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Abstract
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MtrC is a decaheme c-type cytochrome found naturally on the external face of the outer membrane of
Shewanella oneidensis MR-1. Previous studies have prepared a soluble version of this protein
containing a surface tyrosine to cysteine (Y657C) substitution that can be photosensitised with a
Ru(II)bipyridine3 dye. This surface mounted dye allowed for pump-probe spectroscopy experiments
to measure electron transfer rates across MtrC. In the same experiments the substitution of a distal
histidine ligand to heme eight with a methionine residue increased the lifetime of the charge
separated state. This work discusses the production and characterisation of two additional heme
distal ligand substitutions, a heme eight histidine to cysteine (H561C) substitution, and a heme three
histidine to methionine (H230M) substitution. Electronic absorbance and magnetic circular
dichroism spectroscopies revealed all hemes in solution are low-spin, consistent with octahedral
coordination of all iron centres. X-ray crystallographic structures of the H230M variant confirmed the
sulphur of methionine 230 to be the distal ligand to heme three. However, the crystal structure of the
H561C variant revealed the distal ligand to heme eight is not the sulphur of cysteine 561, but a post
translational covalent modification to the cysteine. This covalent modification is likely to represent
the ligand in solution as liquid chromatography-mass spectrometry revealed a homogeneous
population with a mass of +51 Da higher than anticipated. Protein film electrochemical
measurements reveal that both the H230M and H561C variants exhibit shifts in the macroscopic
redox potential of one or more redox centres in the proteins. These findings offer the opportunity to
explore the impact on the charge separated lifetime of the photosensitised proteins during pump-
probe spectroscopy, as well as offering new ways to study electron transfer dynamics in multiheme
cytochromes through introduction of unique spectroscopic centres.
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ATP Adenosine triphosphate

CD Circular dichroism

EDTA Ethylenediaminetetraacetic acid

EPR Electro paramagnetic resonance

ITO Indium tin oxide

K3Fe(CN)6 Potassium ferricyanide

LB Lysogeny broth

LC-MS Liquid chromatography-mass spectrometry

M72 Media NaCl (5 g/L)
Papaic digest of soybean meal (5 g/L)
Casein digest of peptone (15 g/L)

M72 Media additions Sodium D, L-lactate (20 mM)
Sodium fumarate (20 mM)
HEPES (20 mM)

NaDT Sodium dithionite

NIR-MCD Near infrared-magnetic circular dichroism

PCR Polymerase chain reaction

Ru-MtrC MtrC protein labelled with a Ru(II)bipyridine3 dye

SDS-PAGE Sodium dodecyl sulphate-polyacrylamide gel electrophoresis

SHE Standard hydrogen electrode

SR SRP receptor

SRP Signal recognition particle

T2SS Type two secretion system

TCEP Tris(2-carboxyethyl)phosphine

TMBD N,N,N',N'-Tetramethyl-1,3-butanediamine

UV-Vis Ultraviolet-Visible
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Chapter 1. Introduction
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There is little argument that hemes are among the most important co-factors in biology. Some of the
most well studied proteins in history contain heme prosthetic groups, which are often noted to be key
to function and are at the centre of interest and study of these proteins. Hemoglobin and myoglobin,
critical proteins concerning gas transport and storage throughout mammalian cardiovascular
systems, contain heme cofactors that serve as reversible binding sites for gases (1). Cytochrome c,
known for its role in respiration and cell apoptosis, has a heme cofactor that is almost completely
dominant in the structure of this small protein (2-4). In cytochrome P450, an important enzyme that
plays a key role in the catalysis of xenobiotics, the active site is a heme cofactor which incorporates
molecular oxygen directly into the carbon chain of insoluble or amphipathic molecules (5). More
recently large numbers of gas sensing hemoproteins have been discovered, acting as regulators, and
driving responses to fluctuating levels of gases like oxygen and carbon monoxide (6). Hemes also play
a central role in the mitochondrial respiration chain, and study of this pathway offers a wealth of
knowledge regarding heme mediated electron and ion transport (3).

Electron transport cytochromes have recently become the subject of great interest due to their
essential contribution to the respiratory pathways of electrogenic bacteria. These organisms produce
electrons via respiration and use electron transport cytochromes to shuttle them across their outer
membranes and into the extracellular environment. There are many theorised biotechnological
applications for these microorganisms, such as harvesting electrons in microbial fuel cells or
energising these electrons to use in renewable chemical synthesis. A model organism for such systems
is Shewanella oneidensis MR-1 of the family Shewanellacae, accepted as a model organism due to its
ease of culture and receptiveness to important techniques in microbiology. Although these
extracellular cytochromes have been harbouring interest for many years, it was only recently that the
mechanisms of electron transport throughout them had been described. In 2021 van Wonderan et al.
published their findings from an investigation into the mechanisms of electron transport through the
electron transport cytochrome MtrC of S. oneidensis MR-1 (7). During this investigation the
substitution of a histidine ligand to a heme directly impacted its function, changing its spectroscopic
properties and increasing its affinity for electrons. These findings sparked the idea to develop a suite
of variant MtrC proteins that have had various histidine ligands substituted with possible alternative
ligating residues, resulting in hemes throughout the structure having unique spectroscopic features to
one another and varying affinity for electrons. Chapter 1 of this thesis aims to briefly introduce the
model organism Shewanella and the proteins involved in its extracellular electron transport pathway.
Following on from this a detailed description of the synthesis and secretion of the protein of interest
MtrC is offered, along with the key structural elements that are exploited in experiments throughout
this thesis. Finally, the aims and objectives of this work are presented.

1.1 Shewanella oneidensis MR-1 and its metal reducing pathway

Shewanella oneidensis MR-1 (formerly Alteromonas putrefaciens MR-1) was first noted for its metal
reducing properties in 1988 by Myers and Nealson, who isolated the bacteria from lake Oneida, New
York state (8). Here they confirmed the hypothesis that such organisms could respire anaerobically
using external redox partners such as Fe(III) and Mn(IV) oxyhydroxide particles (8, 9). The
Shewanella genus was fully described in 1999 by Venkateswaran et al. (10), shortly followed by the
full genome sequencing of S. oneidensis MR-1 a few years later in 2002 (11), becoming a model
organism of dissimilatory metal reducing bacteria around the same time. The metal reducing ability
of S. oneidensis MR-1 is attributed to a collection of hemoproteins that form an electron transport
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Figure 1. A diagram showing the key proteins involved in the extracellular electron transport
pathway of Shewanella oneidensis MR-1. All proteins representations based on Protein Data Bank
structures from Shewanella other than CymA, which has not been structurally resolved in Shewanella
and is a cartoon representation of an AlphaFold model. PDB codes for FccA: 1QJD, STC: 6EE7,
MtrCAB: 6R2Q. A heme cofactor is represented as a red circle.

During anaerobic respiration electrons produced in the inner membrane are shuttled to the quinone
oxidoreductase CymA (13). This inner membrane monotopic tetraheme cytochrome has one cofactor
binding site specific to menaquinone-7, and a quinone/quinol conversion site (13, 14). Menaquinol-7
oxidation is coupled to the reduction of one of two periplasmic electron carrier proteins, the small
tetraheme cytochrome (STC) or the fumarate reductase flavocytochrome c (FccA). Both STC and FccA
are shown to interact with the redox partners CymA and MtrA (15-17). STC and FccA are capable of
shuttling electrons across the periplasm where they can be received by MtrA of the heterotrimeric
electron transport complex MtrCAB (15, 18-20). MtrA sits inside the twenty-six strand β-barrel porin
MtrB and is sheltered from the hydrophobic lipid bilayer (21). MtrA contains ten c-type hemes in
close enough proximity to allow electron transfer across the length of the protein (22). MtrC
associates to MtrB and sits externally, facilitating electron transfer to the extracellular environment
(23, 24). MtrC contains ten c-type hemes that can transfer electrons directly to external minerals, as
well as reducing electron shuttles such as flavin mononucleotides (25). Although these proteins have

chain, facilitating electron movement from the cytoplasmic membrane, across the periplasm and
outer membrane, into the cell milieu (Figure 1) (12).
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Figure 2. A) The crystal structure of the decaheme electron transport cytochrome MtrC of S.
oneidensis. The hemes of the heme chain running through the protein are coloured yellow and
labelled one to ten. The β-barrel domains I and III are pale yellow while the heme containing domains
II and IV are grey. B) The CXXCH binding motif of heme eight in MtrC. Two cysteine residues of the
protein (separated by two amino acids) form thiolate bonds with two vinyl groups of the heme. The
proximal histidine of the CXXCH motif can be seen ligating the iron centre of the heme above the
distal histidine ligand, separated from the CXXCH motif by any number of amino acids.

their own reasons to be the subject of study, this thesis focuses on MtrC. This protein has been the
subject of intense study due to its ease of purification, general stability, and the nature of its position
as the interface between the electron transport pathway of the cell and the extracellular environment.

1.2 MtrC: Structure, synthesis, and secretion

MtrC is an outer membrane associated electron transport cytochrome composed of four domains -
two seven-strand β-barrel domains (I and III), and two heme containing α-helical domains (II and IV)
(Figure 2A) (25). Each of the heme-binding α-helical domains contains five c-type hemes in close
proximity to one another, with porphyrin rings separated by no more than seven Angstroms (25).
These ten hemes are covalently bound to the protein via the ubiquitous CXXCH binding motif found
in the vast majority of c-type cytochromes (Figure 2B) (25). This motif covalently binds the heme to
the protein via two thioether bonds formed between the vinyl groups of the heme and two cysteine
residues. To facilitate this covalent attachment, a histidine residue is ligated to the iron in the
proximal position during protein maturation (26). The distal ligand of c-type cytochromes can vary,
however all hemes in MtrC are distally ligated by a histidine residue, making the heme ligand sets in
MtrC all His/His (25). The arrangement of hemes within MtrC assumes a distinctive 'staggered cross'
formation that runs through the entire protein structure (25). MtrC is bound to MtrB in such a way as
to leave heme five of MtrC within eight Angstroms of heme ten of MtrA (20). This close connection
between the hemes of MtrA and MtrC facilitates electron movement from the periplasm to the
extracellular environment, although the exact points of electron egress from MtrC are unknown (20).

A. B.

MtrC in its wildtype form (MtrCWT) is an outer membrane bound lipoprotein, with a post translational
N-terminal lipid anchor modification (27). Recombinant soluble MtrC (MtrCSol) is routinely purified
via affinity chromatography, with this lipid modification absent from the final folded protein (28). A
comparison of the gene sequences for MtrCWT and MtrCSol (Figure 3) shows the only modifications are
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at the N- and C-terminus of the protein (28). In order to understand why and how these two variations
of the same protein are different, and what role the gene modifications play in it, the pathway that
MtrC takes from synthesis in the ribosome to secretion to the cell milieu must be considered. Bacterial
secretion of proteins is generally well studied due to its importance in many key functions of bacterial
survival, and critically, its role in pathogenesis (29). Shewanella is no exception to this, and work has
previously described the specific pathways that the pathogen S. putrefaciens uses for secretion of
proteins across its external membrane (29, 30). This coupled with the work done by Shi et al. (30) that
shows that MtrC and its homologue OmcA use the Type II secretion system, and work done by Kranz
et al. (31) that shows S. oneidensis MR-1 uses the Ccm system to mature its cytochromes, gives a good
picture of the pathway this heme containing lipoprotein takes from synthesis to function.

MTRC_WT MMNAQKSKIA LLLAASAVTM ALTGCGGSDG NNGNDGSDGG EPAGSIQTLN 50
MTRC_SOL MKFKLNLITL ALLANTGLAV AAD GGSDG NNGNDGSDGG EPAGSIQTLN 48

MTRC_WT LDITKVSYEN GAPMVTVFAT NEADMPVIGL ANLEIKKALQ LIPEGATGPG 100
MTRC_SOL LDITKVSYEN GAPMVTVFAT NEADMPVIGL ANLEIKKALQ LIPEGATGPG 98

MTRC_WT NSANWQGLGS SKSYVDNKNG SYTFKFDAFD SNKVFNAQLT QRFNVVSAAG 150
MTRC_SOL NSANWQGLGS SKSYVDNKNG SYTFKFDAFD SNKVFNAQLT QRFNVVSAAG 148

MTRC_WT KLADGTTVPV AEMVEDFDGQ GNAPQYTKNI VSHEVCASCH VEGEKIYHQA 200
MTRC_SOL KLADGTTVPV AEMVEDFDGQ GNAPQYTKNI VSHEVCASCH VEGEKIYHQA 198

MTRC_WT TEVETCISCH TQEFADGRGK PHVAFSHLIH NVHNANKAWG KDNKIPTVAQ 250
MTRC_SOL TEVETCISCH TQEFADGRGK PHVAFSHLIH NVHNANKAWG KDNKIPTVAQ 248

MTRC_WT NIVQDNCQVC HVESDMLTEA KNWSRIPTME VCSSCHVDID FAAGKGHSQQ 300
MTRC_SOL NIVQDNCQVC HVESDMLTEA KNWSRIPTME VCSSCHVDID FAAGKGHSQQ 298

MTRC_WT LDNSNCIACH NSDWTAELHT AKTTATKNLI NQYGIETTST INTETKAATI 350
MTRC_SOL LDNSNCIACH NSDWTAELHT AKTTATKNLI NQYGIETTST INTETKAATI 348

MTRC_WT SVQVVDANGT AVDLKTILPK VQRLEIITNV GPNNATLGYS GKDSIFAIKN 400
MTRC_SOL SVQVVDANGT AVDLKTILPK VQRLEIITNV GPNNATLGYS GKDSIFAIKN 398

MTRC_WT GALDPKATIN DAGKLVYTTT KDLKLGQNGA DSDTAFSFVG WSMCSSEGKF 450
MTRC_SOL GALDPKATIN DAGKLVYTTT KDLKLGQNGA DSDTAFSFVG WSMCSSEGKF 448

MTRC_WT VDCADPAFDG VDVTKYTGMK ADLAFATLSG KAPSTRHVDS VNMTACANCH 500
MTRC_SOL VDCADPAFDG VDVTKYTGMK ADLAFATLSG KAPSTRHVDS VNMTACANCH 498

MTRC_WT TAEFEIHKGK QHAGFVMTEQ LSHTQDANGK AIVGLDACVT CHTPDGTYSF 550
MTRC_SOL TAEFEIHKGK QHAGFVMTEQ LSHTQDANGK AIVGLDACVT CHTPDGTYSF 548

MTRC_WT ANRGALELKL HKKHVEDAYG LIGGNCASCH SDFNLESFKK KGALNTAAAA 600
MTRC_SOL ANRGALELKL HKKHVEDAYG LIGGNCASCH SDFNLESFKK KGALNTAAAA 598

MTRC_WT DKTGLYSTPI TATCTTCHTV GSQYMVHTKE TLESFGAVVD GTKDDATSAA 650
MTRC_SOL DKTGLYSTPI TATCTTCHTV GSQYMVHTKE TLESFGAVVD GTKDDATSAA 648

MTRC_WT QSETCFYCHT PTVADHTKVK M666666666 6666666666 6666666666 671
MTRC_SOL QSETCFYCHT PTVADHTKVK MSAWSHPQFE K666666666 6666666666 679

Figure 3. A comparison of the gene sequences of MtrCWT and MtrCSol, with the differences in the
sequence highlighted in red. Differences at the N-terminus are where the signal sequence of MtrCWT

has been replaced that of MtrB (28). C-terminal changes are the addition of a StrepII tag to aid in
affinity chromatography during protein purification (28).

Synthesis of MtrC occurs in the ribosome, and from here a small section of peptide at the N-terminus
of the protein will dictate the path that the nascent protein chain takes from the ribosome to the
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cytoplasmic membrane transporter. N-terminal signal peptide sequences are ubiquitous in proteins
that require secretion across membranes in both prokaryotes and eukaryotes (32). These short
peptide sequences (typically 25-30 residues in prokaryotes) are composed of three main segments,
the positive N-terminal region, the hydrophobic α-helical core, and the C-terminal cleavage site (32).
There are two general secretory pathways for protein translocation across the cytoplasmic membrane
in prokaryotes, the Sec and Tat dependent pathways (33). Sec and Tat signal peptides differ in a
number of ways, and these differences are enough that computational software such as SignalP6.0 can
identify their differences and predict the pathway a protein will follow (34). Analysis of the signal
peptide of MtrCWT determines that the protein uses the Sec-dependent general secretory pathway for
translocation across the cytoplasmic membrane and into the periplasm (34, 35). However, the
analysis of the signal peptide gives no insight into the method of transport the protein utilises to get
from the ribosome to the SecYEG translocon, and it has not yet been described experimentally. Three
potential paths can be utilised here which are detailed in Figure 4. The first method is a co-

Figure 4. The pathway MtrC will take from synthesis in the ribosome to the periplasm. The nascent
protein chain (red) shown with its hydrophobic signal helix (orange) emerging from the ribosome. At
this point the protein chain will take 1 of 3 pathways. 1) Co-translational transport involves binding
with the Signal Recognition particle (SRP) followed by the bacterial SRP Receptor (SR) before being
translocated across the SecYEG complex. 2) Chaperone independent transport has the protein chain
find its way across the cytoplasm independently before binding to the SecA-SecYEG complex. 3)
Chaperone dependent transport is mediated by a host of potential chaperone proteins including SecA,
SecB, SecAB, or trigger factor. Regardless of whether the protein was chaperoned or independently
found its way to the membrane, it is bound to the ATPase motor SecA to assist in transport through
SecYEG. SecDF-YajC and YidC have been shown to increase translocation efficiency.
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translational step involving the ribonucleoprotein Signal Recognition Particle (SRP) and the bacterial
SRP Receptor (SR) FtsY (35, 36). The ribosome bound SRP recognises the N-terminal protein signal
sequence as it is emerging from the ribosome and targets the complex to the SecYEG translocon via
interaction with the SR FtsY (36). Here the protein chain is translocated directly across the
cytoplasmic membrane and into the periplasm. Post-translational translocation of the nascent protein
chain can be either mediated by a chaperone (SecA, SecB, SecAB, or trigger factor) or simply left to
diffuse alone and bind to SecA, an essential and conserved translocase adenosine triphosphate (ATP)
driven motor in bacteria (35). SecA will either be SecYEG-bound or freely diffusing in the cytoplasm
(35). Once bound, the nascent protein chain-SecA complex binds to SecYEG and SecYEG-A mediates
transport of the chain across the cytoplasmic membrane (35). SecDF-YajC and YidC have been shown
to increase translocation efficiency (35). S. oneidensis MR-1 carries the gene for all proteins discussed
in this section (NCBI genome assembly GCF_000146165.2). However, it is understood that no
literature is available describing which pathway MtrC takes from synthesis in the ribosome to the
SecYEG translocon.

Once in the periplasm covalent attachment of b-type hemes into the unfolded peptide chain can occur.
For heme incorporation into the peptide chain b-type hemes must be translocated from the site of
synthesis in the cytoplasm to the periplasm. The exact mechanism of this translocation is unclear,
however the involvement of CcmABCD and CcmE appears essential and selective to c-type
cytochromes (31). CcmC is thought to receive the b-type heme and store it in a conserved tryptophan
rich region (WWD) in its chain (26). CcmA subunits are ATPases and CcmB and CcmD span the
membrane. A general outline of the steps involved in b-type heme transport across the cytoplasmic
membrane and incorporation into the unfolded protein chain is shown in Figure 5.

Figure 5. An overview of the path a b-type heme takes from cytoplasm to periplasm. The b-type heme
binds to a trypotophan rich region of the cytoplasmic membrane associated CcmC. Here CcmE binds
the b-type heme, dissociates from CcmABCD and moves across the cytoplasmic membrane. It binds
to CcmFGHI where the heme is subsequently folded into the nacesnt protein chain (red and orange).
The oxidation state of the iron in the b-type heme throught this process is shown in red.
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Figure 6. The Ccm system for cytochrome maturation. The b-type heme is transported by the
holoenzyme CcmE from the CcmABCD complex to CcmFGHI. CcmG is excluded from this figure due
to its lack of direct involvement in this mechanism. CcmE is regenerated in the second to end step and
can re-ligate to CcmABCD, ready to complete another cycle.

Covalent attachment of the b-type hemes in MtrC is achieved through thioether linkages from the
cysteines of the protein CXXCH motif to two peripheral vinyl groups in the b-type heme porphyrin
ring, a mechanism for which is shown in Figure 6. The proximal histidine ligand from the CXXCH
motif also plays an important role in heme incorporation, where it ligates the iron centre early in the
process. The mechanism detailing electron transfer in this system is debated and complex, and
consequently not discussed further in this thesis.

At this stage the matured MtrC is folded with a full roster of ten c-type hemes, and still retains the
signal peptide at the N-terminus. In MtrCWT the signal peptide contains a ‘lipobox’, a conserved
sequence of amino acids at the C-terminus of the signal peptide (Figure 3). A cysteine at position +1
of the lipobox is the site of fatty acid attachment in the protein and the new N-terminus when the
remaining signal peptide is cleaved at later stages in the maturation process (37). The signal peptide
is recognised first by the protein diacylglyceryl transferase Lgt which performs post-translational lipid
modification by catalysing the addition of a diacylglyceryl to the conserved cysteine residue in the
lipobox of the protein signal peptide (37). This releases a small molecule, for example glycerol-1-
phosphate, and prepares the protein for signal peptide cleavage by LspA (37). Once the signal peptide
is cleaved the protein is targeted for transport through the periplasm and across the outer membrane.
Here a key difference between MtrCWT and MtrCSol is seen, as MtrCSol does not have the same N-
terminal signal sequence as its wildtype counterpart (Figure 3). The N-terminal signal sequence of
MtrCSol has been replaced with that of MtrB (28). This replacement ensures the protein is targeted for
maturation and secretion in the same way as MtrCWT but does not contain a lipobox motif. This results
in MtrCSol being matured as a c-type cytochrome without the lipid anchor, forming a soluble version
of the protein.
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Translocation of MtrC across the outer membrane must now occur, and this is achieved by the type II
secretory system (Figure 7) (30). The type II secretory system (T2SS) is a double membrane spanning
protein complex composed of between twelve and fifteen components, many of which are proteins
that form large multimeric structures containing upwards of ten subunits (33). These proteins are
named general secretion pathway proteins (Gsp proteins) and can be grouped into four main
categories, the cytoplasmic ATPase GspE, the cytoplasmic membrane platform proteins GspCFLM,
the periplasmic pseudolipids GspGHIJK, and finally the periplasmic membrane channel GspD.
Individual proteins in this system are generally well understood but how the mechanism as a whole
functions is not yet described. It is understood that the fully folded protein destined for the cell milieu
or periplasmic membrane is recruited by GspC and the ATP hydrolysing activity of GspE causes a
rotary system to pump the protein through the periplasmic pseudolipid structure and across the
periplasmic membrane via the membrane channel GspD (33). Here MtrCWT will be membrane bound
via its lipid anchor and will associate to MtrAB where it can begin functioning as a fully matured
electron transport cytochrome. In contrast, MtrCSol does not contain the lipid anchor and will
consequently be excreted into the cell milieu. Here, MtrCSol can be purified using the C-terminal
modification of a StrepII tag (28). This StrepII tag has high affinity for a StrepTactin purification
column, and can be separated from the spent media in a one step purification process (28). These two
N- and C-terminal modifications to MtrC have been shown to have no effect on the tertiary structure
or the functionality of the mature protein (28).

Figure 7. A predicted structure of the T2SS complex. MtrC (pink) with its lipid anchor can be seen
entering via GspC and being forced upwards through the pumping of GspG monomers into the
pseudolipid chamber below.
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1.3 Heme ligation and electron transfer in MtrC

Heme is a planar yet highly asymmetric molecule. While there are twelve possible stereoisomers of
protoheme, only isomer IX (protoporphyrin IX) is found in biological systems and serves as the
precursor to all heme groups. The core structure is an aromatic porphyrin macrocycle composed of
four pyrrole subunits linked together by methine (-CH=) bridges (Figure 8). Protruding from the
porphyrin macrocycle are various substituent groups that vary depending on the specific heme
species, but commonly consist of methyl (-CH3), vinyl (-CH=CH2), and propionic acid (-CH2-CH2-
COOH) side chains. These substituents influence the solubility, reactivity, and protein interactions of
the heme prosthetic group. Each pyrrole subunit contains one nitrogen atom coordinated to a central
iron atom in a square planar arrangement along the x and y axes. The introduction of axial ligands on
the z plane lifts this planar chelation, forming a final octahedral coordination structure around the
iron centre.

B.A.

Figure 8. A) The structure of a b-type heme compared to B) a c-type heme. Structurally these two
types of heme are similar, with the only differences being a c-type heme contains covalent bonds to
the protein via two thioether linkages between the heme vinyl groups and two cysteine resides of the
CXXCH binding motif in the protein.

Axial heme ligands are diverse; producing an exhaustive list of potential ligands would be a
challenging endeavour (38). However, a few common ligands are observed, and the ligand type often
hints at the specific function of the hemoprotein (39). The axial ligand is commonly an amino acid side
chain such as histidine, methionine, lysine, arginine, or cysteine. Alternatively, it could be an
exogenous molecule like water/hydroxide, cyanide, oxygen, or in some cases, the site may remain
unligated. The c-type hemoproteins are the most restricted in terms of potential ligand sets, as the
proximal ligand is typically a histidine residue that plays an essential role in protein maturation.
Other amino acid side chains have been observed as proximal ligands to c-type hemes (namely lysine
in nitrite reductase, NfrA), although this is rare and consequently not acknowledged further in this
thesis (40).
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MtrC contains ten hemes all covalently bound via the CXXCH binding motif and are axially
coordinated by two histidine residues (25). Although all hemes in MtrC are bound by two histidine
residues, the redox potential window that these hemes operate in differ substantially, spanning a
range of 300 mV (41). These differences in redox potentials between hemes are proposed to be the
driving force behind electron transfer throughout these cytochromes. The Moser-Dutton ruler offers
estimates of electron transfer rates across biological macromolecules based on the distance between
two redox centres and the driving forces of the reaction. In practice, the Moser-Dutton ruler has an
effective range of around 8-20 Å between redox centres, representative of the limits at which terms
within the equation become negligible. Generally, the Moser-Dutton ruler is applied between redox
centres separated by amino acid residues, water, or some other medium. It is not known if the Moser-
Dutton ruler would still be an effective predicter of electron transfer rates between hemes in
multiheme cytochromes due to these redox centres being in such close proximity (<4-8 Å) and with
no other medium separating them.

In 2019 van Wonderen et al. detailed the rates of electron transfer within the multiheme cytochrome
STC (42). This paper was the first to offer insights into the dynamics of electron transfer within
multiheme cytochromes, and it was achieved through light driven electron injection via
photosensitisation with a Ru(II)bipyridine3 dye (Figure 9).This same technique was later used to
describe not only the heme-heme electron transfer dynamics of MtrC, but also give direct evidence for
electron transfer across the heme wire, which was up to this point lacking. Evidence of heme-heme
transfer along the heme wire of both STC & MtrC is difficult to attain due to there being no
spectroscopically distinguishable heme present. This was overcome in MtrC through substitution of
the distal ligand of heme eight, a histidine at position 561, to a methionine. This changed the
spectroscopic footprint of the heme and allowed for empirical evidence that electrons injected at one
end of the heme wire were making it to heme eight and reducing the iron centre. Although not the
objective of this methionine substitution, it was noted that this had the effect of creating a high
potential centre and electron sink. This His/Met ligated heme increased the lifetime of the charge
separated state to the scale of 100 µs from 1 µs (7).

1.4 Aims of the project

When oxidised MtrC is site-selectively labelled with Ru(II)bipyridine3 dye as a photosensitiser
(Ru-MtrC), excitation into the dye metal to ligand charge transfer band creates a photoenergised
electron that can inject into the heme wire of Ru-MtrC (7). In the presence of
Ethylenediaminetetraacetic acid (EDTA) as a sacrificial electron donor, these photoenergised
electrons become trapped within the heme wire upon irradiation of Ru-MtrC (Figure 9B)(43). This
mechanism presents opportunities to utilise Ru-MtrC as a light-driven redox catalyst (Figure 9C).
However, for efficient conversion of energy (photons) to desired chemical reactions, the residency
time of the photoenergised electrons within the heme wire must be increased. In other words, the rate
of non-productive electron return to the Ru(II)bipyridine3 dye, which wastes energy, needs to be
minimised. Introduction of a high potential centre to MtrC though His/Met ligation of a heme
increases the time photoexcited electrons spend in the heme wire, a favourable feature when
considering reaction dynamics with a catalyst.

Consider the opposite, MtrC with ten hemes in the reduced Fe(II) form, and a surface mounted dye
that when photoexcited removes an electron from the heme wire, another viable pathway to
favourable photocatalytic reactions. This photooxidation could, in theory, be stabilised with the
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introduction of a low potential centre in the heme wire, proposed to be achievable via a cysteine distal
ligand to a heme. Examples in biology follow the trend of cysteine ligated hemes having low redox
potentials, including cytochrome P450 and SoxAX. Cytochrome P450, a b-type cytochrome with cys/
water ligation is reported to have a resting potential of below -300 mV to prevent auto reduction (44).
SoxAX is a sulfur oxidising enzyme that contains three hemes, one of which is a c-type heme ligated
by a proximal histidine and a distal cysteine thiolate residue. This heme in SoxAX has a very low
resting potential of below -400 mV (45, 46). A doctoral thesis from Jenner details modifications to a
heme of thiosulfate dehydrogenase (TsdA) from Campylobacter jejuni (47). In this thesis Jenner
substitutes the distal ligating residues and reports changes to the reduction potentials in line with

Figure 9. A) A schematic for a photosensitised MtrC with a Ru(II)bipyridine3 dye. Light is exciting an
electron in the Ru(II)bipyridine3 dye and it is being injected into the heme wire of MtrC. Charge
recombination occurs and the electron comes to rest back on the Ru(II)bipyridine3 dye. B) A sacrificial
electron donor molecule reducing the Ru(II)bipyridine3 dye as it injects an electron into the heme wire
of MtrC. Charge recombination does not occur and MtrC becomes fully reduced with ten electrons. C)
A sacrificial electron donor molecule reduces the Ru(II)bipyridine3 dye as it injects excited electrons
into the heme wire of MtrC. MtrC uses this excited electron and reduces a molecule, creating a
regenerating photocatalyst.

A.

B.

C.
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what is predicted here (47). These values presented alongside the examples of cytochrome P450 and
SoxAX explain the rationale behind the chosen residues for substitution in the MtrC protein, leading
on to the primary objective this thesis aims to meet - Produce a suite of variant MtrC proteins with
distal histidine heme ligand substitutions to methionine or cysteine, and measure the effects on
protein expression, structure, ligand sets, and redox potentials.

The target hemes for distal histidine ligand substitutions in this thesis have been considered carefully.
Although not published in the original report by van Wonderen et al. (7) multiple sites throughout the
MtrC protein were tried as targets of His/Met substitution, with heme eight (H561M) providing a fully
folded protein with all low spin heme. For this reason, position H561 will be a target for substitution
to a cysteine residue (H561C).

The structure of MtrC shows that the two heme containing domains (II and IV) have high levels of
homology. Heme eight is in domain IV, suggesting a good target for substitution will be the distal
histidine ligand to heme three, the domain II analogue of heme eight. The distal ligand of heme three
is histidine at position 230. It is understood that no substitutions have been attempted to heme three
in MtrC, so this project aimed to introduce both methionine (H230M) and cysteine (H230C)
substitutions into MtrC.

It should be noted that all proteins produced in this work will also contain a surface tyrosine to
cysteine substitution (Y657C). This substitution allows site selective attachment of the
Ru(II)bipyridine3 dye to the thiol of cysteine. This substitution lies within the CXXCH binding motif
of heme ten, creating a CXCCH motif. It has been shown that this substitution has no discernible
impact on protein fold, spectroscopic properties, or redox potential (7). However, X-ray
crystallographic structural refinement of a protein containing this substitution has proved impossible,
as introducing this surface cysteine residue impacts formation of protein crystals. Since this
represents such a critical gap in knowledge surrounding this subject, a short investigation into
determining the structure of the Y657C substitution is made.



Chapter 2. Materials and Methods

21

2.1 Plasmid mutagenesis

Plasmids pBAD.CSol
Y657C and pBAD.CSol

Y657C H561M were recovered from -20°C storage and thawed on the
benchtop (7). Two 50 µL aliquots of TOP10 competent cells (Thermo Fisher) were recovered from lab
stock -80°C storage, thawed on the benchtop, and left to incubate on ice for thirty minutes with 3
ng/µL of either pBAD.CSol

Y657C or pBAD.CSol
Y657C H561M plasmids. The cells were heat shocked at 42°C for

ninety seconds before being returned to ice for a further five minutes. Each sample then had 0.5 mL
of S.O.C medium (Thermo Fisher) added, and the cells were allowed to recover for forty-five minutes
in a 37°C shaking incubator, 180 rpm. After recovery, the cells were spread on LB plates with 30
µg/mL kanamycin and left to grow overnight in a 37°C incubator. Single colonies were picked from
these plates and used to inoculate 10 mL of LB with 30 µg/mL kanamycin, which were then left to
grow overnight in a 37°C shaking incubator, 180 rpm. Plasmids were purified according to the
GenElute Plasmid Miniprep Kit (Sigma-Aldrich), with molecular grade water being used in the final
elution step. Plasmids were prepared for sequencing according to the Mix2Seq Kit (Eurofins
Genomics) using the sequencing primers listed in Table 1. Sanger sequencing of the plasmids was
performed by Eurofins Genomics.

Table 1. List of mutagenic and sequencing primers. Only the mutagenic primers that resulted in
successful incorporation of the desired mutations are shown. Mutagenic primers have their
mutations underlined and in bold.
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Plasmid pBAD.CSol
Y657C was used as template DNA for PCR, a map of which can be seen in Figure 10.

Primers used to introduce point mutations into the plasmid are listed in Table 1. PCR was performed
in accordance with the Thermo Scientific Phusion Flash High-Fidelity PCR Master Mix 2-step PCR
protocol. PCR products were digested using Thermo Scientific FastDigest DpnI to remove methylated
DNA before being heat treated at 85°C for fifteen minutes to inactivate Dpn1. PCR products were
washed to remove unused nucleotides and primers using the GenElute PCR Clean-Up Kit. Plasmids
were prepared for sequencing according to the Mix2Seq Kit (Eurofins Genomics) using the
sequencing primers listed in Table 1. Sanger sequencing of the plasmids was performed by Eurofins
Genomics. Once confirmed by sequencing, the plasmids pBAD.CSol

Y657C H561C, pBAD.CSol
Y657C H230M, and

pBAD.CSol
Y657C H230C were cloned in an identical way to pBAD.CSol

Y657C and pBAD.CSol
Y657C H561M in the first

paragraph of this section. Cells were prepared for long term storage by inoculating 10 mL of LB with
30 µg/ml kanamycin with one colony and leaving overnight in a 37°C shaking incubator, 180 rpm.
From the overnight culture, 0.5 mL was mixed thoroughly with 1 mL of sterile 50% glycerol water
solution and snap frozen in liquid nitrogen before being stored at -80°C. A complete list of plasmids
can be found in Table 2.

Figure 10. A linear plasmid map of pBAD202. The MtrCSol gene is under the control of an L-arabinose
inducer. The plasmid also confers kanamycin resistance.

2.2 S. oneidensis MR-1 electroporation

The following electroporation method was performed for each of the plasmids pBAD.CSol
Y657C H561C,

pBAD.CSol
Y657C H230M, and pBAD.CSol

Y657C H230C to produce a corresponding strain for each. S. oneidensis
MR-1 cells were sourced from lab stock and used to inoculate 10 mL LB which was left to grow
overnight in a 30°C shaking incubator, 180 rpm. From the overnight culture 1.5 mL was centrifuged
at 4000 ×g for two minutes in a 1.5 mL Eppendorf tube. The supernatant was removed, and the cell
pellet resuspended in 1 mL of 10% glycerol solution and centrifuged again at 4000 ×g for 2 minutes.
This wash step was repeated, and the supernatant removed before resuspending the cell pellet in 80
µL of 10% glycerol to bring the total volume up to ~100 µL. From the DNA isolated from E. coli
(detailed in section 2.1), 3 ng/µL of the relevant plasmid was added, and the cells were electroporated
using a BIO-RAD MicroPulser at 1.2 keV. Immediately 0.5 mL of S.O.C medium (Thermo Fisher) was
added to the cuvette and mixed before the cells were returned to their Eppendorf tube. The cells were
left to recover for three hours in a 30°C shaking incubator, 180 rpm. The cells were finally plated onto
LB plates with 30 µg/ml kanamycin and left to grow overnight in a 30°C incubator. Long term storage
of cells was made by the method detailed at the end of section 2.1. A complete list of strains and their
associated plasmids can be found in Table 2.

2.3 Protein expression trials

Four induction conditions were tested by varying the concentration of L-arabinose during cell growth
(0 mM, 2 mM, 5 mM, or 10 mM of L-arabinose) as well as two technical replicates of each condition
being run in parallel. Eight 100 mL flasks containing M72 media with M72 additions and 30 µg/mL
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kanamycin were prepared (recipes for M72 media and M72 additions can be found in the table of
abbreviations). A single colony of either MR1.pBAD.CSol

Y657C H561C, MR1.pBAD.CSol
Y657C H230M, or MR1.

pBAD.CSol
Y657C H230C was picked from a plate and used to inoculate a 20 mL flask of LB with 30 µg/ml

kanamycin, which was grown overnight in a 30°C shaking incubator, 180 rpm. From this overnight
culture 2 mL aliquots were used to perform a 2% inoculation of each 100 mL flask. The flasks had their
initial optical density at 600 nm (OD600) recorded using a WPA colourwave CO7500 Colorimeter. The
cell growth was then monitored by recording the OD600 hourly until it reached between 0.35-0.45, at
which point the cultures were induced with between 0-1 mL of 1 M L-arabinose depending on the
desired final concentration. Samples continued to have their OD600 measured hourly for five more
hours before being left overnight in a 30°C shaking incubator, 180 rpm. An additional OD600

measurement was taken in the morning of the next day. A sample of each flask was prepared for
ultraviolet-visible (UV-Vis) electronic absorbance spectroscopy by centrifuging 1 mL of cell culture at
16,000 ×g for ten minutes and placing the supernatant into a 1 cm quartz cuvette. Electronic
absorbance was recorded between wavelengths 300-700 nm using a Cary 60 UV-Vis
Spectrophotometer (Agilent). Sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-
PAGE) was performed in accordance with section 2.5.

Table 2. List of plasmids and their associated strains.
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2.4 Protein purification and sample preparation

A single colony of the desired strain was picked from a plate and used to inoculate a 10 mL flask of LB
with 30 µg/ml kanamycin which was grown overnight in a 30°C shaking incubator, 180 rpm. From
this overnight culture a 2 mL aliquot was used to perform a 2% inoculation of 100 mL of LB with 30
µg/ml kanamycin which in turn was grown overnight in a 30°C shaking incubator, 180 rpm. From this
overnight culture two 20 mL aliquots were used to perform a 2% inoculation of two 1 L baffled flasks
of M72 Media with M72 additions and 30 µg/ml kanamycin. These flasks then had an OD600

measurement taken and were left to grow in a 30°C shaking incubator, 180 rpm. The cell growth was
monitored by recording the OD600 hourly until the cultures reached between 0.35-0.45, at which point
they were each induced with 10 mL of 1 M L-arabinose. The cells were left to grow overnight in a 30°C
shaking incubator, 180 rpm.  The next morning cells were recovered from the incubator and
centrifuged in 1 L canisters in a Beckman Avanti J-20 Centrifuge at 5000 ×g. The spent media was
recovered, and the pelleted cells discarded. The protein was separated from the media by affinity
chromatography using 2×5 mL StrepTactin columns in series via a GE Healthcare ÄKTA pure (4°C, 5
mL/minute). The StrepTactin columns were washed with 100 mM Tris, 150 mM NaCl, pH 8.1. The
protein was eluted using 50 mM Biotin in 100 mM Tris, 150 mM NaCl, pH 8.1, and the columns
regenerated using 10 mM NaOH. The protein sample was exchanged into 100 mM Tris, 150 mM NaCl,
pH 8.1 and concentrated using 30 kDa spin concentrators at 4500 ×g. SDS-PAGE was performed in
accordance with section 2.5.

Once confirmed via SDS-PAGE analysis, the protein sample was purified further via size exclusion
chromatography. The protein sample was loop injected onto a Superose 6 Increase 10/300 GL via a
GE Healthcare ÄKTA pure (4°C, 3 mL/minute) and fractions were collected in 1.5 mL aliquots. The
electronic absorbance at 280 and 410 nm of eluted samples was recorded. Fractions containing
material that eluted before or after the main peak based on 410 nm electronic absorbance were
discarded. Protein concentrations were estimated using the Beer-Lambert law and known extinction
coefficients for MtrCSol

Y657C (7). This was used alongside the 410 nm absorbance of a known dilution of
the purified sample which allowed for approximate yields from each purification to be attained by
using the volume and estimated concentration of the sample. All protein samples were snap frozen in
liquid nitrogen and stored at -80°C.

2.5 Biochemical analysis

For SDS-PAGE analysis, spent media samples (from sections 2.3 and 2.4) or StrepTactin column
flowthrough samples (section 2.4) were prepared by mixing the sample with sodium dodecyl sulfate
(SDS) loading dye in a 3:1 ratio, and 20 μL of this mixture was loaded into the appropriate lanes. In
the case of lanes with purified protein (section 2.4), a mixture of SDS loading dye and 0.66 μM protein
was prepared in a 1:1 ratio, and 20 μL of this mixture was loaded into the respective lanes. Samples
were boiled at 95°C for fifteen minutes to ensure full denaturation of all material. Each gel had a lane
containing 4 µL of BioRad visible protein stain to act as a ladder for molecular weight comparison.
Gels containing purified protein (section 2.4) also had a lane containing a previously prepared sample
of MtrCSol

Y657C confirmed to be full length via mass spectrometry. BioRad precast gels were submerged
in MOPS SDS running buffer, loaded with sample, and set to run at 180 V. All gels were run in
duplicate to allow for a Coomassie brilliant blue stain and a heme stain to be applied. Separately the
heme stain was performed by washing the gel in reverse osmosis water and leaving it to sit for ten
minutes in 25 mL of 0.25 M sodium acetate. While the gel was soaking, 10 mg of
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N,N,N',N'-tetramethyl-1,3-butanediamine (TMBD) was dissolved in 10 mL of methanol in a foil
covered falcon tube. This was added and left for another ten minutes. To develop the stain 10 µL of
30% hydrogen peroxide was added and the gel was agitated until bands began to develop. The solution
was disposed of appropriately, and the gel washed with plenty of reverse osmosis water to prevent
over staining. The non-reducing conditions of the SDS-PAGE in these experiments are intentional as
reducing conditions interfere with the catalytic heme stain. SDS-PAGE gel images were recorded on a
Syngene G:BOX Gel Imaging System.

For liquid chromatography-mass spectrometry (LC-MS), samples of MtrCSol
Y657C H561M, MtrCSol

Y657C H561C,
and MtrCSol

Y657C H230M were treated with tris(2-carboxyethyl)phosphine (TCEP) and left for twenty
minutes. Samples were exchanged into a 20 mM Tris, pH 7.0 LC-MS grade ultra performance liquid
chromatography (UPLC) water solution to remove excess TCEP, and concentrated to between 20-40
µM protein. A sample volume of 10 µL was loaded onto an ACQUITY UPLC® Protein BEH C4 Column
(300 Å, 1.7 µM, 2.1 mm × 50 mm) before being eluted (0.3 mL minute-1) using a linear gradient across
twenty minutes of increasing acetonitrile (2% to 98%, v/v) in formic acid (0.1% v/v). UPLC was
performed by a Waters ACQUITY UPLC H-Class premier. The eluent was ionised via electrospray
ionisation at an ionisation energy of 3 kV in positive ion mode. Data was acquired from 500 m/z to
3000 m/z at a scan speed of one second per scan using MassLynx. The system was calibrated with
sodium iodide. The data was analysed using UniDec (Universal Deconvolution of Mass Spectra)
software.

A set of UV-Vis electronic absorption spectra was produced for each protein MtrCSol
Y657C,

MtrCSol
Y657C H561M, MtrCSol

Y657C H561C, and MtrCSol
Y657C H230M. All electronic absorbance spectra were

recorded between the wavelengths 350-700 nm using a Cary 60 UV-Vis Spectrophotometer (Agilent).
The spectrophotometer was baseline subtracted using the spectrum of 100 mM Tris, 150 mM NaCl,
pH 8.1 in a quartz cuvette. An aliquot of air equilibrated protein was diluted in a 100 mM Tris, 150
mM NaCl, pH 8.1 until the 410 nm absorbance was ~0.75, and a spectrum was recorded. This sample
was fully reduced by titrating in excess sodium dithionite (NaDT) in an anaerobic chamber, sealing
the cuvette, and recording a second spectrum. The dilution factor from adding NaDT was accounted
for, and a reduced−oxidised difference spectrum was produced.

2.6 Pyridine hemochromagen assay

Due to the volatile and toxic nature of pyridine, and the risk of oxidation from atmospheric oxygen
interfering with the experiment, all samples were prepared in an anaerobic chamber and transported
in sealed quartz cuvettes. All electronic absorbance spectra were recorded between the wavelengths
350-700 nm using a Cary 60 UV-Vis Spectrophotometer (Agilent). The spectrophotometer was
baseline subtracted using the spectrum of a 1 mL aliquot of 100 mM Tris, 150 mM NaCl, pH 8.1 in a
quartz cuvette.

The protein sample was diluted in a 100 mM Tris, 150 mM NaCl, pH 8.1 until the absorbance at 410
nm reached ~1.5. From this sample 0.5 mL was mixed with 0.5 mL of 100 mM Tris, 150 mM NaCl,
pH 8.1 and a spectrum taken. To this same sample 5 µL of 100 mM potassium ferricyanide
(K3Fe(CN)6) was added to fully oxidise the sample and another spectrum was taken. Comparison of
these two spectra via analysis of peak α and β band absorption showed that all samples were fully
oxidised at ambient conditions and eliminated the need for an oxidising agent from the rest of this
experiment.
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A 0.5 mL aliquot of the prepared protein sample was diluted with 0.5 mL of 100 mM Tris, 150 mM
NaCl, pH 8.1 and an air oxidised spectrum was taken. This sample was fully reduced by titrating in
excess NaDT and a spectrum was taken. The dilution factor from adding NaDT was accounted for, and
a reduced−oxidised difference spectrum was produced. These three spectra are hereafter referred to
as the ‘oxidised’, ‘reduced’, and ‘difference’ spectra.

A 0.5 mL aliquot of a 200 mM NaOH, 40% (v/v) pyridine solution was mixed with 0.5 mL of the
protein sample and a spectrum was taken. To this cuvette 9 µL of NaDT was added and another
spectrum was taken. An additional 1 µL of NaDT was added and another spectrum was taken to
ensure the sample was fully reduced. Lastly, a spectrum was taken of the same sample one minute
later to ensure re-oxidation was not occurring. The dilution factor from adding 10 µL NaDT was
factored in only for the NaDT reduced protein samples. A reduced−oxidised difference spectrum was
then produced. The absorbance of the difference spectrum at 535 nm was taken from the absorbance
at 550 nm. This absorbance was used in the Beer-Lambert equation along with the extinction
coefficient for pyridine ligated c-type heme (23.97 mM-1 cm-1) to get the concentration of pyridine
ligated hemes in solution (48). Dividing by ten (the number of c-type hemes in MtrCSol) gives the
concentration of the MtrCSol variant in solution. Using this concentration along with the oxidised,
reduced, and difference spectra detailed earlier in this section allows for accurate extinction
coefficient calculation for each MtrCSol variant. This assay was repeated to provide five technical
replicates so an accurate average value could be produced.

2.7 Magnetic circular dichroism spectroscopy

MCD spectroscopy was performed at room temperature using a JASCO J810 circular dichrograph for
wavelengths in range 240 – 850 nm. A magnetic field was generated using a JASCO PM-491
permanent magnet. The magnet was calibrated using MCD of the well studied proteins myoglobin and
cytochrome c (both from equine heart). Benchmark intensities of absorbance of these proteins at
known concentrations can be used to calculate the average field strength in tesla affecting the light
path. Using these benchmarks along with corroboration from other members of the lab, an effective
field strength of 2.5 T was decided to be used.

Protein samples of cytochrome c and myoglobin (equine heart) were prepared in a 100 mM Tris, 150
mM NaCl, pH 7.0 at concentrations of ~50 µM. For cytochrome c, the spectrum was recorded after the
protein was fully reduced using excess NaDT, while myoglobin remained oxidised via air equilibration
during the spectroscopic measurement. Samples of MtrCSol

Y657C H561M, MtrCSol
Y657C H561C, and

MtrCSol
Y657C H230M were prepared in a 100 mM Tris, 150 mM NaCl, pH 8.1 at ~10 µM. All protein

samples were prepared aerobically before being transferred to an anaerobic chamber and placed in
sealed cuvettes. Samples were placed into a 1 mm path length quartz cuvette and the spectrum was
recorded with a longitudinal magnetic field in the forward and then reverse direction. The MCD
spectra of all variants were measured while oxidised via air equilibration. This was followed by full
reduction using excess NaDT before another set of spectra were taken. The following equation was
used to provide Δε (M-1 cm-1 T-1) values for each protein.

Where AF and AR are the absorbance of left circularly polarised light minus the absorbance of right
circularly polarised light at the specified wavelength (ALCP–ARCP) in forward and reverse fields
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respectively, c is the protein molarity, and Δε is the molar absorption coefficient at the specified
wavelength.

2.8 Protein crystallography

Crystals were obtained with the assistance of B. Nash under similar conditions to those of MtrCSol via
ninety-six well sitting drop vapour diffusion plates at 4°C (25). The reservoir solution used was 200
mM sodium acetate, 100 mM CaCl2, 20% PEG 6000, pH 5.0, and the protein solution ~170 µM protein
in 20 mM HEPES pH 7.8. The drop was injected with crystal seeds of MtrCSol. These were made by
breaking up previously grown MtrCSol protein crystals in the drop and diluting this further by 50×
using the remaining reservoir solution. A total drop volume of 0.6 µL was formed by 0.05 µL crystal
seeding solution, 0.3 µL protein solution, and 0.25 µL reservoir solution. Crystals were harvested and
cryogenically protected by transfer into a reservoir solution containing 20% ethylene glycol before
being plunged into liquid nitrogen. X-ray diffraction data was collected at the UK Diamond Light
Source synchrotron on beamline I04. The X-ray scattering data was processed using Xia2 software
and the resulting data sets were phased by molecular replacement in Phaser (49, 50). The structure of
MtrCSol (PDB: 4LM8) was used as the template for the generation of phases (25).

2.9 Protein film electrochemistry

Protein film electrochemical measurements were performed with the assistance of A. Sutton-Cook in
a home-built electrochemical cell using a three electrode setup: a silver-silver chloride saturated with
KCl reference electrode, a platinum counter electrode, and a protein-adsorbed mesoporous indium tin
oxide (ITO) working electrode (prepared according to Mersch et al. (51)). The cell was set up in an
anaerobic chamber and was surrounded by a Faraday cage to reduce interference from external
electrical noise. A sample of each protein was made to ~40 µM in 100 mM Tris, 150 mM NaCl, pH 8.0,
of which 5 µL was dispensed onto the indium doped tin oxide patch of the ITO working electrode. This
was left in a petri dish on ice for fifteen minutes before being transferred into the anaerobic chamber
containing the electrochemical cell. The non-adsorbed protein was washed from the electrode using
3×2 mL of an anaerobic solution of 100 mM NaCl, 50 mM HEPES, pH 8.0. The protein adsorbed
electrode was subsequently submerged in the buffer-electrolyte solution and connected to the circuit.
A scan rate of 20 mV/s was used with a start potential of -29 mV, upper potential of -9 mV and a lower
potential of -809 mV. Cyclic voltammograms were produced by an Autolab PGSTAT30 using the
NOVA 2.1.4 software. The voltammograms were baseline corrected using the Q-SOAS software (52).
Potentials converted from vs KCl saturated silver-silver chloride electrode to vs SHE by the addition
of +0.197 V.
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The results presented in this chapter detail the preparation of the plasmids pBAD.CSol
Y657C H561C, pBAD.

CSol
Y657C H230M, and pBAD.CSol

Y657C H230C, and the attempted purification of their corresponding gene
products MtrCSol

Y657C H561C, MtrCSol
Y657C H230M, and MtrCSol

Y657C H230C. The production of the plasmids
pBAD.CSol

Y657C and pBAD.CSol
Y657C H561M and their corresponding gene products and has already been

reported by van Wonderan et al. (7). These plasmids were recovered from storage and confirmed via
sequencing, and the pBAD.CSol

Y657C plasmid was used as a template for following polymerase chain
reactions (PCRs). The levels of expression of the secreted gene products from these novel plasmids
were measured during L-arabinose induction in protein expression trials. Analysis via SDS-PAGE and
the UV-Vis electronic absorption spectra of spent media samples from the expression trials were used
to quantitatively assess levels of protein expression. Following on from this the gene products were
purified using StrepTactin aided affinity chromatography and analysed again via SDS-PAGE to ensure
the samples had not degraded during purification. Lastly, LC-MS and detailed UV-Vis electronic
absorbance spectra were used to show that the new variants of MtrCSol

Y657C produced in this work are
of the expected mass and share the similar spectral features of low spin full length MtrCSol

Y657C.

3.1 Preparation of plasmids encoding for MtrCSol variants

The plasmids pBAD.CSol
Y657C and pBAD.CSol

Y657C H561M have previously been produced and well
characterised (7). These plasmids were recovered from -20°C storage and had their sequences
confirmed via plasmid sequencing. The plasmid pBAD.CSol

Y657C was used as the template DNA for all
following PCRs. All sequencing and mutagenic primers used to produce the plasmids used in this
work are shown in Table 1.

PCR was chosen as the method to introduce the relevant point mutations into the pBAD.CSol
Y657C

plasmid. Complimentary mutagenic primers were designed to have similar melting temperatures to
each other, and to facilitate the two-step PCR protocol detailed by the Thermo Scientific Phusion
Flash High-Fidelity PCR Master Mix manual (Thermo-fisher). A temperature gradient was used
around the predicted melting temperature (Eurofins) of the primers. The PCR products were loaded
onto a 0.8% DNA agarose gel and all samples across the temperature gradient migrated through the
gel in the expected range of circularised plasmidic pBAD.CSol

Y657C of mass 6507 base pairs, suggesting
the plasmids are full length. Once sent for sequencing it became apparent that issues with the primer
design or the protocol was causing repeated inserts of sequences comparable to the mutagenic
primers to be incorporated downstream of the intended mutation site. The experiment was repeated
under different conditions, but only the plasmid pBAD.CSol

Y657C H561C was successfully produced using
primers Kr01 For and Kr02 Rev (Figure 11A). The remaining mutagenic primers were re-designed
using methods developed by Naismith et al. (53), and the PCRs to produce pBAD.CSol

Y657C H230M and
pBAD.CSol

Y657C H230C were re-attempted. The resulting DNA agarose gel suggested full length plasmid
had been produced (Figure 11B and 11C), and when the sequence data was returned it showed
incorporation of the desired point mutation using Kr03 For and Kr04 Rev (pBAD.CSol

Y657C H230M), and
Kr05 For and Kr06 Rev (pBAD.CSol

Y657C H230C) with no undesired mutations. The plasmids were
electroporated into S. oneidensis using methods previously described (28) and protein expression
trials were conducted.
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3.2 Protein expression

In order to assess the levels and favoured conditions of expression for the novel MtrCSol
Y657C variants

MtrCSol
Y657C H561C, MtrCSol

Y657C H230M, and MtrCSol
Y657C H230C an experiment was conducted where the

concentration of the inducer L-arabinose was varied across otherwise identical growth conditions. For
this experiment the soluble nature of MtrCSol and the fact it is excreted into the media during cell
growth was exploited. Once the cells had been induced with L-arabinose and had grown overnight the
culture was centrifuged to remove the cells, and the supernatant was collected. The UV-Vis electronic
absorbance of the spent media was recorded and showed all samples, excluding the 0 mM L-arabinose

72°C

Figure 11. DNA agarose gels from the PCR of production of A) pBAD.CSol
Y657C H561C, B) pBAD.

CSol
Y657C H230M, and C) pBAD.CSol

Y657C H230C. The temperature of each reaction is used to label the lanes.

B.

B.A. C.

A.

Figure 12. Protein expression trial spectra of spent media samples A) MtrCSol
Y657C H561C, B)

MtrCSol
Y657C H230M, and C) MtrCSol

Y657C H230C. The colours represent concentrations of L-arabinose during
growth and are as follows: black = 0 mM, yellow = 2 mM, blue = 5 mM, red = 10 mM. Insert is the
absorbance of each sample at 410 nm (Soret peak) with the 410 nm absorbance of a 0 mM L-arabinose
induced sample removed.

induced ones, have a substantial Soret peak at 410 nm characteristic of oxidised MtrCSol (Figure 12).
The highest intensity electronic absorbance at 410 nm of each sample is seen in the 10 mM
L-arabinose induced cultures. This suggests that higher concentrations of L-arabinose are correlated
with higher concentrations of excreted heme. However, as previously discussed S. oneidensis MR-1
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has a wide array of heme containing proteins used in its extracellular electron transport pathway. It is
quite possible that the heme absorbance seen in the samples with a high L-arabinose concentration is
not originating from the desired full length gene product of the transformed plasmid, but rather from
a degraded form of the protein or other cytochromes released during cell lysis (such as FccA or STC).
To determine whether this was the case samples were analysed via SDS-PAGE. Both the Coomassie
and heme stained SDS-PAGE gels indicate the presence of a protein band migrating as expected for
MtrCSol on non-reducing SDS-PAGE gels (Figure 13). Although MtrCSol is a 76 kDa protein, it is always
seen at a lower mass of around 70-74 kDa on non-reducing SDS-PAGE gels, justified by considering
the nature of the covalently bound hemes and disulphide bridge in domain III not allowing the protein
to fully unfold. MtrCSolrun on SDS-PAGE can be seen in Figure 15D for reference. The intensity of the
band at this mass is highest at 2 mM L-arabinose. The 5 and 10 mM L-arabinose samples have heavy
heme staining at very low masses (<10 kDa) suggesting the presence of a degraded form of a
hemoprotein. This supports the idea that higher concentrations of L-arabinose are stressing the cells
during growth and causing the release of undesired or truncated products. For this reason, 2 mM of

A.

C.

E.

B.

D.

F.

Figure 13. Protein expression trial SDS-PAGE gel images stained with Coomassie brilliant blue (left)
and a heme stain (right). A&B) MtrCSol

Y657C H561C, C&D) MtrCSol
Y657C H230M, and E&F) MtrCSol

Y657C H230C. Gel
lanes are the product of varying levels of L-arabinose induction. Concentration of L-arabinose is seen
increasing in concentration across the top of the gel and is indicated for each lane. Experiments were
performed in duplicate for each L-arabinose concentration. The unlabelled lanes of E&F are from a
different experiment.

Expected
migration of
MtrCSol
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L-arabinose was chosen as the concentration for induction during experiments that aimed to produce
and then purify the desired proteins in this work.

3.3 Protein purification

StrepII tag aided affinity chromatography was used in the attempted purification of the variants
MtrCSol

Y657C H561C, MtrCSol
Y657C H230M, and MtrCSol

Y657C H230C. The spent media from the cultures were loaded
onto a StrepTactin column to bind any material containing a StrepII tag. The StrepTactin column
turned bright red during the loading of the spent media for all samples (Figure 14), suggesting the
binding of heme containing material which is consistent with the expressed gene product. The eluted
samples were analysed via SDS-PAGE alongside a sample of the spent media (pre-column) and the
material that passed over but did not bind to the column (flow-through) (Figure 15). A sample of

MtrCSol
Y657C that had been previously purified and confirmed to be full length via mass spectrometry

was used as a migration indicator to where the purified sample should be seen on non-reducing SDS-
PAGE gels. Both the Coomassie and heme stained gel images of the purified samples from plasmids
pBAD.CSol

Y657C H561C and pBAD.CSol
Y657C H230M show banding at the same migration as MtrCSol

Y657C.
Banding at a comparable migration can also be seen in the pre-column and flow-through sample
lanes. The banding in the flow-though lane is very weak compared to that of the pre-column samples,
suggesting that the majority of the material at this mass has bound to the StrepTactin column and
been released during the elution step. From this point forwards, the samples purified here will be
referred to as MtrCSol

Y657C H561C and MtrCSol
Y657C H230M.

During the protein expression trials in section 3.2 a full length gene product of pBAD.CSol
Y657C H230C

appears to be present on both the Coomassie and heme stained SDS-PAGE gels (Figure 12). However,
after StrepTactin purification no such band appears in any gel lane containing the eluted protein
(Figure 15C). In the purified sample lane there is a prominent band at ~50 kDa. Since this material
should have a StrepII tag as it has bound to and been eluted from the StrepTactin column, it is likely

Figure 14. Three StrepTactin columns in series becoming saturated with red material during the
loading of spent media, consistent with the expected gene products.
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that a degraded form of the protein has been purified. Although these experiments were intended to
be performed in an identical manner to each other, the purification of the pBAD.CSol

Y657C H230C gene
product was re-attempted to eliminate experimental differences. Unfortunately, the same result was
observed and consequently production of the protein was not explored further.

The purified sample lanes of MtrCSol
Y657C H561C and MtrCSol

Y657C H230M (Figure 15A&B) have additional
bands at lower masses than the expected mass of the full length product, seen primarily in the heme
stained gel. Although the intensity of these bands is likely exaggerated due to the nature of the heme
stain (the heme stain is catalytic and prone to over-staining the gel, evidenced by the presence of the
same band in the already purified MtrCSol

Y657C sample), the potential for these contaminants to
interfere with future experiments was not ignored. Consequently, the purified MtrCSol

Y657C H561C and
MtrCSol

Y657C H230M samples were run through a size exclusion column to remove these potentially
truncated versions of the full length protein. It should also be noted that there is the faint presence of
a band at ~150 kDa seen in the MtrCSol

Y657C lanes of the heme stained gels. This band is ubiquitous
among samples containing the Y657C substitution run on non-reducing SDS-PAGE (7). Due to the
nature of this substitution presenting a free cysteine on the protein surface the cell is thought to cap
this cysteine with a protecting group to prevent unwanted reactions during secretion (see section 1.5).
It is concluded that the presence of this 150 kDa band is representative of a small percentage of the

Figure 15. SDS-PAGE gel images of samples obtained at various stages of the purification of A)
MtrCSol

Y657C H561C, B) MtrCSol
Y657C H230M, and C) MtrCSol

Y657C H230C. D) Samples of purified material from
each protein purification are run side by side, as well as MtrCSol

Y657C and MtrCSol for migration
comparison. Gels stained with both heme (left) and Coomassie (right) are available.

A.

C.

B.

D.
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proteins that did not receive this cysteine cap and have formed disulfide bridge mediated dimers.
Again, this band is likely emphasised by the sensitive nature of the heme stain, and the presence of
these dimers should not impact future experiments. These dimers are removed during gel filtration
but may be reformed if the cysteine cap is removed.

A final set of Coomassie and heme stained gel images are presented in Figure 15D which contain
samples of MtrCSol, MtrCSol

Y657C, and the novel proteins discussed in this section. Fresh samples of
MtrCSol

Y657C and MtrCSol
Y657C H561M were purified using the same techniques as the novel proteins

discussed in this section and are used in experiments from this point forwards. The results of these
purifications are as expected and in agreement with those previously published and are therefore not
presented here (7).

The yields for MtrCSol
Y657C H561C and MtrCSol

Y657C H230M were 6.3 mg/L and 2.5 mg/L respectively (spectra
presented in the next section). The yield for MtrCSol

Y657C H561C lies within the expected amount typical of
MtrCSol (5-10 mg/L) (28). MtrCSol

Y657C H230M has almost half the minimum expected yield for MtrCSol ,
however enough protein was produced to continue with further experiments. It is unclear why the
yield is so much lower for MtrCSol

Y657C H230M than MtrCSol
Y657C H561C. Repeated experiments would be

needed to determine how reproducible these values are.

3.4 Analysis of purified gene products

The StrepTactin column turning red during purification and the eluted material having strong 410 nm
electronic absorbance is in concordance with successfully expressed gene product for the plasmids
produced (detailed in section 2.1). The SDS-PAGE gel images show the purified products of plasmids
pBAD.CSol

Y657C H561C and pBAD.CSol
Y657C H230M has heme containing material that migrates through the gel

to the same position as MtrCSol
Y657C. This product can be purified further via size exclusion

chromatography to produce a single band at the expected migration for pure MtrCSol
Y657C. At this point

the protein is considered successfully expressed and purified, however an accurate mass is required
to ensure no changes have been made that is undetectable on SDS-PAGE. To achieve this, LC-MS is
utilised to provide an accurate value for the intact mass of each protein. Since most of these proteins

B.A. C.

Figure 16. Deconvoluted LC-MS trace of intact masses for A) MtrCSol
Y657C H561M (predicted: 76,185 Da,

observed: 76,186 Da), B) MtrCSol
Y657C H230M (predicted: 76,185 Da, observed: 76,186 Da), and C)

MtrCSol
Y657C H561C (predicted: 76,158 Da, observed: 76,209 Da).
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express with an unknown protecting group on the surface cysteine introduced at the Y657 position,
the samples were treated with TCEP before analysis (7). This will reduce any surface covalent cysteine
modification and allow for the observed mass to be accurately correlated to the calculated mass of the
fully maturated cytochrome. The predicted mass of each protein as well as the measured mass is
available in Figure 16.

The mass of MtrCSol
Y657C H561M and MtrCSol

Y657C H230M are identical as expected when considering the
substitutions made to each are the same, just at two different positions. The masses of these two
proteins are within reasonable error of the predicted mass which confirms the successful
incorporation of ten c-type hemes and the desired amino acid substitution. However MtrCSol

Y657C H561C

is +51 Da larger than expected. This mass difference is best explained when considering the
consequences of introduction of a free cysteine into the amino acid chain. If the cysteine introduced
at position 561 is covalently modified, TCEP treatment may not affect it due to it being buried in the
tertiary protein structure, resulting in a higher observed mass. Due to this mass difference not being
easily explainable by amino acid substitutions or protein degradation, the MtrCSol

Y657C H561C protein is
treated as full length. Further evidence for covalent modification to the cysteine at position 561 is
discussed in section 4.2.

A set of UV-Vis electronic absorption spectra were attained to offer insight into the general protein
fold and ligation of the hemes in MtrCSol

Y657C, MtrCSol
Y657C H561M, MtrCSol

Y657C H561C, and MtrCSol
Y657C H230M

(Figure 17). The spectra of the oxidised and reduced protein variants are similar to that of MtrCSol

(28). Although not diagnostic, this suggests no substantial changes to the tertiary protein structure or
A.
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Figure 17. The UV-Vis electronic absorbance spectra of A) MtrCSol
Y657C, B) MtrCSol

Y657C H561C, C)
MtrCSol

Y657C H561M, and D) MtrCSol
Y657C H230M. The black trace is protein oxidised via air equilibration, and

the red trace is after full reduction using excess NaDT. Insert (blue trace) is an oxidised-reduced
difference spectrum. All samples recorded in 100 mM Tris, 150 mM NaCl, pH 8.1.
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heme environment. As discussed in chapter 1, the absorption spectrum of hemoproteins is dominated
by π-π* porphyrin transitions (Soret band). However, smaller spectral features are produced by
charge transitions from the axial ligand to the iron centre. These features are usually masked by the
intense Soret absorbance peak but are often seen in a difference spectrum. High spin heme in MtrCSol

has inadvertently been produced previously (van Wonderen, unpublished), and a spectral feature at
440 nm is observed in the reduced−oxidised difference spectrum of these proteins (54). The absence
of such features is a positive indicator that all hemes in the proteins produced in this work are low
spin. However, much more sensitive spectroscopy is required to be truly diagnostic of the heme spin
state in these proteins, such as MCD, discussed in chapter 4.

In order to determine accurate extinction coefficients for the new MtrC variants, a pyridine
hemochromagen experiment was performed. The measured extinction coefficients at specified
wavelengths are generally comparable between protein variants (Table 4). The extinction coefficients
for MtrCSol

Y657C H561C and MtrCSol
Y657C H561M are similar, with MtrCSol

Y657C H561C having a trend of being
slightly lower than that of MtrCSol

Y657C H561M. MtrCSol
Y657C H230M seems to have coefficients that are the

most different to the other variants, possibly explained by the unique feature of an altered heme three
environment. The presented extinction coefficients in Table 4 are at the same wavelengths as those
presented in the supplementary information of van Wonderen et al. (7). This is to aid in measuring
the level of agreement between the two sets of data. Although the measured extinction coefficients in
van Wonderen et al. (7) do not entirely agree with the results presented here, the difference is small
and consequently the extinction coefficients produced in this work are the ones used moving forwards.
The results obtained here are consistent with the hypothesis that the extinction coefficients would
change for the MtrCSo

Y657C variants with altered heme environmentsl

Table 4. Measured extinction coefficients for the fully folded MtrCSol
Y657C variants as determined by

the pyridine hemochromagen assay. Three technical repeats were performed for each protein.
Standard error is shown as a ± value.

3.5 Summary

This chapter presents work that aimed to produce theMtrCSol
Y657C H561C, MtrCSol

Y657C H230M and
MtrCSol

Y657C H230C proteins. A combination of protein expression trials, purification, and spectroscopic
and biochemical analysis has confirmed the production MtrCSol

Y657C H561C and MtrCSol
Y657C H230M. The

intact protein mass for MtrCSol
Y657C H230M matches the calculated mass, while there appears to be a +51

Da larger than expected observed intact mass for MtrCSol
Y657C H561C. This is rationalised as post

translational covalent cysteine modification to the cysteine at position 561, although no evidence is
yet presented to support this. The measured extinction coefficients are in line with what was expected
and not substantially different from those published. UV-Vis electronic absorbance spectroscopy of
both MtrCSol

Y657C H561C and MtrCSol
Y657C H230M is consistent with all ten hemes being low spin, and

therefore having octahedral ligation.
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A plasmid encoding for MtrCSol
Y657C H230C was successfully prepared. However, it was not possible to

find evidence for the purification of the desired gene product. Instead, a heme containing protein with
the C-terminal StrepII tag was purified, possibly a truncated form of the MtrCSol

Y657C H230C protein.
Although the full length protein was evident during expression trials, it does not appear to tolerate
the harsher conditions during purification.
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In the previous chapter the successful purification of the proteins MtrCSol
Y657C, MtrCSol

Y657C H561M,
MtrCSol

Y657C H561C, and MtrCSol
Y657C H230M is discussed. At this point it is considered that the introduction

of the desired substitutions has been successful into these proteins, and that the proteins are full
length. However, the ligands to the hemes in the variant MtrCSol

Y657C proteins are undefined. The UV-
Vis electronic absorbance spectra of the variant MtrCSol

Y657C proteins did not offer any evidence of high
spin heme, consistent with the ten His/His ligated hemes of MtrCSol

Y657C . However, in a ten heme
protein the presence of the high spin spectral indicators may be buried in absorbance peaks of the
other nine low-spin hemes. In this chapter magnetic circular dichroism is used as a more sensitive
diagnostic tool to probe the spin state of the ten hemes in each protein in solution in a way that cannot
be masked by the presence of low spin heme. Also presented are structures defined by X-ray
crystallography. These structures are used to analyse electron density around the iron of hemes three
and eight, and to support the conclusions drawn from MCD concerning the potential covalent cysteine
modifications to the Y657C and H561C substitutions. The chapter is concluded with results from
protein film voltammetry that provide an indication of the redox properties of these proteins.

4.1 Magnetic circular dichroism

Circular dichroism (CD) is a highly sensitive analytical technique that probes electron transitions
when energy from left and right circularly polarised light is differentially absorbed in intrinsically
chiral molecules. By introducing a parallel magnetic field to the direction of light propagation during
CD, and taking a forward field minus reverse field difference, a spectrum is produced that accurately
reports the spin state of the hemes. This spectrum has the natural CD observed in the highly chiral
protein removed resulting in a reliable and easily interpretable analytical technique. High spin heme
presents itself clearly on an MCD spectra of oxidised room temperature sample as a small negative
peak at 640 nm, as seen in the MCD spectra of air equilibrated horse heart myoglobin (Figure 18A).
This feature is not seen on MCD spectra of low spin heme, such as that of cytochrome c (Figure 18B).
Analysis of the MCD spectra shows that the proteins MtrCSol

Y657C, MtrCSol
Y657C H561M, MtrCSol

Y657C H561C,
and MtrCSol

Y657C H230M contain no evidence of high-spin heme (Figure 18). The features seen in the
reduced form of each protein are comparable to the low spin reduced form of horse heart cytochrome
c. This suggests all hemes are in full octahedral coordination with two strong field axial ligands. A
water molecule constitutes a weak field ligand and would likely take the place of an amino acid side
chain as the distal ligand if coordination by an amino acid had not occurred. A water molecule can
therefore be ruled out as a potential ligand.

4.2 X-ray crystallography

Previous attempts to produce protein crystals of MtrCSol
Y657C and MtrCSol

Y657C H561M have been
unsuccessful. This was attributed to the surface cysteine residue in the 657 positions in both versions
of the protein interfering with the crystallisation. Crystals of MtrCSol

H561M without the Y657C
substitution were made to support the evidence of successful methionine ligation to the heme (7). In
this work, successful crystal growth of proteins containing the Y657C substitution was achieved by
crystal seeding. Previously grown MtrCSol crystals were harvested, shattered, and added to the
crystallisation drop. This addition of a nucleation point allowed for crystal growth across all variants
of MtrCSol

Y657C. Diffraction data was collected for the full roster of MtrCSol
Y657C, MtrCSol

Y657C H561M,
MtrCSol

Y657C H561C, and MtrCSol
Y657C H230M proteins. Data collection and refinement statistics are available

in Table 5.
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B.

E.

A.

D.

C.

F.

Figure 18. MCD of proteins A) HH Myoglobin, B) HH Cytochrome c, C) MtrCSol
Y657C, D)

MtrCSol
Y657C H561M, E) MtrCSol

Y657C H230M, and F) MtrCSol
Y657C H561C. The black trace is protein oxidised via air

equilibration, and the red trace is after full reduction using excess NaDT.

Preliminary analysis of the X-ray diffraction data of all proteins shows the structures of MtrCSol
Y657C,

MtrCSol
Y657C H561M, MtrCSol

Y657C H561C, and MtrCSol
Y657C H230M overlay the structure of MtrCSol (PDB: 4LM8)

with no substantial changes to the protein fold or overall tertiary structure (Figure 19A). All four
proteins contain the ten hemes of the heme wire, bound by the expected CXXCH motif seen in MtrCSol.
Zooming in closer to the 657 residue shows the electron density of the resolved proteins do not match
the structure of MtrCSol. The tyrosine residue at position 657 offers far too much electron density, and
there is missing density seen nearby (Figure 19B). Mutating the MtrCSol structure in silico to include
a cysteine at position 657 and running refinement presents a much better fit (Figure 19 C&D). There
is clearly still missing density here, which is expected in samples without the covalent cysteine
modifications removed, such as the ones used to grow these crystals. This increased electron density
is thought to be due to covalent modification through disulphide bonding to C657 (7). The conclusion
drawn here is that successful insertion of a cysteine into the CXXCH binding motif of heme ten has
not had a discernible impact on protein fold and heme ligation. This has resulted in a unique CXCCH
binding motif in the MtrCSol

Y657C protein and its variants.

Mapping the resolved electron density of the MtrCSol
Y657C H561M, MtrCSol

Y657C H561C, and MtrCSol
Y657C H230M

protein variants onto the structure of MtrCSol revealed some key observations regarding heme binding
ligands. For nine of the ten hemes in the structure, heme binding was unaffected and they remained
His/His ligated. The only differences in heme ligation observed are where distal heme ligands have
been substituted. In the MtrCSol

Y657C H230M variant, the distal histidine ligand of heme three did not fit
well with the observed electron density. Similarly, for the MtrCSol

Y657C H561M and MtrCSol
Y657C H561C

variants, the distal histidine ligand of heme eight also appeared to be a poor fit for the electron density
map. After mutating the MtrCSol structure to include the relevant substitutions, the methionine
residues in MtrCSol

Y657C H561M (Figure 20A) and MtrCSol
Y657C H230M (Figure 20B) appear to fit the
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electron density well, and the MtrCSol
Y657C H230M structure is comparable to that of MtrCSol

Y657C H561M. The
distance between the sulphur of the distal methionine and the iron centre of the heme is 2.7 Å in
MtrCSol

Y657C H230M, and 2.5 Å in MtrCSol
Y657C H561M, strongly suggesting successful ligation.

Table 5. Protein crystal data collection and refinement statistics.
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Comparing the MtrCSol
Y657C H561C structure to its density map there is clearly missing electron density

between the sulphur of the cysteine and the heme (Figure 20C). To ensure that this missing density
is not filled with water or hydroxide, a water molecule was added to the structure in the middle of this
density and the structure was re-refined. As shown in Figure 20D the water molecule does not offer
enough density to make it a good fit. This is in agreement with the observations made during MCD
analysis, which showed the absence of any features of high spin heme. The difference in predicted
versus observed mass seen in MtrCSol

Y657C H561C when analysed via LC-MS suggests there is mass that is
observed but unaccounted for. This is also in concordance with this missing density, as this structural
data seems to suggest that covalent modification of the cysteine at position 561 is the group that has
ligated the heme.

Figure 19. A) The resolved crystal structures, including the heme chains (yellow), of MtrCSol
Y657C

(green), MtrCSol
Y657C H561M (red), MtrCSol

Y657C H561C (blue), and MtrCSol
Y657C H230M (purple) all overlayed with

MtrCSol (white, PDB: 4LM8) showing no major structural differences. B) The coordinates of
MtrCSol

Y657C H561M over the structure of MtrCSol (PDB: 4LM8) at the 657 position near heme ten. C&D)
Different angles of the same position as b) now with tyrosine mutated in sillico to a cysteine in the
MtrCSol structure. For b-d) a difference contour map (± 2.5 sigma) is shown where green is + 2.5 and
red is - 2.5. Regular atom density maps are shown in light blue.

B.A.

C. D.

Tyrosine 657
Proposed
cysteine 657

Cysteine 657
Cysteine 657
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4.3 Protein film electrochemistry

Protein film electrochemistry was used to assess the redox properties of the proteins MtrCSol
Y657C,

MtrCSol
Y657C H561M, MtrCSol

Y657C H561C, and MtrCSol
Y657C H230M. During cyclic voltammetry measurements a

protein adsorbed working electrode has the voltage across it varied and the resulting current is
recorded. The recorded data comes from two components, Faradaic and non-Faradaic contributions
(55). The non-Faradaic component of the measurement comes from buildup and discharge of
electrolytes in the electrode solution interface. This results in a baseline current that must be removed
from all voltammograms to reveal the Faradaic current, the response due to electron exchange
between the protein and electrode. In the proteins tested in this experiment there are ten hemes that
can undergo a single electron reduction and oxidation reaction. Because there are 10× n=1 redox
centres in each protein the trace observed on the voltammograms are a combination of all ten peaks.

Figure 20. A) The structure of heme eight in MtrCSol
Y657C H561M. B) The structure of heme three in

MtrCSol
Y657C H230M. C) The structure of heme eight in MtrCSol

Y657C H561C, showing a good fit for a cysteine
but substantial missing density nearby and near the heme. D) The same as c), but with a water as a
heme ligand, showing not enough density is offered by it, making it an unlikely candidate for ligation.
A difference contour map (± 2.5 sigma) is shown where green is + 2.5 and red is - 2.5. Regular atom
density maps are shown in light blue.

A. B.

C. D.

Heme eight

Heme three
Heme eight
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Due to the difficulties associated with the de-convolution of cyclic voltammograms of multiheme
cytochromes, fitting 10× n=1 redox centres to the graph was not attempted (56). Instead, a more
generic assessment of the shape and form of the voltammogram was performed. Any major changes
in shape of a normalised voltammogram will indicate changes in reduction potentials to one or more
hemes in the structure.

All proteins studied show evidence of adhering to the ITO patch on the working electrode, as the
natural white colour of the ITO patch turns pink after exposure to the protein solution, and retains
this colour after washing. Furthermore, the protein adsorbed-ITO electrode shows redox activity
between a potential window of +188 to −612 mV vs standard hydrogen electrode (SHE) as indicated
by the negative trough (reduction processes) and positive peaks (oxidation processes). As seen in
Figure 21B the general shape of the voltammogram trace for MtrCSol

Y657C is comparable to that of
literature data, with a distinct ‘two peak’ form (57). The trace for MtrCSol

Y657C H561M appears to be
missing a feature at +199 mV, reported to be characteristic of the protein due to the high potential
centre created with a His/Met ligated heme (Figure 21C) (7). This however is a small feature and is

A. B.

C. D. E.

Figure 21. Protein film voltammograms. A) The measured cyclic voltammogram data collected from
MtrCSol

Y657C (black), MtrCSol
Y657C H561M (blue), MtrCSol

Y657C H561C (orange), and MtrCSol
Y657C H230M (red). B, C,

D, &E) all show the a trace for MtrCSol
Y657C (black) as well as c, d, and e showing the traces for

MtrCSol
Y657C H561M, MtrCSol

Y657C H561C, and MtrCSol
Y657C H230M (all red) respectively. All traces are baseline

corrected using the Q-SOAS software and normalised to the area under the curve. All measurements
were performed while in 50 mM HEPES and 100 mM NaCl, pH 8.0 at a scan rate of 20 mV/s. All
potentials quoted vs SHE.
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possibly lost during baseline correction or due to the trace being of generally low intensity. The trace
for MtrCSol

Y657C H230M is potentially the most interesting as the characteristic two peak style of trace is
almost completely lost (Figure 21E). This could be the result of one or more low reduction potential
hemes shifting to more positive values, causing this secondary peak to diminish. The trace for
MtrCSol

Y657C H561C shows the opposite to MtrCSol
Y657C H230M in the way it appears where the secondary peak

appears to become more intense (Figure 21D). This is suggestive of one or more higher potential
centres becoming more negative.

4.4 Summary

This chapter details the characterisation of two MtrC variants MtrCSol
Y657C H561C and MtrCSol

Y657C H230M

using MCD, X-ray crystallography, and protein film electrochemistry. The results produced here have
also revealed unknown information regarding the previously characterised MtrC variants MtrCSol

Y657C

and MtrCSol
Y657C H561M in the form of their crystal structures.

The MCD spectra of MtrCSol
Y657C H561C was typical of a low spin hemoprotein in both the reduced and

oxidised form, as well as exhibiting no signs of any high spin heme. The X-ray crystallographic
structure shows that no substitutions made have resulted in major structural changes, and nine of the
ten hemes remain His/His coordinated. Introduction of a cysteine at position 561 in MtrCSol

Y657C H561C

appears to have resulted in heme eight being distally ligated not by a histidine, but by a group
covalently attached to the introduced cysteine residue. This is supported by LC-MS data analysed in
section 3.4, which shows the mass of MtrCSol

Y657C H561C is +51 Da larger than expected. Protein film
electrochemistry data shows that MtrCSol

Y657C H561C adsorbs onto the ITO electrode, and shows redox
activity within a potential window standard of MtrCSol

Y657C. When compared to MtrCSol
Y657C,

MtrCSol
Y657C H561C appears to have redox potential shifts towards more negative values, in line with

expectations for a His/Cys ligated heme.

Similarly, the MCD spectra of MtrCSol
Y657C H230M was also typical of a low spin hemoprotein in both the

reduced and oxidised form, as well as exhibiting no signs of any high spin heme. No major structural
changes were observed in the crystal structure, and again nine out the ten hemes remain His/His
coordinated. However, the crystal structure also revealed that heme three was now coordinated by a
methionine in a similar manner to MtrCSol

Y657C H230M, suggesting ligation by the introduced methionine
at position 230 had occurred. Similarly, protein film electrochemistry data shows that MtrCSol

Y657C H230M

adsorbs onto the ITO electrode, and shows redox activity within a potential window standard of
MtrCSol

Y657C. When compared to MtrCSol
Y657C, MtrCSol

Y657C H230M appears to have redox potential shifts
towards more positive values, in line with expectations for a His/Met ligated heme.

It should be noted that the ligand sets in the crystal structure have the potential to be different to those
in solution, and further experiments will be needed to confirm the ligand set of the protein in solution.
The X-ray crystallographic data collected here is the first time the structure of any MtrCSol variant with
the Y657C substitution has been resolved. The Y657C substitution has shown no discernible impact
on overall protein fold in either MtrCSol

Y657C or MtrCSol
Y657C H561M.
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This thesis explored the possibility of engineering variants of the decaheme c-type cytochrome MtrC
with non-canonical ligand sets with the objective of introducing spectrally unique hemes with
differing redox potentials. This work aimed to produce three variants of MtrC, MtrCSol

Y657C H561C,
MtrCSol

Y657C H230M, and MtrCSol
Y657C H230C. Of these targets both MtrCSol

Y657C H561C and MtrCSol
Y657C H230M have

been successfully produced and characterised using a range of biochemical methods.

Evidence to show that both these MtrC variants contain ten low spin hemes has been provided,
however the exact ligand set of each heme while the protein is in solution is yet to be described. There
are several techniques that would report on the exact ligand set of the hemes in the proteins described
here, however the use of these techniques is generally not suited to multiheme cytochromes. Electron
paramagnetic resonance (EPR) measurements have been performed on MtrC, however these spectra
were complex, coming from multiple magnetically coupled hemes (24). Deconvolution of such spectra
would be difficult at best, and the presence of unknown ligand sets would likely make such a task
formidable, and consequently it was not attempted. The technique best fit to MtrC would likely be
near infra-red magnetic circular dichroism (NIR-MCD) spectroscopy. At the wavelengths for ligand
charge transitions (>1800 nm) all heme ligands have a distinct ‘fingerprint’ that can be used to
diagnose ligand set to the hemes of the protein. Helpfully, SoxAX has been described by NIR-MCD,
and so ligand set determination of a heme with a Cys-SH ligand would be trivial (60).

The X-ray crystal structures of all MtrC variants were of high enough quality to produce a set of crystal
structures and draw conclusions from them. However, not all data sets were of equal quality,
especially those of MtrCSol

Y657C and MtrCSol
Y657C H230M, which had noticeably worse resolutions when

compared to MtrCSol
Y657C H561M and MtrCSol

Y657C H561C. It is expected that higher quality diffraction data is
easily attainable by collecting more data sets in attempts to simply find a crystal that provides better
diffraction. If no crystals can be found to provide better diffraction, refining of growth conditions of
the crystals would be possible.

Protein film electrochemical measurements provided in this thesis are preliminary results. These data
sets have not yet been shown to be reproducible, and the results are not corroborated by other means
of measuring redox potentials. Technical repeats of these experiments can be easily performed as the
yields of the proteins support this. Results could then be complimented by potentiometric titration
followed by UV-Vis electronic absorption spectroscopy, as performed by van Wonderan et al. on the
MtrCSol

Y657C H561M protein (7).

Unfortunately one of the protein targets for production, MtrCSol
Y657C H230C, was not successfully purified

in this work. In light of the modification identified in the MtrCSol
Y657C H561C protein, a hypothesis for the

degradation of the MtrCSol
Y657C H230C protein is that covalent modification to the introduced cysteine

causes steric interference with protein folding. Although domain II and IV have high levels of
homology they are not identical; small differences in the tertiary structure could cause the resulting
protein to be unstable and intolerant to StrepTactin aided affinity chromatography. It is also worth
considering the nature of the potential covalent modification to MtrCSol

Y657C H230C may be different to
that of MtrCSol

Y657C H561C. Evidence for a full length MtrCSol
Y657C H230C protein was observed during

expression trials. If a full length protein can be expressed, perhaps a different method of purification
could be employed that does not cause the protein to degrade.
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5.1 Consequences of the H561C substitution in MtrCSol
Y657C H561C

This work shows that MtrCSol
Y657C H561C has been successfully purified and characterised. The ligand to

heme eight in the crystal structure appear to be a covalent modification to the introduced cysteine at
position 561, and evidence for the existence for this modification is supported by LC-MS data which
show a mass increase of +51 Da. Covalent modifications to cysteine during the expression of
hemoproteins is not a highly discussed area. Literature is available that discusses protection of free
cysteines from the oxidising environment of the periplasm via formation of disulfide bridges with
neighbouring cysteines (58). If neighbouring cysteines are not available then this disulfide bridge
protection may not occur. This is reported to result in cysteine oxidation to sulphenic (Cys-OH),
sulphinic (Cys-O2H), and sulphonic (Cys-O3H) acids, the latter of which is an irreversible in cells (59).
The difference between the calculated and observed mass of MtrCSol

Y657C H561C is +51 Da. Modification
to a sulphinic acid should result in a mass increase of 32 Da, 19 Da less than the mass difference
observed in . There are examples of proteins that have covalently modified cysteines as intended heme
ligands, such as the SoxAX protein which has a His/Cys-SH ligand set (60, 61). The addition of a
sulphur atom would unhelpfully result in the same mass increase as the addition of two oxygen atoms
of 32 Da. However, the addition of three oxygen atoms (a sulphonic acid modification) would take the
resulting covalent modification mass to a much closer 48 Da, only -3 Da mass difference between
predicted and observed. This mass difference is within reasonable accuracy of the measurement.

The predicted mass of all proteins was calculated using a protonated heme mass of 615.17 Da (62). In
a decaheme cytochrome, such as MtrC, even a small mass difference in a heme is multiplied by ten.
Consequently, using the de-protonated mass of a heme would result in a predicted mass 20.0 Da lower
than protonated. To eliminate this issue a trypsin digest of the protein followed by LC-MS analysis
could identify individual residue masses. This would allow for greater accuracy in mass determination
of individual residue mass within the protein and allow for identification of the covalent modification
of the cysteine in MtrCSol

Y657C H561C. A brief look at the resolved crystal structure for MtrCSol
Y657C H561C

would dispute a sulphonic acid modification as the missing density does not appear to support three
additional oxygen atoms. However, the structures presented here are a preliminary analysis, protein
crystals that better diffract are thought to be obtainable, and a more rigorous refinement process of
these structures could offer information currently unavailable.

5.2 Consequences of the H230M substitution in MtrCSol
Y657C H230M

Production and characterisation of the MtrCSol
Y657C H230M protein was comparable to that of

MtrCSol
Y657C H561C. The ligand to heme three in the crystal structure appears to be the methionine ligand

introduced at position 230. The structure of heme three and its ligands is similar to the structure of
heme eight in the already characterised MtrCSol

Y657C H561M protein. His/Met ligated hemes have a small
electronic charge transition absorbance at 695 nm. This charge transition is proposed to be detectable
via UV-Vis electronic absorbance spectroscopy; however very high concentrations of protein are
needed to detect this as it is a very weak transition. MtrCSol

Y657C H561M contains a high potential centre
that could be reduced using the mild reductant sodium ascorbate while all other hemes in the
structure remained oxidised (7). Incubation of MtrCSol

Y657C H230M with sodium ascorbate followed by
UV-Vis electronic absorbance spectroscopy could reveal spectral features of a reduced heme.



46

5.3 Potential applications of the MtrCSol
Y657C H561C and MtrCSol

Y657C H230M proteins

In section 1.3 a figure is presented (Figure 9) that shows a schematic of MtrC acting as a
photocatalyst. The following section discusses the potential of the MtrCSol

Y657C H561M protein in
stabilising excited electrons injected into the heme wire, and also presents the idea that the opposite
could be achieved with MtrCSol

Y657C H561C (i.e. an MtrC variant that stabilises the injection of an electron
hole). Now that the MtrCSol

Y657C H561C protein has been produced, the experiments to test these
hypotheses are within reach. The preliminary protein film electrochemistry data suggests that the
redox potential of one or more hemes in this protein have shifted to become more negative, however
beam time at the central laser facility to perform pump-probe spectroscopy is certainly the best way
to test the ideas presented here.

Since rates of reductive catalysis using photo excited electrons injected into the heme wire could be
improved by increasing the charge separated lifetime, introduction of multiple high potential centres,
i.e. a new protein MtrCSol

Y657C H561M H230M, could increase this charge separated lifetime, making it longer
than already observed in the MtrCSol

Y657C H561M protein alone. This could increase the value of the
protein as a reductive catalyst by reducing unfavourable charge recombination with the photocatalyst.

Another opportunity presented by a domain II his/met heme is as a spectroscopic marker. As
previously stated, the exact dynamics of electron transfer through the heme wire of MtrC was not
known until very recently (7). Evidence was given to show electrons injected by a covalently attached
Ru(II)bipyridine3 dye into heme ten would transfer across heme nine to the his/met ligated heme
eight (7). At this point in time the dynamics of electron transfer between domains IV and II of the
protein is not clear. It is thought electron transfer between these domains could be interrupted though
interface mutations. Measuring the success of disruption of electron transfer would be greatly aided
by unique spectroscopic markers in both domains. A protein with a unique ligand set in each domain
(i.e. MtrCSol

Y657C H561C H230M) would allow for experiments that tracked electron movement across the
domains for MtrC by recording when hemes with known unique ligands sets become reduced and re-
oxidise.

The ideas for experiments presented in this section are brief. The potential applications for the
proteins produced in this thesis are limited to those of topics already being pursued by a small group
of dedicated researchers. However, it is hoped that there is much potential for these proteins that is
not considered here, and that the wider scientific community will take inspiration from the work done
and produce results not yet thought to be possible.
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