but an 

involvement of the membrane protein MtrB is proposed. Pitts et al. showed that 

MtrA expressed in E. coli, obtains electrons from the host in cells incubated 

under anaerobic conditions with lactate as electron donor, and that it is giving 

these electrons to acceptors when soluble electron acceptors were added [38]. 

MtrB is not a cytochrome but rather a transmembrane protein located in the 

outer membrane. MtrB is hypothesized to serve as a scaffold wherein MtrA and 
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MtrC make contact, allowing for the electron transfer through the outer 

membrane to take place [39]. It has been reported that MtrB is required for the 

proper localization of MtrC and OmcA on the outer membrane [40]. 

MtrC, also known as OmcB, and OmcA are terminal reductases that reduce 

insoluble metal forms such as iron (Fe(III)) and manganese (Mn(IV)) oxide. 

∆mtrC strains of Shewanella oneidensis retain the ability to reduce soluble 

terminal electron acceptors, but the ability to respire insoluble acceptors, such 

as Fe(III) oxides, is reduced [32]. MtrC and OmcA have a certain functional 

redundancy. Overproduction of MtrC restores the ability of a ∆ccmA mutant to 

reduce metal oxides such as MnO2 [41]. Though the genes for omcA and mtrC 

lie adjacent to each other on the genome of Shewanella oneidensis, they are 

not in the same operon. Both contain a conserved binding motif for hematite 

(Fe2O3) found beside the terminal heme-binding motif [33, 42]. Additionally, 

both are lipoproteins as a lipid anchor attaches them to the extracellular face of 

the outer membrane [43]. Purified MtrC and OmcA are shown to directly reduce 

metal oxides [36, 44, 45]. After expression of MtrC and OmcA in Shewanella 

oneidensis, the proteins co-purify with each other, indicating a strong 

association between them [33]. The stoichiometry of OmcA:MtrC is 2:1. Both 

proteins purified on their own reduce Fe(III)-nitrilotriacetic acid, but together, 

the activity is even greater, indicating that they act cooperatively [33, 37]. For 

the correct maturation and localization of MtrC and OmcA, extensive processes 

are needed. The bacterial type II secretion system (T2SS) plays an important 

role in translocation. The protein amino acid chain has to be translocated across 

the inner membrane to the periplasm. This is believed to occur through the Sec 

pathway. In the periplasm, extensive post-translational modification is needed. 
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A cysteine residue in the N-terminus is acylated and 10 heme groups must be 

inserted. Then, the mature protein is transferred to the extracellular side of the 

outer membrane via the T2SS [46]. Shewanella oneidensis cells either reduce 

solid metal oxides via direct contact between MtrC/OmcA complexes and 

surface metal oxids, or they use either endogenous or exogenous electron 

shuttles such as flavin or humic acids to transfer electrons [37, 47]. 

Correspondingly, several Shewanella strains secrete flavins into the 

extracellular space to shuttle electrons from extracellular cytochromes to 

electron acceptors [48]. 

Ross et al. show that the complex of MtrCAB has a stoichiometry of 1:1:1 in 

vivo. The complex is thus strong enough that co-purification from Shewanella 

oneidensis membranes leads to co-elution of the three proteins from an ion-

exchange column even though their pI values differ. A small part of MtrA eluted 

before MtrB and MtrC, indicating that the interaction is marginally weaker [49]. 

Jensen et al. demonstrated that expression of MtrA, MtrB, and MtrC genes from 

Shewanella oneidensis together in Escherichia coli leads to an organism that 

reduces solid Fe2O3 particles [35]. 

Furthermore, Ross et al. demonstrate that the Mtr pathway in Shewanella 

oneidensis can be reversed, allowing cells to take up electrons from a cathode. 

This is especially interesting for utilization of microbial electrosynthesis, 

suggesting a new way of utilizing electricity to drive biosynthesis of high value 

fuels and chemicals [50]. 

The second Mtr pathway comprises MtrD, MtrE, and MtrF (shown in Figure 9). 

They are homologues of MtrA, MtrB, and MtrC respectively [51]. While the 
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OmcA-MtrCAB complex is upregulated during anaerobic conditions, the 

MtrDEF pathway is upregulated under aerobic conditions [52, 53]. 

Overall, copious research has been undertaken since the discovery of metal 

reducing bacteria’s ability to utilize metal oxides as terminal electron acceptors. 

The Shewanella oneidensis electron transfer pathway is one of the most 

investigated aspects. However, many questions still remain and further 

investigation is needed. 

1.2.3.2 Structural information of proteins from the Mtr pathway and related 

proteins 

To date, the crystal structures of most of the outer membrane cytochromes 

(OMCs) of the Mtr pathway have been published. Prof. Dr. Thomas Clarke’s 

group solved the structure of MtrF and OmcA, as well as that of UndA, an OMC 

from another Shewanella strain. The 11-heme cytochrome UndA substitutes for 

OmcA in a number of Shewanella species [48]. Therefore, it is likely that UndA 

has, like OmcA, a supportive role to the MtrCAB complex. A homology model 

of MtrC based on the structure of MtrF was also established. Structure based 

amino acid sequence alignment of MtrF, UndA, and OmcA was performed by 

the same group and is shown in reference [54]. Nonetheless, sequence 

similarity differs between the compared cytochromes. For example, MtrF and 

MtrC share a sequence identity of 31% and a sequence similarity of 47%, while 

UndA and MtrF show a sequence identity of less than 24 % [55, 56]. They also 

differ considerably in amino acid length. Insertions and deletions in the amino 

acid sequence between the compared cytochromes are visible and effect 

overall surface electronegative potential. This influences the way these 
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cytochromes interact with substrates. But a sequence alignment shows a 

similar spatial arrangement of the ten heme binding motifs CXXCH, with UndA 

having an additional 11th motif. Additionally, cysteine residues are seen, 

forming conserved disulfide bridges visible in the published structures [51, 54-

56]. 

For a long time, the structure of OMCs taking part in electron transfer, such as 

in the Mtr pathway of S. oneidensis, was unknown. Structural information would 

give insight into the mechanisms of electron transfer. The first X-ray structure 

of an OMC from the Mtr pathway was published in 2011 by Clarke et al. who 

solved the decaheme MtrF from S. oneidensis at a 3.2 Å resolution. The second 

X-ray structure was that of UndA, an OMC that substitutes for OmcA in a 

number of Shewanella species and was isolated from Shewanella sp. strain 

HRCR-6. It was solved to a remarkably higher resolution of 1.8 Å [55]. The two 

structures show great homology even though sequence identity is low and 

UndA contains an additional heme group and an additional 100 amino acids. 

Based upon the structure of MtrF, a homology model for MtrC was created [56]. 

Next, the structure for OmcA, the remaining OMC from the gene cluster 

mtrDEF-omcA-mtrCAB from S. oneidensis, was published with a resolution of 

2.7 Å [57]. Finally, the crystal structure of MtrC was published in 2015 [58]. All 

structures show a common arrangement of the OMCs. Figure 11 shows the X-

ray structures of MtrF and MrC. In the following segments, the published 

structures will be described and compared (see [51, 55-57]). 
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Figure 11: X-ray structures of decaheme (a) MtrF and (b) MtrC. The graphic was prepared using PyMOL 

and the following PDB IDs: (a) 3PMQ and (b) 4LM8. More information in references [51, 58]. Roman 

numbers indicate protein domains I to IV, where domain II and IV contain 5 heme groups each. 

The OMCs all form an oblate ellipsoid. While the dimensions and number of 

amino acids vary, UndA is the largest known member of the Shewanella OMC 

family and MtrF being the smallest. Nonetheless, they show similar domain 

organization. The proteins are divided into four domains that form sequentially 

along the amino acid sequence. Domains I and III are made up of antiparallel 

β-strands in form of an extended Greek topology, forming β-barrel domains. 

They flank both sides of a central core made up of domains II and IV, containing 

five covalently bound heme groups. UndA is an exception with domain IV 

containing six [51, 55-57]. 

The domain organization leads to the presumption that these four-domain 

OMCs arose from a 2-domain pentaheme precursor through a gene duplication 

event. This is corroborated by the fact that the superposition of domains I&II 

over domains III&IV shows a similar structural arrangement, e. g. for MtrF the 

rmsd is only 2.8 Å and for UndA a rmsd of 3.9 Å is given, even though the 

sequence similarity lies at 23% [51, 55]. 
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The sequence alignment contains conserved cysteine residues: two in both 

domain I and domain III. As visible in the structures, these form a disulfide 

bridge in both domain I and in domain III. A disulfide bridge is found in all 

published structures in domain I and domain III, except for MtrF, where it is not 

found in domain I. But domain I shows a less well-defined electron density due 

to a higher mobility of the residues and, therefore, the disulfide bridge is 

presumably not resolved in the structure. These disulfide bridges seem to have 

a stabilizing function for the β-barrel domains. 

The arrangement of the heme groups within the protein structures is important 

for the analysis of electron transfer. A conserved motif is visible among all the 

structures comprising a core motif with 10 hemes, with UndA having an 

additional heme group taking part in this formation. The heme groups are 

arranged into a "staggered cross" formation made up of an 8-heme chain going 

through the length of the protein and that is crossed in the middle by a 

tetraheme, or in the case of UndA, a pentaheme chain. Each heme is within 7 

Å of the nearest neighbor, which ensures rapid electron transfer. Each heme 

group is covalently bound by the two cysteines of a CXXCH motif and all heme 

irons show a bis-His axial ligand coordination. The histidine from the CXXCH 

motif provides the proximal ligand to the iron residue, while another His residue 

from the amino acid sequence serves as the distal ligand. Figure 12 shows the 

heme arrangement of MtrF, presenting the staggered cross formation. 
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Figure 12: Heme arrangement in the MtrF structure, as taken from PDB ID 3PMQ and discussed in more 

detail in reference [51]. The numbers 1 to 10 indicate the ten heme functions as arranged in the MtrF 

structure. 

 
Superposition of the heme groups of MtrF, UndA, and OmcA results in 9 hemes 

having an overlay with a rmsd of 1.2 - 2.7 Å [57]. Heme 7 is revealed as the 

additional heme in UndA. The superposition shows the heme arrangement to 

be similar among the protein structures except for the additional heme of UndA 

and heme 5. Here, a larger difference between the three proteins is visible. This 

results, for example, in heme 5 of UndA being less solvent exposed than heme 

5 of MtrF and, therefore, the more exposed heme 5 of MtrF likely interacts 

differently with substrates than UndA heme 5. This further reflects different 

roles with MtrF as part of the MtrDEF complex with UndA more like a satellite 

cytochrome such as OmcA. 

Electrostatic surface potentials of the structures were also analyzed and 

demonstrate differences in localization of positive and negatively electrostatic 
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surface potentials. Yet, the negatively charged residues around heme 5 and 

heme 10 appear conserved pointing to similar biochemical functions of these 

residues [51, 55-57]. 

Edwards and co-workers further managed to solve the first structure with bound 

substrate, namely UndA, in complex with bound Fe(III) chelates Fe(III)-citrate 

and Fe(III)-NTA. A Fe(III)-NTA dimer is located close to heme 7, close enough 

for rapid electron transfer to occur. A Fe(III)-citrate trimer is also located close 

to heme 7, likewise within close distance. 

 

 

1.3 Heme proteins as NO-sensors: NO signaling via H-NOX protein 

domains 

The diatomic gas nitric oxide (NO) was long considered to be toxic to life. 

Therefore, the discoveries about its various roles in both eukaryotic and 

prokaryotic species, as well as the discovery of its role in the early history of life 

on Earth, are intriguing [59, 60]. The importance of NO in physiological 

processes and its study was also recognized in 1998 when the Nobel Prize in 

Medicine was awarded to Robert Furchgott, Louis Ignarro and Ferid Murad "for 

their discoveries concerning nitric oxide as a signaling molecule in the 

cardiovascular system" [61]. 

Proteins act as a NO receptor, such as soluble guanylyl cyclase (sGC) in 

animals. Upon NO binding, sGC converts guanosine 5’-triphosphate (GTP) to 

3’,5’-cyclic monophosphate (cGMP), acting as a secondary messenger. 
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Thereby, NO leads to downstream signaling [62]. sGC is part of a protein family 

containing a Heme-Nitric oxide/Oxygen (H-NOX) binding domain with a heme 

cofactor, which performs the important role of binding NO via its iron ion [63]. 

NO is a radical gaseous molecule and performs critical roles as a signaling 

molecule in numerous processes, among them influencing blood vessel 

relaxation in the cardiovascular system. NO is produced by Nitric Oxide 

Synthases (NOS). These enzymes exist in three isoforms that show different 

locations and regulatory mechanisms. All are heme proteins containing several 

redox cofactors that catalyze the oxidation of L-arginine to L-citrulline and NO 

[64, 65]. The use of an L-arginine analogue inhibiting the formation of NO in 

vascular endothelial cells demonstrates the role of NO in blood pressure 

regulation [66]. Moreover, NO-binding activates the sGC located in the vascular 

smooth muscle leading to an increase in the cGMP concentration. cGMP acts 

via specific protein kinases, resulting in a reduction in the Ca2+ concentration 

and therefore a relaxation of the smooth-muscle cells and vasodilation. 

Therefore, NO plays an important role in the balance between vasodilators and 

vasoconstrictors necessary for regulated blood pressure [67, 68]. Further 

examples of NO-signaling can be found in the nervous - and the immune 

system [69, 70].  

Central to the function of NO-signaling is the heme cofactor where the iron ion 

is coordinated by a protein histidine residue [71]. H-NOX proteins contain, along 

with the conserved iron-binding histidine and an important proline residue, a 

conserved YxSxRx sequence important for stabilizing the heme cofactor via 
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hydrogen bonding, especially as both Y and R are essential for cofactor binding 

[72, 73]. 

Structural studies have been performed to elucidate the activation mechanism 

of NO-binding to H-NOX proteins. Crystal structures of several intermediates of 

the H-NOX protein from Shewanella oneidensis are shown in Figure 13 and 

were published by Herzig et al. [74]. The unligated H-NOX protein contains an 

Fe(II)-heme cofactor that is highly distorted from planarity due to interactions 

with several heme pocket residues (Figure 13a). NO binds to the iron ion 

leading to the formation of a 6-coordinated (6c) complex. This complex is only 

transient as the binding of NO weakens the Fe(II)-His bond [75] and leads to 

the displacement of the histidine residue resulting in a stable 5c-nitrosyl-heme-

complex [76, 77]. The 6c-intermediate with NO as a distal and histidine as a 

proximal ligand is crystallized by substituting the iron by manganese which 

does not form the 5c-complex. The structure of the stable Mn(II)-NO H-NOX 

protein shows that NO-binding alone does not greatly change the protein 

conformation (Figure 13b). This proves that it is the dissociation of the iron-

coordinating histidine, induced by the NO trans-effect, that is essential for the 

signaling mechanism and activation of the H-NOX protein. Studies on H-NOX 

proteins demonstrate that while the heme is distorted when bound to the 

histidine residue, upon iron-histidine-bond cleaving, it relaxes towards planarity, 

noted as an essential step for NO-signaling [74, 78]. Figure 13C demonstrates 

the change in heme distortion as well as the conformational change in the 

protein achieved upon dissociation of the histidine ligand. This leads via several 

protein residues to the activation of the H-NOX protein. Interestingly, the 

published NO-Fe(II)-structure shows the NO bound to the proximal and not to 
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the original distal site of the heme cofactor. This indicates that during high NO 

concentrations, as used for these crystallization setups, a binding of NO to both 

distal and, via a di-nitrosyl intermediate, proximal site is possible [74].  
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Figure 13: Structural intermediates of NO-binding to the Shewanella oneidensis H-NOX protein. The 

images were prepared using PyMOL and the following PDB IDs: a) 4U99, b) 4U9K, c) 4U9B. The heme 

group is shown (grey: carbon, blue: nitrogen, red: oxygen) as well as nitric oxide (red-blue stick) and, an 

important signaling helix containing the heme iron-coordinating histidine residue (orange). Further 

conserved residues can be found in reference [74]. 
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Additionally, NO is involved in the control of many processes at each step of 

the plants’ life cycle [79, 80]. It is an important signaling molecule during 

germination [81], implicated in root development [82] and, due to its toxicity, it 

is used as a defense mechanism [83] and is involved with stomatal closure 

under water-stress response [84]. While the importance of NO in plants is 

evident from these few examples, nonetheless, knowledge on NO-sensing and 

signaling as well as NO-receptor proteins in plants is sparse. 

 

 
 

1.4 Objectives 

This Ph.D. project intends to characterize significantly different heme proteins 

with different functions.  

First, it aims to increase the understanding of microbial electroactivity on a 

molecular level. This knowledge is essential, enabling the successful 

application of electroactive microorganisms in Bioelectrochemical Systems. 

In order to characterize these proteins involved in exo-electroactivity, they have 

to be generated in high purity. Therefore, selected genes of the S. oneidensis 

operon involved in electron transfer will be expressed in E. coli. However, 

overexpression of multi-heme proteins in E. coli is difficult due to the extensive 

post-translational modification needed. Next, a purification scheme must be 

established and optimized to generate pure protein. Hence, an affinity tag such 

as the His6-tag will be used to facilitate purification.  
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Characterization of purified protein is to be done using several techniques. The 

main aim is to obtain the crystal structure of the purified protein. This structural 

information would give meaningful insight into how electron transfer is achieved 

through the protein and into environmental characteristics of the heme groups 

as well as the entry- and exit-point of the electrons. This will therefore help in 

understanding the electron transport pathway on a molecular level. 

In the second part of this work, analysis of a heme protein proposed to bind NO 

is to be performed. Though the importance of NO and its many roles in plant 

life as a signaling molecule have become increasingly apparent, knowledge on 

NO-binding and receptor proteins is largely unavailable. A H-NOX motif 

(Hx[12]Px[14,16]YxSxR) containing essential residues for porphyrin and heme 

iron binding as described above has been described and applied for alignment 

with the Arabidopsis thaliana genome [79, 85, 86]. One of these candidates, 

AtLRB3 (At4g01160), was cloned, expressed, and purified by Randa Zarban 

(KAUST). The objective of this part, performed in collaboration with Randa 

Zarban, is to demonstrate NO-binding to purified protein to support its role as a 

possible NO sensor to enlarge the knowledge on NO-binding proteins in plants. 

A comparison of measured absorption characteristics to published literature 

reports on H-NOX proteins will prove useful as to its role as a H-NOX NO-

sensing protein in plants. 
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2 Material and Methods 

2.1 Material 

2.1.1 Chemicals 

Chemicals, unless otherwise stated, were purchased from Sigma-Aldrich (St. 

Louis, USA) or VWR (Darmstadt, Germany). Water was purified with a Milli-Q® 

Academic system (Merck, Darmstadt, Germany). 

2.1.2 Instruments 

Table 1: List of instruments and equipment. 

Type Name Manufacturer 

Centrifuges Mini Centrifuge Fisher Scientific (Hampton, 
USA) 

 MiniSpin plus 

Eppendorf (Hamburg, 
Germany)  Centrifuge 5430 

 Centrifuge 5430R 

 Allegra X-15R 
Beckman Coulter (Brea, USA) 

 Avanti J-26 XP 

Rotors (for Avanti J-26 XP) JLA-8.1 

Beckman Coulter (Brea, USA)  JA-25.50 

 JA-18 

Rotors (for Eppendorf 
5430/5430R) F-35-6-30 

Eppendorf (Hamburg, 
Germany) 

 FA-45-30-11 
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Vortexer Vortex mixer SA8 Stuart (Stone, UK) 

Heatable magnetic stirrer MR Hei-Standard Heidolph (Schwabach, 
Germany) 

Thermomixer Thermomixer Comfort 
Eppendorf (Hamburg, 
Germany) 

 Thermomixer C 

pH Meter Lab870 Schott Instruments (Mainz, 
Germany) 

Scales ED4202S 
Sartorius (Göttingen, Germany) 

 ED124S 

Autoclave LA 0739 Getinge (Gothenburg, Sweden) 

 MLS-3781L Panasonic (Kadoma, Japan) 

Platform Shaker Excella E2 New Brunswick Scientific 
(Edison, USA) 

PCR thermocycler C1000 Thermal Cycler 
Bio-Rad (Hercules, USA) 

 T100 Thermal Cycler 

Agarose gel 
electrophoresis Mini-Sub Cell GT System 

Bio-Rad (Hercules, USA) 

 Power Pac HC 

SDS-PAGE Mini-PROTEAN Tetra 
System 

Bio-Rad (Hercules, USA) 

 Power Pac Universal 

Gel documenting systems HP Scanjet 5590 HP (Palo Alto, USA) 

 VersaDoc Imaging System 
4000 MP Bio-Rad (Hercules, USA) 

 Criterion Stain Free Imager Bio-Rad (Hercules, USA) 

Agarose gel imaging FirstLight UV Illuminator UVP (Upland, USA) 

Electroporation equipment Gene Pulser Xcell 
Bio-Rad (Hercules, USA) 

 Gene Pulser PC Module 

 Electroporation cuvette VWR (Darmstadt, Germany) 
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Dialysis Dialysis Tubing Visking Carl Roth (Karlsruhe, Germany) 

 Slide-A-Lyzer MINI Dialysis 
Units 

Thermo Scientific (Waltham, 
USA) 

Protein Concentrating Amicon 8010 

EMD Millipore (Billerica, USA) 
 Amicon Ultra Centrifugal 

Filters Units 

 Centrifugal Devices Pall Corporation (New York, 
USA) 

Culture shakers and 
Incubators Excella E25R 

New Brunswick Scientific 
(Edison, USA) 

 Innova 42R 

 311DS Labnet (Edison, USA) 

 Incubator I Memmert (Schwabach, 
Germany) 

Cell density meter Ultrospec 10 Amersham Biosciences 
(Piscataway, USA) 

Cell disruption systems Cell Disruptor TS Series Constant Systems (Daventry, 
UK) 

 Neslab Merlin M75 Chiller Thermo Scientific (Waltham, 
USA) 

 Q500 Sonicator QSonica (Newton, USA) 

Vakuum pump Aquastop II Van der Heijden (Dörentrup, 
Germany 

Purification system ÄKTA purifier 
GE Healthcare (Little Chalfont, 
UK) 

 ÄKTA prime plus 

Spectrophotometer NanoDrop 2000c Thermo Scientific (Waltham, 
USA) 

Plate reader Infinite M1000 
TECAN (Männedorf, 
Switzerland) 

 Infinite 200 

Glove box Glovebox Isolator ITS InerTec AG (Grenchen, 
Switzerland) 

Mass spectrometry maXis HD ESI-TOF 

Bruker (Billerica, USA) 
 ultrafleXtreme MALDI-

TOF/TOF 
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 HPLC column PLRP-S (0.5 
mm ID) 

Agilent Technologies (Santa 
Clara, USA) 

Crystallization Microscope SZX10 Olympus (Tokyo, Japan) 

 KL1500LCD Schott Instruments (Mainz, 
Germany) 

 Olympus E-330 Olympus (Tokyo, Japan) 

Crystallization Oryx4 Douglas Instruments 
(Hungerford, UK) 

 Phoenix System Art Robbins Instruments 
(Sunnyvale, USA) 

 3000 Series Cooled 
Incubator 

RUMED Rubarth Apparate 
(Laatzen, Germany) 

Raman spectroscopy Confocal Raman system WITec Instruments (Knoxville, 
USA) 

 CaF2 window Crystran (Poole, UK) 

 

 

Table 2: List of columns used for protein purification. 

Column Purification type Manufacturer 

HisTrap HP 5 ml Affinity purification 

GE Healthcare 
(Chalfont, UK) 

XK 16/20 column Empty column for self-packing with 
IMAC medium 

HiLoad 16/60 Superdex 75 
prep grade Size exclusion 

HiPrep Q FF 16/10 Ion exchange 

 

 



 

 

51 

2.1.3 Buffers and Solutions 

Table 3: List of Buffers and solutions. Commercially obtained buffers are marked by addition of the 

manufacturer name. 

Name Components 

(2x) SDS Loading buffer 60 mM Tris/HCl pH 6.8; 30% (v/v) glycerol; 10% (w/v) 
saccharose; 0.02% (w/v) bromphenol blue 

SDS Running buffer 25 mM Tris/HCl, pH 8.3; 192 mM glycine; 0.1% (w/v) SDS 

SDS Upper gel buffer 250 mM Tris/HCl, pH 6.8; 0.2% (w/v) SDS 

SDS Lower gel buffer 1.5 M Tris HCl/pH 8.8; 0.4% (w/v) SDS 

TAE buffer 40 mM Tris/Ac, pH 8.2; 1 mM EDTA 

TE Buffer 100 mM Tris/HCl, pH 8.2; 10 mM Na2EDTA 

(6x) DNA Gel Loading Dye 
Thermo Scientific (Waltham, USA) 

10 mM Tris/HCl, pH 7.6; 0.03% bromophenol blue; 0.03% 
xylene cyanol FF; 60% glycerol 60 mM EDTA 

NEB#4 buffer 
New England Biolabs (Ipswich, 
USA) 

20 mM Tris/Ac, pH 7.9; 50 mM potassium acetate; 
10 mM Magnesium Acetate; 1 mM Dithiothreitol 

Imperial Protein Stain 
Thermo Scientific (Waltham, USA) 

No exact information on content available from 
manufacturer  

T4 DNA Ligase Reaaction 
Buffer  
New England Biolabs (Ipswich, 
USA) 

50 mM Tris/HCl, pH 7.5; 10 mM MgCl2; 1 mM ATP 
10 mM Dithiothreitol 

(5x) HF buffer 
Finnzymes (Espoo, Finnland) 

Exact composition not known, according to manual 
contains 7.5 mg MgCl2 

MtrC Buffer A 100 mM TRIS/HCl pH 8.0; 500 mM NaCl; 20 mM Imidazol; 
10% Glycerol 
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MtrC Buffer B 100 mM TRIS/HCl pH 8.0; 500 mM NaCl; 500 mM 
Imidazol; 10% Glycerol 

MtrA Buffer A 
100 mM TRIS/HCl pH 7.5; 500 mM NaCl; 20 mM Imidazol 

10% Glycerol 

MtrA Buffer B 
100 mM TRIS/HCl pH 7.5; 500 mM NaCl; 500 mM Imidazol 

10% Glycerol 

MtrA Buffer SEC 25 mM TRIS/HCl pH 7.5; 150 mM NaCl 

MtrA Raman PBS 25 mM sodium phosphate/pH 7.5; 150 mM NaCl 

MtrCAB Buffer AQ 100 mM Tris/HCl pH 7.5; 10 mM NaCl; 10% Glycerol 

MtrCAB Buffer BQ 100 mM Tris/HCl pH 7.5; 1 M NaCl; 10% Glycerol 

SUMO Protease Buffer A 
150 mM Tris/HCl, pH 7.4; 500 mM NaCl; 10% Glycerol 

20 mM Imidazole 

SUMO Protease Buffer B 
150 mM Tris/HCl pH 7.4; 500 mM NaCl; 10% Glycerol 

500 mM Imidazole 

SUMO Protease Dialysis 
Buffer 

50 mM Tris/HCl, pH 7.4; 150 mM NaCl; 10% Glycerol 

1 mM DTT or 1% IGEPAL 

AtLRB3 Protein Buffer 

1 M Urea; 20 mM Na2H2PO4; 500 mM NaCl; 500 mM 
Sucrose; 100 mM NDSB; 0.05% (w/v) PEG; 4 mM reduced 
Glutathione; 0.04 mM oxidized Glutathione; 500 mM 
Imidazole; Protease inhibitor cocktail; pH 7.8 

AtLRB3 Denaturing Buffer 8 M Urea; 250 mM Imidazole; 20 mM Na2H2PO4; 500 mM 
NaCl; pH 7.8 
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2.1.4 Plasmids, oligonucleotides, strains and media 

Table 4: List of plasmids used in this work. 

Plasmid Characteristics Source 

pET303/CT-His C-terminal 6xHis tag, low-
copy plasmid, Ampr Invitrogen (Carlsbad, USA) 

pACYC184 low-copy plasmid, Cmr New England Biolabs 
(Ipswich, USA) 

pUC57_mtrC Commercially obtained E. 
coli optimized mtrC gene Eurofins Genomics 

(Ebersberg, Germany) 
pUC57_MtrA Commercially obtained E. 

coli optimized mtrA gene 

pACYC184ccmAH ccmA to H genes Cloned by Dr. Matthias Lee 
(KAUST, Saudi Arabia) 

pET303_mtrCAB T7 promoter controlled 
mtrCAB operon  This work 

pET303_mtrC-His6 T7 promoter controlled 
mtrC-His6 gene This work 

pET303_mtrA-His6 T7 promoter controlled 
mtrA-His6 gene This work 

pET303_SUMO-mtrA T7 promoter controlled 
SUMO-mtrA gene construct This work 

pET303_SUMO-mtrAD 
T7 promoter controlled 
SUMO-mtrAD gene 
construct 

This work 

 

 

Table 5: List of oligonucleotides used for cloning. Oligonucleotides were obtained either from Sigma-

Aldrich (St. Louis, USA) or IDT (San José, USA). The construct that was cloned with each primer is 

noted. 

Primer Sequence (5’-3’) Construct 

mtrC2for5 ATAACTTCTAGAATGAACGCTCAGAAATCTAAAATC mtrC-His6 

mtrC2rev3 TATAGTCTCGAGCATTTTAACTTTGGTGTGGTCAG mtrC-His6 



 

 

54 

mtrA3for1 ATAACTTCTAGAATGAAAAACTGCCTGAAAATGAAA mtrA-His6 

mtrA3rev2 TATAGTCTCGAGACGTTGCAGCAGTTTACCAGA mtrA-His6 

SUMO1for1 TCACCATGGCTATGTCTGCTGTTATGGCTCTGGTTGTTA
CCCCGAACGCTATGGGCAGCAGCCATCATC SUMO-mtrA 

SUMO1rev1 CCTGTTCCGGGGTCATTTTTTCGTCCCATTTAGAAGCGT
AGGATCCACCAATCTGTTCTCTGTG SUMO-mtrA 

stop_ins_mtrA1 GTGGTGGTGCTCGAGTTAACGTTGCAGCAGTTT SUMO-mtrA 

stop_ins_mtrA2 AAACTGCTGCAACGTTAACTCGAGCACCACCAC SUMO-mtrA 

mtrAfor1P P-AAAGGTGCTGACTCTTGC SUMO-
mtrAD 

mtrA4rev1P P-GGATCCACCAATCTGTTC SUMO-
mtrAD 

mtrCAB1for2 ATAACTTCTAGAATGATGAACGCACAAAAATC mtrCAB 

mtrCAB1rev2 TATAGTCTCGAGTTAGAGTTTGTAACTCATGCTCAGC mtrCAB 

T7for TAATACGACTCACTATAGGG Sequencing 

T7term CTAGTTATTGCTCAGCGGT Sequencing 

 

 

Table 6: E. coli strains. 

Strain Genotype 

E. coli TOP10 
F– mcrA Δ(mrr-hsdRMS-mcrBC) Φ80lacZΔM15 
ΔlacX74 recA1 araD139 Δ(ara leu) 7697 galU galK rpsL 
(StrR) endA1 nupG 

E. coli XL1 Blue endA1 gyrA96(nalR) thi-1 recA1 relA1 lac glnV44 F'[ ::Tn10 
proAB+ lacIq Δ(lacZ)M15] hsdR17(rK

- mK
+) 

E. coli BL21(DE3) F–, ompT, gal, dcm, lon, hsdSB(rB
- mB

-), λ(DE3 [lacI lacUV5-T7 
gene 1 ind1 sam7 nin5]) 

E. coli BL21(DE3)Gold B F– ompT hsdS(rB – mB – ) dcm+ Tetr gal λ(DE3) endA Hte 
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Table 7: Composition of media. For the expression of MtrA constructs commercially obtained LB premix 

was used (L3022 Sigma-Aldrich (St. Louis, USA)). 

Name Components 

LB Lennox 10 g/l pepton 

5 g/l yeast extract 

5 g/l NaCl 

 

For agar plates add 20 g/l agar 

 

 

 

 

 

LB 30% glycerol 

 

LB with 30% glycerol, 70% H2O 

 

SOC 
4 g/200 ml peptone 

1 g/200 ml Yeast extract 

720 mg/200 ml glucose (20 mM) 

492 mg/200 ml MgSO4 (10 mM) 

116 mg/200 ml NaCl (10 mM) 

406 mg/200 ml MgCl2 (10 mM) 

38 mg/200 ml KCl (2.5 mM) 
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2.1.5 Enzymes, Kits and Standards 

Table 8: Used enzymes. 

Name Origin 

Phusion High-Fidelity DNA Polymerase Finnzymes (Espoo, Finnland) 

Restriction endonuclease XbaI New England Biolabs (Ipswich, USA) 

Restriction endonuclease XhoI New England Biolabs (Ipswich, USA) 

Restriction endonuclease DpnI New England Biolabs (Ipswich, USA) 

T4 DNA ligase New England Biolabs (Ipswich, USA) 

Trypsin New England Biolabs (Ipswich, USA) 

 

 

Table 9: Used Kits. 

Name Origin 

peqGOLD Cycle-Pure Kit Peqlab (Erlangen, Germany) 

peqGOLD Gel Extraction Kit Peqlab (Erlangen, Germany) 

peqGOLD Plasmid Miniprep Kit II Peqlab (Erlangen, Germany) 

In-gel Tryptic Digestion Kit / In-solution 
Tryptic digestion Kit Thermo Scientific (Waltham, USA) 

QuikChange Lightning Site-Directed 
Mutagenesis Kit Agilent Technologies (Santa Clara, USA) 

(Bradford) Pierce Coomassie Plus Protein 
Assay Thermo Scientific (Waltham, USA) 

Imperial Protein Stain Thermo Scientific (Waltham, USA) 

GoTaq MasterMix Promega (Madison, USA) 
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Table 10: Used standards. 

Name Origin 

peqGOLD 1 kb DNA ladder  

(10000, 8000, 6000, 5000, 4000, 3500, 3000, 2500, 2000, 1500, 
1000, 750, 500, 250 bp) 

Peqlab (Erlangen, Germany) 

peqGOLD Protein-Marker I  

(116.0, 66.2, 45.0, 35.0, 25.0, 18.4, 14.4 kDa) 
Peqlab (Erlangen, Germany) 

PageRuler Prestained Protein Ladder  

(180, 130, 100, 70, 55, 40, 35, 25, 15, 10 kDa) 
Thermo Scientific (Waltham, 
USA) 

 

 

Table 11: Crystallization screen. 

Suite Name Origin 

Classic I Qiagen (Hilden, Germany) 

Classic II Qiagen (Hilden, Germany) 

PEGs Qiagen (Hilden, Germany) 

PEGs II Qiagen (Hilden, Germany) 

AmSO4  
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2.2 Methods 

Equipment and company names for enzymes, kits, and other resources that 

are described in the following Methods are all listed in section 2.1 

2.2.1 Agarose gel electrophoresis 

Agarose gel electrophoresis was performed for analytical and preparative DNA 

analysis. 1% agarose gels were cast by polymerizing agarose in TAE buffer. 

SYBR Green was added to the gel solution before polymerization to visualize 

the DNA bands in a dilution of 1:100. TAE buffer was also used as running 

buffer and electrophoresis was performed at constant 140 V for 35 minutes.  

Samples were prepared as noted in Table 12, from which 5 µl were applied to 

the gel per lane. 

Table 12: Mix for agarose gel samples. 

Component Volume [µl] 

Bidest. H2O 4 

DNA loading buffer 1 

DNA 1 

 

Gels were visualized and documented using the VersaDoc Imaging System. 
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2.2.2 Plasmid isolation 

DNA was isolated from bacterial cells such as Escherichia coli using the 

peqGold Plasmid Miniprep Kit II as described in the kit manual. Isolated DNA 

was kept at 4°C for short-term storage and at -20°C for long-term storage. 

2.2.3 DNA purification 

DNA was purified when necessary e.g. during cloning steps with either the 

peqGold Cylce-Pure Kit or the peqGold Gel Extraction Kit when extracted from 

liquid or an agarose gel, respectively. All steps were performed as described in 

the kit manual. Purified DNA was kept at 4°C for short-term storage and at -

20°C for long-term storage. 

2.2.4 Polymerase chain reaction (PCR) 

PCR was used to amplify genes of interest [87]. The PCR reaction mixture 

generally contained several components as noted in Table 13. 
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Table 13: PCR reaction mix. 

Component Volume [µl] 

5xPhusion buffer 10 

dNTPS (10 mM) 1 

Forward Primer (10 µM) 1 

Reverse Primer (10 µM) 1 

DNA Template 1 

5% DMSO 2.5 / - 

Phusion DNA Polymerase 0.5 

Add bidest H2O until total volume 50 µl 

 

PCRs were performed using the following time and temperature settings with 

minor modifications in the annealing temperature and extension time, 

depending on the construct size and primer melting temperature (Table 14). 

These specific values are noted under 2.2.24. 

Table 14: General PCR settings. The specific values X and Y are mentioned under section 2.2.24 for 
each construct. 

Step  Temperature Time 

Initial denaturation  1 x  98°C 30 sec 

Denaturation 35 x 

 

98°C 10 sec 

Annealing  X°C 10 sec 

Extension  72°C Y sec 

Final extension  1 x  72°C 5 min 

   4°C ∞ 
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PCR results were analyzed by agarose gel electrophoresis (2.2.1) and the 

amplified DNA was purified as described under 2.2.3. 

2.2.5 Colony PCR 

When mentioned, colony PCR was performed to check for the presence of 

specific genes in plasmids e.g. to select plasmids for sequencing after cloning 

by the correct insert size. As such, colonies were picked directly from agar 

plates and solubilized in PCR tubes containing 10.5 µl of MilliQ H2O. 1 µl per 

primer (10 µM stock concentration) was added and 12.5 µl of the GoTaq 

MasterMix. For the use with specific T7 primers, the sequence is noted in Table 

5 and the following PCR settings were applied based on the manual 

recommendations (Table 15).  

Table 15: PCR settings for the colony PCR. 

Step  Temperature Time 

Initial denaturation 1 x  95°C 7 min 

Denaturation 35 x 

 

95°C 1 min 

Annealing  51.6°C 1 min 

Extension  72°C 2:30 
min 

Final extension 1 x  72°C 5 min 

   4°C ∞ 
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2.2.6 DNA restriction digestion 

Digestion of DNA with XbaI and XhoI was performed by mixing the components 

listed in Table 16 and incubating for 3 hours at 37°C. 

Table 16: Reaction mix for DNA digestion. 

Name Volume [µl] 

Bidest. H2O 4 

10xNEBuffer#4 5 

10xBSA 5 

XbaI 3 

XhoI 3 

DNA 30 

 

After digestion, the reaction mix was purified from enzymes as described under 

2.2.3. 

Digestion with DpnI was performed when mentioned. This restriction enzyme 

specifically cuts methylated DNA [88] and can therefore be used to digest 

template DNA. DNA isolated from E. coli, except for the few dam- strains, is 

methylated, while cloning products that have yet to be transformed are 

unmethylated. For DpnI digestion, 2 µl were added directly to the DNA-

containing solution along with 5 µl NEB#4 buffer when the enzyme from New 

England Biolabs was used. Otherwise, when DpnI digestion was performed 

after site-directed mutagenesis (2.2.8), the enzyme contained in the 

QuikChange Lightning Site-Directed Mutagenesis Kit was used and 2 µl were 

added directly without needing an extra buffer. In both cases the solutions were 
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incubated at 37°C for one hour. 

2.2.7 DNA ligation 

For the ligation of DNA fragments, vector and insert were mixed with water as 

listed in Table 17 and incubated for five minutes at 55°C, followed by ten 

minutes on ice. Next, buffer and T4 ligase were added and ligation was 

performed for one hour at room temperature. 

Table 17: Ligation mix. 

Component Volume [µl] 

Bidest. H2O 4.5 

Vector 3 

Insert 1 

10xbuffer 1 

T4 ligase 0.5 
 

To determine whether the correct ligation product was obtained, 1 µl of ligation 

reaction mix was used to transform E. coli (2.2.10) and cells were plated on 

agar plates. After incubation over night at 37°C, several colonies were picked 

and plasmid was isolated and analyzed if the correct insert was included by 

agarose gel electrophoresis, PCR, or sequencing as described in results. 

2.2.8 Site-directed Mutagenesis 

Site-directed mutagenesis was employed to change selected plasmid 

nucleotides. The QuikChange Lightning Site-Directed Mutagenesis Kit was 

used with the following modified protocol, based on the kit manual. Primer 
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design was performed using the online QuikChange Primer Design Program. 

The PCR reaction mix contained the components listed in Table 18. 

Table 18: PCR reaction mix components for Site-Directed Mutagenesis. 

Reagent Volume [µl] 

10x reaction buffer 2.5 

template (30 ng/µl) 1 

primer #1 (5 µM) 1.25 

primer #2 (5 µM) 1.25 

dNTP mix 0.5 

QuikSolution reagent 0.75 

ddH2O (final volume 
25 µl) 17.75 

QuikChange Lightning Enzyme 0.5 

 

Table 19: Site-directed Mutagenesis PCR settings as used in the cloning of pET303_SUMO-MtrA 
(2.2.24.4). 

Cycles Temperature Time 

1 95 ˚C 2 minutes 

20 

95˚C 20 seconds 

60˚C 10 seconds 

68˚C 3:30 minutes 

1 68˚C 5 minutes 

 

After PCR, the parental methylated DNA was digested with DpnI as described 

in 2.2.6 and the resulting mutated DNA was transformed into electrocompetent 

E. coli OneShot TOP10 cells provided with the kit. 
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2.2.9 DNA Sequencing 

DNA sequencing was performed by the KAUST Bioscience Core Lab using 

Sanger Sequencing [89]. 

2.2.10 Transformation of Escherichia coli 

Electrocompetent E. coli (production see 2.2.11) were transformed with plasmid 

DNA by mixing 40 µl of electrocompetent cells with 1 µl of DNA solution. The 

mix was transferred to a 0.2 cm electroporation cuvette, which was then pulsed 

once (2.5 kV, 25 µF, 200 Ω). 1 ml of SOC medium was added. The whole 

solution was transferred to an Eppendorf tube and incubated while shaking for 

one hour at 37°C. Next, 100 µl were directly transferred onto an LB agar plate, 

supplemented with the correct antibiotic. The remaining 900 µl were centrifuged 

for 2 minutes at 4500 x g and the supernatant was decanted. The pellet was 

solved in the remaining liquid and transferred onto another agar plate. Agar 

plates were incubated over night at 37°C. 

2.2.11  Production of electrocompetent cells 

Electrocompetent E. coli cells were prepared by inoculating 1 liter of LB medium 

with 20 to 50 ml of an overnight preculture of the E. coli strain. The culture was 

incubated while shaking at 37°C until an OD600nm of 0.4 to 0.6 was reached. 

Then the culture was cooled on ice for at least 30 minutes. From here on, great 

care was taken to ensure the cells did not exceed 4°C by keeping them on ice. 

The cells were centrifuged, the supernatant was decanted, and the cell pellet 

was washed with 40 ml of pre-cooled sterile MilliQ-H2O. Cells were centrifuged 
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again and the supernatant decanted. The washing step was also repeated. The 

pellet was re-suspended in sterile 20% glycerol. The cells were then incubated 

for 45 minutes on ice. The cells were pelleted and the supernatant was 

decanted. The pellet was re-suspended in 10 ml of pre-cooled sterile 20% 

glycerol. The cell suspension was aliquoted into 1.5 ml Eppendorf tubes with 

100 µl per tube and frozen at -80°C. 

2.2.12 Cryostock preparation 

To store E. coli cells, cryostocks were prepared. Therefore, 15 ml of culture 

were centrifuged at 4500 x g for 15 minutes at 4°C and the pellet was 

suspended in 2 ml of LB with 30% glycerin. 1 ml was transferred into a cryotube 

and stored at -80°C. 

2.2.13 Protein expression 

Expression was performed in E. coli BL21(DE3) for MtrC and MtrCAB and in E. 

coli BL21(DE3)Gold for MtrA constructs. All cells were co-transformed with the 

pAYCY184ccmAH plasmid. The pACYC184ccmAH plasmid containing the 

genes from ccmA to ccmH was cloned previously by group member Dr. 

Matthias Lee (KAUST, Saudi Arabia). It contains the ccmA to ccmH genes 

amplified from the E. coli genome under control of a constitutive promoter. 

Expression was performed in LB medium supplemented with 180 mg/L of 

ampicillin and 25 mg/L of chloramphenicol for plasmid selection. Transformed 

cells were directly transferred to a liquid culture after incubation for 1 hour in 

liquid SOC medium without antibiotics. After overnight incubation at 37°C while 
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shaking, the preculture was used to inoculate a larger main culture (1:100) and 

the cultures were transferred to 30°C and incubated overnight while shaking 

before cell harvesting. Expression was generally performed without induction. 

The used pET plasmid contain an Isopropyl β-D-thiogalactoside (IPTG)-

inducible expression system [90], but after trial with different IPTG 

concentrations, even low concentrations led to a shutdown of expression as 

indicated by the cell color. Therefore, an uninduced basal expression was 

employed. 

2.2.14 Cell harvesting 

For cell harvesting, cells were centrifuged at 4500 x g at 4°C for 30 minutes. 

The pellet was then washed by solving in 0.9% Saline and centrifugation for 

20 minutes at 4°C and 4500 x g. Cell pellets were then either used immediately 

or stored at -20°C. 

2.2.15 Cell disruption 

For cell disruption, either the Constant cell breaker or the Sonication system 

was used. For the Constant cell breaker system, the harvested cell pellet was 

solved in at least 5 times the volume of buffer of the first purification column. A 

protease inhibitor, Pefabloc SC, and DNase I were added. Then, the solution 

was disrupted with the cell breaker at a pressure of 1.8 kBar. For the Sonifier 

system, the cell pellets were solubilized in the buffer of the first purification 

column and Pefabloc was added. The cells were disrupted using the Sonifier at 

a 40% amplitude for 25 minutes, switching between 15 seconds on and 30 

seconds off, with the sample on ice. In both cases, the cell debris was 
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separated from the raw extract, the soluble proteins, by centrifugation for 

45 minutes at 18000 x g and 4°C. 

2.2.16 Protein purification 

Several types of purification methods where used, all relying on different 

principles for purification. Generally, purification process and fractions for 

further purification were analyzed and selected by SDS-PAGE (2.2.17).  

Affinity IMAC columns loaded with Ni2+ or Co2+ were used in the purification of 

His6-tagged proteins. Here, after loading the sample, the column was washed 

with the respective buffer A until a baseline was reached. Then, a gradient of 0 

– 100% buffer B over ten times the column volume was run and fractions were 

collected. For a 25 ml column, fractions of 7.5 ml were collected and for a 5 ml 

column, fractions of 2.5 ml were collected.  

For some purification steps, a size exclusion column (SEC) was used. The 

column is run using one constant buffer and separates proteins purely based 

on their size. During the run fractions of 1.5 ml were collected. 

For the purification of the MtrCAB complex, a strong anion exchange column, 

similar to that described in other publications, was used [91]. A buffer system 

containing a pH above the estimated pI of the complex was used. The complex 

should therefore be negatively charged and bind to the positively charged 

column. Elution is performed using buffer with high salt concentrations to 

displace the bound protein. After sample loading, the column was washed with 

buffer A/Q until a baseline was reached. Finally, a gradient of 0 to 100% buffer 

B/Q was run over 300 ml while 10 ml fractions were collected. 
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For all purifications, protein peaks and fractions were applied to an SDS-PAGE 

and monitored by both measuring the absorption at 280 nm for all proteins, and 

408 nm specifically for heme proteins, using two UV flow cells of the Äkta 

Purifier system. 

Red colored fractions after the last purification step were again analyzed via 

SDS-PAGE and selected fractions frozen in liquid nitrogen for storage at -80°C. 

2.2.17 SDS-PAGE 

SDS-PAGE (Sodium dodecyl sulfate Polyacrylamide gel electrophoresis), a 

denaturing gel electrophoresis [92] was used to analyze sample protein 

composition. A 15% lower gel and a 4% upper gel were cast, using the 

components as listed in Table 20. 

Table 20: Composition of lower and upper SDS-PAGE gel. SDS upper and lower gel buffers are 
described in Table 3. 

Gel Components 

15% lower gel 

3.75 ml 40%ige acrylamid solution 

3.75 ml H2O 

2.5 ml SDS lower gel buffer 

50 µl 10%iges APS 

5 µl TEMED 

 

4% upper gel 

2.5 ml SDS upper gel buffer 

2.0 ml H2O 

0.5 ml 40%ige acrylamid solution 

50 µl 10%iges APS 

5 µl TEMED 
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The protein samples were mixed 1:1 with SDS Loading buffer. Samples were 

not heated unless otherwise stated and the Loading buffer did not contain b-

mercaptoethanol to allow for heme staining. 

Gel electrophoresis was performed at 40 mA per gel for 35 minutes. To 

visualize protein bands, different staining methods were applied, described in 

the following parts. 

2.2.17.1 TCE in-gel visualization 

Some gels were stained using the TCE in-gel visualization technique. Here, 

trichloroethanol (TCE) is incorporated into the polyacrylamide gels by adding it 

before polymerization. TCE reacts with the tryptophans in proteins, or, more 

precisely, with the excited indole rings, in a reaction induced by ultraviolet light 

to a compound that emits fluorescence when placed under UV light. The result 

is a detection method requiring no additional staining and is less time 

consuming, and is easier than common Coomassie-staining techniques [93]. 

Visualization was done using the Bio-Rad Criterion Stain Free Imager. 

2.2.17.2 Staining using Coomassie Brilliant Blue 

In some cases, general protein staining was performed using Coomassie 

Brilliant Blue [94]. Staining was performed using the Imperialä Protein Stain. 

Gels were incubated for one hour in the staining solution. Following this, gels 

were incubated in water until bands were clearly discernible from the gel 

background before being documented by a scanner. 
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2.2.17.3 Heme stain 

To specifically detect proteins with heme content, heme staining was performed 

where cytochromes are identified through their peroxidase activity. The 

reduction of H2O2 takes place in the presence of a hydrogen donor such as 

benzidine [95]. For heme staining, the SDS gel was first washed in 100 ml of a 

12.5% (w/v) TCA solution for 30 minutes. Next, the gel was washed in H2O 

MilliQ for 30 minutes. Then 0.1 g o-dianisidine (3,3’-dimethoxybenzidin, CAS 

119-90-4) was solved in 10 ml acetic acid and added to the gel. Then, 80 ml of 

H2O MilliQ was added along with 10 ml of 0.5 M Sodium citrate with a pH of 

4.4, and 0.4 ml 30% H2O2. The gel was stained until bands were clearly visible 

or the bands of the positive control, hemoglobin, when applied to one lane on 

the gel, were clearly visible. 

2.2.18 Protein Dialysis 

Protein solutions were dialyzed, removing buffer components such as 

imidazole after His-tag purification or for buffer exchange. The protein solution 

was either filled into a dialysis tube or MINI dialysis tubes were used. Dialysis 

was performed overnight when a dialysis tube was used, and for 2 hours when 

MINI tubes were employed. All dialysis steps were performed at 4°C.  

2.2.19 Concentrating of protein solutions 

Large volumes of protein solution were concentrated using an Amicon 8010 

system. Smaller volumes were concentrated using Centrifugal Filters Units or 

Centrifugal Devices with 30 kDa or 10 kDa MWCO. Following, a centrifuge 
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cooled to 4°C was used and concentrating was achieved as described in the 

manual. 

2.2.20 Determination of protein and DNA concentration 

A NanoDrop 2000c was used and absorption was measured at 280 or 260 nm, 

to determine the protein or DNA concentration respectively. 2 µl of solution was 

used per measurement. The absorption coefficient calculated using the 

ProtParam tool [96] was used for protein calculations while for DNA the 

program settings were applied. 

In some cases, where mentioned, the Bradford assay [97] was used to estimate 

protein concentration. As such, a standard curve using chymotrypsin was 

established using protein concentrations of 0, 0.2, 0.4, 0.6, 0.8, and 1 mg/ml. 

The Coomassie Plus Protein Assay reagent was used. A 1:10 sample to 

reagent ratio was employed and this was incubated for 5 minutes before being 

measured at 595 nm. 2 µl sample volumes or a buffer as a blank were applied 

per measurement on the NanoDrop 2000c. 

2.2.21 Mass spectrometry 

Protein mass spectrometry was measured either on a Bruker maXis HD ESI-

TOF or a Bruker ultrafleXtreme MALDI-TOF/TOF. Tryptic digestion was 

performed either in-gel or in-solution and was followed by LC-MS/MS analysis 

to identify the generated peptides, thereby confirming the contained proteins. 

The Mascot search engine [98] was used to evaluate the obtained data. Intact 

protein molecular weight was measured by preparing the sample by diluting 
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with a buffer containing ACN (95% water, 5% ACN, 0.1% formic acid) and 

subsequent centrifugation to remove possible precipitate. The sample was then 

run over an HPLC column (PLRP-S (0.5 mm ID)) for separation and compound 

masses determined in a following ESI-TOF. 

2.2.22 Crystallization 

Protein used for crystallization was either stored or dialyzed against buffer 

containing 50 mM TRIS/pH 8.0 and 300 mM NaCl. Initial screening using the 

sitting drop vapor diffusion method was performed with Qiagen Kits as indicated 

(Table 11). Screens were performed in 96-well plates with 50 µl reservoir buffer 

volume. 0.1 or 0.2 µl of protein solution was mixed in a 1:1 ratio with buffer in a 

sitting drop setup. Reservoir wells were pipetted using the Phoenix Liquid 

Handling System while protein spots were set using the Oryx4 system. Plates 

were incubated at 20°C and regularly checked under the microscope for crystal 

formation.  

2.2.23 Raman Spectroscopy 

For Raman spectroscopy measurements, a droplet volume of 10 µl of the 

sample at a protein concentration of approximately 6 µM was drop cast on a 

CaF2 window and investigated using a confocal RAMAN system, equipped with 

a 532 nm laser and a 100x objective. The excitation power at the sample was 

~1.1 mW, and an exposure time of 1 second with 40 accumulations was 

chosen. Each spectrum obtained at different points of the liquid sample was 

baseline corrected with its best-fitted 6th order interpolant [99]. Ten different 
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spectra were averaged. Measurements were performed in liquid conditions at 

room temperature and a relative humidity of 53%. The protein was solved in a 

PBS based buffer to guarantee the physiological state of the studied protein. 

 

2.2.24 Detailed methods for multi-heme proteins 

2.2.24.1 Cloning of the MtrC-His6 construct 

For the construct of MtrC with C-terminal His6-tag, first PCR was used to amplify 

the mtrC gene from the commercially obtained pUC57_mtrC using the primers 

mtrC2for5 and mtrC2rev3 at an annealing temperature of 63.5°C with an 

extension time of 30 seconds. Addition of 5% DMSO to the PCR reaction mix 

proved favorable. After gel extraction of the mtrC gene, both digestion of the 

gene and the pET303 vector backbone was performed using XbaI and XhoI. 

After DNA purification using the Cycle Pure Kit, ligation of digested mtrC gene 

and vector backbone, along with subsequent transformation into E. coli XL1 

and platting on agar plates, was done. Colonies grown overnight were picked 

and after plasmid isolation from overnight liquid cultures, several plasmids were 

submitted to sequencing to confirm successful cloning. 

2.2.24.2 Expression of the MtrC-His6 construct 

The plasmid pET303_mtrC-His6 was co-transformed into the E. coli strain 

BL21(DE3) with the pACYC184ccmAH plasmid directly into liquid LB culture, 

including correct antibiotics as described under (2.2.16). The main culture was 
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supplemented with one mmol Glutamic acid and 100 mg/L 

Ammoniumiron(III)citrate per liter of main culture, aiding in cofactor synthesis. 

2.2.24.3 Purification of the MtrC-His6 construct 

For the purification of MtrC-His6, the raw extract was applied to an IMAC affinity 

column. First, a self-cast 25 ml GE column XK 16/20 was used, loaded with Ni2+ 

as described in the manual with a flow rate of 5 ml/min. Selected fractions 

containing a high amount of heme-staining protein were dialyzed overnight 

against buffer A*, corresponding to buffer A without imidazole. The dialyzed 

sample was concentrated before application to a second IMAC column. Here, 

a precast 5 ml HisTrap column was used, which was loaded with Co2+-ions. 

The same sample flow rate was applied as for the first column.  

For all the purification steps of MtrC-His6 0.1% TX100, or for the cell disruption 

buffer 0.5%, was added to increase solubility of MtrC-His6.  

2.2.24.4 Cloning of the MtrA constructs MtrA-His6, SUMO-MtrA, and 

SUMO-MtrAD 

Cloning was performed for all constructs into the pET303/CT-His vector. 

Therefore, pUC57_mtrA was used to amplify the mtrA gene using specific 

primers for the mtrA-His6 construct via the primers mtrA3for1 and mtrA3rev2, 

DMSO in the PCR mixture, an annealing temperature of 65°C, and an 

extension time of 15 seconds. A band corresponding to the size of the mtrA 

gene was extracted from an agarose gel. Both the extracted gene and pET303 

vector were digested with XbaI and XhoI. Next, DNA purification and 

subsequent ligation was performed. Colonies grew after transformation of the 
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ligation product into E. coli TOP10 and plating on agar plates. Colony PCR was 

performed using T7 specific primers as described above (2.2.5). This led to the 

selection of plasmids sent to sequencing to confirm successful cloning. 

The SUMO-MtrA construct was cloned by PCR amplification of the SUMO-tag, 

from an original plasmid with primers, including overhangs with homology to 

the target sequence surrounding in the target vector, the C-terminal part of the 

Secretion-tag and N-terminal start of the mature mtrA gene. For this PCR, 

DMSO was used with primers SUMO1for1 and SUMO1rev1 via a touchdown 

setup as described in Table 21. After gel extraction of this SUMO-tag fragment, 

another PCR was performed using the pET303_mtrA-His6 construct as a 

template. The amplified SUMO-tag was included instead of the primers, with 

added DMSO running a touchdown PCR as noted in Table 21. DpnI digestion 

of the PCR reaction mix was done to remove the unmethylated template DNA 

and subsequent transformation into E. coli TOP10. Subsequent plasmid 

extraction and sequencing was performed to confirm the first intermediate 

construct including the SUMO-tag at the correct place. 
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Table 21: Touchdown PCR settings. Used for the amplification of the SUMO-tag and for the cloning of 
the pET303_SUMO-MtrA construct (Two values indicate values for 1th SUMO-tag amplification and 2nd 
pET303_SUMO-MtrA cloning). 

Step    Temperature Time 

Initial denaturation 1 x  95°C 2 min 

Denaturation 15 x 

 

95°C 30 sec 

Annealing 64.4/77.6 decrease 
0.5°C per cycle 30 sec 

Extension 72°C 40/300 sec 

Denaturation 20 x 

 

95°C 30 sec 

Annealing 57.6°C/70.6 30 sec 

Extension 72°C 40/300 sec 

Final extension 1 x  72°C 5 min 

Incubation 1 x  4°C ∞ 
 

Next, mutagenesis of this vector, still containing the original C-terminal His6-tag 

but unneeded as the SUMO-tag itself contains an N-terminal His6-tag, was 

performed to introduce a stop codon after the mtrA gene as described in 2.2.8. 

A DpnI digestion to remove the unmutated template and colony picking of 

transformed E. coli TOP10 was performed to select plasmids to send for 

sequence confirmation. 

The SUMO-MtrAD construct used the pET303_SUMO-mtrA construct as a PCR 

template and two phosphorylated primers to amplify the whole plasmid 

exclusive of 87 nucleotides corresponding to the N-terminus of the mature 

mtrA. The PCR mixture contained DMSO and the primers mtrAfor1P and 

mtrA4rev1. The PCR was run with an annealing temperature of 58.3°C and 

extension time of 3:20 minutes. After DpnI digestion of the template, ligation of 
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the PCR amplified DNA was performed and the ligation mix transformed into E. 

coli BL21(DE3)Gold. Colony PCR of plasmid extracted from colonies growing 

on an agar plate and amplified using specific T7 primers was performed, to 

checking insert size and helping select colonies for plasmid extraction to 

confirm the correct cloning result via sequencing. 

2.2.24.5 Expression of the MtrA constructs MtrA-His6, SUMO-MtrA, and 

SUMO-MtrAD 

All MtrA constructs were expressed in E. coli BL21(DE3)Gold as described 

above (2.2.13). For the MtrA-His6 construct, one mmol Glutamic acid and 100 

mg/L Ammoniumiron(III)citrate per liter of main culture was added as for MtrC-

His6 (2.2.24.2). For the expression of the SUMO-MtrA and SUMO-MtrAD 

construct, an end concentration of one mM 5-aminolevulinic acid (5-ALA) was 

added to the main cultures to further aid in c-type cytochrome expression [2, 

100]. 

Also for the MtrA constructs, induction with IPTG led to a lower expression rate 

of the c-type cytochrome than expression without induction, as visible per 

culture cell color. Expressions presented here were performed without 

expression induction. 

2.2.24.6 Purification of the MtrA constructs MtrA-His6, SUMO-MtrA and 

SUMO-MtrAD 

For the purification of the MtrA-His6 protein, the raw extract was first applied to 

a 5 ml HisTrap column loaded with Ni2+-ions. Selected fractions were dialyzed 

against buffer A* to remove the imidazole and then applied to a second 5 ml 
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HisTrap column, also loaded with Ni2+-ions. Both columns were run with a flow 

rate of 5 ml/min. After another dialysis to remove the imidazole and increase of 

sample concentration, a size exclusion column was used as a final purification 

step. Run at a flow rate of 1 ml/min, the HiLoad 16/60 Superdex 75 prep grade 

size exclusion column was used, including a 5 ml sample loop. 

Both the SUMO-MtrA and SUMO-MtrAD proteins were purified similarly as the 

MtrA-His6 protein. The first difference being that after the first HisTrap column, 

SUMO Protease was added into the protein dialysis tube overnight to digest 

the SUMO-tag while the imidazole was removed by dialysis. The second stems 

from the now removed tag, meaning different fractions had to be selected for 

the third size exclusion step.  

2.2.24.7 Cloning of the MtrCAB construct 

For the construct of pET303_mtrCAB, extracted genomic Shewanella 

oneidensis DNA was used as a PCR template to specifically amplify the whole 

mtrCAB operon. Hence, primers mtrCAB1for2 and mtrCAB1rev2 were used. 

DMSO was added to the reaction mix and the annealing temperature was 60°C 

while an extension time was set at 1:20 minutes. An agarose gel confirmed the 

size of the amplified operon and gel extraction was performed before DNA 

operon fragment. The pET303 vector backbone was digested with XbaI and 

XhoI. After purification to remove the restriction enzymes, backbone and insert 

were ligated and the product transformed into E. coli XL1 cells. Colonies were 

picked and transferred to liquid culture and after an agarose gel, two were 

selected for sequencing and sequence confirmation. 
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2.2.24.8 Expression of the MtrCAB construct 

The pET303_mtrCAB vector, containing the whole mtrCAB operon from 

Shewanella oneidensis, was expressed in E. coli BL21(DE3) by co-

transformation with pACYC184ccmAH as described above (2.2.13). One mmol 

Glutamic acid and 100 mg/L Ammoniumiron(III)citrate per liter of main culture 

were added to the main culture to aid in cofactor synthesis. 

2.2.24.9 Purification of the MtrCAB construct 

To elucidate whether the E. coli cells expressed the proteins MtrA, MtrB, and 

MtrC, a basic purification to separate the proteins from some of the other 

expressed proteins was utilized based on previously reported methods [91]. 

But, for this work, the strong anion exchange column HiPrep Q FF 16/10 column 

was selected. To increase solubility of the membrane protein MtrB and MtrC, 

which contains a lipid anchor, 0.1% TX100 was added to all buffers and 0.5% 

to the cell disruption buffer. Purification was performed as described in 2.2.16. 

2.2.24.10 Generation of the SUMO Protease 

The SUMO Protease was used to cleave the SUMO-tag on SUMO-MtrA and 

SUMO-MtrAD proteins. The protease itself was expressed and purified as 

described here. After transformation of E. coli BL21(DE3)Gold with a plasmid 

containing the SUMO-protease gene and direct transfer into an LB preculture 

containing the correct antibiotics and grown at 37°C while shaking, a main 

culture was inoculated (1:100) and expression induced using one mM IPTG at 

an OD600nm of 0.6 - 0.8. After 24 hours growth at 20°C while shaking, cells were 

harvested and disrupted as described above (2.2.14, 2.2.15). 
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Purification was performed using a 5 ml HisTrap column, or for a larger scale, 

a 25 ml self-cast GE column XK 16/20, both loaded with Ni2+-ions. Purification 

was performed as described for IMAC purification above (2.2.16). The SUMO-

protease containing elution peak was immediately dialyzed overnight against 

the SUMO Dialysis buffer. Finally, the SUMO protease was concentrated to 

around 0.5 mg/ml with 1% IGEPAL added, and the protease aliquoted before 

being frozen in liquid nitrogen for storage at -80°C until needed. 

2.2.24.11 UV/Vis-absorption spectroscopy 

Absorption measurements from 350 to 600 nm were done to investigate the 

presence of cytochromes, which give characteristic absorption peaks in this 

region [2]. Measurements were performed using one nm steps and 200 µl of 

protein solution using 96-well-plates. For the UV/Vis absorption measurement 

of MtrC-His6, MtrA-His6 and MtrAD protein around 15 µM protein, for MtrA 

around 10 µM protein was used. 

2.2.25 Detailed methods for AtLRB3 

The work on the Arabidopsis thaliana protein AtLRB3 presented here was 

performed in collaboration with Randa Zarban (KAUST). Cloning, expression 

and protein purification was done by Randa Zarban (KAUST) using 

recombinant expression in Escherichia coli as an inclusion body and 

subsequent refolding in the presence of hemin. 
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2.2.25.1 UV/Vis spectroscopy to demonstrate heme b incorporation 

Spectral characteristics between 350 and 600 nm are characteristic of heme 

groups and indicative of both the kind of heme as well as heme environment 

[2]. Therefore, UV/Vis spectroscopy was used to confirm heme b incorporation 

into AtLRB3. 

Before measurements, protein solutions were dialyzed against protein buffers 

to remove excess hemin used during refolding. Spectra of fully oxidized (air-

exposed) protein were recorded at multiple protein concentrations. Additionally, 

spectra of 89 μg/ml protein with added hemin (61 μM) were recorded in 

comparison to a) hemin added to only the buffer, and b) samples of unfolded 

protein taken before refolding (Denaturing Buffer in Table 3). All air-exposed 

spectra were recorded on a TECAN Infinite M1000 microplate reader using 96-

well-plates with 200 µl sample volume per well. 

2.2.25.2 NO binding and dissociation to and from protein AtLRB3 

Binding and dissociation of nitric oxide (NO) to and from AtLRB3 was monitored 

using UV/Vis spectroscopy. Thus, a TECAN Infinite 200 microplate reader was 

used and all assays were performed under a nitrogen atmosphere using a glove 

box. A sample volume of 120 µl was used per well of the 96-well-plates. All 

buffer solutions were made oxygen free before being introduced into the glove 

box by flushing with argon.  

Heme protein (400 μg/ml) was reduced to ferrous using sodium dithionite (end 

concentration 8 mM) before NO addition. Then, diethylamine/nitric oxide 

complex (DEA NONOate), which served as an NO donor, was added to 
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reduced protein in the amounts as noted. Spectra between 350 and 600 nm 

were recorded until heme saturation with NO was visible as the Soret peak 

remained constant. Slow dissociation of NO under nitrogen atmosphere was 

monitored by repeated spectra measurements at several time points. 
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3 Results 

Parts of the presented work will be published in scientific journals as indicated 

further below.  

3.1 Characterization of proteins from the Mtr pathway 

Characterization of the components from the Mtr pathway is fundamental to 

understanding and applying electromicrobiology as well as using S. oneidensis 

as an electroactive microbe. Therefore, certain Mtr pathway genes from S. 

oneidensis were selected for expression in E. coli along with characterization 

and structural analysis. Both MtrC and MtrA were expressed as described 

below. 

3.1.1 Extracellular decaheme MtrC 

First, the decaheme cytochrome MtrC was analyzed. MtrC is located on the cell 

surface and is a terminal reductase of solid compounds e.g. metal oxides and 

it is a lipoprotein [43]. Therefore, extensive post-translational modification was 

needed to generate mature MtrC with lipid anchor and the ten incorporated 

hemes. Correct interaction with the Sec secretion system post translation was 

needed for the polypeptide to be brought into the periplasm. Additionally, after 

secretion-tag removal, the ten porphyrin functions needed to be incorporated 

via the Ccm system. Finally, it is essential that a correct lipid anchor attachment 

takes place. Previous research was conducted on MtrC using Shewanella 

oneidensis, the original host bacterium, as an expression system [32, 101]. For 

the present work, a recombinant expression using E. coli was selected given 
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its advantage as an expression system with fast growth and extensive available 

knowledge and techniques [102]. 

As MtrC was expressed and purified using the host E. coli, the DNA sequence 

of the mtrC gene from S. oneidensis was adapted to the codon usage of E. coli 

using the web based adaptation tool JCat [103]. To clone the optimized gene 

into the final expression vector, it was first amplified by PCR using primers 

including overhangs with selected restriction enzyme recognition sites. Gel 

extraction was performed, checking the size of the amplified gene and obtaining 

the pure gene fragment without template DNA. Figure 14 shows the agarose 

gel of the PCR product with the amplified DNA fragment of around 2000 bp, 

corresponding to the expected size of the mtrC gene.  

 

Figure 14: Agarose gel of PCR amplified mtrC gene (M: Marker, P: PCR product). 

 

Both gel extracted-gene and target vector backbone were digested by the 

enzymes XbaI and XhoI and subsequently ligated. After trial expression with 
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several other vector backbones, the pET303 vector backbone was selected and 

proved successful for cytochrome expression in Bl21(DE3) cells. 

Transformation of the ligation product into E. coli TOP10 and plating on agar 

plates resulted in the growth of several colonies. Plasmid was extracted from 

ten colonies and applied on an agarose gel to determine not only the size but 

based upon this to select clones for sequencing (Figure 15). The empty vector 

pET303 was applied as a control. It has an approximate size of 5.4 kB but non-

linear plasmid DNA forms several structures and only linearized DNA runs 

according to its size. The cloned pET303_MtrC-His6 was larger in size due to 

its insert of the mtrC gene. The gel shows all the isolated plasmids having a 

larger size than the control. Plasmid 3 and 7 were selected for sequencing to 

confirm successful cloning (Figure 15). 

 

Figure 15: Agarose gel of selected plasmids obtained from cloning of pET303_MtrC-His6. The pET303 

vector used as vector backbone for cloning was applied as a control (M: Marker; C: Control pET303; 1-

10: plasmids extracted from ten different colonies). 
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The cloned construct pET303_mtrC-His6 contains the gene of interest under 

the control of a T7 promoter and equipped with a C-terminal His6-tag (Figure 

16).  

 

 

Figure 16: Vector map of pET303_Secr-mtrC-His6 containing the mtrC gene under the control of a T7 

promoter. 

 

Expression in E. coli was performed by co-transformation with a vector 

containing the ccmAH genes under the control of a constitutive promoter 

(Figure 17). 
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Figure 17: Vector map of pACYC184_ccmAH containing the cytochrome c maturation genes. 

 

MtrC was expressed overnight in the E. coli strain BL21(DE3). Normal 

expression procedures involve induction of protein expression with IPTG, for 

example, leading to a high protein yield. Published research on multi-heme 

proteins provided hints at successful expression with low IPTG concentration 

[38]. However, some indicate that the addition of IPTG led to reduced 

expression of c-type cytochromes [35]. Expression yields of MtrC using IPTG 

induction appeared low, presumably from the required complex interactions 

and post-translational modifications. Therefore, reduced temperatures and 

uninduced expression was used and led to higher yields. The addition of 

Glutamic acid and Ammoniumiron(III)citrate to the culture medium appeared to 

increase expression of maturated MtrC.  

Purification was performed using two subsequent HisTrap columns, with the 

first one loaded with Ni2+ ions. Selected fractions were pooled and applied to 
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the second Co2+ ion loaded HisTrap column. Co2+ ions have different binding 

properties than Ni2+ ions, which are mainly used for His-tag based affinity 

purification and therefore lead to a different purification profile. An SDS-PAGE 

was done after each purification step, assessing purity and fraction content. 

Gels were stained for total protein content and a heme stain was established 

specifically to stain proteins containing heme cofactors. Therefore, a protocol 

was developed based on the protocol described in reference [104]. Samples 

applied to the SDS-PAGE were required to be mixed with an SDS Loading 

buffer not containing b-mercaptoethanol and were not heated before 

application. These changes enabled detection of heme cofactors and were 

used subsequently for all heme protein related gels. Tests performed 

comparing standard buffers to heating procedures nonetheless confirmed that 

for these cases protein denaturation occurred. 

SDS gels after the first and second Histrap column are shown in Figure 18 and 

Figure 19, respectively. 

 

Figure 18: SDS-PAGE after the first HisTrap purification of raw extract containing MtrC (PE: Pellet, M: 

Marker, L: Raw Extract that was loaded onto the column, 1-7: fractions collected from the column). The 

image shows a (a) TCE stain as well as a (b) heme-dependent stain. 
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Figure 19: SDS-PAGE after second HisTrap purification of MtrC (M: Marker, L: Load applied onto the 

column, 1-10: fractions collected from the column, Hb: Hemoglobin applied as a control). The image 

shows the (a) TCE stained gel as well as the (b) heme-dependent stain. 

Both the pellet i.e. insoluble proteins, and the raw extract i.e. the soluble 

proteins were then applied to the column and run on an SDS gel shown in 

Figure 18. MtrC, when fully maturated, should have a molecular weight of 

around 77 kDa. But as pellet and raw extract show, no clear overexpression of 

a band at the height of MtrC is visible. In several fractions of the first HisTrap 

column, a band running at the approximate height of MtrC is present in higher 

amounts, staining in heme staining, and therefore confirming the presence of a 

c-type cytochrome. Still, having a lipid anchor, and judging from previous trials, 

MtrC appears to run slightly faster than its actual molecular weight of 

approximately 77 kDa compared to the protein ladder when completely 

maturated. But after the first Histrap column, each fraction contains numerous 

other proteins independent of the amount of buffer B, which was added in 

increasing amounts during fraction collection (Figure 18). After the second 

HisTrap column, a higher purity was achieved especially for fractions two to 

seven. A high level of heme staining exhibits correspondence of this band to a 
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166

66

45

35

25

18

14

(a)                                                                 (b)



 

 

91 

c-type cytochrome, but the TCE stained gel shows a slight double band at the 

same height (Figure 19). 

Selected fractions were pooled, concentrated, and applied to another SDS-

PAGE (Figure 20). Here, higher purity in pooled fractions two to six is visible, 

although small impurities at various heights still exist.  

 

Figure 20: SDS-PAGE of concentrated fractions after two purification steps of MtrC (M: Marker, Hb: 

Hemoglobin applied as a control, 1: pooled and concentrated fractions seven to ten from second HisTrap 

purification, 2: pooled and concentrated fractions two to six from second HisTrap purification). The image 

shows the (a) TCE stained gel as well as the (b) heme-dependent stain. 

Altogether, a protein corresponding in size to MtrC and co-staining in heme-

dependet stain was already purified to considerable purity especially in 

concentrated lane two (Figure 20). 

Validation that MtrC was one of the expressed proteins came via tryptic digest 

and mass spectrometry. A sample of collected fraction two after the first 

purification step (Figure 18) was analyzed, confirming the presence of MtrC, 

though coverage is low due to the nature of the sample (Figure 21). 
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Figure 21: Result of In-Gel Tryptic Digestion of MtrC followed by LC-MS/MS showing 30% sequence 

coverage. Matched peptides found by MS/MS are shown highlighted in yellow. The red sequence at the 

N-terminus corresponds to the signal sequence that will be removed in the mature MtrC protein. 

An absorption measurement of a sample of fraction two after the first HisTrap 

purification step confirms the presence of c-type cytochromes (Figure 22), 

showing the characteristic absorption peak at 408 nm and broad shoulder 

around 530 nm, characteristic for oxidized c-type cytochromes [32, 35]. 

 

Figure 22: UV/Vis spectroscopy measurement of MtrC under air-oxidizing conditions. Absorption was 

measured between a wavelength of 350 and 600 nm.  

 
  1 MMNAQKSKIA  LLLAASAVTM  ALTGCGGSDG  NNGNDGSDGG  EPAGSIQTLN 
 51 LDITKVSYEN  GAPMVTVFAT  NEADMPVIGL  ANLEIKKALQ  LIPEGATGPG 
101 NSANWQGLGS  SKSYVDNKNG  SYTFKFDAFD  SNKVFNAQLT  QRFNVVSAAG 
151 KLADGTTVPV  AEMVEDFDGQ  GNAPQYTKNI  VSHEVCASCH  VEGEKIYHQA 
201 TEVETCISCH  TQEFADGRGK  PHVAFSHLIH  NVHNANKAWG  KDNKIPTVAQ 
251 NIVQDNCQVC  HVESDMLTEA  KNWSRIPTME  VCSSCHVDID  FAAGKGHSQQ 
301 LDNSNCIACH  NSDWTAELHT  AKTTATKNLI  NQYGIETTST  INTETKAATI 
351 SVQVVDANGT  AVDLKTILPK  VQRLEIITNV  GPNNATLGYS  GKDSIFAIKN 
401 GALDPKATIN  DAGKLVYTTT  KDLKLGQNGA  DSDTAFSFVG  WSMCSSEGKF 
451 VDCADPAFDG  VDVTKYTGMK  ADLAFATLSG  KAPSTRHVDS  VNMTACANCH 
501 TAEFEIHKGK  QHAGFVMTEQ  LSHTQDANGK  AIVGLDACVT  CHTPDGTYSF 
551 ANRGALELKL  HKKHVEDAYG  LIGGNCASCH  SDFNLESFKK  KGALNTAAAA 
601 DKTGLYSTPI  TATCTTCHTV  GSQYMVHTKE  TLESFGAVVD  GTKDDATSAA 
651 QSETCFYCHT  PTVADHTKVK  M 
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Successful expression of completely modified MtrC, including ten porphyrins 

and the lipid anchor, was confirmed using LC-ESI/MS. The expected mass as 

calculated in Table 22 compared to the measured mass shown in Table 23. As 

shown in the table, the measured mass only differs from the calculated one by 

a mere 12 Da. 

Table 22: Calculation of the theoretical molecular weight of completely maturated MtrC-His6. To calculate 

the mass several events have to be considered: secretion tag cleavage, incorporation of ten heme, and 

lipid anchor attachment. 

 Molecular weight [Da] 

MtrC-His6 without secretion 
tag 69884.7 

10 x iron porphyrin 6164.8 

Lipid (Palmitate) 256.2 -18 (H2O) 

Lipid (Dipalmitoylglycerol) 568.5 - 18 (H2O) 

Σ 76838.3 

 

Table 23: LC-ESI/MS analysis of full-length MtrC-His6. 

Protein Expected [Da] Observed [Da] D[Da] 

MtrC-His6  76838 76850 12 

 

LC-ESI/MS characterization of MtrC furthermore demonstrates that the 

secretion tag cutting site occurs after G24 (before C25). Therefore, the 

lipoprotein biogenesis was performed correctly in E. coli with the lipid anchor 

attached to the amino and thiol function of the N-terminal cysteine after the 

removal of the secretion tag. Incorporation of ten heme functions was achieved 
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in E. coli when co-expressed with the Ccm operon. 

 

In conclusion, MtrC was successfully expressed including the extensive post-

translational modifications in the host E. coli. Purification studies, providing first 

hints, were conducted, but need further optimization and analysis. 

 

3.1.2 Periplasmic decaheme MtrA 

Due to recent publications including the crystal structure of outer membrane 

cytochromes MtrF and OmcA [51, 55, 57], focus was shifted to MtrA, a 

periplasmic decaheme component of the Mtr pathway as no crystal structure of 

a periplasmic component of the Mtr pathway has been published. Therefore, 

generated knowledge on the expression and purification of MtrC was used for 

the expression and purification of MtrA and the results are described in the 

following section. 

MtrA, a periplasmic decaheme cytochrome of the Mtr pathway was to be 

expressed and purified using the host E. coli. The DNA sequence of the mtrA 

gene from S. oneidensis was adapted to the codon usage of E. coli using the 

web based adaptation tool JCat [103]. As for MtrC, pET303 was used as an 

expression plasmid. 
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3.1.2.1 Expression, purification and characterization of the MtrA construct with 

His6-purification tag 

The construct for the expression of MtrA-His6 was cloned by PCR amplification 

of the mtrA gene with primers containing restriction recognition sequence 

overhangs. The amplified mtrA gene was extracted from an agarose gel. Both 

the mtrA gene and the pET303 vector backbone were digested and ligated. 

Colony PCR was performed for several colonies obtained after E. coli 

transformation and plating on agar plates. The samples were applied to an 

agarose gel (Figure 23). All samples show a specific amplified band. Due to 

SYBR Green’s influence on the mobility of the DNA, it runs slightly lower than 

the expected one kB. As the samples depicted specific bands instead of only 

smear, plasmid two, four, and seven were isolated with sequencing, confirming 

successful cloning. 

 

Figure 23: Agarose gel of Colony PCR of plasmids from cloning of pET303_mtrA-His6. 

 

The cloned construct contains mtrA under control of a T7 promoter and 

equipped with a C-terminal His6-tag (Figure 24). 
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Figure 24: Vector map of pET303_Secr-mtrA-His6 containing the mtrA gene with C-terminal His6-tag. 

 

Expression in E. coli was also performed by co-transformation with the same 

vector containing the ccmAH genes under control of a constitutive promoter, 

aiding in cytochrome maturation as in MtrC-His6 expression (see Figure 17). 

As with MtrC-His6, expression of MtrA-His6 with induction using IPTG did not 

lead to an expression, indicated by the lack of red cell color. This indicatives 

that no cytochrome was produced. A publication recently reported the 

purification of MtrA with expression in E. coli and low amounts of IPTG [38]. 

This was not visible here as even low IPTG concentrations led to reduced 

expression as indicated by cell color. To obtain yet not published 

characterization data of MtrA, pure MtrA-His6 protein was expressed using 

uninduced expression overnight at the reduced temperature of 30°C and 

successful expression of MtrA-His6 was achieved in E. coli BL21(DE3)Gold, 

resulting in red cell color after incubation. A three-step purification protocol was 

improved and established. Two subsequent HisTrap columns using a Ni-NTA 
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matrix were performed with dialysis in-between, removing the buffer imidazole. 

The sample after the second HisTrap column was directly applied onto a size 

exclusion column. This step was run to remove remaining impurities and 

separate fully maturated MtrA-His6 with ten porphyrins from the less modified 

MtrA-His6 protein. Collected fractions after the first HisTrap column and after 

the size exclusion step were applied to SDS gels to assess which fractions to 

pool. These are shown in Figure 25 and Figure 26. 

 

Figure 25: SDS-PAGE of collected fractions after the first purification step of the MtrA-His6 construct (M: 

Marker, CE: Cell extract, RE: Raw Extract, L: Load; 1 – 10: collected fractions). The gel was both stained 

using (a) TCE stain and (b) heme-dependent stain. 
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Figure 26: SDS-PAGE of final purified MtrA-His6 construct (M: Marker, 1: pooled and concentrated protein 

fraction). The image shows (a) the Coomassie stained gel as well as (b) the heme-dependent stain on 

the right.  

 

Fully maturated MtrA-His6 has a molecular weight of 39.6 kDa. Figure 25 shows 

no overexpression of MtrA-His6 in the cell and raw extract, which is not 

surprising since only uninduced leaky expression was performed. Fractions 

collected during the application of higher levels of buffer B in the first HisTrap 

column show a band corresponding to its height that also stains when using a 

heme-dependent stain. This consequently confirms that the band belongs to a 

cytochrome. Therefore, these fractions were pooled and, as they still contained 

other proteins, used for further purification as described above. An SDS-PAGE 

with a concentrated sample after the final purification step is shown in Figure 

26. Here, a protein of the size of MtrA-His6 and co-staining in a heme-

dependent stain was obtained in high purity. 

Tryptic digestion followed by mass spectrometry measurement confirmed the 

purified protein to be MtrA. Figure 27 shows the result of tryptic digestion and 

subsequent LC-MS/MS measurement of MtrA-His6. As visible, 86% sequence 
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coverage was determined, verifying that the protein is MtrA. The start of the 

sequence belongs to the secretion tag that is not part of the mature protein. 

The exact cutting site of the secretion tag as noted here was determined using 

LC-MS (Table 25). 

 

Figure 27: Result of In-Gel Tryptic Digestion of MtrA-His6 followed by LC-MS/MS showing 86% sequence 

coverage. Matched peptides found by MS/MS are highlighted in yellow. The red sequence at the N-

terminus corresponds to the signal sequence that will be removed in the mature MtrA protein. 

 

Absorption spectra confirmed the expression of a c-type cytochrome, as 

depicted in Figure 28. Under oxidizing conditions, it shows a characteristic 

Soret absorption peak at 408 nm and broad shoulder around 530 nm. Upon 

reduction using sodium dithionite, there is a shift in the main absorption peak 

to 417 nm, while further β- and α-bands appear at 523 nm and 552 nm, thereby 

showing characteristic behavior of c-type cytochromes [32, 35]. 

 

 
  1 MKNCLKMKNL  LPALTITMAM  SAVMALVVTP  NAYASKWDEK  MTPEQVEATL 
 51 DKKFAEGNYS  PKGADSCLMC  HKKSEKVMDL  FKGVHGAIDS  SKSPMAGLQC 
101 EACHGPLGQH  NKGGNEPMIT  FGKQSTLSAD  KQNSVCMSCH  QDDKRMSWNG 
151 GHHDNADVAC  ASCHQVHVAK  DPVLSKNTEM  EVCTSCHTKQ  KADMNKRSSH 
201 PLKWAQMTCS  DCHNPHGSMT  DSDLNKPSVN  DTCYSCHAEK  RGPKLWEHAP 
251 VTENCVTCHN  PHGSVNDGML  KTRAPQLCQQ  CHASDGHASN  AYLGNTGLGS 
301 NVGDNAFTGG  RSCLNCHSQV  HGSNHPSGKL  LQR 
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Figure 28: Absorption spectrum of MtrA-His6 under oxidizing and reducing conditions. Absorption was 

measured under oxidizing (air) and reducing (sodium dithionite) conditions. The absorption maxima are 

marked. 

 

LC-ESI/MS data shows that secretion tag cleavage of MtrA-His6 occurs after 

amino acid 32 and confirms the incorporation of ten porphyrins into the 

polypeptide. Table 24 shows the theoretically calculated mass of mature MtrA-

His6, while Table 25 depicts the actual measured value. 

Table 24: Calculation of the theoretical molecular weight of completely maturated MtrA-His6. Therefore, 

secretion tag cleavage and heme incorporation have to take place. 

 [Da] 

MtrA-His6 without secretion tag 
(amino acid 1 - 32) 33479.3 

10 x porphyrin 6164.8 

Σ 39644.1 
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Table 25: LC-ESI/MS analysis of MtrA-His6. 

Protein Expected [Da] Observed [Da] D[Da] 

MtrA-His6 (without 
Secretiontag) 39644 39644 0 

 

 

In order to determine protein concentration and thereby protein yield, a 

Bradford assay was used to estimate the concentration of MtrA-His6. The assay 

was established for small volumina using the Nanodrop system, reducing the 

needed sample volume. Using the established Bradford curve, a yield of pure 

MtrA-His6 protein of around 0.2 mg per liter of culture was calculated, reflecting 

the uninduced low level background expression. 

 

3.1.2.2 Expression, purification and characterization of the MtrA construct with 

cleavable SUMO-tag 

To increase protein yield and generate a tag-free protein, another fusion tag 

was applied for the expression of MtrA. 

Different kinds of protein fusions are available to aid in recombinant protein 

expression and purification, such as the His6-tag used above. Another example 

is the SUMO fusion technology. Here, the small SUMO protein is fused to the 

N-terminus of the protein of interest. This has been indicated to enhance 

expression and solubility of the recombinant protein. A large advantage of this 

system is the easy removal of the SUMO protein by a compatible SUMO 

protease. As this protease recognizes the cutting site by the tertiary structure, 
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accurate and efficient tag removal occurs, leaving the protein with the desired 

intact N-terminus. A two-step purification approach can be applied as the tag 

typically has the form of a His6-SUMO-tag. First, other cellular proteins are 

removed via a Ni-NTA column where only the fusion protein binds. After 

digestion by the SUMO protease, the solution is run again over a Ni-NTA 

column where only the His6-SUMO binds; however the now tag-less 

recombinant protein does not bind [105]. 

The SUMO-mtrA construct was cloned using the previously mentioned 

pET303_Secr-MtrA-His6 plasmid. The SUMO-tag was amplified from a 

common SUMO-tag containing plasmid using primers with specific insertion 

site overhangs, targeting the mtrA sequence located between the secretion tag 

and the start of the mature mtrA. Gel extraction was performed for the amplified 

SUMO-tag fragment, and an agarose gel, confirming the correct size, is shown 

in Figure 29. 

 

Figure 29: Agarose gel of PCR-amplified SUMO-tag (M: Marker; S: SUMO-tag; C: Control template 

plasmid containing SUMO-tag). 
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The amplified SUMO-tag was ligated into the pET303_mtrA-His6 between the 

Secretion tag and gene start of mature mtrA. After DpnI digestion to remove 

the template vector, transformation of cloning solution into E. coli TOP10 and 

plasmid extraction from resulting colonies on agar plates generated a correct 

pET303_SUMO-mtrA-His6 construct, as confirmed via sequencing. 

Additionally, a stop codon was introduced before the C-terminal His6-tag, 

avoiding C-terminal tag expression via specific site-directed mutagenesis. DpnI 

digestion of the template vector and transformation into E. coli TOP10 and 

colony picking generated several plasmids. Correct cloning was again 

confirmed by sequencing and led to the construct shown in Figure 30. 

 

 

Figure 30: Vector map of pET303_Secr-SUMO-mtrA containing mtrA with N-terminal SUMO-tag. 
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The difficulty with MtrA is that on the N-terminal side it contains a Secretion-tag 

that will be cleaved off when transported to the periplasm. Therefore, any 

fusion-tag on the N-terminal side will be removed and will not be retained in the 

mature protein. Therefore, the cloned construct of mtrA where the His6-SUMO-

tag is located between the presumed cutting site of secretion tag and the MtrA 

protein was tested to determine whether expression and Secretion-tag removal 

still occur correctly. 

Expression, including Ccm helper proteins and purification, was performed 

using a protocol similar to that for MtrA-His6. Red cells after incubation indicated 

expression of a cytochrome and therefore successful expression and 

translocation after SUMO-tag incorporation. After an initial HisTrap column 

using a Ni2+-loaded NTA matrix, selected fractions were pooled and digested 

overnight with SUMO protease. The now tag-less protein was again run using 

a HisTrap column, removing the SUMO protease. After this, a size exclusion 

column was run, removing remaining impurities and separating fully maturated 

MtrA with ten porphyrins from less modified MtrA protein. An SDS-PAGE of 

purified MtrA after all three purification steps is shown in Figure 31, highlighting 

that by using and including the SUMO-tag dependent digestion steps into the 

purification protocol of MtrA-His6, a c-type cytochrome was expressed and 

purified in high purity. 
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Figure 31: SDS-PAGE of purified MtrA stemming from SUMO-MtrA expressing cells after the described 

three-step purification protocol (M: Marker, 1-5  different fractions). (a) TCE-stain and (b) heme-dependent 

stain. 

 

Moreover, absorption measurement was performed. Presented in Figure 32, 

the clear shift of the oxidized Soret peak at 408 nm upon reduction with sodium 

dithionite to 418 nm, as well as appearance of a- and b-bands, show the UV/Vis 

characteristics of cytochromes as previously discussed for MtrC-His6 and MtrA-

His6 above. 

 

Figure 32: UV/Vis spectroscopy of MtrA expressed and purified as a SUMO-MtrA protein under oxidizing 

(air) and reducing (sodium dithionite) conditions. The absorption maxima are marked. 
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The protein yield, as determined via absorption measurement at 280 nm on a 

NanoDrop system, was determined to lie around 0.5 mg/L of culture. This 

exhibited more than a two-fold improvement over the previously described 

MtrA-His6 protein construct. The overall absorption ratio 280nm/408nm lay at 

around 4.5 – 5. Hence, use of the SUMO-fusion technology, as well as addition 

of 5-ALA to the main culture aiding in c-type cytochrome expression, led to a 

pure protein in increased yield compared to the previous MtrA-His6 construct. 

Additionally, this generated an advantageous tag-less protein as a result. 

 

3.1.2.3 Expression, purification and characterization of the MtrAD construct 

with cleavable SUMO-tag 

MtrAD was designed to differ from wildtype protein by missing the first 29 amino 

acids after the secretion tag from wildtype MtrA as sequence alignment hinted 

at it containing a flexible structural part. Cloning was achieved by amplifying the 

pET303_SUMO-mtrA plasmid (Figure 30) with specific primers, excluding the 

deletion stretch and subsequent ligation. Colony PCR was performed and 

samples were applied to an agarose gel as shown in Figure 33. All extracted 

plasmids save for the first showed specific bands at slightly below 1500 bp, 

which is expected from the amplified SUMO-mtrAD construct. Therefore, three 

plasmids were sent for sequencing and correct cloning was confirmed. 
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Figure 33: Agarose gel of colony PCR of colonies obtained after cloning of the pET303_SUMO-MtrAD 

construct (M: Marker; 1-7: different plasmids from different colonies). 

As such, this construct contains mtrAD with an N-terminal SUMO-tag and 

equals pET303/Secr-SUMO-mtrA, except for the first 29 amino acids of the 

mature protein (Figure 34). 

 

Figure 34: Vector map of pET303_Secr-SUMO-mtrAD containing mtrAD missing selected nucleotides of 

wildtype mtrA while still containing an N-terminal SUMO-tag. 
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Expression and purification where performed as for wildtype SUMO-MtrA. An 

SDS-PAGE, after the final purification step, is shown in Figure 35, proving that 

MtrAD was also purified to high purity via the three-step purification protocol 

as described under Methods with a yield and purity similar to the SUMO-MtrA 

construct above. 

 

Figure 35: SDS-PAGE showing purified MtrAD protein from expressed SUMO-MtrAD (M: Marker: 1, 2: 

fractions). Showing both (a) TCE-stain and (b) heme-dependent stain. 

 

UV/Vis spectroscopy measurements showed the same absorption 

characteristics as for other MtrA constructs (Figure 36). 
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Figure 36: UV/Vis absorption spectroscopy of MtrAD protein under oxidixing (air) and reducing (sodium 

dithionite) conditions with marked absorption maxima. 

 

3.1.3 MtrCAB pathway incorporation into Escherichia coli 

The MtrCAB pathway was introduced into E. coli, as this resembles the minimal 

required proteins to introduce electroactivity [35]. Therefore, a construct 

containing the genes of mtrA, mtrB and mtrC needed to be cloned. This was 

done similar as described in reference [35]. 

As such, the mtrCAB operon was amplified from S. oneidensis genomic DNA 

with primers containing specific restriction enzyme restriction sites. Then, 

digestion of the operon and the pET303 vector backbone with XbaI and XhoI 

and ligation resulted in the correct pET303_mtrCAB construct, confirmed by 

sequencing. As the PCR reverse primer also included a stop codon, the final 

construct had a stop codon before the C-terminal His6-tag to ensure tag-less 

expression. The gene sequence was not optimized for E. coli codon usage as 
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it was taken directly from S. oneidensis genomic DNA. The map of the final 

construct is shown in Figure 37. 

 

Figure 37: Vector map of the pET303_mtrCAB vector containing the S. oneidensis mtrCAB operon under 

control of a T7 promoter. 

 

Expression in E. coli was performed as for the other expressed multi-hemes 

with the co-transformation of the pACUC184ccmAH vector. Intensely red 

coloured cells already indicated c-type cytochrome expression. 

To prove successful expression of the MtrCAB complex, first tryptic digestion 

and partial sequencing of cell extract was undertaken to identify expressed 

proteins. Moreover, cell extract was applied to an anion exchange column, as 

described in literature as a first purification step for the MtrCAB complex [91], 

removing some of the other proteins and increasing the likelihood of detection 

of MtrA, MtrC and MtrB if present. An SDS gel of collected fractions is shown 
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in Figure 38. MtrA, MtrC and MtrB should have sizes of around 40, 77 and 75 

kDa, respectively. As is visible on the gel, all fractions contain numerous 

proteins. Presence of MtrB cannot be confirmed here as it is not a heme protein 

and therefore does also not stain in heme-dependent staining. The MtrA and 

MtrC proteins possibly account for two bands on the heme-dependent stain with 

MtrC showing a much thicker band. A small band at lower molecular weight is 

also present as is a high molecular weight band that hardly entered the gel 

lanes. This probably stems from MtrCAB complex, which has not been 

denatured completely.  

 

Figure 38: SDS-PAGE after an ion exchange purification step of raw extract from MtrCAB expressing cells 

(M: Marker, PE: Pellet, RE: Raw extract, A4 to B4: fractions collected from the column, Hb: hemoglobin). 

The image shows the TCE stained gel on the left (A) as well as the heme-dependent stain on the right 

(B). 

Fractions A8, A9 and A10 were selected according to the heme stain shown in 

Figure 38 for In-Solution Tryptic Sigest and ESI-MS for partial sequencing. The 

result is shown in Table 26. While all samples contained numerous proteins, 

peptides clearly confirming MtrA and MtrC to be present were found. The 

Mascot search engine [98] was used to evaluate the obtained data. Of 

important is the Mascot score. Generally, a protein score above 67 is 

significant. The higher the score the lower the probability for random 
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occurrence of this peptide and therefore, the higher the significance confirming 

the presence of the specific protein. Peptides matched to MtrA and MtrC in all 

the fractions resulted in a significantly higher score thus confirming their 

presence in the measured protein fractions. MtrB was only discovered in one 

of the three samples and with a probability score slightly below the threshold. 

Interestingly, in all the fractions, the E. coli CcmE was detected. 

Table 26: Result of tryptic digestion and mass spectrometry to identify whether MtrA, MtrB or MtrC are 

present in selected samples of MtrCAB resulting from a MASCOT search of MS data. The number in 

brackets shows the Mascot probability score where a value above 67 is deemed significant. 

Protein Fraction A8 Fraction A9 Fraction A10 

MtrA + (132) + (231) + (150) 

MtrB - - (+) (50) 

MtrC + (193) + (282) + (355) 
 

 

3.1.4 Crystallization trial 

To obtain a crystal structure of MtrA, several trials to find suitable crystallization 

conditions were performed. All crystallization work was done at Prof. Dr. Groll's 

laboratory at Technische Universität München (TUM) in Munich.  

First trials were performed using the MtrA construct with a C-terminal His6-tag 

(purification see 3.1.2.1). Different 96-wellplate screens were set up using the 

Classic I and Classic II Suite (Qiagen, Hilden, Germany), covering a range of 

screening conditions with varying protein concentrations. No crystal formation 
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was observed. Only one well showed formation of spherulites, which resemble 

crystalline needles in a state between precipitate and crystal. These are most 

often formed by proteins [106]. The red color indicates that the observed 

spherulites contain MtrA protein and was therefore a step in the right direction 

of suitable crystallization conditions. The corresponding screening solution 

contains a high amount of ammonium sulfate (Figure 39). 

 

Figure 39: Spherulitic structures observed during crystallization screening using MtrA-His6 (Scale 100 

µm). The components of the screening solution of the well are noted below the picture. 

 

While only a limited number of screens were tested, no crystal formation was 

observed. Therefore, further screening for a larger amount of conditions was 

needed, as well as improved expression to increase the protein expression and 

purification yield. This was achieved using the SUMO-MtrA construct with final 

tag-less MtrA (purification see 3.1.2.2). Therefore, the purified MtrA contains no 

purification or expression tag, an advantage over problems possibly caused by 

the flexible His6-tag. 
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For the MtrA construct, the screening solutions Classic I, Classic II, PEGs, 

PEGs II, and the AmSO4 Suite (Qiagen, Hilden, Germany) were used. Once 

again, no crystal growth was observed. Small possible crystalline 

conformations showing a red color were observed, but were considerably small 

in size. No crystal was found even after an extended time period. Figure 40 

shows some selected example wells. Likewise, seeding of new setups with this 

material did not result in crystal growth. Generally, it was observed that when 

protein solutions with an absorption ratio 408nm/280 nm of lower than 4 were 

used, not even these conformations were observed. 

 

Figure 40: Selected images of 96-well plates from initial screenings using the MtrA construct along with 

the respective condition noted below each picture (Scale 100 µm). 

Although crystallization trials for MtrA, while possibly showing small crystalline 

objects, did not produce a crystal, sequence analysis was performed to analyze 

for parts of the sequence that presumably form flexible domains. This, 

therefore, causes problems for obtaining a suitable crystal as and resulted in 

using a MtrAD construct missing the first 29 amino acids of mature MtrA 

(purification see 3.1.2.3). 

Initial condition screens in 96-well plates were set up using the Classic I, Classic 

II, and PEGs Suite (Qiagen, Hilden, Germany). Unfortunately, the deletion of a 
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presumably more flexible region at the N-terminus of MtrA did not result in 

improved crystallization. Once again, no crystal growth was observed. 

 

Altogether, three constructs were used, screening for suitable crystallization 

conditions, the MtrA construct including C-terminal His-tag, MtrA without any 

tag, and a mutated MtrAD missing the first 29 amino acids. Though numerous 

screening trials were performed, a crystal was not obtained to determine the 

structure. Nonetheless, an interesting observation was made: in all conditions, 

where spherulites or possibly crystalline material were observed, PEG and/or 

ammonium sulfate was present as a precipitant. 

 

3.1.5 Raman spectroscopy 

Further studies on the structure of MtrA were performed using Raman 

spectroscopy. Resonance Raman spectroscopy measurements and evaluation 

as presented in the subsequent section was performed in collaboration with Dr. 

Monica Marini and Dr. Bruno Torre (KAUST).  

 

Resonance Raman spectra is used as a tool to evaluate the secondary 

structure of a protein and provide reliable vibrational frequency assignments 

[107]. In the present work, Raman spectra measured of MtrA, were evaluated 

in the range between 250 cm-1 and 1800 cm-1 and analyzed in the refined range 

between 1570 cm-1 and 1700 cm-1 for information about the secondary structure 

of MtrA. The obtained MtrA spectra (Figure 41) confirm the incorporation of 
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heme groups into the protein and suggest their strong contribution to the whole 

structure [108]. 

Ten different spectra were averaged and both the single measurements and 

the average are shown in Figure 41. For measurements, the tag-less MtrA 

construct, which was expressed and purified in this work, was used (purification 

see 3.1.2.2). As a control, Raman spectra of the commercially obtained 

cytochrome c protein were recorded. Cytochrome c contains one covalently 

bound heme group in the protein structure and was measured in the same 

buffer system as MtrA for comparison.  

 

Figure 41: Raman spectra of MtrA and Cytochrome C acquired with a 532 nm laser in the range of 250 – 

2000 cm-1. (a) The framed parts related to the region 1500 – 1750 cm-1 are shown as enlarged insets on 

the right for each protein. The MtrA spectra show a strong contribution of the heme groups present in the 

biomolecule. Both the ten selected single spectra and the averaged spectra (red circles) are shown. (b) 

The averaged spectra are shown for MtrA and Cytochrome C in the secondary structure range. 
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First measurements were performed using protein solved in TRIS buffer. While 

a good signal was obtained, measurements with buffer only showed that TRIS 

has several peaks coinciding with protein peaks making assignment difficult. 

Therefore, the protein was exchanged into PBS buffer, which did not show the 

same overlap and enabled clear distinguishing of protein bands and buffer only 

bands. Therefore, PBS buffer was used for the measurements presented here.  

An assignment of observed peaks in the Raman spectrum compared to 

documented literature values of model compounds and other proteins is 

required [109]. The peak at 321 cm-1 is related to calcium fluoride, stemming 

from the used CaF2 sample window. In order to guarantee a stable and 

physiological environment for the protein, all the measurements were acquired 

in solution, in contrast to the dry conditions often reported, long with a 

phosphate saline buffer (PBS). The contributions of the PBS buffer are clearly 

visible in the range 950-1000 cm-1 and the peak centered at 1075 cm-1, but are 

distinguishable from protein-related Raman peaks, therefore making this a 

suitable buffer system for measurement. The peak assignment to the buffer 

was made via buffer only spectra recorded before protein measurement. 

Several bands were assigned stemming from the protein itself or the 

incorporated heme groups. The band at 1174 cm-1 is related to the C-H bending 

vibrations in tyrosine and phenylalanine [110]; the peak at around 1468 cm-1 

arises from the scissoring modes of the protein methylene groups [111]. The 

peaks centered at 751 cm-1 and 1351 cm-1 are related to the pyrrole breathing 

mode and heme bonds, respectively. The lines between 1500 cm-1 and 1600 

cm-1 are therefore assigned to the porphyrin stretching [112]: the band centered 
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at 1587 cm-1 shows a strong correspondence with previously reported 

assignments to heme vibrations [113]. At lower frequencies, the vibration at 

around 680 cm-1 is related to the out-of-plane vibrations of porphyrin groups 

[112]. At higher frequencies, the bands centered at 2900 cm-1 and 2953 cm-1 

are related to the CH2 symmetric vibration and the CH3 asymmetric vibration, 

respectively (Figure 42) [114]. In addition, it is possible to observe the clear 

contribution of the liquid environment in which the measurements were 

performed (3100-3700 cm-1, Figure 42) [115]. A liquid environment ensured 

physiological conditions and thereby structure stability. 

C=C double bond vibrations [116] were observed in the region between 1600-

1680 cm-1. At our buffer conditions (PBS and neutral pH), several peaks related 

to the protein secondary structure and to porphyrin contributions were 

assigned. The peaks centered at 1618 cm-1 and 1635 cm-1 are related to two 

vinyl stretching modes (Heme), suggesting the presence of two vinyl 

conformers in a buffer with an almost neutral pH [116, 117]. The peak at 1640 

cm-1 is related to the C=N vibrations of the heme group [118]. The structural 

information about the whole MtrA protein is visible in the area spanning from 

1645 cm-1 to 1700 cm-1. The bands centered at 1650 cm-1, 1660 cm-1, and 1680 

cm-1 correspond to a-helix, b-sheets, and random coils, respectively [8]. 

Therefore, clearly the predominant peak belongs to a-helix indicating the strong 

a-helical content in MtrA.  

The spectra related only to the isolated cytochrome C show some characteristic 

features in the region 1500-1750 cm-1. The peak at 1563 cm-1 is related to vinyl 

and skeletal modes, 1587 cm-1 corresponds to the previously assigned heme 
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vibrations [113], and 1635 cm-1 vinyl stretching mode in a substrate free 

molecule [117]. 

Noteworthy, the spectra of MtrA (Figure 41) are more complex with respect to 

the spectra of the cytochrome c reference. This is due to the higher degree of 

complexity of the interaction between the MtrA protein and the heme groups 

embedded in it, resulting in additional and shifted Raman peaks. 

A summary of the discussed bands and assignments is presented in Table 27. 

Table 27: Characteristic Raman MtrA and Cytochrome C bands with the corresponding assignment 

(References are described in the text). 

Raman shift (cm-1) Assignments  

680 Porphyrin, out-of-plane vibrations 

751 Pyrrole, breathing 

1174 Tyr and Phe, C-H bending 

950-1000 Phosphate buffer 

1075 Phosphate buffer 

1351 Heme group 

1468 Methylene, scissoring mode 

1563 Vinyl, skeletal 

1587 Heme group 

1618 Heme, vinyl stretching 

1635 Heme, vinyl stretching 

1640 Heme group, C=N  

1650 a-helix 

1660 b-sheets 



 

 

120 

1680 Random coils 

2900 CH2 symmetric  

2953 CH3 asymmetric 

3100-3700 Water 

 

 

 

Figure 42: Raman spectra of MtrA and Cytochrome C in the range of 250 – 3750 cm-1. The green dashed 

rectangles highlight the presence of CHx vibrations while the orange dashed rectangles show the region 

related to the presence of liquid solution and consequently confirm the hydrated state of the sample. 

Altogether, Raman spectroscopy measurements of MtrA under physiological 

conditions showed that MtrA is a protein dominated by an a-helical secondary 

structure content and confirmed heme group incorporation into the protein 

structure. A comparison with publications and cytochrome c, which contains 

one c-type heme group, highlights the strong influence of the heme groups and 

their involvement in the structure of MtrA, as shown in the spectra. 
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3.2 Characterization of a heme protein from Arabidopsis thaliana 

Experiments to demonstrate heme b incorporation into AtLRB3 and NO binding 

and dissociation were performed in collaboration with Randa Zarban (KAUST). 

3.2.1 Analysis of heme b incorporation into AtLRB3 

AtLRB3 as a heme-containing protein was analyzed using UV/Vis 

spectroscopy. Therefore, spectra containing protein at different concentrations 

were collected to determine the Soret peak region. AtLRB3 showed a distinct 

Soret peak at 408 nm, the intensity correlating to the protein concentration as 

shown in Figure 43. The value of the Soret peak is in accordance with other 

histidine-ligated ferric heme b [119, 120]. 

 

Figure 43: Absorption at 408 nm plotted in relation to AtLRB3 at different protein concentrations. 
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To further confirm incorporated heme b in the protein, a protein spectrum with 

added free hemin was taken, as was a control spectra of buffer with hemin and 

a spectrum of unfolded protein before reconstituting with hemin (Table 28). It is 

evident that AtLRB3 contains a heme b. Free hemin in buffer shows a Soret 

peak at 436 nm and displays a broad shoulder around 400 nm. This is clearly 

different to the Soret peak of AtLRB3 (Figure 43), which is evident when 

comparing AtLRB3 with free hemin added to the solution. Unfolded AtLRB3 

containing no heme does not show absorption in this region. The addition of 

hemin to unfolded protein without refolding shows the clear peaks of free hemin 

in buffer, but no Soret peak at 408 nm, confirming again, that the characteristic 

absorption spectrum of AtLRB3 shows heme-containing protein. 

Table 28: Comparison of absorption of free hemin and protein-bound hemin. The table notes the peak 

found in the region between 350 to 600 nm. Samples include free hemin in protein buffer, unfolded 

AtLRB3 that is extracted from inclusion bodies and measured before refolding in the presence of hemin, 

free hemin added to unfolded AtLRB3, and, folded AtLRB3 with bound-hemin with extra added free 

hemin.  

Sample Peak values 

Hemin (in protein and denaturing 
buffer) 436 nm, shoulder around 400 nm 

Unfolded AtLRB3 No peak 

Unfolded AtLRB3 + hemin 436 nm, shoulder around 400 nm 

AtLRB3 + hemin 408 nm, 436 nm 

 

Chemical reduction of AtLRB3, performed under nitrogen atmosphere, 

presented below, depicts a characteristic Soret peak shift expected for heme-
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proteins to 418 nm and an occurrence of β- and α- peaks (525 and 553 nm) 

(Figure 44). 

In conclusion, AtLRB3 is indeed a histidine-ligated heme b-protein with Soret 

absorption peaks with a good resemblance of other heme-containing proteins. 

 

3.2.2 Analysis of NO binding to AtLRB3 

AtLRB3 is presumed to be in the ferrous state as it is located in the cytosol of 

Arabidopsis thaliana with reducing redox potential [121]. Therefore, the NO 

assay was started using chemically reduced AtLRB3 and performed in an 

anaerobic environment. 

DEA NONOate was used as an NO donor and added in increments to the 

protein. NO addition resulted in a peak at 398 nm replacing the Soret peak of 

ferrous AtLRB3 at 418 nm and α- and β-peaks. (Figure 44). This peak at 398 

nm corresponds to other H-NOX proteins previously researched and has been 

assigned to a 5c-nitrosyl heme complex in H-NOX proteins, where NO is bound 

to the heme iron while the histidine ligand has been displaced [122, 123]. 

The dissociation of NO from NO-saturated AtLRB3 protein was investigated 

under anaerobic conditions. Under these conditions, and due to the added 

excess of NO, dissociation occurs slowly. Over time, the peak at 398 nm 

disappears and the Soret peak of ferric heme-AtLRB3 at 408 nm and broad 

shoulder around 530 nm reappears (Figure 45). This suggests rebinding of the 

histidine ligand and reversibility of NO association returning AtLRB3 to the ferric 

heme-bound protein. 
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Figure 44: NO-binding to AtLRB3. Spectra of oxidized (dotted line) and reduced (dashed line) AtLRB3 are 

shown. NO was added to reduced protein in small increments from 25 to 875 µM resulting in the changes 

as indicated by the arrows (NO was added in 50 µM increments except for the last two measurements 

when 125 µM NO in the form of DEA NONOate was added to confirm protein saturation). 
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Figure 45: NO-dissociation from AtLRB3. Spectra of oxidized (dotted line) and reduced (dashed line) 

AtLRB3 are shown taken from Figure 44 for reference. NO-dissociation was monitored over time, 

resulting in the disappearance of the broad shoulder around 398 nm and reappearance of a peak at 408 

nm, as indicted by the arrow. Measurements were taken for fully saturated protein and after 0.5, 1, 1.5, 

2, 2.5, 6, 17, 19, and 22 hours. 

 

NO binding was compared to AtLRB3 containing a mutation in the histidine that 

coordinates the heme b to a leucine (H357L). Both binding and dissociation of 

NO show the same spectral pattern as for wild-type AtLRB3. But NO binding is 

significantly weaker for the AtLRB3/H357L mutant, where NO saturation is only 

achieved with about two times more additional NO. The weaker NO binding 

leads to a faster dissociation of NO, with ferric heme-coordinating 

AtLRB3/H357L already visible after 2.5 hours (Figure 46 and Figure 47). 
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Figure 46: NO-binding to AtLRB3/H357L. Spectra of oxidized (dotted line) and reduced (dashed line) 

AtLRB3 are shown. NO was added to reduced protein in small increments from 25 to 1750 µM resulting 

in the changes as indicated by the arrows (NO was added in 50 µM increments for the first three spectra, 

where after 100 µM increments were added for 5 measurements, then 125 µM increments were added). 
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Figure 47: NO-dissociation from AtLRB3/H357L. Spectra of oxidized (dotted line) and reduced (dashed 

line) AtLRB3 are shown taken from Figure 2 for reference. NO-dissociation was monitored over time, 

resulting in the disappearance of the broad shoulder around 398 nm and reappearance of a peak at 408 

nm, as indicted by the arrow. Measurements were taken for fully saturated protein and after 1, 1.5, 2, 2.5, 

3, 3.5, 4, 4.5, and 5 hours. 

 
Altogether, NO addition to AtLRB3 led to spectral changes resembling reported 

H-NOX proteins. This was shown to be reversible with NO dissociation back to 

the ferric heme-containing AtLRB3. A mutation replacing the heme b 

coordinating histidine resulted in a mutant protein showing far weaker NO 

binding, as visible in the NO binding assay as well as a faster dissociation of 

NO. 
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4 Discussion 

4.1 Multi-heme proteins from the Mtr pathway 

To increase the understanding of microbial electroactivity on a molecular level, 

selected proteins from the Shewanella oneidensis Mtr pathway were 

characterized. The first step was performing the recombinant expression of 

multi-heme proteins in Escherichia coli by also comparing to reported literature 

expression systems. Most importantly, a purification scheme for these proteins 

was developed, producing pure protein for characterization studies. In this 

work, successful expression for both the decaheme MtrC as well as the 

decaheme MtrA were established. This was done via an inducible T7 promoter 

pET vector system transformed into E. coli BL21(DE3) or BL21(DE3)Gold after 

screening of various plasmids and E. coli strains. C-type cytochrome 

expression was clearly visible by the red cell color occurring after incubation. A 

requirement was the co-expression with a plasmid containing the ccmA to 

ccmH helper genes as already published in literature [38].  

Most expressions of multi-heme proteins reported in literature were performed 

in the original host such as Shewanella oneidensis. Intriguingly, some literature-

reports on multi-heme proteins indicate that induction of protein expression with 

IPTG led to reduced expression of c-type cytochromes [35]. In contrast, for 

example, an expression of MtrA has been reported in E. coli with low IPTG 

concentration induction [38]. In the present work, for all constructs that were 

expressed, IPTG induction even at low concentrations led to reduced cell color 

indicating less mature cytochrome being produced. Seemingly, protein 
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expression has slightly toxic effects and the extensive maturation process 

poses a high burden on the cell. Therefore, uninduced expression at reduced 

temperatures was applied. 

The expression of c-type cytochromes was confirmed and proteins 

characterized by heme-dependent stain on SDS-PAGE, UV/Vis spectroscopy, 

and LC-ESI/MS measurements. Two decaheme c-type cytochromes, MtrC and 

MtrA, were expressed successfully and their identity was confirmed by tryptic 

digestion followed by mass spectroscopy. UV/Vis spectroscopy measured for 

all constructs clearly showed their absorption characteristics corresponding to 

published c-type cytochromes [32]. 

Both MtrC and MtrA require extensive maturation by the Ccm system to 

incorporate ten iron porphyrin cofactors per protein. Additionally, while MtrA is 

a soluble periplasmic protein, MtrC is an outer membrane protein and as such 

has a lipid anchor requiring correct lipid biosynthesis. In both cases, no 

cytochrome overexpression was visible in pellet or raw extract when analyzed 

on an SDS gel. This is not surprising as uninduced leaky expression was 

performed for both proteins. Still, correct post-translational modification, 

including signal sequence cleavage, heme incorporation, and in the case of 

MtrC, lipid anchor attachment, was confirmed by LC-ESI/MS measurements 

and the exact signal cutting site was determined. 

Purification trials for MtrC showed great enrichment of a c-type cytochrome 

around the size of MtrC but did not yield completely pure protein. Also, several 

bands at a similar height of the expected size of MtrC were visible, possibly 
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resulting from MtrC in different maturation stages. Optimization of heme 

incorporation to increase amount of fully maturated protein would be useful.  

A three-step purification scheme for the MtrA constructs generated them all in 

high purity. But as uninduced expression was performed, no overexpression 

occurs. MtrA-His6 especially provided a low yield and as first crystallization trials 

setup with MtrA-His6 were not successful, a new construct with increased 

protein yield was needed. The SUMO-tag was successfully incorporated 

without hindering the MtrA maturation process and was expressed and purified 

to high purity and leading to a yield that was more than doubled compared to 

MtrA-His6. The absorption ratio 408nm/280nm, indicative of the amount of 

heme groups per protein, was brought to 5, above the highest reported values 

of 4.5 [38] 

Unfortunately, crystallization trials with both MtrA and the MtrAD protein did not 

lead to crystal growth. The MtrA protein showed small possible crystalline 

material, which is an improvement over the MtrA-His6 construct, but it did not 

suffice to obtain a measurable crystal. There are several reasons as to why 

crystallization was hindered. The generally low protein yield reflecting 

uninduced expression limits the number of screens and screening options that 

can be tested. Nonetheless, several screens were setup over a long period 

without achieving crystal growth. A potentially larger problem stems from the 

post-translational incorporation of heme groups into MtrA. Differences between 

proteins in one sample in the number of cofactors bound per protein molecule 

can exist, or a loss of heme groups during handling may reduce the number of 

cofactors. This possibly has a great effect on the structure and crystal 
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formation. In cases where the absorption ratio 408nm/280nm fell below 4, not 

even small crystalline material was visible anymore indicating that full heme 

loading and homogeneity between the samples is required for a stable rigid 

structure necessary for proper crystallization.  

Indeed, MtrA is characterized by an extremely low amino acid to heme ratio of 

33, while standard heme proteins depict a ratio closer to 70 amino acids [124]. 

Raman Spectroscopy was recorded for MtrA and indicated a strong a-helical 

content in the secondary structure. Especially noteworthy is that the spectra 

confirm the incorporation of heme groups into the protein and that they clearly 

show the strong influence of the heme groups on the protein structure. 

 

4.2  AtLRB3 from Arabidopsis thaliana 

H-NOX proteins contain a heme cofactor, the heme iron being coordinated by 

a histidine residue and central for NO-binding [63]. AtLRB3 (At4g01160) is a 

protein from Arabidopsis thaliana, discovered and reported by a screening of 

the plants genome with a motif containing conserved H-NOX residues [125]. In 

the present work, performed in collaboration with Randa Zarban (KAUST), it 

was successfully proven that AtLRB3 is indeed a heme-binding protein and 

contains a histidine-ligated ferric heme b [119, 120]. 

NO addition to purified protein under anaerobic conditions demonstrated Soret 

peak characteristics corresponding to published H-NOX proteins such as 

Shewanella oneidensis H-NOX protein (ferric: 403 nm, ferrous: 430 nm; ferrous 

NO-complex: 399 nm) [74, 77]. This strongly supports NO-binding to the heme 
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cofactor in AtLRB3. Figure 48 indicates the proposed steps for NO-binding to 

AtLRB3 as derived from literature reports on H-NOX proteins. Binding of NO to 

the distal side of the heme iron leads to the formation of a 6coordinate (6c) 

Fe(II)-NO nitrosyl complex. This complex is only transient and due to 

displacement of the histidine ligand, a 5c Fe(II)-nitrosyl complex is formed. The 

strong covalent σ-bond of Fe(II)-NO is thereby the factor giving a σ-trans effect 

to weaken the iron-histidine bond of the transient intermediate [75, 126]. 

Importantly, this histidine displacement coincides with the heme cofactor 

relaxing from its previous distortion towards planarity, thereby inducing a 

conformational change in the protein and activation by NO. This has been 

proposed as an essential signaling event [74, 127]. The 5c-heme-nitrosyl-

complex has been reported as absorbing at 398 nm [122, 123], a value equal 

the measured wavelength for AtLRB3 considered as fully saturated with NO, 

as no further change is observed. Spectroscopic reports on 6c-

Fe(II)porphyrin(NO) (425 nm) including an N-terminal ligand and without ligand 

as 5c (405 nm) closely resemble observed spectral characteristics [128].  

Excess NO has been hypothesized as forming a di-nitrosyl intermediate, where 

both distal and proximal sides contain an NO ligand. This intermediate leads to 

either the 5c-Fe(II)-nitrosyl complex described above with the NO in the distal 

pocket or to a 5c-Fe(II)-nitrosyl complex with NO bound in the proximal pocket 

(Figure 48), resulting in spectroscopically undistinguishable species [74, 129]. 

On the other hand, the 6c-intermediate with N-terminal histidine ligand was 

reported to absorb at 420 nm but was not observed here [74], but this and the 

6c di-nitrosyl complex have been reported as only being present shortly in the 

presence of excess NO where the 5c complexes are formed rapidly [130]. The 
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possibility of NO bound on two different sides has been implicated to play an 

important biological role as both have different dissociation rates and occur 

favorably at different NO concentrations [63]. 

Dissociation of NO from AtLRB3 was monitored and showed the reversibility of 

NO binding. Interestingly, though performed under anaerobic conditions, the 

spectrum shows a return to a heme Soret band at 408 nm, indicating a return 

to the Fe(III)-porphyrin and rebinding of the proximal histidine ligand (Figure 

48). Publications on NO dissociation from heme proteins have indicated the 

importance of the Fe(III) state, which shows weaker NO-binding than the Fe(II) 

state [131], and rebinding of the trans protein ligand for the removal of NO [131, 

132]. But a return to the ferric state via electron transfer from the ferrous iron to 

bound NO is not probable as reduction of NO to 3NO- under physiological 

environments is exceedingly unfavorable [133]. A more readily noticeable Fe(I)-

NO+ character is observed as NO shifts electron density towards the heme iron 

[134]. In contrast, the observed spectroscopic behavior is best explained by the 

observation at high NO concentrations, as present in this study, ferrous heme 

proteins reduce NO to N2O via a 6c-di-nitrosyl complex [135], a (NO)2 complex 

[133], or reaction of free NO with the NO-heme complex [136]. The different 

mechanisms require an additional electron possibly provided by excess sodium 

dithionite or another external source.  

When observing the time frames observed for dissociation, due to the added 

excess of NO, dissociation occurs slowly, and does not resemble the speed 

under in vivo conditions. 
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Figure 48: Proposed mechanism for NO-binding to the heme cofactor in AtLRB3 (the iron ion is depicted 

in the porphyrin center).  

 

A AtLRB3/H357L mutant was also analyzed for NO-binding and dissociation. 

AtLRB3/H357L contains a mutation replacing the iron-coordinating histidine 

residue with a leucine. The observed spectra show the same characteristic 

absorption peaks as for wild-type AtLRB3. Nonetheless, a much larger amount 

of NO must be added to fully saturate the protein, indicating weaker binding of 

NO to mutated protein. Weaker binding also corresponds to the observed faster 

dissociation. A weaker binding of NO is to be expected in this mutant, as the 
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wild-type histidine ligand provides electron density to the iron-porphyrin 

complex which in turn is favorable to the π-acceptor NO [75]. 

 

Overall, the work presented here sheds light on potential H-NOX proteins in 

plants such as Arabidopsis thaliana, and while the role of NO as a signaling 

molecule in plants is widely evident, limited research into receptor proteins has 

been performed. The presented data suggests AtLRB3 is a heme cofactor 

containing protein with histidine ligated coordination of the heme iron. In vitro 

reversible NO-binding was shown with spectral characteristics similar to 

reported H-NOX proteins indicating the formation of a 5c-Fe(II)-NO complex 

after displacement of the proximal histidine. Investigation of the mutant H357L, 

where the metal coordinating histidine is replaced, demonstrated weaker and 

slower binding with faster dissociation of NO. This confirms the role of AtLRB3 

as a NO-binding protein, indicating its role as H-NOX NO-sensor. 
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5 Summary and Outlook 
 
During this work two remarkably different heme proteins were characterized: 

multi-heme electron transport proteins and a protein containing one heme 

cofactor to bind the gas NO.  

The first part deals with two multi-heme c-type cytochromes involved in 

microbial exoelectric activity from the Shewanella oneidensis Mtr pathway. Both 

contain an incredible ten heme groups per protein monomer that are covalently 

bound to cysteine residues in the protein amino acid chain. The heme iron is 

further coordinated by two protein histidine residues and the electron transfer 

activity is achieved via valence change of the porphyrin iron ion. The two 

decaheme proteins MtrC and MtrA were successfully expressed using the 

recombinant host Escherichia coli by co-transformation of the Ccm (cytochrome 

c maturation) helper protein genes. It was shown that the extensive post-

translational modifications of both lipid anchor, as for MtrC, or incorporation of 

ten hemes per protein in MtrC and MtrA was achieved. MtrA containing a C-

terminal His6-tag was purified to high purity and a further increase of the low 

uninduced protein yield was achieved using a SUMO-MtrA construct. While 

extensive crystallization trials were not successful, interesting insights into the 

structure of MtrA were gained using Raman spectroscopy and the incorporation 

of several heme groups was confirmed. 

While the main aim was to obtain a crystal structure of a multi-heme protein, 

the crystallization of MtrA was unfortunately not successful. This may result 

from protein fractions containing monomers with incomplete cofactor loading. 

These would show a higher degree of disorder and would possibly hinder, 
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especially at a higher concentration, crystal formation. Another possibility is that 

surface residues prevent proper alignment to form ordered crystals. For 

example, the amino acid residue lysine when exposed on the surface can lead 

to higher disorder with its long hydrophobic chain. Therefore, screens with 

stabilizing additives such as Crown Ether could be tested. An interesting 

alternative method is Cryo-Electron microscopy (EM). While proteins often 

show only low contrast by themselves, heme proteins such as MtrA have the 

advantage of containing ten iron ions spread across the protein, thereby giving 

high contrast. Further research using EM methods would give an opportunity to 

learn more about the distribution of heme groups within the protein. The 

presented Raman-study along with an EM structure leads to a publication. 

The post-translational modifications needed to produce correctly maturated 

MtrC or MtrA are extensive and therefore pose a burden on the expressing cell. 

Further ways to aid in bottlenecks during cofactor synthesis and protein 

maturation then already applied here should greatly enhance yield and the 

possibilities for these challenging proteins. Supplying δ-ALA removes the rate-

limiting step in multiheme protein expression of heme biosynthesis [100]. But 

as shown by Sudhamsu et al., then iron insertion into the protoporphyrin IX 

becomes rate-limiting for heme protein synthesis and might therefore, after 

precursor addition and Ccm helper protein expression, still slow down 

maturation. They showed that simultaneous co-expression of ferrochelatase, 

the enzyme responsible for iron insertion, led to fully maturated heme proteins 

[137]. Therefore, co-transforming the gene of interest with the pACYC184 

plasmid containing the ccmAH genes as well as the ferrochelatase gene might 
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further enhance Mtr protein maturation and improve cell growth and viability 

due to reduced toxicity by the expression expense. 

 

The second kind of protein stems from Arabidopsis thaliana and contains one 

heme group per protein. In contrast to the c-type cytochromes described above, 

the heme group is not covalently attached to the protein amino acids and the 

heme iron is coordinated by a histidine, but contains one available side for 

binding of small molecules. As this protein contains a H-NOX binding domain, 

its ability to bind NO via the heme group was investigated in vitro. The aim here 

was to prove that AtLRB3 does indeed bind NO and compare the spectroscopic 

characteristics to literature values on reported H-NOX proteins. While NO is 

known to play an important role in plants, the role of NO as a signaling molecule 

is largely uninvestigated. UV/Vis measurements of purified protein 

demonstrated reversible NO-binding showing spectral characteristics similar to 

known H-NOX proteins, confirming the role of AtLRB3 in NO-binding and 

hinting at its role as an NO-sensor.  

This part of the thesis including the reported experiments introducing AtLRB3 

as a NO-binding protein with H-NOX protein characteristic absorption data, is 

to be published, hopefully in the Journal Scientific Reports. Further experiments 

to be performed in the future, based on the presented work, include analysis of 

different active site mutants of AtLRB3 as well as further discovery of new 

potential NO-sensor candidates and investigation into their mechanism. This, 

due to the limited amount of available knowledge on NO-sensors in plants, will 

be of great interest. 
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