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Abstract

Dissimilatory metal-reducing bacteria are capable of surviving in anoxic
environments by transferring metabolic electrons to extracellular electron
acceptors (EEA). One of these metal-reducing bacteria is Shewanella oneidensis, a
Gram-negative facultative anaerobe, studied extensively as a model organism for
extracellular electron transfer (EET). S. oneidensis uses the MtrCAB complex, a
porin-cytochrome complex, to perform EET. Electrons pass from the periplasm
through MtrA into MtrC, which is surface-exposed and facilitates electron transfer
to EEA such as ferric oxides, flavins, and electrodes. However, the precise control
mechanisms for EET in S. oneidensis remain largely unknown. In particular, the
conserved domain arrangement of MtrC, where the 10 hemes are arranged into two
domains separated by a B-barrel domain, is unusual and hypothesised to be
involved in regulation of electron transfer. This thesis explores the control
mechanisms by modifying the interactions between the domains of MtrC as well as
the axial heme ligation of MtrA. Any consequent effects on electron transfer were
investigated by biophysical characterisation and functional activity assays of
MtrC/MtrA variants. The structures of the variant cytochromes were analysed to
confirm that the changed amino acids were incorporated into the tertiary protein
structure. The functional assays were performed to assess any impacts on EET
rates. The results suggest that increasing the distance between the domains of
MtrC resulted in minor differences to the EET rates. The increase in distance
between domains I, Il and domains lll, IV was confirmed by SAXS. There was only a
minimaldifference in the UV-Vis spectra of the variants with increased inter-domain
distance when compared to WT MtrC. Furthermore, there were no differences in
reduction of extracellular FMN. However, removing domains Ill and IV of MtrC
resulted in a significant decrease to the EET rates, depending directly on the
electron acceptor. A structure for the MtrC variant comprised solely of domains |
and Il was obtained by X-ray crystallography. Finally, changing three heme distal
histidines to methionines in MtrA also resulted in lowered EET rates. However, there
were no major differences in the UV-Vis spectra of three single MtrA His/Met
variants or a triple His/Met variant when compared to WT MtrA.These results
highlight the essential role that the domains of MtrC play on the capacity of S.

oneidensis to reduce extracellular substrates. They also show that replacing certain



distal histidines for methionines in the hemes of MtrA is possible. These results
have further characterised two decaheme c-type cytochromes of S. oneidensis,
MtrA and MtrC, and could help improve existing biotechnological applications like
microbial fuel cells and bioremediation that exploit the electrogenic properties of

S. oneidensis.
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Chapter 1

Introduction




1. Introduction

1.1 The three categories of life

The classification of cellular life into different categories has changed repeatedly
over the last couple of centuries. One of the earliest attempts at this taxonomic
classification was the two-kingdom system proposed by Linnaeus in 1758 which
divided life into the Plantae and Animalia kingdoms'. By 1990, however, Woese,
Kandler and Wheelis proposed a system comprised of three distinct domains: the
Eubacteria (now Bacteria), Archaebacteria (now Archaea), and Eukarya. The
Bacteria and Archaea domains contain only one kingdom (Bacteria and Archaea,
respectively), while the Eukarya domain is made up by the Protista, Fungi, Plantae,
and Animalia™2. Woese stipulated that based on 16S rRNA genetic data, archaea,
bacteria, and eukaryotes share a Last Universal Common Ancestor (LUCA) (Figure
1.1)%. Metal reduction and oxidation can be seen across the three domains, ranging
from bacteria like Shewanella oneidensis, to archaea like Pyrococcus furiosus, to

eukaryotes like Saccharomyces cerevisiae*®.

Archaea

Bacteria

Purple bacteria

Euryarchaeota

Gram-positives Halophiles

Methanosarcina

Green
nonsulfur
bacteria

Cyanobacteria Methanococcus

Flavobacteriia

Thermoproteota Animalia

Slime moulds Fungi

Thermotogota

Plantae

\\ Ciliates

Dinoflagellata

Trichomonadida
Microsporidia

Eukarya

LUCA

Figure 1.1. Phylogenetic tree showing the three domains of life Bacteria, Archaea, and Eukarya,
with the LUCA at the bottom. Created using BioRender.com and adapted from previous work?®.



1.1.1 The Archaea

Archaea are unicellular microorganisms that were initially classified as
archaebacteria (in the Archaebacteria kingdom) but have since been classified as a
separate domain®®. They do not contain cellular nuclei and tend to be
morphologically similar to bacteria. However, archaea possess certain metabolic
enzymes that are more closely related to ones found in eukaryotes, such as
enzymes involved in DNA and RNA transcription and translation’. The Archaeal cell
membranes are largely comprised of ether lipids and archaeols, something that
differentiates them from bacteria and eukaryotes. Archaea derive energy from a
variety of sources, ranging from hydrogen gas and metalions to organic compounds
(like sugars) and inorganic compounds (like ammonia)*¢. Members of the
Haloarchaea class are salt-tolerant and can use sunlight as an energy source
(phototrophs), while other species are capable of fixing carbon (autotrophs)®’.
Many members of the Archaea are extremophiles, being able to live in a variety of
environments that most eukaryotes and bacteria cannot. These environments
include: high pH (alkaliphiles), low pH (acidophiles), high salt concentration
(halophiles), high hydrostatic pressure (barophiles), low temperature
(psychrophiles), low available water (xerophiles), high temperature (thermophiles),
very high temperatures (hyperthermophiles), and low/no oxygen (anaerobes)®. For
anaerobic archaea to survive, they carry out metal reduction/oxidation. Archaea are
foundin the microbiota of many organisms. In the human microbiome, for example,
they are prevalent on the skin, in the gut, and in the mouth® However, our
understanding of their role and significance is limited as they are not as well
understood as bacteria and eukaryotes. Due to their global prevalence and
metabolic capabilities, they play significant roles in several ecological processes
like the nitrogen cycle, carbon fixation, turnover of organic compounds, and

conservation of microbial symbiotic communities®”?°.

1.1.2 The Eukarya
Eukaryotes are organisms that are generally much larger than both bacteria and
archaea. There are several kingdoms of eukaryotes that range include organisms
ranging from fungi and plants to animals and other unicellular organisms?®.
Eukaryotes contain cells with membrane-bound nuclei, Golgi apparatus, and

endoplasmic reticulum. They also contain proteins that have little to no homology



with proteins of the other domains of life, including cytoskeletal proteins, proteins
related with transcription, and proteins involved in sorting of membranes’™.
Structurally speaking, eukaryotic cells are far more complex than bacterial and
archaeal ones. Animal and plants cells have been studied extensively, and their
internal composition is well understood. A plasma membrane surrounds these
cells. In fungal, plant, and algal cells, a cell wall surrounds the plasma membrane,
providing extra support and protection. Plant cell walls are composed of cellulose,
hemicellulose, and pectin (polysaccharides). Other organelles that distinguish
most eukaryotes from other domains of life are: cytoskeletal structures,
mitochondria, plastids, and the fact that reproduction usually occurs

sexually?61011,

1.1.3 The Bacteria

Bacteria are a group of unicellular microorganisms that can live in diverse
environments, ranging from human gastrointestinal tracts to deep-sea vents. These
microorganisms can use organic and inorganic compounds to live, survive, and
reproduce as they possess varied metabolic systems that are adapted to diverse
sources of carbon and energy'. Unlike eukaryotic cells, bacteria contain bacterial
microcompartments (BMC) which are analogous to membrane-bound organelles.
Examples of these BMCs include carboxysomes (filled with RuBisCO and involved
in carbon fixation) and metabolosomes (involved in aldehyde oxidation), amongst
others™. They can be categorised by their shape: rodlike (bacillus), spherical
(coccus), or curved (spirillum, vibrio, spirochete). Additionally, they can be further
classified depending on their cell envelope structure. In 1884, Christian Gram
designed a staining technique that allowed for the classification of most bacteria
into two large groups™. One group would retain Gram’s stain (Gram-positive) whilst
the other would not (Gram-negative). Gram-negative bacterial cell envelopes are
composed of an inner membrane (IM), a peptidoglycan cell wall, and an outer
membrane (OM). The aqueous compartment delimited by the OM and IM was

termed the periplasmin 1961,

Gram-positive cell envelopes do not contain an OM. Instead, the surrounding
peptidoglycan layers are thicker than in Gram-negative organisms (Figure 1.2) to
help combat turgor pressure exerted on the membrane. In Gram-positive

microorganisms extracellular proteins contain elements that hold them in or near
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the membrane. Some proteins are linked to lipid anchors in the membrane, some
have transmembrane helices, and some are covalently attached or tightly

associated with the peptidoglycan layer'®. Both Gram-positive and Gram-negative
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Figure 1.2. Gram-positive (left) and Gram-negative (right) cell envelope representation.
Created using BioRender.com and adapted from previous work'®.

bacteria (and archaea) also contain a two-dimensional layer of (glyco)proteins that
envelop the cell, known as the S-layer. These proteins are self-assembled, creating
a regularly-spaced array on the cellular surface. The S-layer plays various roles in
bacteria ranging from protection and adhesion to biofilm formation and

maintenance of cellular integrity'”-'8.

1.2 Bacterial metabolism

Metabolism encompasses all biochemical reactions that may occur within a cell.
The dissimilation reactions and substrate oxidation reactions usually have the
purpose of generating energy within bacteria. Furthermore, the utilisation and
uptake of both inorganic and organic compounds for growth and homeostasis are
also included in the scope of bacterial metabolism. These reactions can be
endergonic (requiring energy) or exergonic (producing energy) and are catalysed

within the cells via integrated enzyme systems with the goal of cellular replication.

The bacterial cell functions as a specialized energy converter, harnessing chemical
energy from substrate oxidations to produce compounds with high potential energy
in their chemical bonds like nicotinamide adenine dinucleotide (NADH), adenosine

triphosphate (ATP), and thioester-bond-containing compounds such as acetyl-CoA
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and succinyl-CoA. These compounds, contain phosphate bonds with high free
energy of hydrolysis which have several important biological functions. They serve
as vital energy sources for synthesizing complex organic molecules essential for
cellular functions, provide energy for cellular respiration, and are useful for storing
free energy'®. Maintenance of steady-state biochemical reactions is imperative
across all living cells to facilitate the formation and utilization of such high-energy
compounds™. Kluyver and Donker (1924-1926) realised that bacterial cells were
very similar to other living cells, chemically™. It was Peter Mitchell, however, that
recognised that hydrogen transfer is a fundamental and widespread feature of
almost all metabolic processes, as it leads to proton motive force (PMF)%. PMF is
used by all organisms for differing purposes, one of the mostimportant being driving
ATP synthesis through ATP synthases?'. Bacteria can use the phosphate bond with
high free energy of hydrolysis found in ATP as their primary energy source, for
flagellar movement, and for solute transport??. All the possible nutritional

subdivisions of organisms are shown in Table 1.1.

1.2.1 Metabolic mechanisms

Table 1.1. Overview of the nutritional classification system?'®??'. Names are colour coded with
their respective energy source, proton/electron donor, and carbon source.

Energy source | H*/e donor | Carbon source Name Example
-auto .
-organo- (CO,) Photoorganoautotroph Halobacteria
(organic) -hetero . .
Photo- (organic) Photoorganoheterotroph Heliobacteria
(sun light) Litho- ((a;cj:(; Photolithoautotroph Cyanobacteria
2
i i -het
(inorganic) © ero Photolithoheterotroph Purple non-sulfur bacteria
(organic)
-auto Anaerobic methanotrophic
Chemoorganoautotroph
-organo- (CO,) archaea (ANME-1)
Chemo- (organic) -heter.o Chemoorganoheterotroph Shewanella oneidensis
(chemical (organic)
-auto . T i .
compounds) _litho- (CO,) Chemolithoautotroph Acidithiobacillus ferrooxidans
i i -het
(inorganic) (orzairi(;) Chemolithoheterotroph Oceanithermus profundus

Microorganisms can be categorised into different nutritional groups (Table 1.1),
depending on which mechanisms are used for growth. Usually, they are divided into
two groups: heterotrophs, organisms that use organic compounds as a carbon
source for biosynthetic metabolism; and autotrophs, organisms that use inorganic
carbon sources such as CO; for biosynthetic metabolism. Within both groups,

organisms can be further divided into phototrophs, where electromagnetic energy
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(fromthevisible light spectrum) is converted into chemical energy; or chemotrophs,
where chemical compounds are oxidised, producing chemical energy.
Furthermore, organisms can be divided into organotrophs, which use organic
compounds as hydrogen/electron donors; and lithotrophs, which use inorganic
compounds as hydrogen/electron donors?:. There are organisms that can use more
than one nutritional mechanism simultaneously such as Thiobacillus ferrooxidans

and Rhodopseudomonas palustris; these are known as mixotrophs?-26,

1.3 Role of electron transfer in cellular metabolism

Heterotrophic bacteria (which includes most pathogens) acquire their energy from
the oxidation of organic compounds, like amino acids. Oxidation of these organic
compounds leads to ATP synthesis. This process also enables the generation of less
complex organic precursor molecules used in other assimilatory or biosynthetic
reactions. The intermediary compounds of the Krebs cycle function as precursors
for the energy-dependent synthesis of complex organic molecules in bacterial
organisms. Amphibolic pathways encompass degradation processes yielding
energy and precursor molecules essential for cellular biosynthesis. Heterotrophic
bacteria require exogenous organic substrates, rich in carbon and nitrogen. These
serve as growth substrates, metabolised aerobically or anaerobically to produce
reducing equivalents, such as NADH. These molecules serve as vital energy
sources for biological oxidative and fermentative pathways'. Regardless of the
organism, electron transfer occurs via higher energy electron donors providing
electrons that are ultimately taken by the lower energy electron acceptors. NADH is
one of the most common reducing equivalents that can donate electrons to other
compounds of the electron transport chain (ETC). This electron transfer across a
membrane is usually coupled with trans-membrane proton translocation. In both
aerobic and anaerobic respiration, this generated PMF enables ATP synthesis
through ATP synthase. If this PMF cannot be created, fermentation occurs instead.
Fermentation occurs when there is no oxygen available and utilises substrate-level
phosphorylation for ATP synthesis. Furthermore, during fermentation reduced
NADH is regenerated back to NAD* enabling the cells to maintain their internal

metabolism.

11



1.3.1 Electron transport chain
In microbial ETCs, electrons move from an electron donor with low redox potential
to a more positive redox potential acceptor. Usually, membrane-bound enzymes
catalyse these reactions by generating a transmembrane ion gradient, which
subsequently drives ATP synthesis?”-?%. This way, bacteria successfully convert
electrical potential differences into chemical energy?**°. As bacteria can be found
in myriad environments, they have developed a variety of ETCs (Figure 1.3). Other
players in the microbial ETC include electron-carrying co-factors such as heme,
iron-sulfur (Fe-S) clusters, flavins and quinones. Some of these molecules are
protein-bound catalytic co-factors (e.g., heme groups in cytochromes), whilst
others (e.g., quinones) are soluble and lipophilic, and take part in the electron

shuttle between large enzymatic complexes®®3'.

One of the byproducts of these ETCs is the generation of an increased proton
concentration on one side of the membranes. The protons can then be transferred
back through the membrane, a process that is catalysed by proteins. This leads to
a concentration gradient being formed. Subsequently, a transmembrane motive
force is established, which can drive ATP synthesis®. The difference in redox
potential (AE) of reactions between terminal electron acceptor and donor
determines the total energy gain (Gibbs free energy; AG) of each electron transport
chain. Some bacteria can incorporate multiple ETCs and can even use them
simultaneously as a response to different environmental electron donors and

acceptors?3°,
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Figure 1.3. Overview of bacterial electron transport chain. In aerobic respiration, oxygen is the
preferred terminal electron acceptor. During anaerobic respiration or fermentation, a variety of
organic and inorganic compounds are used as the terminal electron acceptor. Red arrows indicate
electron transfer.

The aforementioned respiratory overview occurs in eukaryotes (mitochondria) as
well as bacteria and archaea. However, in bacteria and archaea, a wide range of
(in)organic substrates can be used as electron acceptors or donors at several
electrochemical potentials, driving the (an)aerobic respiratory ETCs of these

microorganisms®2:33,

In most bacterial and mitochondrial ETCs, the connection between enzymatic
electron donors and acceptors is via the quinone pool. Quinones are lipophilic,
freely diffusible, small, membrane-bound organic molecules that can carry two
protons and two electrons when fully reduced (quinol state). Varying
electrochemical potentials can be seen in several types of quinones, and many
bacteria are capable of synthesising more than one quinone type. Generally, when
an organism can produce two quinone types, menaquinone [E’o (MK/MKH,) ~ - 74
mV]is predominantunder more reduced, anaerobic conditions, and ubiquinone [E’o
(UQ/UQH2) ~ + 110 mV] is predominant under aerobic conditions®***. When
speaking evolutionarily, menaquinones are considered to be more ancestral, with
ubiquinones arising after with the increase in the oxygen concentration of Earth.
This would explain why in E. coli ubiquinones (with a high redox potential) are
expressed more in aerobiotic conditions where oxygen (with a redox potential of ~ +
810 mV) is the terminal acceptor so there is no need to have a quinone with a lower
reduction potential. However, menaquinones (with a low redox potential) are

expressed more in anaerobic respiratory chains where the quinone must have a
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lower potential than the acceptor for the reaction to be thermodynamically

viable35%7,
Quinone-reactive Proton translocation by
coupling ion pump quinone/quinol turnover
HCOOH  CO .
? Nitrate reductase
P H* Nl S2H (QH, oxidation of redox loop)
1 2H"~.
Q :': Q/ “".
Nuo < ) / i
QH2 “.‘ /QH2
"C_/
‘-\ + _6
N / N 2 2H*
NADH NAD* Formate 2H*
dehydrogenase NOs NO7+HO

(Q reduction of redox loop)

Figure 1.4. Proton motive force generation mechanism via intra/interenzymatic electron transport
in E. coli. Left. Coupled ion pumping. Right. Quinone redox reactions coupled with proton
translocation. Boxes represent the membrane-bound electron transfer enzyme complexes or
enzymes, with their names shown in red text. (Nuo, NADH dehydrogenase). N and P represent the
negatively and positively charged sides of the membrane, respectively. Black dashed arrows
indicate electron transport. Created in BioRender.com and adapted from previous work?333°,

The active sites of respiratory enzymes can be located at the P (positive) or N
(negative) sides of the membrane across which PMF generation occurs (Figure 1.4).
This also applies to the active sites of quinone/quinol turnover. These differing
active site locations introduce particular considerations for mechanisms involved
in the coupling of electron transfer (from donor to acceptor) to PMF generation.
These considerations are addressed by the concept of redox loops, originally
coined by Peter Mitchell’s chemiosmotic hypothesis in 1961%. The principal feature
of redox loops is the separation of negative and positive charges across an energy-
conserving membrane. Involved proteins do not need to function as proton pumps
in these charge separations . Rather, they function as components of the redox
loops that enable the transmembrane electron flow from the P to the N side,
ultimately contributing to the membrane potential section of the PMF via an
electrogenic redox loop (Figure 1.4, right). The periplasm plays a key role for the
location of many of these reactions. These redox loops are usually comprised of a
quinone species functioning as a redox mediator between two quinone-reactive

enzymes33:38:39,
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1.4 Respiratory mechanisms

1.4.1 Glycolytic pathways

The oxidation of glucose to pyruvate is a process that is independent of the
availability of oxygen. Both aerobic and anaerobic organisms can metabolise the
glucose by two different ways, the Embden-Meyerhof-Parnas (EMP) pathway, more
commonly known as glycolysis, or the Entner-Doudoroff (ED) pathway. The ED
pathway is also technically glycolysis, but the EMP pathway is usually referred to as
glycolysis. Most eukaryotes use the EMP pathway to metabolise glucose, and even
though some prokaryotes can use the EMP pathway, there is a higher diversity in

prokaryotic glucose metabolism*°.

glucose

ATP _ ATP
ADP% F’ADP PP Pathway
ED Pathway

glucose 6-phosphate

NADPH  NADP* 2 x NADP* 2 x NADPH
}4/ l ribulose 5-
EMP Pathway hosphate
6-phosphogluconate fructose 6-phosphate /
ATP
l(} xylulose 5-
l ADP phosphate ribose 5-phosphate
2-keto-3-deoxy-6- fructose-1,6-biphosphate
phosphogluconate l
¢ erythrose 4- ‘ nucleotide ’
dihydroxyacetone phosphate synthesis
phosphate

l ED Pathway
glyceraldehyde 3-

Net yield = 1 ATP, 1 NADPH, 1 NADH

phosphate
2 x ADP ) <} 4 x ADP EMP Pathway
2 x ATP 4 X ATP Net yield = 2 ATP, 2 NADH
1 x NAD* 2 x NAD* PP Pathway
1 x NADH 2 x NADH Net yield = 2 NADPH
pyruvate

Figure 1.5. Diagram of the PPP, EMP and ED pathways, assuming that hexokinase phosphorylates

glucose intracellularly and pyruvate is the final product. Created in BioRender.com and adapted
from previous work?*®4!

A simplified overview of both pathways as well as the pentose phosphate (PP)
pathway is shown in Figure 1.5. Some of the main roles that the PP pathway serves
is to convert glucose 6-phosphate into ribose 5-phosphate while generating two

NADPH molecules as well as interconverting the ribose 5-phosphate into other
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glycolytic intermediates. The ribose 5-phosphate is an essential component of
nucleotide synthesis, and the NADPH is an important player in the biosynthesis of

important molecules like fatty acids, proline, and cholesterol*'.

The general steps in both EMP and ED pathways include phosphorylating glucose
and then cleaving it into two 3-carbon molecules (pyruvate or lactate). These are
then metabolised further to generate ATP. In the ED pathway, glucose is
phosphorylated once and is oxidised to 2-keto-3-deoxy-6-phosphogluconate
(KDPG) which is then cleaved resulting in one pyruvate and one glyceraldehyde 3-
phosphate (G3P). In the EMP pathway, glucose can be phosphorylated twice and
cleaved into G3P and dihydroxyacetone phosphate (DHAP). The DHAP is then
quickly interconverted to G3P, resulting in 2 G3P molecules per glucose. In both
pathways, the G3P can then be metabolised to pyruvate (or further to lactate)
yielding 2 ATP molecules per G3P molecule. As the EMP pathway produced 2 G3P
per glucose, the ATP yield is doubled to 4 ATP per glucose, as opposed to 2 ATP per
glucose in the ED pathway. However, ATP is consumed during the initial oxidation
of glucose to G3P. In the EMP pathway 2 ATP molecules are consumed as opposed
to 1 ATP molecule in the ED pathway. Consequently, the EMP pathway has a net
yield of 2 ATP per glucose, whilst the ED pathway has a net yield of 1 ATP per

glucose**42,

Even though the EMP pathway yields twice the ATP as the ED pathway, the ED
pathway is stillcommon amongst prokaryotes. It is believed that its main goalis not
to metabolise glucose butinstead metabolise molecules like gluconate that cannot
be metabolised by the EMP pathway. However, it is also believed that the ED
pathway requires much less enzymatic protein than the EMP pathway to metabolise
equal amounts of glucose per second“’. The PP, ED, and EMP pathways all generate

NAD(P)H which must be recycled back to NAD(P)* for the cell to reuse.

1.4.2 Aerobic respiration
Heterotrophic metabolism usually involves complete glucose oxidation by the
following reaction: CgH,,0¢4 + 60, — 6CO, + 6H,0 + energy. This process is also
known as aerobic respiration. Respiration occurs through the complete oxidation of
organic compounds, typically carbohydrates, resulting in the production of CO, and

H.O™24, Primary dehydrogenases are important catalysts of these redox reactions,
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which provide high-energy electrons from low reduction potential donors like NADH

(~-0.32 V vs SHE®).

These dehydrogenases normally couple Na* or H* transmembrane transport to
electron transfer. Furthermore, membrane-localised (multi)protein complexes
such as terminal oxidases (reductases) and cytochromes are also involved in ion
transport across membranes. These protein complexes transfer electrons to
terminal electron acceptors with a higher reduction potential such as fumarate (~ +

0.03Vvs SHE), nitrate (~ + 0.42 V vs SHE), or oxygen (~ + 0.82 V vs SHE)3%:43-45,

Bacterial oxidases catalyse redox reactions involved in electron transport chains.
They can be classified into several groups by their electron acceptors and function.
First, there are cytochrome c oxidases which are found in aerobic bacteria and play
anintegralrole in the ETC and oxidative phosphorylation by catalysing the reduction
of O, to H,O while using cytochrome ¢ as an electron donor. Next, there are quinol
oxidases which are common in facultative anaerobes and bacteria that live in low
oxygen conditions. These quinol oxidases use menaquinol or ubiquinol as electron
donors instead of cytochrome c. Lastly, there are cytochrome bd oxidases, which
have high affinity for oxygen, which enabling bacteria to grow in microaerophilic
environments. These oxidases use quinol as the electron donor and are less

efficient than other oxidases but play a critical role in low oxygen conditions“®.

1.4.3 Anaerobic respiration
The principial difference between aerobic and anaerobic respiration is that the
latter uses electron acceptors that are not O,. Even though oxygen is not the
terminal electron acceptor, anaerobic respiration still employs the electron
transport chain (unlike fermentation). Compounds used instead of oxygen by
reductases from anaerobic microorganisms include, sulfate, fumarate, and nitrate
amongst others'4. Other groups of anaerobes include sulfate reducers and
methanogens*-°°. Examples of these are shown in Table 1.2°'. Reduced NADH and
FADH, (produced during glycolysis and the Krebs cycle) are still oxidised to produce
an electrochemical proton gradient across a membrane. The reduced NADH and
FADH, are oxidised by the membrane proteins with increasing reduction potentials
until the electrons are donated to the terminal acceptor. Similarly to aerobic
respiration, the protons can then pass through ATP synthase, resulting in the

production of ATP'45%52 \While most organisms can use soluble electron acceptors
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to remove the electrons from the ETC, some cannot and therefore need to transport

these electrons outside of the cell. This is done by extracellular electron transfer.

Table 2.2. Features of characterised anaerobic respiratory systems. Adapted from previous work*”',

e acceptor Enzyme involved Organism Respiratory process
NOs Nitrate reductase E. coli Nitrate reduction
NO2 Nitrite reductase Thiobacillus denitrificans Denitrification
N20 Nitrous oxide reductase Paracoccus denitrificans Denitrification
SO4* APS reductase Desulfovibrio vulgaris Sulfate reduction

Fumarate Fumarate reductase Proteus rettgeri Fumarate reduction
DMSO DMSO reductase E. coli DMSO reduction
AsO4* Arsenate reductase Shewanella sp. ANA-3 Arsenate reduction
Se04s* Selenate reductase Thauera selenatis Selenate reduction

ClOs/ClOs (per)chlorate reductase Dechloromonas (per)chlorate reduction
Fe(lll) Multiheme cytochrome Shewanella oneidensis Fe(lll) reduction
Mn(IV) Multiheme cytochrome Shewanella oneidensis Mn(IV) reduction

Coenzyme-bound C;
CO2 Clostridium aceticum Acetone metabolism

intermediates

1.4.4 Fermentation
In fermentation, an organic compound is required as a terminal electron (or
hydrogen) acceptor. For fermentation to occur, anaerobic dissimilation of glucose
(and other compounds) leads to the generation of simple organic products. The
produced energy (ATP) is generated from the dehydrogenation reactions that
happen during the enzymatic breakdown of glucose. This incomplete biological
oxidation produces simple organic end products which serve as the terminal
electron/hydrogen acceptors. Uponreduction, these products are secreted into the
media as waste metabolites (usually acids or alcohols). Even though the organic
substrates are not fully oxidised by the bacteria, they produce enough energy for
bacterial growth. Many microbial fermentations (especially the ones used in
biotechnological processes) involve glucose breakdown through the glycolytic
pathway. The most common compound generated is pyruvate (or derivatives such
as lactyl-CoA, acetyl-CoA, acetaldehyde, or a-acetolactate) in most organisms, or
ethanol in yeast''®32, Fermentation is also important as it allows for the

regeneration of NAD* from NADH. If this process did not occur, then the intracellular

NADH concentration would rise to lethal levels.
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Bacteria that rely solely on fermentation cannot produce as much energy as
anaerobically-respiring cells. In aerobic respiration, 30-32 ATP molecules can be
generated from 1 molecule of glucose. In fermentation, however, only 2 ATP
molecules are produced by these ethanolic and lactate fermentations. Yet this is
enough energy to enable anaerobic growth of ethanolic fermenting yeast such as
Saccharomyces cerevisiae, and lactic acid bacteria such as Lactobacillus casei. In
contrast with respiration, fermentative ATP generation relies solely on substrate-
level phosphorylation, which are catalysed by pyruvic kinases and

phosphoglycerokinases™.

1.5 Respiration using extracellular electron transfer

Electrogenic organisms can transfer electrons to or from electrodes, producing an
electric current. The direction of electron flow can vary, allowing these organisms
to release/accept electrons into/from their environment, providing electrogenic
bacteria the capacity to live in a variety of environments. These organisms are not
defined by their physiological, taxonomical, or other biological characteristics, and
are considered a highly heterogenous group of organisms. However, with more
characterisation of new electrogenic organisms and systems, the line between
electrogenic and non-electrogenic organisms becomes less concrete. Bacteria
from the Shewanella and Geobacter genera were some of the original organisms
that were investigated for their EET capabilities. Now, many others have been
identified. There is growing interest in electrogenic organisms as they show promise

for their role in microbial fuel cell (MFC) generators®3.

Bacteria use the extracellular electron transfer (EET) process to shuttle electrons
to/from extracellular solid materials (such as electrodes or minerals). These
bacteria can be classified as metal-reducing or metal-oxidising bacteria. EET
utilises redox potential differences of chemical compounds and converts them into
bioavailable energy, usually as ATP. Electrogenic organisms use more than just
organic compounds and oxygen as electron donors and acceptors, respectively.
Some microorganisms can use oxidised inorganic compounds (CO,, sulfates,
nitrates) as electron acceptors, and reduced inorganic compounds (H., ammonia,
sulfides) and donors®. Others, use solid materials, such as electrodes and

minerals [e.g. Fe(lll) and Mn(IV)] as respiratory substrates.
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However, microorganisms cannot take in these solid substrates, therefore, several
extracellular molecular mechanisms are essential for EET. These mechanisms can
be divided into indirect and direct EET. In indirect EET, electron mediators (low-
molecular, redox-active compounds) serve as electron shuttles between the
extracellular solid material and the microbial cells. Electron mediators that are
reduced by the microorganisms can diffuse and donate electrons to the solid
substrates. The newly oxidised mediators can then be re-reduced by the cell,
cycling as respiratory substrates®*%®. Some of the most common electron mediators
include flavin derivatives and phenazine compounds, which contribute to indirect
EET. The flavin derivatives are recycled and reused on the outside of the cell®®, while

the phenazine compounds are taken up by the bacterial cells®’.

In direct EET, microorganisms can attach to the solid surfaces and exchange
electrons directly with the solid substrate. Direct EET mechanisms have been
extensively researched in model organisms such as the iron-reducing bacteria
Geobacter sulfurreducens and Shewanella oneidensis®®, and iron-oxidising

bacterium Acidithiobacillus ferrooxidans®®.

Another key component of direct and indirect EET in many microorganisms is the
redox-active c-type cytochrome (c-Cyt). These periplasmic cytochromes link the IM
and OM, and facilitate electron hopping through them, connecting external
surfaces to the respiratory chain®t. Moreover, S. oneidensis® can use extracellularly
secreted flavin compounds associated with their OM c-Cyts to accelerate direct
EET to solid substrates®. Furthermore, Shewanella spp. and Geobacter spp. can
also produce extracellular bacterial biowires (structures that could be categorised
as both direct and indirect mechanisms, or perhaps form part of a novel third

category)®'.
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1.6 Mineralrespiration using EET

There are many microorganisms that can transfer electrons to/from extracellular
minerals (such as iron and manganese) through the EET via various structural and
redox proteins. In the Shewanella genus, these multiheme proteins are well
characterised. These proteins are responsible for the connection between the
extracellular redox reactions and regular intracellular metabolic processes®.
Several of these electron-transferring proteins lie within the outer membranes.
Consequently, they mustbe wellinsulated (inside porin complexes) to minimise the
chance of electrons being donated to the wrong acceptor. However, as the
components of these EET pathways can be phylogenetically diverse, the genomic
data does not always allow for the identification of these components®8. Figure 1.6
shows a schematic for the electron pathways in mineral respiration using EET (left)

and aerobic respiration using EET (right) bacteria.

M ox M red Mred Mox
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2 Ht‘ Periplasm 2 H* H*
Inner 2 )‘ﬂ
membrane
QH;
2H* -
XH, X NAD*+H* NADH % 0,+ 2 H* H,O

Figure 1.6. Representation of electron transport bacteria that use EET in respiration. Left. Mineral
respiration using EET. Bacteria use quinone reductase in the IM to transfer electrons into the quinol
pool. Periplasmic quinol dehydrogenases oxidise quinol, and electrons pass through the periplasm
and across the OM to extracellular terminal electron acceptors (M.). Right. Aerobic respiration
using EET. Bacteria oxidise iron, and electrons are transferred via two separate pathways: into the
quinol pool for NADH synthesis, orinto oxidases to produce proton motive force. Red lines indicate
electron transfer, black dashed lines represent proton movement, and red dashed lines indicate
electron and proton transfer. Adapted from previous work?.
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1.6.1 Electrosynthesis in microorganisms
In microbial electrosynthesis, microorganisms convert electrical energy into
chemical fuel via CO, fixation. It is suggested the synthesis of multi-carbon
compounds via microbial CO, fixation requires fewer steps than inorganic-based
methods. These multi-carbon compounds can then be used to produce chemicals
or transportation fuels®. Some of the principal candidates for microbial
electrosynthesis are acetogenic bacteria, which are proposed to act as catalystsin
chemical fuel production from CO,. Acetogenic bacteria such as Sporomusa spp.,
Clostridium spp., and Moorella thermoacetica have shown the ability to produce
multi-carbon chemicals (like 2-oxobutyrate and acetate) by using electrical energy.
Usually, these bacteria use the energy released from acetate production from CO,
to produce these multi-carbon compounds, but these bacteria have been shown to
use poised electrodes as sole electron donors®. By genetically engineering the
metabolism of these acetogenic bacteria®, and improving the materials and
production of cathodes®, microbial electrosynthesis systems show promise as

alternatives to inorganic-based multi-carbon production®.

1.6.2 Gram-positive bacteria

As Gram-positive bacteria have a thick layer of peptidoglycan in their cell wall
(Figure 1.2), it had been proposed that they would not be able to carry out
extracellular electron transfer®. However, the ability to carry out ETC was
confirmed with the successful isolation of Thermincola potens JR from a current-
producing MFC that was functioning at high temperatures®. Furthermore, T.
ferriacetica, a species with 99% similarity to T. potens, also displayed the ability to
transfer electrons from acetate to an MFC anode, ultimately generating an electric
current®®, Similarly to most electrogenic microorganisms, T. potens contains
various genes in its genome that code for multiheme c-type cytochromes (MHCs)®.
Several of these genes have been proposed to be involved in in extracellular

electron transfer’®.

The putative ETC pathway for T. potens and T. ferriacetica was hypothesised to be

comprised of four proteins (named Tfer_in T. ferriacetica and TherJR_in T. potens):

an IM-anchored decaheme cytochrome (Tfer_0070 and TherJR_1117), suggested to

accept electrons from the menaquinone pool; a decaheme cytochrome found in

the periplasm (Tfer_1887 and TherJR_0333), suggested to transport electrons
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through the periplasm of the Thermincola species; a peptidoglycan-embedded
hexaheme cytochrome (Tfer_0075 and TherJR_1122); and a cell surface-localised
nonaheme cytochrome (Tfer_3197 and TherJR_2595), suggested to act as the
terminal reductase’’. However, only the cell surface MHC was characterised, and

was then named OcwaA, the outer cell-wall cytochrome A7"72,

Figure 1.7. Heme arrangement of OcwA from Thermincola potens JR. The protein is represented as a
cartoon in cyan. Hemes are numbered in red according to the CXXCH binding motif order in the amino
acid sequence. The hemes are shown in black, with the iron cores shown as orange spheres.
Methionine is shown in purple, and histidines in green. Image produced in PyMOL using the hemes of
MtrC (PDB: LI5B) as a template.

Unlike other known insoluble compound terminal reductases, OcwA is comprised
of hemes with differing axial ligand coordination: hemes 1, 3, 4, 6, 7, and 8 have the
characteristic His/His axial coordination; heme 9 has a His/Met coordination; and
hemes 2 and 5 contain histidine as their proximal ligand, but at the distal ligand
position contain an open coordination side (Figure 1.7). Hemes 2 and 5 are
positioned at opposite ends of the heme chain and have been shown to be high-spin
hemes, with many unpaired electrons. Furthermore, these two hemes are proposed
to act as putative substrate-binding active sites, a novel feature within the MHC

family”"-72.
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Heme organisation in OcwA somewhat resembles the “staggered cross” found in
the OM cytochromes of the four main clades of Shewanella. However, itis apparent
that the design is different to the “staggered cross” and is actually similar to the
pentaheme NrfA (c-Cyt nitrite reductase) family of proteins”’. Hemes 1-4 align with
the hemes from the Nitrosomonas europaea tetraheme cytochrome css4, While
heme 2 acts as the active site. However, hemes 5-9 can be superimposed to the
heme core from NrfA, with OcwA heme 5 functioning as the active site. Moreover,
hemes 1-4 and 6-9 can be aligned to the MccA (sulfite reductase) heme core
structure, with heme 2 functioning as the active site. Furthermore, OcwA has also
been shown to reduce hydroxylamine and nitrite (as well as iron oxides),
emphasising the suggested versatile role the protein plays in the ETC and
respiratory processes of Thermincola spp’"’2. Ultimately, OcwA grants these Gram-
positive bacteria the ability to inhabit environments with differing terminal electron

acceptors, providing a competitive evolutionary advantage.
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1.6.3 Gram-negative bacteria

1.6.3.1 Porin cytochrome complexes
For Gram negative bacteria to use extracellular substrates as their terminalelectron
acceptors, the electrons need to be transferred across the OM. Usually, a porin
(transmembrane B-barrel protein) or porin-like protein is involved in this transfer,
insulating the characteristic c-Cyt protein through which the electrons travel

to/from the terminal electron acceptor/donor, respectively (Figure 1.8)"%74, These
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Figure 1.8. Suggested Pcc model of dissimilatory metal-reducing

bacteria comprised of an outer-membrane heterotrimer. Protein Aand C

represent multiheme cytochromes, with one of them usually embedded

in protein B, a porin. Figure created in BioRender.com and adapted from

previous work’®.
complexes are known as porin cytochrome ¢ (Pcc) protein complexes and are
usually trans-OM complexes which link the IM quinone/quinol pool, across the
periplasm and OM, to the extracellular substrates. Even though each metal-
respiring/oxidising bacteria has its own Pcc gene cluster, the most researched
organisms show some homology across their Pcc gene clusters’4. Model Pcc

proteins include MtrCAB from S. oneidensis, OmaB/OmbB/OmcB from G.

sulfurreducens, and PioAB from R. palustris.

However, the Shewanella and Geobacter Pcc protein complexes are
phylogenetically distant even though they carry out almost identical functions,
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suggesting that Mtr and Pcc proteins might have evolved convergently’. This
independent evolution of the Pcc and Mtr complexes (with observed organisational
and functional identities) establishes the prevalence of Pcc mechanisms used in
EET in Gram-negative bacteria. Furthermore, pcc gene clusters exist in
microorganisms that are incapable of Mn(lV) and Fe(lll) solid-phase reductions,
such as Desulfurivibrio alkaliphilus AHT2 and Ignhavibacterium album JCM 16511.
This suggests that these pcc genes could play a role in EET reactions that use

substrates other than Mn(IV) and Fe(lll) oxides’*75.

1.6.3.2 Metal oxidation in Sideroxydans lithotrophicus
S. lithotrophicus is a well-characterised organism that is used as a model for
autotrophic growth on metals. At a circumneutral pH (~7), S. lithotrophicus ES-1
can oxidise Fe(ll) to produce energy for autotrophic growth (Table 1.1)’6. Genetic
analyses show that S. lithotrophicus contains an mto gene cluster in its genome.
This cluster contains mtoD (monoheme c-Cyt-coding gene), mtoB (homologue of
mtrB), mtoA (homologue of mtrA), and cymA’”’, In MtoA, the distal ligands for all
ten hemes are His, like in MtrA7°. MtoA can directly oxidise Fe(ll) or Fe(ll)-containing
minerals in the extracellular environment. Next, MtoD (a periplasmic c-Cyt) is
proposed to be involved in the transfer of electrons from MtoA, in the OM, to CymaA,
in the IM®#1 Therefore, itis proposed that CymA, MtoD, MtoB, and MtoA produce a
pathway that connects the oxidation of extracellular Fe(ll) and Fe(ll)-containing
minerals to the reduction/oxidation of quinone/quinol, respectively, in the IM of S.
lithotrophicus ES-1%2#1, Transcriptomic analyses® have suggested that the genome
of S. lithotrophicus ES-1 contains another putative Fe(ll) oxidase, Cyc2. Cyc2 is a
homolog of the Fe(ll) oxidase identified in Mariprofundus ferrooxydans and
Acidithiobacillus ferrooxydans and is present in a wide variety of microaerophilic
iron oxidising bacteria. Their results state that cyc2 expression levels were greater
than mtroA when grown in the presence of Fe(ll). Particularly, the cyc2_17 gene was
one of the most expressed genes (in the top 99" percentile). These results highlight
the importance that Cyc2 plays in ferrous iron oxidation in S. lithotrophicus ES-1.
Similarly, another investigation® was done to compare the relative expression of
mtoA and cyc2 when the S. lithotrophicus ES-1 were grown in the presence of Fe(ll)-
smectite. Similarly, their results indicate a significant expression of Cyc2 and

MtoAB when grown with the smectite. These results corroborate the importance
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that MtoAB in iron oxidation in S. lithotrophicus ES-1, but also the probable role that
Cyc2 plays as well. Alongside MtoAB and Cyc2 the genome of S. lithotrophicus ES-
1 contains other multiheme cytochrome genes. This variety of multiheme proteins

allow the bacteria to successfully oxidise a variety of iron-containing substrates®>#,

1.6.3.3 Metal oxidation in Rhodopseudomonas palustris
R. palustris TIE-1 is a bacterium capable of phototrophic Fe(ll)-oxidation.
Phototrophs use solar electromagnetic radiation (in the visible light spectrum) to
synthesise organic compounds. R. palustris TIE-1 uses sunlight as an energy source

and Fe(ll) as an electron donor when fixing CO,2.

A pio gene cluster is present in the genome of R. palustris TIE-1 (Figure 1.9). This
gene cluster is homologous to the mtr cluster from S. oneidensis and is comprised
of pioC (coding for a high potential iron-sulfur protein), pioB (homologue of mtrB),
and pioA (homologue of mtrA). The pioB gene productis predicted to be comprised
of ~ 800 amino acids, whereas the pioA gene product is predicted to be larger than
MtrA (300 residues) as it comprised of ~ 540 amino acids. However, the PioA N
terminus undergoes post-secretory proteolysis, resulting in a mature functional c-

Cyt with a comparable size to MtrA8®8é,

Mutants with deleted pioC, pioB, pioA, as well as those without the whole pio gene
cluster, experimentally displayed a decreased capability to oxidise and/or grow on
Fe(ll). All these mutants also had reduced capacities when accepting electrons
from extracellular electrodes®>?. It is suggested that PioB and PioA oxidise
extracellular Fe(ll), and that the released electrons are then transported across the
OM to PioC, which is proposed to be located in the periplasm (Figure 1.9). Next,

PioC is believed to transfer the incoming electrons in a light-dependent way to a
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photoreaction centre in the IM. Then, these electrons are proposed to be involved

in carbon fixation from CO, to fixed carbon®>73.

Even though PioA is a homologue of MtrA, the two proteins have evolved differently

to allow for electrons to be transported into the cell or out of the cell, respectively.
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ﬂﬂﬂﬁﬂ _ Mﬂﬁﬂ“%“&““ﬂ&“““dwﬂ'

Periplasm

e transport

mmmmmmm?mmmm
Ullllsssssssssssiaidll]

Figure 1.9. Proposed EET pathway in the Pio complex of Rhodopseudomonas palustris TIE-

1. A schematic representation of electron transport from extracellular Fe(ll) oxidation to
photoreaction centre (RC) is shown. Red dashed arrows indicate electron transport. Q
(reduced quinone), QH, (oxidised quinone). Created in BioRender.com and adapted from
previous work®2,

Furthermore, there are other properties that differentiate PioA and MtrA, such as
the heme axial ligand coordination. MtrA, MtrC, STC, and OmcA from Shewanella
spp. have been shown to have His/His ligation throughout their hemes®.
Conversely, recent studies have found that PioA in R. palustris has His/H,O and
His/Met ligated hemes, as opposed to His/His ligated hemes”®. As homologues,
PioA and MtrA display high sequence similarity between themselves, and also show
identical distribution of the ten CXXCH c-heme binding motifs throughout the
polypeptide. The model facilitates molecular-level insight into PioA and has

revealed that adjacent PioA hemes are located close to each other and that they
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have oscillating configurations of parallel and perpendicular porphyrin ring

planes”.

MtrA from S. oneidensis and MtoA (homologue of MtrA) from Sideroxydans
lithotrophicus both display His/His ligation in all ten hemes in the polypeptide
chain. However, the natural electron flow direction is opposite in MtoA. In PioA, the
electron flow direction is the same as MtoA, regardless of having three His/Met
ligated hemes. These findings suggest that the direction of electron flow in
decaheme c-Cyts is not entirely determined by the distal ligands ligated to the
hemes’®®. Nonetheless, His/Met ligation plays a vital role in the redox activity of
PioA, allowing it to function at more positive potentials than MtrA and MtoA”. Li et
al.”® have hypothesised that the PioA hemes with His/Met ligation could possibly
store the Fe(ll) oxidation electrons temporarily before passing them onto PioC,

which is suggested to be the immediate donor to the IM reaction centre’®,

1.6.3.4 Metalreduction in Geobacter sulfurreducens
G. sulfurreducens is amodel organism used to study dissimilatory metal reduction.
In G. sulfurreducens PCA and G. sulfurreducens DL-1, MHCs are also involved in
transmembrane electron transport during reduction of extracellular Fe(lll)-
containing minerals. However, as there are many different cytochromes involved,
the precise mechanism for electron transfer to solid surfaces is not fully
understood. This is partly because these varied cytochromes have overlapping
functions, which are proposed to enable Geobacter to react more proficiently to
differing redox potentials®. The Pcc complexin G. sulfurreducens is comprised of a
dodecaheme c-Cyt (OmcB/OmcC), an octaheme c-Cyt (OmaB/OmaC), and a
porin-like protein (OmbB/OmbC). Identified MHCs can be classified by their cellular
localisation: OmcB, OmcC, OmaB, and OmaC in the OM (similarly to S. oneidensis
MR-1); PpcA and PpcD in the periplasm; and ImcH and CbcL (quinol
dehydrogenases) in the [M®729.92  OmaB/OmaC can also be considered
periplasmic, as they connect the OM to the periplasm®. Both ImcH and CbcL are
constitutively expressed and are involved in anaerobic respiration. ImcH is
necessary for extracellular respiration of substrates with a potential greater than -
100 mV vs SHE, whilst CbcL interacts with extracellular substrates with lower

potentials®.
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Alongside OmbB and OmbC, the aforementioned OM MHCs form a trans-OM Pcc
complex. This Pcc complex and MHCs are believed to mediate electron transport
from the quinol/quinone poolin the IM, through the periplasmic space, and across
the OM to the bacterial surface where they can interact with extracellular terminal
electron acceptors. However, there are over five other gene clusters that encode for
distinct Pcc complexes in G. sulfurreducens PCA. One of these other complexes
has demonstrated the capacity to transport electrons across a lipid bilayer in vitro,
while two others have been demonstrated to be functionally active®®. Geobacter
does not appear to contain any tetraheme electron shuttles like STC in S.
oneidensis nor any flavoproteins like FccA (fumarate reductase). However,
Geobacter instead has five tri-heme c; type cytochromes that are highly
homologous between themselves: PpcA, PpcB, PpcC, PpcD, and PpcE. These Ppc
cytochromes all cover similar redox potential ranges and contain highly conserved
structures but display minor redox potential differences amongst their individual
hemes. It is suggested that these redox potential differences in the hemes allow
Geobacter spp. to vary the periplasmic electron flow depending on which
extracellular electron acceptor is present’?%. Additionally, G. sulfurreducens PCA
and DL-1 both contain two more transmembrane Pcc complexes as well as three
other periplasmic PpcA and PpcD homologues. Therefore, these two strains
contain several electron transfer pathways that can operate in parallel, and that are

essential for the extracellular reduction of Fe(lll)-containing minerals®291-93.95,

Furthermore, Pcc homologues have been discovered in all the sequenced
Geobacter species as well as in bacteria from different phyla, including
Thermovibrio ammonificans HB-1, Desulfurispirillum indicum S5, and
Ignavibacterium album JCM16511 amongst others. These findings suggest that Pcc-
like proteins and protein complexes in all these bacteria play a key role in the
reduction of extracellular substrates, namely Fe(lll)- and Se(IV/VI)-containing

minerals, contributing considerably to the evolutionary fitness of the bacteria®’47°,
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1.7 Shewanella oneidensis as a model for EET

Previously known as Alteromonas putrefaciens MR-1, Shewanella oneidensis MR-1
is a facultative, non-fermentative anaerobe which can respire many substrates as
terminal electron acceptors. These include soluble metals, oxygen, organic
compounds, inorganic compounds, and electrodes®. S. oneidensis MR-1 was one
of the first bacteria to be identified that could use Mn(lll)-, Mn(IV)-, and Fe(lll)-
containing minerals as its terminal electron acceptors®. Analyses on central
metabolism and metabolic end products of S. oneidensis has revealed that the
principial product under anaerobic conditions is acetate® and under aerobic
conditions is CO,. For both aerobic and anaerobic conditions, the starting
substrates can be either D-lactate or N-Acetylglucosamine (NAG). S. oneidensis
can produce pyruvate by oxidising lactate, yielding either NADH (if catalysed by
lactate dehydrogenase A) or a reduced quinone (if catalysed by D-lactate
dehydrogenase)®®'%" As lactate can be directly oxidised to pyruvate, it is used in
experiments with S. oneidensis cells. NAG oxidation to pyruvate requires more

intermediate steps as well as costing one ATP molecule™?2.

1.7.1 Metabolic mechanisms

Under aerobic conditions (Figure 1.10, bottom), the pyruvate is converted into
Acetyl-CoA (catalysed by pyruvate dehydrogenase), yielding CO, and NADH. The
Acetyl-CoA then enters the tricarboxylic acid (TCA) or Krebs cycle where it is
completely oxidised to CO,, also yielding 3 NADH, 2 CO,, 1 FADH,, and 1 ATP
molecules® %1% The electrons generated during these steps are transferred to the
terminal oxidases in the ETC to generate PMF, driving oxidative phosphorylation and

ATP synthesis.

S. oneidensis MR-1 expresses several oxidases: a bd-type quinol oxidase, two
cytochrome c oxidases (aas- and cbbs-type) as well as an intermediate bci complex
(ubiquinol:cytochrome c¢ oxidoreductase)’. During aerobic respiration, it is
proposed that the bci: complex transfers electrons to both aas- (aerobic conditions)
and cbbs-type (microaerobic conditions) terminal oxidases from the quinone pool.
It is also proposed that when the oxygen concentration is low, the bd-type quinol
oxidase can directly oxidise quinol and reduce oxygen. Regardless of the oxidase
used to reduce oxygen, PMF is generated via charge separation across the

membrane’04-108,
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Mutants lacking the cbbs-type cytochrome oxidase had a slower growth when
compared to the WT, while mutants deficientin bd quinol oxidase had no significant
change in their growth, suggesting the cbbs-type enzyme plays a larger role as the
terminal oxidase under aerobic conditions'’-'"°, Furthermore, during aerobic
growth ATP production is suggested to be largely done via ATP synthase and using
PMF. When mutants lacking the ATP synthase operon were grown aerobically, their
growth was severely impaired when compared to the WT cells. When these mutants
were complemented with the WT operon again, the growth under aerobic
conditions was restored®, indicating that oxidative phosphorylation via ATP

synthase was the principal mechanism for aerobic growth.

Under anaerobic conditions (Figure 1.10, left) the pyruvate can be converted into
Acetyl-CoA (catalysed by pyruvate formate lyase) also yielding formate as a
product. Next, the Acetyl-CoA is converted into acetylphosphate (catalysed by
phosphate acetyltransferase) before being converted into acetate (catalysed by
acetate kinase) which yields 1 ATP molecule. The formate produced earlier during
the conversion of pyruvate to Acetyl-CoA traverses the inner membrane through
FocA, a bidirectional formate transporter, into the periplasm. The formate is
oxidised to produce CO;, and H* (catalysed by formate dehydrogenase), and the
electrons yielded from this reaction enter the menaquinone pool. These electrons
can enter the menaquinone pool directly or indirectly depending on which lactate
dehydrogenase is used as D- and L- lactate are metabolised via different systems
by S. oneidensis®®. The electrons are then transferred onto the tetraheme
cytochrome, CymA, before being passed on to fumarate reductase, FccA. Here
fumarate + 2 H* are reduced to succinate. Therefore, the oxidation of lactate or
pyruvate (as the sole energy and carbon source) is considered to be coupled to the
reduction of fumarate®$9°1193111 These electrons can then be transferred from

FccA to extracellular electron acceptors via the Mtr pathway.

ATP synthesis during anaerobic growth is done primarily by substrate-level
phosphorylation. Mutants that lacked the ATP synthase operon displayed only a
minor growth deficiency when compared to the WT, and successfully oxidised
either lactate or NAG to acetate as well as reducing fumarate to succinate®.
Moreover, mutants that lacked phosphotransacetylase and acetate kinase (both

required for substrate-level phosphorylation) showed a decrease in growth and
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electrode current production?, again establishing the significant role that

substrate-level phosphorylation plays under anaerobic conditions.

The Mtr pathway of S. oneidensis is one of the most understood and characterised
microbial EET pathways. Homologues of Mtr have been identified in all sequenced
Shewanella spp. and have also been found in Fe(ll)-oxidising and other metal-
reducing bacteria, such as Sideroxydans lithotrophicus, Rhodopseudomonas

palustris TIE-1, and Rhodoferax ferrireducens®*7”:%.
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Figure 1.10. Simplified representation of the central metabolism of S. oneidensis MR-1, under anaerobic (left) and aerobic (right) conditions. In an anaerobic environment (left),
pyruvate is oxidised to acetyl-CoA (producing formate as a byproduct) before being converted into acetate. The oxidation of formate is coupled to the reduction of fumarate in
the periplasm. In an aerobic environment (right), NAD" is reduced to NADH, as pyruvate is fully oxidised to CO, in the TCA cycle. Red text depicts enzymes: LdhA, lactate
dehydrogenase A; Dld-Il, D-lactate dehydrogenase; PflB, pyruvate formate lyase; Pta, phosphate acetyltransferase; AckA, acetate kinase; AceEFG, pyruvate dehydrogenase
(PDH) complex; FDH, formate dehydrogenase; Ndh, NADH dehydrogenase; Cco, cytochrome c oxidase; Bd, quinol oxidase; FccA, fumarate reductase; STC, small tetraheme
cytochrome. IM, inner membrane; FocA, formate channel A; CymA, tetraheme cytochrome; QH,, reduced quinone; Q, oxidised quinone. Electron flow is indicated with red
dashed arrows. Model created using BioRender.com from several references3®:96:99-112.125,
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Genetic analyses showed the direct contribution of six multiheme ¢c-Cyts (MHC) in
extracellular reduction of Fe(lll)-containing minerals: MtrA, a decaheme c-Cyt;
MtrC, a cell surface-localised decaheme c-Cyt; CymA, a tetraheme quinol
dehydrogenase; fumarate reductase (Fccs or FccA); small tetraheme cytochrome
(STC); and OmcA. Additionally, MtrB, a 26 B-strand OM porinis also directly involved
in extracellular mineral reduction®*%"3 |t has been confirmed via functional
characterisation that oxidation of quinol by CymA occurs at the cytoplasmic
membrane. Next, the released electrons are transferred to periplasmic STC and
FccA, which act as electron shuttles®>'"%1"4 Therefore, it is suggested that STC and
FccA transfer electrons from CymA to MtrA (Figure 1.11), as a mutant lacking STC
or FccA was shown to have a decreased capacity to reduce Fe(lll) oxides or

oxyhydroxides®2114:115,
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Figure 1.11. Proposed EET pathway in the Mtr complex of Shewanella spp. Dashed arrows indicate
direct (red) and mediated (blue) electron transport. In mediated EET, flavins act as accessory electron
carriers that increase extracellular reduction capacities. MQH,, reduced menaquinone; MQ, oxidised
menaquinone; STC, small tetraheme cytochrome; FccA, fumarate reductase; CymA ,tetraheme
cytochrome; F.eq, reduced flavin; Fo, oxidised flavin. Created using BioRender.com and adapted from
previous work®121,
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1.7.2 The MtrCAB complex

MtrC, MtrB, and MtrA form a trans-OM protein complex, MtrCAB, that transports
electrons from periplasmic proteins to the bacterial surface (Figure 1.11). The
MtrCAB complex is a model and one of the most studied complexes for the
mechanism of EET in metal-reducing bacteria. Itis proposed that MtrAis embedded
inside MtrB, forming a decaheme wire linking the extracellular environment and the
periplasm'®. The electrons are transferred between the final heme in MtrA and the
first heme in MtrC. This icosaheme chain traverses the lipid bilayer and allows for
Fe(ll)/Fe(lll) transitions of adjacent heme sites to transport electrons to the
extracellular environment from the periplasm (Figure 1.11). From the X-ray crystal
structure (Figure 1.12) it can be seen that all hemes in MtrA and MtrC are bis-
histidine ligated and are covalently bound to CXXCH amino acid c-heme binding

motifs throughout the protein’®.

It has been demonstrated that under specific conditions in gene knockout
experiments, the MtrAB complex can directly transfer electrons to soluble electron
acceptors, such as Fe(lll) citrate, near the cell surface's. However, it cannot
transfer electrons to solid-phase minerals like hematite (Fe.O3;), amongst other
insoluble iron oxides. Consequently, the MtrAB Pcc complex is proposed to be the
minimal complex necessary for trans-OM electron transfer. MtrC, the cell surface-
localised decaheme, is nhecessary for electron transport between MtrAB and solid-
phase minerals’>''3, MtrC, and other cell surface cytochromes (MtrF, OmcA, UndA),
are transported to the cell surface via the type Il secretion system. At the cell
surface, the cytochromes are tethered to the OM by a lipid anchor. This anchor is
connected to an acylated cysteine at the N-terminal of the protein backbone, which
forms part of the lipobox recognition sequence’”''®, Small angle neutron scattering
(SABS) has shown that MtrC protrudes ~70 A above the OM, and that MtrA traverses

MtrB and protrudes ~30 Ainto the periplasm (Figure 1.11).

These results support the theory that MtrA does not span the periplasm entirely (~
200 A), but rather that periplasmic c-Cyts (such as FccA and STC) act as electron
shuttles between CymA and MtrA'"°. Likely, electrons are transferred from MtrC to
OmcA before they are donated to the terminal electron acceptors. However,

transfer from MtrC to the acceptors without OmcA is also possible''®115:120.121,
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Figure 1.12. Left. X-ray crystal structure of MtrCAB complex from S. baltica OS185
(PDB:6R2Q). The MtrCAB complex is represented as a cartoon. MtrA (purple) is embedded
inside transmembrane porin MtrB (green), with the N terminus extending into the
periplasmic space. Extracellular MtrC (blue) associates with the surface of MtrB. The
predicted positioning of the MtrCAB complex within the outer-membrane lipid bilayer is also
shown. Right. Direction of electron transfer through MtrCAB (red dashed arrow). An electron
is accepted by heme A1 and traverses MtrA from hemes A1 to A10, sequentially. The electron
is then transferred from heme A10 of MtrA to heme C5 of MtrC, where it can be transferred

from C2, C7, or C10 to the terminal electron acceptor. Image produced in PyMOL and

BioRender.com and adapted from previous work®88122.138,
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Additionally, interactions between MtrA and MtrB in the MtrAB complex vary across
the proteins. Approximately 80% of the MtrA polypeptide chain is comprised of
flexible loops, while the remaining 20% forms helices. Temperature factors in the
MtrA backbone increase from the OM-facing C terminus to the periplasmic N
terminus. This demonstrates the varying mobility of MtrA, as higher temperature
factorvalues correspond to an increased chain flexibility. There are few interactions
between MtrB and the N terminus of MtrA, resulting in an increased mobility of the
periplasmic section of MtrA. On the other hand, charged side chains located on the

inside of MtrB form many hydrogen bonds with the loops in the C terminus of MtrA,



leading to restricted mobility. Subsequently, it is believed that the periplasmic N
terminus of MtrA is the most flexible and mobile region of the polypeptide chain,
facilitating interactions between MtrA and electron-donating periplasmic proteins

like FccA and STC#88115.119,122

The MtrCAB complex has the capacity to transport electrons into & from liposomes
across the lipid bilayer, emphasising the potentially bidirectional nature of the
complex and its homologues'. Moreover, the Mtr pathway of S. oneidensis which
usually transports electrons from CymA to extracellular minerals, can also
transport them in the reverse direction, from an extracellular environment to
CymA'™2%125 The versatility of electron transfer in the MtrCAB complex highlights the

future potential in the biotechnological sector.

1.7.3 EET and outer-membrane cytochromes

OmcA and MtrC can also form part of extracellular bacterial ‘nanowires’, allowing
S. oneidensis to physically connect with adjacent cells. These nanowires have been
demonstrated to be OmcA- and MtrC-containing protrusions of the OM and
periplasm, and are proposed to facilitate electron transfer to other S. oneidensis
MR-1 cells and extracellular minerals through an electron ‘multistep hopping’

systems®"126,

S. oneidensis MR-1 can also secrete extracellular flavins (riboflavin and flavin
mononucleotide, FMN) which play a role in mediated EET to electrodes and
minerals. The FMN exist in three redox states: reduced (with two electrons),
semiquinone (with one electron), and oxidised (with no electrons). If the flavins are
reduced chemically, they can directly transport electrons to Fe(lll)-containing
minerals®>'?’, S. oneidensis MR-1 bfe (a regulatory gene involved in extracellular
flavin secretion) mutants show a significantly decreased capacity to reduce
ferrihydrite'?’. Therefore, it is suggested that secreted flavins function as electron
shuttles, further mediating electron transfer between MtrC/OmcA and the surfaces
of extracellular minerals'®. Additionally, it is proposed that OmcA and MtrC may
have the capacity to behave as cofactors when bound to flavins. These proteins
(and other similar c-Cyts) contain solvent-exposed hemes, allowingthem to directly
interact with mineral surfaces™®'3, In anoxic environments, OmcA and MtrC bind
flavins, resulting in a c-Cyt-flavin complex on the cell surface. This complex exists

in the semiquinone state with a more positive redox potential, likely increasing
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electron transfer rates'™'. However, the reduction rates of Fe(lll)-containing
minerals by the MtrCAB complex and the MtrCAB-flavin complex are much faster
than by flavins alone®'32'33  |n vitro studies of oxidised OmcA and MtrC
demonstrated the interaction between the cytochromes and FMN or riboflavin.
However, the dissociation constants produced during these experiments
suggested the interactions between the flavins and the cytochromes were
dependent on local environment '*. Under aerobic conditions, a disulfide bridge
forms between two of the MtrC cysteines, lowering the affinity for FMN, disrupting

the MtrC-FMN complex™'.

S. oneidensis can use a variety of outer-membrane cytochromes to facilitate
electron transfer onto the terminal acceptors. MtrC from the MtrCAB complex is
one of the most studied, but there are others including OmcA (decaheme), UndA
(undecaheme) and MtrF (MtrC homologue). The heme arrangement in all four of
these cytochromes is similar, with the protein structure being comprised of four
distinct domains™®. Domains | and Il form B-barrel structures, while domains Il and

IV contain hemes.

For both OmcA and MtrF, hemes 5-3, 1, 6, and 8-10 form an octaheme wire that

traverses across domains Il and V&%, Hemes 7 and 2 are located on either side of

5

Figure 1.13. Heme arrangement in outer-membrane cytochromes of S. oneidensis. The hemes form
the characteristic “staggered cross” arrangement, with hemes 1-5 being in domain Il and hemes 6-10
in domain IV. Image produced in PyMOL using the hemes of MtrC (PDB: 4LM8 )as a template.
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the wire, positioned towards domains Il and I, respectively (Figure 1.13). In UndA,
the eleventh heme is located next to heme 7 of OmcA/MtrF/MtrC™*°. One of the most
important and well-studied of these OM multiheme cytochromes is MtrC. One of
the most important terminal reductases of S, oneidensis, MtrC takes the electrons
from MtrA and transfers them to the terminal electron acceptor. This can happenin
three ways, either by direct contact with the acceptor, by passing the electrons onto

OmcA before the acceptor, or via electron shuttles that mediate the transfer.

1.7.4 MtrC

The cell surface-localised MtrC of S. oneidensis is comprised of four domains:
domain |, a B-barrel domain located at the N-terminal; domain Il, an a-helical

domain containing five hemes; domain lll, a second B-barrel domain; and domain

Ca53
caaa
1

[
5

Figure 1.14. Heme arrangement in MtrC of S. oneidensis MR-1. The hemes are shown in black with
the iron core shown as an orange sphere. The disulfide bridge between cysteine residues C444
and C453 is shown in green. The protein is represented as a cartoon in blue. Heme numbering
corresponds with the position of heme attachment motifs (CXXCH) in the amino acid sequence.
Domains are numbered with roman numerals. Image produced in PyMOL using the hemes of MtrC
(PDB: 4LM8 )as a template.
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IV, another a-helical domain containing five hemes and located at the C-terminal

(Figure 1.14)™4,

All four domains provide a scaffold for the ten bis-his coordinated hemes that are
arranged in a “staggered cross”. Within the MtrCAB complex, MtrC is angled in a
way that the more insulated side is facing the membrane side. The negatively-
charged propionates on the hemes, however, face towards the extracellular
environment, providing an appropriate surface for direct electron transfer to the
positively-charged extracellular electron acceptors®. Heme 10 in MtrC sits at the
end of the MtrC heme chain at ~ 90 A from the lipid bilayer core and lies near the
PTPTD amino acid residue sequence which has been considered’®to be a possible
hydroxylated hematite (Fe.Os) binding motif. Consequently, this could be

considered to be the principal route for direct EET to insoluble substrates.

Electronic microenvironment modelling has suggested that there is a net driving
force between heme 5 of MtrC (the closest to MtrA) and heme 10 of MtrC. However,
this driving force is small, which enables bidirectional electron transfer through the
ten hemes of MtrC8'% The redox potentials of hemes 2 and 7 of MtrC (the two
“corners” of the staggered cross) are higher than those of the other hemes, which
might suggest the possibility that these two hemes function as junctions and
capacitors (or electron sinks) within the MtrCAB electrical network®. The
orientation and arrangement of MtrC on the surface of S. oneidensis permits
electronsto flow from MtrAinto MtrC via a single heme (heme 5), and then be spread
across the MtrC surface. This allows multiple hemes to act as potential sites for
electron exchange, enabling electron transfer to both soluble and insoluble
terminal electron acceptors. Consequently, this staggered cross arrangement with
multiple electron exchange sites, would suggest that the rate-limiting step during
EET is not the electron transfer through the outer membrane, but instead at a step

before arriving to MtrA2,

The redox state of the disulfide bridges in the MtrC cysteines seems to be important
in determining electron transfer to specific electron acceptors; especially during
indirect, mediated transfer through molecules like flavins. Within domain Ill of
MtrC, the conserved 444 and 453 cysteines of the CXsC motif create a single
disulfide bond™'. The disulfide is produced within an 8 amino acid loop that
contains a solvent exposed valine and phenylalanine. At the C-terminal of the
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disulfide there is a second loop of ~ 15 amino acid residues after which the B-strand
of aB-barrelis formed. The majority of the amino acid residues within the surface of
domain | are hydrophilic, while most of the side chains inside the B-barrels from
domains | and Il are hydrophobic®'3', There is, however, a hydrophobic cleft that
contains three phenylalanines near heme 7 within domain Ill. MtrC-flavin
complexes have been isolated after the disulfide within MtrC was reduced.
However, the flavin cofactor is quickly released from the MtrC flavocytochrome
upon oxygen exposure (which causes the reformation of the disulfide bond). As the
nearest heme to the disulfide in MtrC is heme 7, association between FMN and MtrC
is suggested to occur in the vicinity of heme 7, within domain 11'3:13%.140_ The edge-
to-edge distance between the flavin cofactor of FccA (fumarate reductase) of S.
oneidensis MR-1 and the nearest heme is ~ 7.5 A, which would suggest the flavin
binding site within MtrC would lie about halfway between the disulfide bond and

heme 713’],’]4’].

The flavocytochrome complex can only form under anoxic, reducing conditions.
Binding of the flavins to MtrC would not be possible in the periplasm, as many
oxidation reactions occur here. Consequently, the reduced disulfide might become
reoxidised leading to the reformation of the disulfide bridge which would prevent
flavin binding. To overcome this, S. oneidensis is suggested to have generated an
independent flavin export system that would allow for the transport of flavins to the
extracellular environment separately from MtrC transport (which occurs through
the Sec pathway). Once the flavins are transported to the extracellular space, they
can form stable flavocytochrome complexes under anaerobic
environments'?”31:132_ Furthermore, it has been proposed that when FMN binds to
MtrC, the flavocytochrome complex may facilitate the two-electron reduction of a
secondary, non-bound FMN molecule ™'. There are other systems such as the
cytochrome bc, complex and photosystem I, that also use a tightly bound organic
cofactor to enable two electron transfer to a separate organic, loosely bound
electron shuttle. Consequently, it is hypothesised that in sub-oxic or anoxic
environments, S. oneidensis can form these «cell surface-localised
flavocytochromes to increase the electron transfer rates to soluble molecules such
as flavins or insoluble metal oxides. However, in oxic environments, rapid
flavocytochrome dissociation occurs to reduce any potentially lethal oxidative

damage that may happen due to non-specific reduction.
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1.8 Applications in biotechnology

MHCs have adapted and evolved to allow microorganisms to thrive in environments
that are challenging for growth. These MHCs transfer electrons across cell
membranes and extracellular structures and have evolved the capacity to do so
across distances of over several micrometres'?. These characteristics have been
appliedinvarying biotechnological applications, ranging from electricity production
by MFCs to generating value-added chemicals through microbial
electrosynthesis®"'#®, Furthermore, interest in purified MHCs and exploiting their
electrical properties is rising, as they can now emulate organic semiconductors in
terms of their conductance. Moreover, these MHCs can produce flexible,
renewable, and easy-to-engineer materials that electronically combine synthetic
resources to live cells’®'¥2'44 The chief microbial ETC applications in biotechnology

can be divided into several categories:

1.8.1 Toxic metal bioremediation
Bioremediation consists in using live organisms to detoxify, degrade, or eliminate
toxic pollutants from contaminated ecosystems. Bioremediation targets can
include halogenated compounds, petroleum hydrocarbons, as well as toxic metals
and metalloids™®. Noticeably, microbial technologies focusing on extracellular
oxidation and reduction of metallic compounds have garnered interest as they can
be wused in microbiological toxic metal remediation™®. These microbial
reduction/oxidation bioremediation techniques have been used with several toxic
metals and metalloids. Some reported examples include: the biomineralisation of
elemental selenium (Se°) through the reduction of selenite (SeOz*) and selenate
(Se0,*)'; the reduction of arsenate (AsO.,*) to arsenite (AsOz*) leading to
decreased adsorption in arsenic compounds'™?, chromium detoxification via
reduction of Cr(VI) to Cr(lll)'*®; and uranium insolubilisation via reduction of U(VI) to

U(I1)541%0,

1.8.2 High-value metal recovery

Microbial reduction and oxidation have also been useful in the recovery of high-
value metals. For example, bioleaching allows useful metals such as copper to be
recovered from solid minerals like chalcopyrite (CuFeS,), a copper iron sulfide
mineral. In bioleaching, microbial processes help refine metals by eluting them

from solid minerals™'. Furthermore, high-value metal recovery via microbial
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reduction has also been explored. Microorganisms that can perform EET, like
Geobacter spp. and Shewanella spp. have shown to reduce precious metals
including Au(lll), Ag(l), Rd(lIl), Pd(Il) and Pt(IV). These reductions occurred using
redox potentials similar to Mn(lV) and Fe(lll)'*2. These precious metals were reduced
by the bacteria to their respective elemental metals, and metal nanoparticle
accumulation was seen in their periplasm and cellular surfaces. Consequently,
recovery of these precious metals was made easier. Therefore, it is suggested that
microbial EET could play a role in the synthesis of nanomaterials as well as recovery

of high-value metals5*1%3,

1.8.3 Microbial fuel cells

Certain microorganisms, like Shewanella spp. and Geobacter spp., have the
capacity to use conductive materials (like graphite electrodes) as electron
acceptors/donors for respiration™*. This ability to transfer electrons to/from
electrodes can be exploited in bioelectrochemical systems such as MFCs. In MFCs,
the chemical energy from substrates (like waste organics) is transformed into
electrical energy via microbial metabolism and EET'®. MFCs show promise over
traditional electrochemical systems for a variety of reasons: the microorganisms
acting as electrode catalysts are self-replicating and relatively cheap; the
thermostability of MFCs allows them to function stably, even at room temperature;
and the ability to use a variety of compounds, including waste matter, as fuel'®®.
However, even with enhancements to electrode materials, cathode catalysts, and
(bio)reactor configuration, the electrical output of MFCs does not compare to that
of standard chemical fuel cells®*'®’. Subsequently, MFC research is focused on
wastewater treatment, with particular interest in intensive, low-energy systems.
However, MFC-based treatment technologies for wastewater systems have not
been commercialised yet, as there are several issues that need to be addressed.
The cost of electrode materials and components remains too high, the durability of
MFC-based systems needs to be improved, and the scale of (bio)reactors needs to
be increased in a cost-effective manner®*'61%8  Additionally, MFC-based
applications have also been investigated in plant rhizosphere electricity production
in rice paddy fields'®, portable batteries'?, and marine & lake sediment remote

batteries™.
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1.9 Thesis aims

This thesis aims to improve the current understanding of the two decaheme
cytochromes, MtrA and MtrC, which form part of the MtrCAB complexin Shewanella
oneidensis. This complex plays a key role in extracellular electron transfer in S.
oneidensis when respiring in anaerobic conditions. Electrons from the internal
metabolism are transferred across the periplasm, through MtrCAB, and donated to

the terminal electron acceptor.

First, Chapter 3 explores the creation, expression, and purification of an MtrC
variantthat has anincreased distance between domains |, Il and domains lll, IV. We
hypothesised that by increasing the inter-domain distance within MtrC, the rate of
electron transfer would be decreased. This was achieved by inserting two mutations
resulting in increased repulsion between the two sets of domains in MtrC, resulting
in MtrC double mutant (MtrCpom). The biophysical properties of a soluble MtrCpm
were largely assessed using UV-Visible spectroscopy and small angle X-ray
scattering (SAXS). The effects of this double mutation on extracellular electron
transfer in S. oneidensis expressing MtrCpm were characterised via a flavin

mononucleotide (FMN) reduction assay.

Next, Chapter 4 investigates the role that domains lll and IV play in electron transfer
in MtrC. The hypothesis was that by removing domains lll and 1V, electron transfer
to certain acceptors (like FMN) would be disrupted entirely. To do so, a variant was
generated with a premature stop codon that resulted in the production of a
truncated MtrC variant that was comprised exclusively of domains | and Il (MtrCp,,).
Biophysical characterisation was done by UV-Visible spectroscopy, X-ray
crystallography, and protein film electrochemistry. To test the functional effects of
removing domains lll and IV on extracellular electron transfer, a variety of reduction
assays were performed on cells expressing MtrCp,. These assays used
physiological electron acceptors such as FMN, OmcA, Fe(lll) citrate and Fe(lll)

EDTA, as well as non-physiological acceptors like three azo dyes.

Finally, Chapter 5 examines the properties of the distal axial ligands of hemes in
MtrA. We hypothesised that due to the more positive redox potential of methionine,
the rate of electron transfer through MtrA would be slowed down. Consequently,
the histidines of three of the hemes were consecutively mutated to methionines,

resulting in three single His/Met mutants and a triple His/Met mutant. Biophysical
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characterisation was done by UV-vis spectroscopy and an ascorbate reduction
assay. To test the effects of having three methionines as distal ligands on electron
transfer, a FMN reduction assay was carried out on S. oneidensis cells expressing

the triple His/Met mutants.

46



Chapter 2

Experimental procedures
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2. Materials and methods
2.1 Generaltechniques

2.1.1 Media preparation

Growth media used for all experiments can be divided into the following:

I. Lysogeny broth (LB): 25 g L' of LB medium (tryptone 10 g L, yeast extract 5 gL,
NaCl 10 g L") in reverse osmosis (RO) water, autoclave. LB agar plates were

prepared in the same way, with the addition of 15 g L' agar before autoclaving.

II. M72 medium: casein peptone 15 g L', soybean peptone 5 gL', and NaCl5gL".
Growth in M72 medium was supplemented with 20 mM sodium DL-lactate, 20 mM
sodium fumarate, 20 mM HEPES ((4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid), pH 8.0 (prepared as a 20x stock), at the time of inoculation. The media and

supplements were prepared with RO water, and autoclaved.

lll. Shewanella Basal Medium'®? (SBM): NH,Cl 0.46 g L', K;HPO, 0.225 g L', KH,PO,
0.225gL",MgS0,4-7H.00.117gL™, (NH4).S040.225 gL', 100 mM HEPES, pH 7.2.

IV. Shewanella Minimal Medium (SMM): SBM, vitamin mix (biotin 0.002 g L™, folic acid
0.002 g L, pyridoxine hydrochloride 0.02 g L™, thiamine 0.005 g L, nicotinic acid
0.005 g L', pantothenic acid 0.005 g L', cyanocobalamin 0.1 mg L%, p-
aminobenzoic acid 0.005 g L, and a-lipoic acid 0.005 g L") 2.5 mL L', mineral mix
(nitrilotriaceticacid 1.5g L', MnCl,-4H,0 0.1 gL", FeSO,-7H,00.3gL", CoCl,-6
H.00.17gL", ZnClb 1 gL", CuSO4-5 H,0 0.04 g L, AlK(SO4),-12 H,0 0.005g L™,
HsBO;0.005 g L, Na,M0o0O, 0.09 g L, NiCl, 0.12 g L', NawO,-2 H,O 0.02 g L,
Na,Se0,0.1gL " 2.5mLL", pH7.2. SBM was prepared and autoclaved first. Then,
the vitamin and mineral mixes were filter-sterilised (0.4 um filter) before addition.

Finally, the pH was corrected to 7.2.
Throughout this thesis, any media/solution containing “water” refer to RO water,

unless otherwise stated. All pH adjustments in this thesis were done with

concentrated NaOH and HCL.

48



2.1.2 Kanamycin

For this entire thesis, any cultured cells that contained any form of the pBAD
plasmid (with the kanR gene) had a final concentration of 30 ug L' kanamycin in the
solid or liquid media. This was done by adding 0.1% (v/v) of a filter-sterilised (0.2 pm
filter) 30 mg L' kanamycin stock to the solid or liquid media. All bacterial strains and
plasmids were obtained from the Clarke group at the University of East Anglia,
Norwich, and are listed in Table 2.3. All strains were stored by mixing 1 mL of

overnight culture (180 RPM, 30°C) with 50% glycerol, flash with liquid nitrogen, and
storing at -80°C. %3

2.2 Modifications to plasmid DNA

Most of the mutants produced for this thesis were generated by replacing the
existing amino acid codon in the gene for another. The only exceptions were when a
Strep (Il) tag was introduced to the C terminus of a gene. These site-directed
mutageneses happened on plasmid-based copies of the genes within the pBAD

plasmid (see Table 2.3). The pBAD feature map is shown in Figure 2.1.

2
: e
<
s %,
<
&, <, ]
ﬁ%,%\)«%%ﬂ‘*‘
5% o 8%
AT R
2% 0% TR
o %ng & 8
A QT 3
] E A
2= 2% a3 @
20355 g 25
BAD202/D-TOPOY % £* &2 o a®
P w3 = w o
] S wo 8 )
ES 4448 bp SFE &2F T hg
aoé-_a: @x o o~
A g oed -5
kS ey QQES) ) g
e, o 2 - F
¢ &

Figure 2.1. Feature map for the pBAD202/D-TOPO® plasmid. Some of the
most relevant features are: araC ORF, allows for tight regulation of Pgap
promoter; pUC origin, allows replication and growth in E.coli; kanamycin
resistance gene, allows selection of plasmid; TOPO® recognition site 1 and

2, location where the gene of interest is inserted. Plasmid was visualised on
Benchling.

49



2.2.1 Plasmid extraction and quantification

To begin the mutations, a high yield of pure plasmid DNA (pDNA) was required. This
was prepared by growing S. oneidensis cells containing the plasmid-based copy of
the gene of interest (GOI) overnight (180 RPM, 30°C) in LB«.n with added kanamycin.
The following day, the pDNA was extracted using a GenElute™ Plasmid Miniprep Kit
(MERCK). However, pDNA was eluted in 50-75 pL molecular biology-grade water
(MB water). The purity and yield of the extracted pDNA were determined using a
NanoDrop™ One Microvolume UV-Vis Spectrophotometer (ThermoFisher
Scientific). The yield was determined in ng uL™’, and any nucleic acid or protein

. - . Az60 Aze0 . .
impurities were determined by the —— and ——ratios, respectively.

230 Azgo

2.2.2 Primer design

The site directed mutageneses were carried out by using polymerase chain reaction
(PCR) to replace and/or introduce new codons into the genes. To do so, primers

containing the new DNA were designed. To improve the efficiency of the

Table 2.1. List of primers used in this thesis, with their direction (forward or reverse), sequence (5’-
3’), and the purpose they served. Mutagenesis primers that were designed using the non-
overlapping and overlapping protocol established by Liu and Naismith'®* are show in bold, while
QuickChange™ primers are shown in jtalic. Sequencing primers do not fall under either category as
they sit either upstream or downstream of the sequenced region.

Primer Sequence (5°-3") Purpose
; 4 CAATTTGAAAAATAAGTTTAAACGGT
Mtra Strep (1l) tag OrWart | eTCCAGCTTGGCTG Introduce Strep (1) tag to replace V5 epitope
P TGGATGGCTCCAGGCGCTGCGOT and hexa hist tags
TRVEISE | GTAATAGCTTGGCAGATGG
torward  TETCATGGGTGCGATTGACTE
MtrA H58M arwa CTCTAAGAGT Change heme 3 distal histidine to
(heme 3) reverse | COCACCCATGACACCTTTGAAAA | methionine at residue position 58 in MtrA
GGTCCATG
torward | PAGTAATGGTCGCAAAAGATCCTG
MtrA H167M orwa TGTTATCTAAAAA Change heme 2 distal histidine to
(heme 2) reverse | TTGCGACCATTACTTGGTGACAAG  methionine at residue position 167 in MtrA
AAGCACAA
torward  PAGTATGCCACTCAAATGGGCAC
MtrA H200M arwa AAATGACCT Change heme 7 distal histidine to
{heme 7) reverse | TTOAGTGGCATACTTGAGCGTTTAT — methionine at residue position 200 in MtrA
TCATATCC
torward | CTECTGTGTGCCACGTAGAAGGT
MtrC S188Y arwa GAAAAGAT Change serine to valine at residue position
TGGCACACAGCACATACTTCGTG 188 in MtrC
TEVEIS® | GCTAACGA
torward | CACAAGACATTGTCCAAGATAATT
MG N251D arwa GCCAAGTTTGT Change asparagine to aspartic acid at
reverse | COACAATGTCTTGTGCAACTGTAG residue position 251 in MtrC
GGATTTTATTG
MtrC E344Amber forward | CAATTAATACCTAGACTAAAGCAG Change glutamic acid to premature amber
reverse | CTGCTTTAGTCTAGGTATTAATTG stop codon at position 344 in MtrC

forward TCACTTGCCACAATCCTCAC

PBAD seq reverse AGTTCCCTACTCTCGCATGG

Used for sequencing pBAD plasmid

Used for sequencing pBAD plasmid with

MtrC seq forward =~ ACACGTTGAAGATGCCTACG
mtrC
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mutagenesis, primers were designed following the protocol from Liu and
Naismith'®*. These primer pairs differ from traditional QuickChange™ primers as
they contain non-overlapping bases on either side of an overlapping central region,
allowing for higher yields of PCR products with fewer amplification cycles and less
starting DNA template. Table 2.1 shows the primers used to introduce a Strep (ll)
tag to the C-terminus of the GOI (when necessary), to substitute single amino acid

residues in the genes of interest, and for sequencing.

2.2.3 Polymerase chain reaction site-directed mutagenesis
Forthe insertion of the Strep (Il) tag and any site-directed mutageneses, polymerase
chain reaction (PCR) was used. All mutagenesis primers were diluted to 25 pM

before use. The PCR components are as follows:

e 25 puL 2x Phusion Flash High-Fidelity PCR Master Mix (ThermoFisher
Scientific)

o 22 uL MBwater

e 1 uL forward primer (25 uM)

e 1 uL reverse primer (25 uM)

e 1 pLtemplate DNA (=50 ng uL™)
Table 2.2. PCR conditions used during Strep (ll) tag insertion and mutageneses.
AThis temperature was used for the Liu & Naismith'® primers. BThis temperature was used
for QuickChange™ primers. ®This temperature was used for addition of Strep (ll) tag. °This

step was only added when using Liu & Naismith'® primers. 'The annealing temperatures
shown were at the centre of a temperature gradient of + 5°C.

Step Temperature (°C) = Duration (seconds) Cycles
Initial denaturation 98 60 1
Denaturation 98 30
Annealing® 50*/568/60° 30 30
Extension 72 120
(Liu & Naismith? extension)® 40-45 180
Final extension 72 300 1
Hold 18 co

The PCR were done in a C1000 Touch Thermal Cycler (Bio-Rad) following the
conditions set in Table 2.2. The only changes across the mutageneses were the

annealing temperature and extension times (see Table 2.2).

2.2.4 Agarose gel electrophoresis

DNA was separated by size via electrophoresis on 0.8% agarose gels. These were

prepared by mixing agarose with 1x Tris-acetic acid (TAE) buffer (40 mM Tris, 20 mM
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acetic acid, 1 mM EDTA (ethylenediaminetetraacetic acid), pH 7.6) and heating the
mixture until fully dissolved. The mixture was poured into a DNA gel tray and allowed
to cool down, before placing in a DNA gel tank filled with 1x TAE buffer. Samples
were prepared by mixing 1:1 with 2x Gel Red loading dye (100 uL Gel Red 100x [made
by 1 in 100 dilution of GelRed® Nucleic Acid Stain 10,000x], 200 uL 6x loading dye
[sucrose 240 g L, Orange G 1.2 g L, in water], 200 pL water). The DNA ladder
(GeneRuler 1 kb Plus DNA Ladder) was also mixed 1:1 with the 2x Gel Red loading
dye before loading on the agarose gel. When running the gels, they were limited by
voltage at 120V, untiladequate separation of DNA bands by size was achieved (until
the dye reached the end of the gel). The gels were imaged with UV light in a UV
transilluminator, and the DNA ladder was used to determine the size in kilobases of

the DNA bands.

2.2.5 Dpnl digestion and PCR clean-up
After the PCR, a 0.8% agarose gel (See 2.1.3 Agarose gel electrophoresis) was run
to confirm correct amplification of the pDNA. Once this was confirmed, a Dpnl
digestion was carried out. Dpnl is an enzyme that digests the methylated template
DNA (but not the non-methylated PCR product) This prevents template DNA from
being transformed into the target host. 10x rCutSmart™ Buffer (New England
Biolabs) was added to the successful PCR products in a 9:1 buffer:PCR products.
Dpnl (R0O176S, New England Biolabs) was added to the mixture (1 pL 125 uL' PCR
product and buffer mixture), inverted gently, and incubated for 2 hours at 37°C, 0
RPM. After the Dpnl digestion, a PCR clean-up (GenElute™ PCR Clean-Up Kit,
MERCK) was done to remove the Dpnl and any other contaminants. The pDNA was
eluted in MB water and the yield and impurities were recorded (see 2.2.1 Plasmid
extraction and quantification). The pDNA from the mutated plasmids was then

ready to use.

2.2.6 Gel extraction
Forthe plasmids that had a Strep (ll) tag added to the C-terminus, further steps were
required before they could be used. After running a 0.8% agarose gel, the bands of
correct size were extracted under UV light using a scalpel. A GenElute™ Gel
Extraction Kit (MERCK) was used with the extracted bands from the 0.8% agarose

gel. The pDNA was eluted in MB water and the yield and impurities were recorded.
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2.2.7 Phosphorylation and ligation
After the pDNA was extracted from the band in the 0.8% agarose gel, the following
mixture was prepared: 10x T4 DNA Ligase Reaction Buffer (New England Biolabs)
100 yL mL™", T4 Polynucleotide Kinase (M0201S, New England Biolabs) 50 L mL™",
pDNA after gel extraction (2100 ng pL") 625 yL mL™", MB water 225 pyL mL™". After
mixing gently, the mixture was incubated for 5 minutes at 37°C and was allowed to
cool down at RT for 5 minutes. Next, T4 DNA Ligase (M0202T, New England Biolabs)
50 L mL" was added, the mixture was inverted gently, and incubated overnight at
RT. Next, a PCR clean-up was done to remove the enzymes and any other

impurities.

2.2.8 Competent E. coli cells preparation
Before the mutated pDNA could be transformed into E. coli cells, the cells needed
to be made competent. First, E. coli cells were grown in LB overnight (180 RPM,
37°C). Next, 1 mL of the overnight culture was used to inoculate 100 mL of LB and
incubated at 37°C 180 RPM until the ODgo was between 0.4-0.6 (mid-exponential
phase). The culture was incubated on ice for 10 minutes. The cells were harvested
by centrifugation (5 minutes, 3,000 x g, 18°C), resuspended in 20 mL of sterile 4°C
100 mM CaCl, and incubated on ice for 20 minutes. Next, the cells were harvested
by centrifugation (5 minutes, 3,500 x g, 18°C) and resuspended in 2.4 mL of 100 mM
CaCl, with 20% glycerol sterile solution. These cells divided in 50 pL aliquots and

flash frozen before being stored at -80°C.

2.2.9 Heat shock transformation of E. coli TOP10 cells
2 pL of pDNA (=50 ng puL") from the PCR clean-up were added to a 50 pL aliquot of
competent E. coli TOP10 cells and stirred gently. The mixture was incubated onice
for 30 minutes, before being subjected to a 45 second heat shock in a 42°C water
bath. Immediately after, the cells were incubated onice for 2 minutes. After, 200 pL
of sterile LB were added, and the mixture was incubated for 45 minutes at 37°C 300
RPM on a ThermoMixer® (Eppendorf). The cells were harvested by centrifugation (2
minutes, 900 x g, 18°C) and 150 uL of supernatant were discarded. The pellet was
gently resuspended in the remaining supernatant, plated on an LBy, plate using a

sterile spreader, and incubated overnight at 37°C. The following day, single colonies
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of the transformants were picked and grown overnight (180 RPM, 37°C) in LByan. The

pDNA was extracted and quantified and was ready to be sequenced.

2.2.10 Electroporation transformation of S. oneidensis cells

The selected strain of S. oneidensis was grown overnight ()180 RPM, 30°C) in LB. 3
mL of overnight culture were harvested by centrifugation (2 minutes, 6,000 x g,
18°C). The pellet was transferred to a 1.5 mL Eppendorf and washed three times by
gently resuspendingin 1 mL of sterile 10% glycerol and centrifuging (1 minute, 6,000
x g, 18°C). After the third wash, 930 pL of supernatant were removed and the pellet
was resuspended in the remaining 70 pL. Next, 1 pL of pDNA (250 ng pL™") from the
PCR clean-up was added to the resuspended cells and stirred gently. The mixture
was transferred to a sterile electroporation cuvette (0.1 cm gap, Bio-Rad) and was
electroporated at 1.2 kV in a MicroPulser Electroporator (Bio-Rad). Immediately
after, 1 mL of SOC medium (dextrose 3.603 g L', KC1 0.186 g L',MgS0, 4.8 g L,
tryptone 20 g L', yeast extract 5 g L") was added to the electroporation cuvette.
Next, the cells were transferred back to the 1.5 mL Eppendorf and allowed to
recover by incubating 2 hours at 30°C, 180 RPM. Next, the cells were centrifuged (1
minute 3,000 x g, 18°C), 900 uL of supernatant was discarded, and the pellet was
resuspended in the remaining supernatant. The cells were plated on an LByan plate
and incubated overnight at 37°C. The following day, single colonies of the
transformants were picked and grown overnight (180 RPM, 30°C) in LBkan. The pDNA

was extracted and quantified and was ready to be sequenced.

2.2.11 DNA sequencing sample preparation
2.5 pL of extracted pDNA (50-100 ng pL'; See 2.1.1 Plasmid extraction and

quantification) were added to a Mix2Seq kit tube (Eurofins Genomics) with 2.5 pL of
sequencing primer (10 pM; see Table 2.1) and 5 yL of MB water. The samples were

then ready to be collected and sequenced.
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Table 2.3. Details of the template plasmid and template strains, as well as the transformed strains used in the experiments of this thesis. All mutageneses
were done via PCR mutations, and transformations were done via heat-shock for E. coli and electroporation for S. oneidensis. In the soluble, plasmid-based
mtrC mutants, the wild-type mtrC signal peptide and lipid anchor had been replaced with the MtrB signal peptide'® which enabled secretion of soluble forms
of MtrC. The naming for the transformed strains consists of the bacteria used “S. oneidensis Amtr”, followed by the name of the plasmid “pMTRAe”.

Template plasmid Comments
Dose-dependent induction with L-arabinose under the araBAD promoter and araC gene. N-
terminal His-Patch thioredoxin for increased solubility and translational efficiency. Kanamycin
pBAD_TOPO202 resistance gene (kanR) for selection. pUC origin of replication for both E. coli and S. oneidensis.
The C-terminus hexa histidine and V5 epitope tags were replaced via PCR with a C-terminal Strep
(Il) tag for purification of fusion proteins.

Template strains Comments

Shewanella oneidensis MR-1 Wild-type strain.

S. oneidensis MR-1 Amtr mtrC, mtrd, mtrB, mtrD, mtrE, mtrF, omcA knockout

S. oneidensis MR-1AmtrA mitrd knockout

S. oneidensis MR-1 AmtrC/omcA | mirC and omcA knockout

Escherichia coli TOP10 Used for high-efficiency cloning as allows for stable replication of high copy number plasmids.

Transformed strains Comments
S. oneidensis Amtr pMTRAec Contains native mtrA with a C-terminus Strep (ll) tag on pBAD plasmid (recombinant)

Contains mtrd with histidine codon at position 85 changed to methionine codon, and a C-
terminus Strep (I1) tag on pBAD plasmid (H85M).

Contains mtrA with histidine codon at position 167 changed to methionine codon, and a C-
terminus Strep (I1) tag on pBAD plasmid (H167M).

Contains mtrA with histidine codon at position 200 changed to methionine codon, and a C-
terminus Strep (I1) tag on pBAD plasmid{H200M).

Contains mtrA with histidine codon at positions 85, 167, and 200 changed to methionine codon,
and a C-terminus Strep (ll) tag on pBAD plasmid (triple mutant).

S. oneidensis Amtr pMTRAHRsasM

S. oneidensis Amtr pMTRAH167M

S. oneidensis Amtr pMTRAHRz00m

S. oneidensis Amtr pMTRAipte

S. oneidensis AmtrA pMTRAec Contains native mtrA with a C-terminus Strep (ll) tag on pBAD plasmid (recombinant)

Contains mtrd with histidine codon at positions 85, 167, and 200 changed to methionine codon,
and a C-terminus Strep (Il) tag on pBAD plasmid (triple mutant).

S. oneidensis AmtrA pMTRAkiple
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Transformed strains Comments

Contains mtrC with mtrB signal peptide, and a C-terminus Strep (Il) tag on pBAD
plasmid (recombinant)

Contains mtrC with mtrB signal peptide, serine codon at position 188 changed to
valine codon, and a C-terminus Strep (ll) tag on pBAD plasmid (S188V).

Contains mtrC with mtrB signal peptide, serine codon at position 188 changed to
S. oneidensis Amtr soluble MTRCom valine codon, asparagine codon at position 251 changed to aspartic acid codon,
and a C-terminus Strep (Il) tag on pBAD plasmid (double mutant).

S. oneidensis Amtr soluble MTRCrec

S. oneidensis imtr soluble MTRCs1asy

Contains mtrC with mtrB signal peptide, glutamic acid codon at amino acid
S. oneidensis MR-1 soluble MTRCopi position 344 changed to amber stop codon on pBAD plasmid, resulting in MtrC
domain |, and Il.

S. oneidensis AmtrC/omcA membrane MTRC. | Contains native mtrC with mtrC signal peptide on pBAD plasmid (recombinant)
Contains mtrC with mtrC signal peptide, serine codon at position 188 changed to
S. oneidensis AmtrC/omcA membrane MTRCom | valine codon, asparagine codon at position 251 changed to aspartic acid codon,
and a C-terminus Strep (Il) tag on pBAD plasmid (double mutant).

Contains mtrC with mtrC signal peptide, glutamic acid codon at amino acid
S. oneidensis AmtrC/omcA membrane MTRCoi, | position 344 changed to amber stop codon on pBAD plasmid, resulting in MtrC
domain |, and Il.
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2.3 Protein synthesis

2.3.1 Protein expression trials

Once the mutated plasmids that were extracted from the transformants were
confirmed by sequencing, protein synthesis was characterised. All protein
expression was carried out using L-arabinose to induce the pBAD plasmids
containing all the GOls. Cells were grown overnight (180 RPM, 30°C) in LByan.1 mL of
the overnight culture was used to inoculate 5 x 100 mL LBw.» and incubated at 30°C
180 RPM until the ODgoo was ~ 0.4. Next, 0, 1, 2, 5, or 10 mM of L-arabinose were
used in each 100 mL LBy and incubated overnight (180 RPM, 30°C). The following
day, cells were normalised to an ODggo of 0.1. For soluble periplasmic proteins and
membrane proteins, a whole-cell SDS-PAGE gelwas run (see 2.1.7 Whole-cell SDS-
PAGE gel preparation). For soluble proteins secreted to the extracellular
environment, the cells were pelleted by centrifugation (10 minutes, 3,000 x g, 18°C)
and the supernatant was used for SDS-PAGE gels (see 2.1.4 SDS-PAGE). Only heme
protein expression was relevant, so gels were heme stained (see 2.1.6 Heme-linked
peroxidase (heme) staining of SDS-PAGE gels). Arabinose concentrations with the

darkest bands on the heme stain were selected for protein purification.

2.3.2 Sodium dodecyl sulfate-polyacrylamide gel electrophoresis
Proteins were separated by size using sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS; mPAGE® 4-20% Bis-Tris Precast Gel) that were run with 3-(N-
morpholino) propanesulfonic acid (MOPS) buffer (MOPS SDS running buffer powder
for mPAGE® Bis-Tris gels). Samples were prepared by mixing 1:1 with 2x protein
loading dye (6 M urea, 5% SDS, 20% glycerol, 0.2% bromophenol blue, 0.5 M Tris,
pH 6.8, in H,0). The samples were incubated for 10 minutes at 95°C. The protein
ladder (Precision Plus Protein™ Dual Color Standards) already contained loading
dye, so no 2x protein dye was added. Typically, 20 pL of sample were loaded onto
each well. SDS-PAGE gels were limited by voltage at 180 V, until adequate
separation of protein bands by size was achieved (until the dye reached the end of
the gel). Before staining, SDS-PAGE gels were shaken in a tray with water at 100 RPM

for 5 minutes, to remove residual running buffer.
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2.3.3 Whole-cell SDS-PAGE gel preparation

For purified protein gels, the proteins were mixed with loading dye before running
on an SDS-PAGE gel. For whole-cell SDS-PAGE gels the protocol involved more
steps. Cells were grown overnight (180 RPM, 30°C) in LB or LBy.n. Next, 10 pL of
these overnight cells were added (0.1% inoculum) to 10 mL M72 media with
supplements (see 1.1.1. Media preparation), 1 mM L-arabinose, and 10 yL of
kanamycin in a Universal tube. A sterile pipette tip was also added to the Universal
forincreased aeration. The cultures were incubated for 20 hours at 25°C, 120 RPM.
Next, 1 mL of cells normalised to an ODg of 0.1 was harvested by centrifugation
(10 minutes, 3,000 x g, 18°C). Cells were resuspended in 750 yL 20 mM HEPES, 100
mM NaCl, pH 7.8 and were lysed by sonication (Sonics, ultrasonic processor model
GE50). This was done in 3 x 30-second bursts, always keeping the cells on ice to
prevent overheating. The amplitude was set to the highest value without foaming
occurring. After sonication, the lysed cells were subjected to centrifugation (10
minutes, 3,000 x g, 18°C) to pellet the cell debris. The supernatant was
ultracentrifuged (45 minutes, 200,000 x g, 4°C, Beckman Optima™ TLX
Ultracentrifuge, TLA120.2 rotor) to separate the membrane fraction (pellet) from the
soluble fraction (supernatant). For soluble periplasmic proteins, the supernatant
was mixed with 2x protein loading dye (see 1.1.4 SDS-PAGE) and incubated for 10
minutes at 95°C before running on an SDS-PAGE gel. For membrane proteins, the
pellets were resuspended in 100 pL of water before adding 400 uL of cold acetone
(stored at -20°C). The solution was incubated at -20°C for 30 minute and then
subjected to centrifugation (1 minute, 14,000 x g, 4°C). The pellets were
resuspended directly in 50 pL 2x protein loading dye (see 1.1.4 SDS-PAGE) and were

incubated for 10 minutes at 95°C before running on an SDS-PAGE gel.

2.3.4 Coomassie staining of SDS-PAGE gels

To visualise all proteins in the SDS-PAGE gels, a Coomassie stain was done. After
washing the gels in water for 5 minutes, the water was removed and 15-20 mL of
InstantBlue™ was added. The gel was shaken at 100 RPM, until desired colouration
was achieved (usually overnight). The gel was then imaged with white light in a UV

transilluminator (Syngene™ G:BOX Chemi XRQ).
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2.3.5 Heme-linked peroxidase (heme) staining of SDS-PAGE gels

To visualise only the heme-containing proteins present in the SDS-PAGE gels, a
heme stain was done. After washing the gels in water for 5 minutes the water was
removed, and 20 mL of sodium acetate (250 mM, pH 5.0) were added. The gels were
shaken at 100 RPM for 5 minutes, before adding 20 mL of 3,3,5,5'-
Tetramethylbenzidine dihydrochloride hydrate (TMBD) solution (1 mg mL™" in pure
methanol). 50 pL of 30% H,O. were added, and the gel was incubated at room
temperature (RT; ~ 21°C) until bands started appearing. This usually took 5-10
minutes, but if nothing appeared after this time, a further 50 pL of 30% H.O, were
added, or the gel was incubated overnight. Next, the sodium acetate TMBD H,0,
solution was removed appropriately, and replaced with water. The gel was imaged

with white light in a UV transilluminator.

2.4 Protein purification

Throughout this thesis, many plasmids were used containing WT and mutant
versions of the genes found in the mtr operon of S. oneidensis. The genes were
induced, and the final translated protein products were purified using different
chromatography columns. Due to this, the protocols differ after obtaining the initial
cellular biomass after cell lysis. Proteins with a purification tag were subjected to
their respective purification tag columns, regardless of where they were expressed
(i.e. periplasm or extracellular environment). Proteins without a purification tag
were instead subjected to ionic exchange and size exclusion chromatography
columns. The protocols presented here are modified from previous work”#8, All
purifications were carried out using an AKTA Pure Protein Purification System
(Cytiva). All buffers and solutions used on the AKTA were filter-sterilised (0.4 pm)

before use.

2.4.1 Cell lysate preparation

For all purifications, the process for obtaining cell biomass was the same. Cells
were grown overnight (180 RPM, 30°C) in LB or LBy.n. 20 mL of these overnight cells
were added (2% inoculum) to 1 L M72 media with supplements (see 1.1.1. Media
preparation) with kanamycin (where necessary) in a 2 L baffled flask. The baffles
inside the flasks enhance aeration, resulting in higher cell production. The cultures
were incubated at 30°C 180 RPM until the ODeoo was ~ 0.4. Next, 5 mM L-arabinose

was used to induce protein synthesis for all protein purifications (except for
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MtrCp.,iAB in which 1 mM was used). The induced cultures were incubated overnight
(180 RPM, 30°C) and harvested by centrifugation (20 minutes, 5,500 x g, 4°C, JLA-
8.1 rotor, Beckman Coulter Avanti™ J-20 Floor Super Speed Refrigerated
Centrifuge). After this large volume centrifugation, the supernatant was composed
of proteins that were secreted into the extracellularly environment in the spent
media (soluble MtrC variants) and the pellet was composed of periplasmic (soluble

MtrA variants) and membrane proteins (membrane MtrCAB variants).

2.4.2 Soluble extracellular proteins

2.4.2.1 Soluble MtrC WT/DM (double mutant)
The supernatant from the large volume centrifugation was concentrated using a
crossflow cassette (Vivaflow™ 200, 10,000 MWCO) to ~ 100 mL. The concentrated
spent media was loaded onto a 5 mL Strep-Tactin™ XT 4Flow™ column (IBA
Lifesciences) equilibrated with 100 mM Tris, 150 mM NaCl, pH 8.0 (Strep buffer).
After the proteins were applied to the column, the column was washed with Strep
buffer. Bound proteins were eluted with 50 mM biotin in Strep buffer. The presence
of heme-containing fractions was verified by electronic absorbance spectroscopy
at 410 nm. These fractions were run on an SDS-PAGE gel and proteins were
visualised by Coomassie and heme staining. Fractions containing bands at the
desired size were pooled and concentrated using a centrifugal spin concentrator
(Vivaspin® 30,000 MWCO, Sartorius) to ~ 1 mL. To remove any remaining impurities,
the concentrated protein was applied to a HiLoad® 16/600 Superdex® 75 pg size
exclusion chromatography column pre-equilibrated with 100 mM Tris, 150 mM
NaCl, pH 8.1. Heme-containing fractions were selected using spectroscopy at 410
nm and run on an SDS-PAGE gel. Heme and Coomassie staining were used to
identify heme proteins and confirm the removal of impurities, respectively. The
selected fractions were pooled and concentrated using a centrifugal spin
concentrator (Vivaspin® 30,000 MWCO), before being snap-frozen and stored at -

80°C for later use.

2.4.2.2 Soluble MtrCpy,; (domain 1, II)
The supernatant from the large volume centrifugation was concentrated using a
crossflow cassette (Vivaflow™ 200, 10,000 MWCO) to ~ 100 mL. This was further
concentrated using a centrifugal concentrator (Vivaspin® 10,000 MWCO) to 200 pL.

The concentrate was then diluted in 1 L of 20 mM Tris, 30 mM NaCl, pH 7.8
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(diethylaminoethanol (DEAE) sol. buffer) before running on a DEAE cellulose, weak
anionic exchange chromatography column preequilibrated with DEAE sol. buffer.
The presence of heme-containing fractions was verified via electronic absorbance
spectroscopy at 410 nm, and by running proteins on an SDS-PAGE gel. Proteins
were identified by heme staining. To remove any remaining impurities, fractions
containing heme proteins were pooled and concentrated using a centrifugal
concentrator (Vivaspin® 10,000 MWCO) to 1 mL. The concentrated protein was
applied to a HiLoad® 16/600 Superdex® 75 pg size exclusion chromatography
column pre-equilibrated with 100 mM Tris, 150 mM NaCl, pH 8.1. Fractions
containing heme proteins were identified via SDS-PAGE and peroxidase-linked
heme stains, before being pooled and concentrated using a centrifugal
concentrator (Vivaspin® 10,000 MWCO) before being snap-frozen and stored at -

80°C for later use.

2.4.3 Soluble MtrA WT/H85M/H167M/H200M/triple

After the large volume centrifugation (see 2.4.1 Obtaining cell mass), the
supernatantwas discarded appropriately. The pellets were resuspended in 100 mM
Tris, 150 mM NaCl, pH 8.0 (Strep buffer) and DNase and protease inhibitors
(cOmplete™, Mini, EDTA-free Protease Inhibitor Cocktail, MERCK) were added. The
cells were lysed by three passages on a French Press Cell Disrupter (16,000 PSI,
Thermo Electron Corporation). Cellular debris was pelleted by centrifugation (20
minutes, 5,000 x g, 4°C) and the supernatant was subjected to ultracentrifugation
(2 hours, 185,000 x g, 4°C, Beckman Optima™ XL-100K ultracentrifuge, 45 Ti rotor).
The supernatant from the ultracentrifugation was loaded onto a 5 mL Strep-Tactin™
XT 4Flow™ column (IBA Lifesciences) equilibrated with 100 mM Tris, 150 mM NaCl,
pH 8.0 (Strep buffer). After the proteins were applied to the column, the column was
washed with Strep buffer. Bound proteins were eluted with 50 mM biotin in Strep
buffer. The presence of heme-containing fractions was verified by electronic
absorbance spectroscopy at 410 nm. These fractions were run on an SDS-PAGE gel
and proteins were visualised by Coomassie and heme staining. Fractions
containing bands at the desired size were pooled and concentrated using a
centrifugal spin concentrator (Vivaspin® 3,000 MWCQO, Sartorius) to ~ 1 mL. To
remove any remaining impurities, the concentrated protein was applied to a

HiLoad® 16/600 Superdex® 75 pg size exclusion chromatography column pre-
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equilibrated with 100 mM Tris, 150 mM NaCl, pH 8.1. Heme-containing fractions
were selected using spectroscopy at 410 nm and run on an SDS-PAGE gel. Heme
and Coomassie staining were used to identify heme proteins and confirm the
removal of impurities, respectively. The selected fractions were pooled and
concentrated using a centrifugal spin concentrator (Vivaspin® 3,000 MWCO),

before being snap-frozen and stored at -80°C for later use.

2.4.4 MtrCAB/MtrCp,iAB

After the large volume centrifugation (see 2.4.1 Obtaining cell mass), the
supernatantwas discarded appropriately. The pellets were resuspended in 100 mM
Tris, 150 mM NaCl, pH 8.0 (Strep buffer) and DNase and protease inhibitors
(cOmplete™, Mini, EDTA-free Protease Inhibitor Cocktail, MERCK) were added. The
cells were lysed by three passages on a French Press Cell Disrupter (16,000 PSI,
Thermo Electron Corporation). Cellular debris was pelleted by centrifugation (20
minutes, 5,000 x g, 4°C) and the supernatant was subjected to ultracentrifugation
(2 hours, 185,000 x g, 4°C). The pelleted membrane fraction was resuspended and
homogenised in 100 mL (20 mM HEPES, pH 7.8) and left stirring overnight at 4°C.
After, N-Lauroylsarcosine was added to 2% (w/v) and was left stirring for 40 minutes
at4°C to preferentially solubilise the inner membranes. The membrane fraction was
pelleted by ultracentrifugation (2 hours, 185,000 x g, 4°C) and the supernatant was
discarded. The pellets were resuspended in 100 mL Buffer B (20 mM HEPES, 5%
(v/v) Triton X-100, pH 7.8) and left stirring overnight at 4°C to solubilise the outer
membranes. The soluble fraction was obtained by centrifugation (2 hours, 185,000
x g, 4°C) and was loaded onto a DEAE-Sepharose weak anionic exchange
chromatography column, preequilibrated with 20 mM HEPES, 2% (v/v) Triton X-100,
pH 7.8 (DEAE memb. buffer). The protein was eluted in a 0-1 M gradient of NaCl in
DEAE memb. buffer in 15 mL fractions over 150 mL. The eluant was diluted to 400
mL of DEAE memb. buffer before being loaded onto a Q-Sepharose strong anionic
exchange chromatography column, preequilibrated with DEAE memb. buffer. The
column was washed with 20 mM HEPES, 5 mM lauryldimethylamine oxide (LDAO),
pH 7.8 (LDAO buffer), and the protein was eluted in a 0-1 M gradient of NaClin DEAE
LDAO buffer. The eluted protein was concentrated using a centrifugal concentrator
(Vivaspin® 100,000 MWCO) to ~ 0.5 mL. The concentrated protein was applied to a
HiLoad® 16/600 Superdex® 200 pg size exclusion chromatography pre-equilibrated
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with 20 mM HEPES, 150 mM NaCl, 5 mM LDAO, pH 7.8. Heme-containing fractions
were selected using spectroscopy at 410 nm and run on an SDS-PAGE gel. Desired
fractions were pooled and concentrated using a centrifugal concentrator (Vivaspin®
100,000 MWCO) to 1 ~ mL. To remove any remaining impurities, the protein was
loaded onto a Mono-Q strong anionic exchange chromatography column
preequilibrated with LDAO buffer and was eluted with a 0-0.5 M gradient of NaClin
LDAO buffer. Heme-containing fractions were selected using spectroscopy at 410
nm and run on an SDS-PAGE gel. Heme and Coomassie staining were used to
identify heme proteins and confirm the removal of impurities, respectively. The
selected fractions were pooled and concentrated using a centrifugal spin
concentrator (Vivaspin® 100,000 MWCO), before being snap-frozen and stored at -

80°C for later use.

2.5 Biophysical and biochemical characterisation

2.5.1 Anaerobic working conditions
Many experiments in this thesis were carried under anaerobic conditions. Two
different anaerobic chambers (Belle Technology glove box and MBRAUN UNI Lab
Plus glove box) were used for all experiments. They both serve the same function
of providing a controlled anoxic environment where all the oxygen has been
replaced with nitrogen. For both chambers, conditions were considered anaerobic
when the internal oxygen sensors reported oxygen concentrations of <0.5 ppm.
Solutions were degassed by sparging with nitrogen before being introduced into
the anaerobic chamber. This was done by sealing the solutions with a Suba-seal®
and using a needle to bubble nitrogen directly into the liquid sample for~ 1 minute
mL" of sample to remove dissolved oxygen. The sealed samples were introduced
into the anaerobic chamber and left unopened in the anoxic anaerobic
atmosphere overnight. Where possible, small solutions were prepared by sparging
the headspace of a sealed vial containing a measured solute, transferring the vial
into the anaerobic chamber, and adding the appropriate solvent that had already
been degassed as above previously. Protein samples were degassed by
transferring into an anaerobic chamber and leaving opened for 30-60 minutes
depending on volume. Sparging protein samples directly is unadvised as this may

cause the sample to evaporate.
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2.5.2 Ultraviolet-visible spectroscopy

The redox properties of the purified, soluble heme proteins were determined by
taking electronic absorbance spectra on the oxidised and reduced proteins. The
proteins were diluted in 20 mM Tris, 30 mM NaCl, pH 7.8 until the Abs at 410 nm was
~ 1.0. To reduce proteins, anaerobic (see 2.1.8 Anaerobic working conditions)
sodium dithionite (~ 1 mg mL") was titrated slowly until it was in excess, trying to
keep the volume of added dithionite as low as possible. Proteins were considered
fully reduced when further addition of dithionite did not change the reduced Soret
peak (~ 420 nm). Measurements were taken from 350-750 nm, at 600 nm minute™’,
1 nm data interval, and 0.1 seconds average time (Cary 60 UV-Vis
Spectrophotometer, Agilent). The Beer-Lambert law, A = é&cl, where A is
absorbance, € is molar absorption coefficient (usually M' cm™), ¢ is molar
concentration (M), and [ is optical path length (cm), was used to quantify the
concentration of heme proteins at 410 nm using their known molar absorption
coefficients (€). All measurements were taken using a quartz cuvette where
possible. Anaerobic measurements were done in a quartz cuvette sealed with a
Suba-seal®. When taking anaerobic measurements, solutions were not inverted but

shaken gently, as residual oxygen can remain on the inside side of the Suba-seal®.

2.5.3 Ascorbate reduction

To better understand the chemical nature of the heme axialligand due to the ligand-
to-metal charge transfer bands between 750-600 nm'®, the mild reductant
ascorbate was used to reduce the proteins. Ascorbate has a potential of ~+60 mV'¢
which would allow it to reduce His/Met hemes much more readily than His/His
hemes, due to the more positive potential of the former'’. Air-oxidised proteins (As1o
~ 1.0) were titrated with anaerobic sodium ascorbate (50 mg mL™) until it was in
excess, to partially reduce His/Met hemes, and then with sodium dithionite (10 mg
mL") to fully reduce all the hemes. Readings were taken immediately after adding
ascorbate, and again after incubation for 15 minutes. Measurements were taken
from 300-800 nm, at 400 nm minute™, 1 nm data interval, and 0.1 seconds average
time (V-650 UV-Vis Spectrophotometer, Jasco). Protein solutions were prepared
inside an anaerobic chamber (see 2.1.8 Anaerobic working conditions), sealed with

a Suba-seal®, and removed from the chamber for spectrophotometric analysis.
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Ascorbate and dithionite were added through the Suba-seal® using a microlitre

syringe (Hamilton).

2.5.4 Pyridine hemochromagen assay

To determine the molar absorption coefficients of heme proteins, a pyridine
hemochromagen assay was carried out based on a protocol from previously
published work'®. The principle behind the assay is due to pyridine being able to
serve as a ligand for reduced hemes. First, a UV-Vis spectrum was taken of the air-
oxidised proteins. Next, 50 mM pyridine in sodium hydroxide (1:4, vol:vol) was
added 1:1 to the protein solution. This denatures the proteins and allows the
pyridine to axially coordinated all the hemes in the sample, making them
spectroscopically identical. Next, 100 mM sodium dithionite in 20 mM HEPES, 100
mM NaCl is added to reduce the hemes. As the € of pyridine is known, the heme
concentration can be calculated via the Beer-Lambert law. Based on the number of
hemes per protein, the original concentration of protein can be calculated and used
to determine the ¢ of the intact proteins in their oxidised and reduced states.
Measurements were taken from 350-800 nm, at 300 nm minute™' (U-3310 UV-Vis

spectrophotometer, Hitachi).

2.5.5 Analytical ultracentrifugation

Analytical ultracentrifugation (AUC) can be used to study macromolecules in
solution. The radial distribution of a species can be investigated with the use of a
centrifuge with spectroscopic capabilities. In this thesis, only sedimentation
velocity experiments were conducted (there were no sedimentation equilibrium
experiments). Sedimentation over time of species was analysed as samples were
centrifuged. Radial distributions are fitted to a series of Lamm equations which
explain the sedimentation of a molecule in a cell as a function of the sedimentation
coefficient’®®. These analyses can be used to determine if a sample is

mono/oligo/polymeric and the heterogeneity of the sample.

Sedimentation analyses were conducted on single proteins as well as protein
complexes. Proteins were diluted in appropriate buffers until Az ~ 0.7.
Centrifugation was carried out at 128,794 x g, 20°C and 200 scans of Asio were
recorded every 3 minutes (Beckman Optima™ XL' analytical ultracentrifuge). For

data analysis, the buffer viscosity and density were calculated using SEDNTERP
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software’’?. The diffusion-deconvoluted sedimentation coefficient distribution c(s)
was produced from the 200 scans in SEDFIT'”". The calculated buffer density and
viscosity were used to convert the sedimentation coefficients to standard values
(S20w)"7?. Furthermore, 0.73 ml g" was used as the average partial specific volume
was used for the conversion. The data were fitted in SEDFIT'”" using c(s) distribution

S _ M(1-vp)

analysis. The Svedberg equation'? 5 o7 was used to calculate the

molecularweight M of the trimeric complexes, where v is the protein partial specific
volume, p the solvent buffer density, T the temperature, R the gas constant, D the
protein diffusion coefficient, and S the protein sedimentation coefficient. The

processed data were visualised using GUSSI"3.

2.5.6 Small-angle X-ray scattering (SAXS)
Protein samples were prepared by buffer exchanging into 20 mM HEPES, 100 mM
NaCl, pH 7.5 using a centrifugal concentrator of appropriate MWCO. The proteins
were then concentrated downto~5mgmL™". SAXS was carried out on the B21 beam
at the Diamond Light Source Synchrotron (Harwell, Oxfordshire, United Kingdom).
The experiments were done with a 10.5 keV 250 ym square X-ray beam and a 102
photons second flux. The data were collected on a 10242 pixel CCD detector at 4°C
with a distance of 4 m between the detector and the sample. Furthermore, the
intensity of the transmission was measured with a PIN diode beamstop. Scattering
from a dilution range (~ 0.5 mg mL" to 5 mg mL") of the protein solutions was
recorded. 25 pL of sample were loaded onto the X-ray beam via capillary tubes (2
pm pathway) and were held in place as 180, 1 second exposures were taken. The
first and last exposures were compared for any indications of radiation damage.
After confirming no radiation damage had been observed, the 180 images were
used to produce an average scattering profile. These average scattering profiles
were averaged radially to create a 2D plot of momentum transfer (q) vs intensity (/).
The background scattering of the HEPES and NaCl buffer without protein was

subtracted. Momentum transfer is directly related to the scattering angle from the
incident X-ray beam using the following equation: q = 47” -sin @ where q is the

momentum transfer, 4 is the X-ray wavelength, and 26 is the scattering angle'“.

The data were processed further using ATSAS'® software. Dataset scaling was

carried out using PRIMUS, and preliminary calculation of the radius of gyration (the
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root mean square average of the distance of electrons from the centre of the
particle'®; Ry) was done using AUTORG. This was done by applying the Guinier
approximation to estimate Rgand /(0) (extrapolated scattering intensity at zero angle
or forward scattering intensity’’®). GNOM'”7 was used to generate a real space
electron pair-distance distribution p(r) of the average scattering profiles via an
indirect Fourier transform method. The overall shape of the protein was visualised
by producing ab initio models from the p(r) using DAMMIF'’® (oblate spheroid and
slow annealing starting parameters). The resulting discrete bead models were
averaged with the DAMAVER'”® program, and alignment of consistent intersecting
features of all models was done using DAMFILT®, Finally, SUPCOMB™' was used
to align the two surface envelopes. The resulting structures were visualised in

PyMOL.

2.5.7 Liquid chromatography-mass spectrometry (LC-MS)

LC-MS is a technique that can provide very accurate information on the mass of
analysed proteins. For this thesis, LC-MS was carried out by Dr Jessica van
Wonderen and Dr Colin Lockwood with help from the Prof Nick Le Brun team at UEA,
as previously reported’®. All proteins were buffer exchanged using a centrifugal
spin concentrator of appropriate MWCO into 20 mM Tris, 5 mM NaCl, pH 7.5. 20 L
of protein sample (~ 50 uM) were mixed with 180 pL of 0.3% (v/v) formic acid and 1%
(v/v) acetonitrile. This solution caused any cofactors that were not covalently bond
to dissociate and resulted in the protein sample becoming denatured. The samples
were inserted into a ProSwift RP-1S column (4.6 x 50 mm, Thermo Scientific™) which
was part of an Ultimate 3000 uHPLC system (Dionex, Leeds, UK). Samples were
eluted on a linear gradient of 2-100% acetonitrile, 0.1% formic acid. A Bruker
microQTOF-QIlll mass spectrometer was used to carry out positive mode

electrospray ionisation mass spectrometry.

2.5.8 X-ray crystallography
To prepare for X-ray crystallography, the purified soluble heme proteins, were
applied to a HiLoad® 16/600 Superdex® 75 pg size exclusion chromatography pre-
equilibrated with 20 mM HEPES, 100 mM NaCl, pH 7.8. Heme containing fractions
were identified by using Abssi and the eluted protein was concentrated using a
centrifugal concentrator (Vivaspin® 10,000 MWCO) to 10 mg mL™". Benjamin Nash
helped throughout the protein crystallisation protocol and X-ray data analysis.
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Protein crystals were obtained at 4°C from a sitting-drop vapour diffusion set up in
a 96-well 1-drop crystallisation plate with 0.2 M magnesium acetate tetrahydrate,
0.1 M sodium cacodylate, 20% (w/v) polyethylene glycol (PEG) 8000, pH 6.5 as the
reservoir solution. Total drop volume was 0.5 pL with a 1:1 (protein:reservoir).
Crystals were cryoprotected by transfer into 0.2 M magnesium acetate
tetrahydrate, 0.1 M MES, 20% (w/v) PEG 8000, 20% ethylene glycol, pH 6.5, before

vitrification by plunging into liquid nitrogen.

2.5.9 Protein film electrochemistry

2.5.9.1 Porous ITO electrode preparation
Non-catalytic protein film electrochemistry (PFE) was carried out using
hierarchically structured mesoporous indium-tin oxide (ITO) working electrodes
(0.25 cm? surface area, 20 um thickness) on glass coated with fluoride-doped tin
oxide (FTO), following a previously reported procedure'®8, Alex Sutton-Cook

helped with PFE electrode preparation, set-up, and cyclic voltammetry.

For the polystyrene-indium tin oxide (ITO) dispersion (PITOD), 35 mg of ITO
(Nanotek) were dispersed in 300 uL of methanol solution (methanol:water, 6:1, v/v)
by sonication (SW1H ultrasonic bath, Clifton) for three hours. 1 mL of polystyrene
beads (750 nm, 2.54% (w/v) suspension in water, Polysciences) was subjected to
centrifugation (5 minutes, 17,000 x g, 18°C). 900 uL of supernatant were removed
and 1000 pL of methanol were added to the pelleted polystyrene beads. This
mixture was sonicated for five minutes to ensure dispersion, and then centrifuged
again (5 minutes, 17,000 x g, 18°C). The supernatant was carefully removed, and the
dispersed ITO was added onto the pelleted polystyrene. This mixture was vortexed
fortwo minutes and sonicated for 20 minutes (in an ice-water mixture). The product

of this final sonication was the final PITOD.

A10cmx 10cm x 0.3 cm glass slide coated with FTO (surface resistivity ~8 Q sq™’,
Sigma-Aldrich) was cut down to 1 cm x 2 cm x 0.3 cm slides. These smaller FTO-
coated glass slides were sonicated for 3 minutes in isopropyl alcohol. After, they
were sonicated for 3 minutes in ethanol and allowed to dry at RT. To make the ring
moulds for the ITO deposition for each slide, a 0.25 cm? was cut out of 4 layers of
Sellotape using a 0.5 cm diameter hollow, steel, round punch cutter. All the ring

moulds were strongly pressed by hand onto the conductive surface of a clean glass
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slide coated with FTO (identified with a digital multimeter, Kelvin). The holes were

centred on one end of the slides.

4.2 uL of the previously prepared PITOD were added to each ring mould and left to
dry at RT for = 4 hours. After, the polystyrene-ITO was redispersed (same method as
above), and a further 4.2 pL were added to the ring mould to generate an ITO layer
(20 um thickness; 10 pm 4.2 uL" of PITOD within the 0.25 cm?). The slides were left
to dry at RT for = 2 hours and the ring moulds were detached. Next, the slides were
subjected to a gradually increasing temperature (1°C min™) until reaching 500°C
(ELF 11/6B furnace, Carbolite). The slides were incubated for 20 minutes at 500°C
and allowed to cool overnight at RT. The following day the slides were cleaned by
submerging into a H,0, (30%):H,O:NH,OH (28-30%) mixture (1:5:1) for 15 minutes
at 70°C. Finally, the slides were washed gently with deionised water and incubated
for 1 hour at 180°C. The final products were the porous hydrophilic hierarchical ITO

electrodes.

2.5.9.2 Electrode configuration
Using heat-shrink tubing and a heat gun (TTB77RHTG, Titan), 2-3 cm of platinum
wire was fastened to the FTO-coated surface of the electrode, on the end opposite
end of the ITO deposition. The electrode was positioned in a glass Petridish and was
allowed to cool down (to ~ 5°C) by placing the Petri dish on ice for 20 minutes. After,
10 pL of protein (40 uM) were added to the electrode and left to adsorb for 15
minutes on the Petri dish on ice. The electrode was introduced into an anaerobic
chamber and immediately used as the working electrode in a three-electrode
configuration connected to a potentiostat (PGSTAT30 Potentiostat, Metrohm
Autolab; controlled by Autolab Nova 2.1.4, Metrohm). Figure 2.2 shows a schematic
of the electrode configuration used. The working electrode and a platinum wire
counter electrode were placed in the main chamber of an in-house glass housing,
both filled with 50 mM HEPES, 100 mM NaCl at pH 7.0. A Ag/AgCl (saturated with
KCl) reference electrode was introduced to a side chamber of the glass housing. A
Luggin capillary connected the sidearm to the main chamber and defined the
sensing point. The section of the working electrode that contained the adsorbed
protein was angled perpendicularly (and as close as possible) to the Luggin

capillary, to maximise the detectable response.
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Figure 2.2. Diagram of the three-electrode glass housing configuration for
cyclic voltammetry. The protein was adsorbed to an ITO (working) electrode
(A) and connected to the top of the glass housing. A Ag/AgCl reference
electrode (B) was connected to the glass housing through a side chamber.
A coiled platinum wire counter electrode was positioned inside the glass
housing, with an end protruding the glass housing on the right. All three
electrodes were connected to the potentiostat at points indicated by yellow
lightning bolts.

2.5.9.3 Cyclic voltammetry
Cyclic voltammetry was carried out as 5 linear scan repeats from -0.8 to 0.2 V at 20
mV s'. Potentials were converted from Ag/AgCl reference electrode to SHE
reference electrode by addition of 0.195 V. QSoas 3.2'% was used to calculate the
reductive and oxidative hon-catalytic peaks. The following equation can be used to

interpret these non-catalytic peaks'®'#7:

nF 0
, exp (W (E~E )) n2F2pAT
|l| = 2" RT
1+ exp (%(E — E°)>

where |i| is the current magnitude, n is the number of transferred electrons (in the
oxidation or reduction reaction), F is Faraday’s constant, R is the gas constant, T is
the absolute temperature, E is the working electrode potential, E° is the reduction

potential, v is the voltametric scan rate (V s™), A is the surface area of the working
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electrode (cm?), and I is the protein coverage of the electroactive redox protein
(moles cm™2)'®. The proximity of the area under the reductive and oxidative peaks
was an indication of the success of the cyclic voltammetry and the reliability of the
data. An arbitrary difference of 10% was used to determine whether the data
produced were produced solely by the adsorbed protein, or by other molecules in
solution. Once the reductive and oxidative areas were confirmed to be similar (+
10%), QSoas was used to subtract the baseline electrode response (ITO electrode
without adsorbed protein) from the capacitive (non-Faradaic) current. The
capacitive current is due to charging/discharging of the interface between the
solution and the electrode; electrons do not transfer this interface. The Faradaic
current (produced by electron transfer between the redox-active, adsorbed protein
and the electrode)' can be calculated by subtracting the baseline electrode

response from the capacitive current.

QSoas was also used to fit the Faradaic current peaks to non-catalytic
voltammograms for the adsorbed proteins™®. These fits simulated the distribution
of individual heme potentials on the reductive and oxidative peaks, based on the
overall potential of the protein. This helps understand if there are/are not hemes
that have close, overlapping potentials. The current peaks were fitted to the sum of
Z equivalent contributions from individual, n=1 redox centres (where Z is the
number of hemes in the experimental electroactive redox protein) using the

equation’®e:

. X-exp <F (%))

- (1 + exp <F (E;TE)»2

where i is the Faradaic current, Z is the number of hemes in the protein, X is used

=y

to scale the calculated current to the experimentally measured magnitude, F is
Faraday’s constant, E is the sample potential, E; is the reduction potential of centre
i, R is the gas constant, and T is the absolute temperature™s. This fit yielded Z
number of peaks for the oxidative and reductive peaks, which were treated as pairs

for each individual heme group of a protein containing Z hemes.
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2.6 Whole-cell activity assays

2.6.1 Cellviability

When working with cells during in vivo experiments, finding a quick way of testing
cell viability was imperative for the early experimental design. In protein
purification, the state of the cells was of little importance, as the aim was to have
the cells produce the highest concentration of protein, regardless of if that
eventually became toxic to the cells. For each protein variant, expression trials were
carried out (see 2.3.1. Protein expression trials) but instead of lysing the cells and
running the lysate on SDS-PAGE gels, the viability of the cells the following day was
assessed. This was done by using a resazurin-based cell viability reagent
(PrestoBlue™ HS Cell Viability Reagent, Invitrogen™). Resazurin is a molecule thatis
blue (absorbs ~ 600 nm) and minimally fluorescent, that can easily cross cell
membranes until it reaches the cytoplasm without damaging the cells. Once inside
the cytoplasm, intracellular NADH or NADPH reduce the resazurin to resorufin,
which is red/pink (absorbs ~ 570 nm) and highly fluorescent. It has been suggested
that using resazurin produced results that were similar to counting colony-forming

units (CFU) and were more sensitive than using the ODgoo'®°.

Before starting the assay, all induced cells need to have been normalised to an
appropriate ODso. To start the assay, 180 pL aliquots of normalised cells were
added to a 96-well plate (plus 180 pL of the media the cells were grown in as a
control). 20 L of PrestoBlue™ were sequentially added to each well, mixed well, and
a timer was started immediately. If the cells are viable (metabolically active), the
solution will start to change from blue to pink. If the cells are too metabolically
active (or the cell concentration is too high), the reaction can quickly go from blue
to pink to then colourless (resorufin can be further reduced to dihydroresorufin
whichis non-fluorescent). When the cells had an appropriate metabolic activity, the
resorufin started to turn pink (within ~ 2 minutes). Before the solution had fully gone
pink, the reaction was stopped with 50 pL of 10% SDS. The same incubation time
was used for all the samples before adding the 10% SDS. When all reactions had
been stopped with the SDS, the plate was inserted into a plate reader (FLUOstar
Omega, BMG LABTECH). Measurements were taken from 300-700 nm, 0 RPM, 1.0
nm wavelength step width, 20 flashes well?, 250 yL absorbance path length

correction volume, and 1.3605 absorbance path length correction factor.
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After extracting the data from the plate reader, the following formula was used to

calculate the PrestoBlue™ reagent reduction percentage =

(01x A1) — (0, x 4y) )
(Ry x M) — (RpxMy)

100

where 0, is the g4y, of oxidised PrestoBlue™ reagent (117,216 M cm™), 4, is the
Ac,, of the sample wells, 0, is the €5, of oxidised PrestoBlue™ reagent (80,586 M
cm™), A, is the Ago0f the sample wells, R; is the €57, of reduced PrestoBlue™
reagent (155,677 M cm™), M, is the Agy of the control (media only) wells, R, is the
€600 Of reduced PrestoBlue™ reagent (14,652 M" cm™), and M, is the is the Ag, of
the control (media only) wells. S. oneidensis cells that had PrestoBlue™ reagent
reduction percentages that were £10% were considered adequate, and acceptable

for normalisation.

This cell viability assay was employed each time an activity assay was done for the
firsttime, or each time a new protein variant was expressedin a S. oneidensis strain.
From that point moving forwards, the ODeo Of overnight cultures compared to the
controls was used as an indicator for cell viability. Also, after each activity assay
was carried out for the first time, the normalised cells were kept and run on an SDS-
PAGE whole-cell gel (see 2.1.7 Whole-cell SDS-PAGE gel preparation, and 2.3.1

Protein expression trials ).

2.6.2 Ferrozine assay

Several of the activity assays involved quantifying the reduction of soluble Fe(lll) to
Fe(ll) by S. oneidensis cells. To do so, an assay was developed based on previous
work®, The ferrozine solution was composed of 10 mM ferrozine (3-(2-Pyridyl)-5,6-
diphenyl-1,2,4-triazine-4',4"-disulfonic acid sodium salt) and 100 mM ammonium
acetate in RO water. The ferrozine solution was filter-sterilised (0.2 pym filter) before
use. As the reduced Fe(ll) can be reoxidised by oxygen, any assayed sample was
maintained anaerobic for as long as possible, before quickly carrying out the
ferrozine assay. First, 750 pL of sample were carefully extracted from a Suba-sealed
container using a syringe and a thin needle (23G x 1”, BD Microlance™ 3). The
samples were immediately subjected to centrifugation (5 minutes, 20,000 x g, 18°C)
to pellet any insoluble components. 500 L of the supernatant were transferred to
a polystyrene cuvette, 30 pL of ferrozine solution were added and mixed thoroughly,

and the solution was incubated for 60 seconds. As the results from the ferrozine
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assay are largely dependent on incubation time (amongst other things) the 60
seconds must be the same for all samples. Measurements were taken from 400-
800 nm, at 600 nm min~', 1 nm data interval, and 0.1 seconds average time (Cary 60

UV-Vis Spectrophotometer, Agilent).

The ferrozine solution reacts with Fe(ll) (but not with Fe (lll)) and turns purple/blue.
The absorbance maximum is at 562, so the Ass> was used to quantify soluble Fe(lll)
concentrations. To do so, a standard curve was prepared using known Fe(ll)Cl,
concentrations (see Figure 2.3). The linear regression formula was rearranged and
used to extrapolate measured absorbances during the activity assays and convert

them to concentration of Fe(ll).
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Figure 2.3. Standard curve used for ferrozine assay. 0, 12.5, 25,
50, and 100 uM Fe(ll)Cl, were used. The formula for converting
absorbance to concentration was rearranged so that x =
y+0.009

0.0196
A.U.

where x is concentration of Fe(ll) in pM, and y is Asez in

2.6.3 Flavin mononucleotide reduction assay
The protocol for the flavin mononucleotide (FMN) reduction experiments was based
onwork by Coursolle etal."”*. FMN can act as an electron shuttle that facilitates EET
by transferring electrons from outer-membrane multiheme cytochromes such as

MtrC, to the terminal electron acceptor. The FMN molecules can go from a fully
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oxidised state to a one-electron reduced state (flavin semiquinone), and finally to a

two-electron reduced state (fully reduced).

To begin single colonies were picked to make cultures that were grown overnight
(180 RPM, 30°C) in LB or LByan. These cultures were then used as a 0.1% inoculum
for 10 mL of M72 media with supplements (see 1.1.1. Media preparation), 1 mM L-
arabinose, and 10 pyL of kanamycin (where necessary) in a sealed Universal tube.
These cells were incubated for 18 hours at 25°C 120 RPM, and (without opening the
lid) were transferred to an anaerobic chamber. As the incubation progressed, the
cells used up most of the oxygen within the sealed container, but to become fully
anaerobic, they were left opened in the anaerobic chamber for one hour to remove
any residual oxygen. After an hour (the oxygen sensor in the anaerobic chamber
reading should have gone down to <0.5 ppm), 5 mL of cells were anaerobically
harvested by centrifugation (10 minutes, 3,000 x g, 18°C) and resuspended in 4 mL
of SMM (Shewanella minimal medium, see 2.1.1. Media preparation) supplemented
with fresh, 20 mM anaerobic sodium DL-lactate and kanamycin where necessary.
An anaerobic FMN stock (1 mM) was also introduced and opened into the anaerobic
chamber to remove residual oxygen. The final concentration of FMN in solution was
12 uM, so 36 pL of 1T mM FMN were used in these experiments. The cells were
normalised so that adding 2,964 L of cells and 36 pL of FMN, resulted in an ODsggo
of 0.1. Inside the glovebox, 2,974 pL of normalised cells were added to a 3 mL quartz
fluorescence cuvette and sealed with a lid that the addition of FMN with a microlitre
syringe (Hamilton). >36 pL of FMN (1 mM) were taken up into the microlitre syringe
inside the glovebox, before introducing the sealed cuvette to the fluorimeter (Cary
Eclipse Fluorescence Spectrophotometer, Agilent). The fluorimeter was set to
excitation at 365 nm and emission at 525 nm, medium detector voltage, taking a
read every second for 10 minutes. The background fluorescence of the cells was
recorded for a few seconds (to confirm nothing unusual was happening) before
anaerobically adding 36 pL of 1 mM FMN (12 pM final concentration) to the
fluorescence cuvette. Absorbance data were converted to rates of reduction using

the Beer Lambert law.
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2.6.4 Soluble OmcA reduction

OmcA usually exchanges electrons with MtrC on the surface of the outer membrane
of S. oneidensis. OmcA has a heme coordination similar to that of MtrC, where there
is a possibility for electrons to be transferred laterally between adjacent MtrC and
OmcA proteins. To investigate this, soluble OmcA was used as an electron
acceptor, and reduction with S. oneidensis strains expressing membrane-bound

MtrC variants was reported spectroscopically.

S. oneidensis cells were induced, cultured, harvested, and resuspended in SMM
supplemented with 20 mM anaerobic sodium DL-lactate, as above (see 2.6.3 Flavin
mononucleotide reduction assay). Cells were normalised to an ODgyo of
1.0.Purified, soluble OmcA was introduced into the glovebox and opened for one
hour before use to remove any residual oxygen. The soluble OmcA was diluted in
the same SMM 20 mM lactate, until the As10 ~ 1.0. The 96-well plates used in this
experiment were introduced into the glovebox the day before to remove residual
oxygen. In each testwell, 25 pL of normalised S. oneidensis cells were added to 225
pL of the diluted OmcA in SMM lactate, resulting in a final ODeoo of 0.1 of the cells.
Control wells were prepared similarly, with the addition of 1 yL of sodium dithionite
(10 mg mL™"). These controls served as a reference point for full reduction of the
OmcA and helped monitor the anaerobic conditions of the 96-well plate during the
experiment. Immediately after adding the cells to the OmcA SMM lactate solution
inside the glovebox, the 96-well plates were sealed with a plate seal (Adhesive PCR
Plate Seals, Thermo Scientific™) to prevent oxygen from entering. Quickly, the
sealed plate was removed from the glovebox, and a thin layer of poly cement (Poly
Cement Colle Polystyrene, Humbrol™) was applied to the edge of the plate. The poly
cement works by melting the plastic on the edge of the plate and inside of the plate
lid, which allows them to be “welded”, forming a strong bond, and further limit any
oxygen from entering the plate. The plate was rapidly introduced into the plate
reader (FLUOstar Omega, BMG LABTECH), and electronic absorbance
measurements were recorded from 350-700nm at varying intervals (every 1, 3, 5,
15, or 20 minutes), 0 RPM, with 2 nm data interval, and a path length of 7.89 mm
(250 pL absorbance path length correction). The sharpening of the alpha (~ 552 nm),

beta (~ 525 nm), and Soret (when oxidised ~ 410 nm, upon reduction ~ 420 nm)
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bands was used to monitor the reduction of OmcA. Data measurements were taken

until the reduction no longer continued.

The increase in Ass; (alpha band) was used to quantify the reduction of OmcA.
Calculations were done based on the fraction of reduction when compared to full
reduction (the control wells with sodium dithionite). The fraction reduced was then
converted to concentration of OmcA using the Beer Lamber law with a &4, 0f 1,670

mM—1 Cm—’l 191 .

2.6.5 Ferric citrate reduction

S. oneidensis can transfer electrons directly to Fe(lll) (ferric) complexes reducing
them to Fe(ll) (ferrous) complexes. To investigate differences in EET rates across
cells expressing membrane-bound MtrC variants, a reduction assay using the

physiological electron acceptor Fe(lll) citrate was designed.

S. oneidensis cells were grown overnight (180 RPM, 30°C) in LB or LBkan. They were
harvested by centrifugation (10 minutes, 3,000 x g, 18°C) and resuspended to an
ODsggo of 0.1 in 25 mL of SMM supplemented with 20 mM sodium DL lactate, 1 mM
L-arabinose, 5 mM ferric citrate, and kanamycin where necessary (filter-sterilised,
0.4 pm). The 25 mL samples were prepared in 25 mL Universal tubes, which were
sealed with a Suba-Seal®, resulting in a very reduced headspace. The cells were
incubated at 30°C, 0 RPM, and measurements were taken every 2 hours. This was
done by carefully extracting samples through the Suba-Seal® and assessing their
Fe(ll) concentration via the Ferrozine assay (see 2.6.2 Ferrozine assay) and the

linear regression from a ferrous chloride standard curve (Figure 2.1).

As the Suba-Seal® provided a contained environment within the Universal tube,
withdrawing volume through the syringe for Fe(ll) quantification lowered the
pressure inside the sealed environment. With a decreased pressure, there is a
higher likelihood for environmental oxygen to be drawn into the Universal. To
counteract this decreasing pressure, after every two reads (or every four hours), all
the samples were sparged for one second with sterile nitrogen (the nitrogen was
channelled through a 0.2 um filter) through the Suba-Seal® using a sterile needle.
This made the pressure inside the sealed Universal more positive and helped

prevent oxygen from re-entering.
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2.6.6 Ferric EDTA reduction

Similarly to Fe(lll) citrate, S. oneidensis can use Fe(lll) EDTA as an electron acceptor
in EET. This experiment was the same as the 2.6.5 Ferric citrate protocol, except
that 5 mM Fe(lll) EDTA was used instead of 5 mM Fe(lll) citrate. The solution was
alsofilter-sterilised (0.4 pm) before use. The ferrozine assay was used to determine

the reduction of Fe(lll) to Fe(ll) in solution.

2.6.7 Azo dye reduction
To have a better understanding of the effect modifying the outer-membrane
cytochromes had on EET in S. oneidensis, three non-physiological electron
acceptors were selected, Reactive Black 5 (RB5), Amaranth, and Methyl orange
(MO). These are all azo dyes which are bright and colourful. However, upon
reduction of the azo bond (-N=N-), the dyes become colourless. This allows for a
way to easily assess the reductive capacities of S. oneidensis strains expressing

MtrC variants.

Inthese experiments, a 96-well plate was prepared in the samewas as 2.6.4 Soluble
OmcA reduction. Each well contained 250 pyL of azo dye (60 pM RB5, 30 uyM
Amaranth, or 60 uM MO, all in anaerobic RO water) with cells at a final ODgy of 0.1.
Controls were also prepared with 1 yL of sodium dithionite (10 mg mL™") to monitor
any oxygen leaking into the sealed 96-well plate. Measurements were taken from
350-700 nm, 0 RPM, every 20 minutes for 12 hours, 2 nm data interval, with a path

length of 7.89 mm (250 pL absorbance path length correction).
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Chapter 3

Increased angle within MtrC
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3. MtrC S188V N251D

3.1 Introduction

MtrC is one of the terminal reductases in S. oneidensis’ extracellular electron
transfer (EET) that enables the electrons produced during intracellular metabolism
to be transported onto an extracellular terminal electron acceptor. It forms part of
the MtrCAB heterotrimer, comprised of a decaheme cytochrome, MtrA, which is
embedded in a 26 B-strand porin, MtrB8. This MtrAB dimer sits within the outer
membrane of S. oneidensis, with the N-terminus of MtrA receiving electrons from
the periplasm, and the C-terminus transferring them to MtrC on the cell surface.
Once the electrons are passed onto MtrC, they can then be directly transported to
a soluble or insoluble terminal electron acceptor, such as Fe(lll)/Mn(IV) oxides, or
indirectly via electron shuttles, such as flavins, that mediate the EET to the terminal
electron acceptor™'. However, due to the “staggered cross” arrangement of the
MtrC hemes, it is also possible for the electrons to be passed laterally to other
acceptors, such as the decaheme OmcA™"'%2, This is possible because the ten
hemes within MtrC lie within two separate domains, with five hemes in domain Il
and five hemes in domain IV. Previous work® has suggested that domains | and Il
displayed movement relative to domains lll and IV. This movement was centred
around residues 289-300 which are located in the a-helix that links domains Il and
[ll. It was also suggested that such a movement at this hinge location would not be

restricted in the MtrCAB complex®.

Here, we sought to investigate this movement between domains |, Il and domains
lll, IV. To do so, two codons on mtrC were mutated (Figure 3.1). The serine 188
codon (TCT) was mutated a valine codon (GTG), changing the polarity of the side
chain from polar to non-polar (hydrophobic). This would result in a disruption of
hydrogen bonding, as valine is non-polar and can therefore only participate in van
der Waals interactions. Next, the asparagine 251 codon (AAT) was mutated an
aspartic acid codon (GAC), changing the side chain from polar to having a negative
charge. This would again disrupt hydrogen bonding, but also introduce electrostatic
changes. As the exposed propionates on MtrC have an overall negative charge, it
would be expected that the aspartic acid would be repelled by the propionates to a

certain extent. We hypothesise that changing two amino acid residues in MtrC will
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result in a change in local polarity and charge, which will consequently disrupt the
hydrogen bonding and increase the electrostatic repulsion between domains |, Il

and domains lll, IV, affecting the EET capacity of the protein.

N251

heme 6

Figure 3.1. Crystal structure of MtrC from S. oneidensis (PDB:4LM8). Top, left. MtrC is
represented as a cartoon, with the four domains numbered in roman numerals. The ten hemes
are shown too. Top, right. The MtrC structure is shown in grey, with the hinge region, serine 188
(S188), and asparagine 251 (N251) coloured in green, dark green, and cyan, respectively.
Bottom. Interactions between S188 and N251 and neighbouring molecules. The hydrogen
bonds between the S188 and asparagine 498, and between N251 and heme 6 are indicated
with yellow dashed lines. Hemes are show in black with the iron core as an orange sphere.
Figure created in PyMOL.
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3.2 Results and discussion

3.2.1 Plasmid design and generation

3.2.1.1 Production of soluble pMTRCpwm plasmid
A pBAD plasmid containing the soluble (without a lipid anchor) WT version of MtrC
(soluble pMTRC,.c) with a Strep(ll) tag was obtained from the laboratory repository
at the University of East Anglia, Norwich (Table 2.3 in Methods 2.2.11). The plasmid
DNA (pDNA) was sequenced (Methods 2.2.10) and was successfully aligned in
Benchling to mtrC WT (NCBI: QKG96446), with all DNA bases aligning as expected.
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Figure 3.2. 0.8% agarose gel of the PCR products after the soluble MtrC S188V
and N251D PCR. An annealing temperature gradient was done to optimise the
success rate. The lanes are as follow: molecular marker (lane 1), annealing at:
60°C (lane 2), 58°C (lane 3), 54°C (lane 4), 52°C (lane 5), 50°C (lane 6), 48°C (lane
7). The bright bands around 7,000 bp are the successful PCR products.

After the DNA sequence from the template soluble pMTRC.. plasmid was
determined to be correct, a PCR was carried out to replace the serine codon at
amino acid position 188 with the valine codon (S188V) resulting in the pMTRCs1ssv
plasmid. Then, a second PCR was done to replace the asparagine codon at amino
acid position 251 with the aspartic acid codon (N251D) resulting in a double mutant

plasmid that contained both amino acid changes (mtrC double mutant, pMTRCpw)

The PCR primers used are detailed in Table 2.2 in Methods 2.2.3, and the PCR
conditions are shown in Methods 2.2.3. The PCR products (pMTRCpm) were
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visualised on a 0.8% agarose gel (Methods 2.1.3) to confirm the amplification

(Figure 3.2).

Once the PCR was confirmed to have worked via the gel electrophoresis, a Dpnl
digest was carried out (Methods 2.2.4) on the soluble pMTRCpm PCR product. Next,
the Dpnl and the buffers used in the reaction were removed by using a PCR clean-
up kit. After, the soluble pMTRCpm Was transformed into competent E. coli TOP10
cells via heat shock (Methods 2.2.7 and 2.2.8). The pDNA was extracted from the
transformants and sent for sequencing to confirm the S188V and N251D mutations

in the DNA had occurred successfully.

soluble MtrC DM

2040 bp

Figure 3.3. Sequencing data from soluble pMTRCpwm obtained from Eurofins and visualised in
Benchling. As this is the soluble and not lipid-anchored form, the MtrB signal peptide (light
blue arrow) replaces the native MtrC signal peptide. CXXCH heme binding motifs are shown
with red arrows. The Strep(ll) tag is shown with a light green arrow. The locations for the S188V
and N251D mutations are shown with a dark green and dark blue arrows, respectively. Note:
even though the sequencing data is linear, it has been shown as circular to better visualise
the components.
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Finally, the plasmid was transformed into a S. oneidensis Amtr strain via
electroporation (Methods 2.2.9). This strain was selected because the soluble
protein was intended for purification, therefore production of MtrA and MtrB
proteins was not necessary. To check if any unwanted mutations had been
introduced during the electroporation into S. oneidensis cells, the pDNA was
extracted and sent for sequencing (Figure 3.3). Upon confirmation of the correct

pDNA sequence, protein expression trials were commenced.

Figure 3.4 shows the full, mature translated DNA sequence for MtrCpm, with the
CXXCH binding motifs, as well as the location of the two amino acid residue

changes.
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AD DGNNGND D EPA IQTLNLDITKVSYENGA VIVFATNEAD VIGLANLEIKKALQLIPEGA NSANWQGL KSYVDNKN

18 28 38 48 58 62 78 ge 98

YTFKFDAFDSNKVFNAQLTOQRFNVVSAAGKLAD VPVAEVMVEDFDGOGNAPOYTKNIVSHEVOAVIHVEGEKTIYHQATEVE T HTQEFAD
ChxcH> CXXCH
100 118 128 138 140 158 160 178 182 190
RGKFHVAFSHLIHNVHNANKAWGKDNKTI VAQDIVQDNCQVCHVESDHMLTEAKNWSRI EV HVDIDFAAGKGHSQQLDNSNCIACHNSDW
OXCH >~ CXXCH d CXXCH >
202 218 220 230 248 250 260 278 280 298
AELHTAK ATKNLINQYGIE INTETKAATISVQVVDAN AVDLKTILPKVOQRLEIITNV NNATLGY KDSIFAIKNGALDPKATIND
LY EAL 120 EEL EVY 3se 62 Te LT
AGKLVY KDLKLGONGADSDTAFSFVGW EGKFVD_ADFPAFDGVDVTKY KADLAFATL KA RHVDSVN ACANCHTAEFEIHK
CXXCH 4
330 400 410 428 430 240 450 age 478 288

KOHAGFV EQLSHTQDANGKAIVGLDACYV H D YSFANRGALELKLHKKHVEDAYGLI NCA HSDFNLESFKKKGALNTAAAADK L

CHXCH > CHXCH
4483 see 318 52e 53@ 548 558 568 578 582
Y ITA HTV OYMVHTKETLESFGAVVD KDDA AAQSE FYCH VADHTKVK AWSHPQFEK
CXXCH > [Coxxes [ Strep 1T tag >

598 622 618 628 638 648 658

Figure 3.4. Translated DNA sequence for mature, soluble MtrCpnm. The first amino acid residue shown is the alanine immediately after the MtrB signal peptide cut
site. The sequence ends with the Strep(ll) tag (blue arrow).The CXXCH motifs are shown within the orange arrow labels over the sequence. The two locations for
the codon mutations are shown, S188V (purple arrow) and N251D (green arrow). The mutations on the soluble MtrCpm sequence are not at the expected positions,
as the native mtrC signal peptide was replaced for the mtrB one, which is of a different length. Figured produced in Benchling.
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3.2.1.2 Production of membrane pMTRCpm plasmid
A pBAD plasmid with the lipid-anchored (membrane-bound) MtrC WT (membrane
pMTRC..) was obtained from the laboratory repository at the University of East
Anglia, Norwich (Table 2.3 in Methods 2.2.11). The pDNA was extracted and sent for
sequencing (Methods 2.2.10). The plasmid was aligned to mtrC WT with no

mismatches.
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Figure 3.5. 0.8% agarose gel of the PCR products

after the membrane MtrC S188V and N251D PCR.

An annealing temperature gradient was done to

optimise the success rate. The lanes are as

follow: molecular marker (lane 1), annealing at:

60°C (lane 2), 58°C (lane 3), 54°C (lane 4), 52°C

(lane 5), 50°C (lane 6). The bright bands at~ 7,000

bp are the successful PCR products.
After checking that the pMTRC,. sequence was correct, a PCR was done to replace
serine atamino acid position 188 with valine (S188V). Then, a second PCRwas done
to replace asparagine at amino acid position 251 with aspartic acid (N251D). The
PCR conditions and primers are detailed in Methods 2.2.3 and Table 2.2. The PCR
products (membrane pMTRCpm) were visualised on a 0.8% agarose gel (methods

2.1.3) to confirm the success of the PCR (Figure 3.5).

After confirming the success of the PCR via gel electrophoresis (Figure 3.5), a Dpnl
digest (Methods 2.2.4) and PCR clean-up (Methods 2.2.7) were done. Next, the
membrane pMTRCpm was transformed into competent E. coliTOP10 cells (Methods
2.2.8). The pDNA was extracted from the E. coli and sequenced to confirm the

S188V and N251D mutations in the DNA had occurred successfully. Lastly, the
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pMTRCpm was transformed into a S. oneidensis AmtrC/omcA strain via

electroporation (methods 2.2.9).

To confirm that no unwanted mutations had been introduced into the pDNA during
the electroporation, membrane pMTRCpm was extracted and sent for sequencing
(Figure 3.6). After confirming that the plasmid sequence was correct, protein
expression trials were started. All plasmids used in this chapter are shown in Table

3.1.

3

S

X membrane MtrC DM
2016 bp

Figure 3.6. Sequencing data from membrane pMTRCpu obtained from Eurofins and
visualised in Benchling. The MtrC signal peptide (green arrow), CXXCH heme
binding motifs (orange arrows), and locations for S188V (dark blue arrow) and
N251D (dark green arrow) mutations are shown. Note: even though the sequencing
datais linear, it has been shown as circular to better visualise the components.
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Table 3.1. Plasmids used in this chapter with indicated relevant features. Text in bold forms part
of each plasmid name.

Soluble pMTRC ..

Soluble pMTRCgggy

Soluble pMTRCy;,

Membrane pMTRC, ..

Membrane pMTRCg1gzy

Membrane pMTRCyy

mitrB signal peptide, no lipid anchor; no more modifications to mtrC (recombinant)

mtrB signal peptide, no lipid anchor; serine codon at amino acid position 188 of mtrC
changed to valine codon

mirB signal peptide, no lipid anchor; serine codon at amino acid position 188 of mtrC
changed to valine codon; asparagine codon at position 251 changed to aspartic acid
codon (double mutant)

Native mtrC signal peptide, lipid anchor; no modifications to mtrC, (recombinant)

Native mtrC signal peptide, lipid anchor; serine codon atamino acid position 188 of mtrC
changed to valine codon

Native mtrC signal peptide, lipid anchor; serine codon at amino acid position 188 of mtrC
changed to valine codon; asparagine codon at position 251 changed to aspartic acid
codon (double mutant)

3.2.2 Soluble MtrCpwm expression trials

An expression trial was done to confirm the correct production and secretion of

soluble MtrCpm by the S. oneidensis Amtr cells with soluble pMTRCpm plasmid

(Methods 2.3.1). Gene expression was induced with 5 mM L-arabinose. Six hours

after induction of expression, the cells were harvested by centrifugation and

discarded. The spent media samples and controls were run on an SDS-PAGE gel

(Methods 2.3.3) and stained for heme (Methods 2.3.5).

kDa 1 2 34 5 6
250

150

100

75 — MtrC WT/MtrCpy

50

37

25
20

Figure 3.7. Heme-stained SDS-PAGE gel from the spent media of the of
S. oneidensis Amtr cells with the soluble pMTRCpm plasmid expression
trial. Lanes are as follows: molecular marker (lane 1), MR-1 (lane 2), Amtr
(lane 3), Amtr cells with uninduced pMTRCpwu plasmid (lane 4), Amtr cells
with pMTRCpm plasmid induced with 5 mM L-arabinose (lane 5), Amtr
cells with pMTRC,e. plasmid induced with 5 mM L-arabinose (lane 6).
MtrCiec (WT) and MtrCpwm are indicated with lines.
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Figure 3.7 shows the heme-stained gel with strong banding where MtrC was
expected to be (~ 76 kDa). As the sample contains only the cell-free spent media,
the gel does not show banding of fumarate reductase (~ 65 kDa) in any strain, which
can appear as a false positive in SDS-PAGE gels of MtrC. Furthermore, some of the
fumarate reductase is also removed during the centrifugation step. The difference
in the MtrC band is also clear between the uninduced sample (Figure 3.7, lane 4)

and induced samples (Figure 3.7 lanes 5, 6).

3.2.3 Soluble MtrCpwm purification
After confirming with the expression trials that the proteins were being expressed
correctly, alarger-scale purification protocol was carried out. To purify the proteins,
cells were cultured, and proteins were extracted as detailed before (Methods 2.4.1
and Methods 2.4.3). Purification was carried out using the Strep(ll) tag on the C-
terminus of MtrCpm (Figure 3.8). After the Strep(ll) tag column, size-exclusion
chromatography (SEC) on a Superdex 16/600 75 pg was carried out on the proteins
to further remove any impurities. shows a single, principal peak for both the

absorbance at 410 nm and 280 nm.

4000
3000
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1000

Absorbance (ma.U.)

0

90 100 110 120 130 140 150

Elution volume (mL)

Figure 3.8. AKTA traces from Strep(ll)-tag column purification of soluble
MtrCpm. The Ag1o and Axg are shown as red and blue lines, respectively.
The A410 was used to select which fractions to run on SDS-PAGE gels to
assess the purity of the proteins. Proteins were purified from a 4 L
culture.
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3.2.4 Liquid chromatography-mass spectrometry on soluble MtrCpm
Once the soluble MtrCpm was determined to be of sufficiently high purity by SDS-
PAGE gels the protein samples were submitted for LC-MS (Methods 2.5.6). Figure
3.9 shows the processed data from the LC-MS with a large primary peak at 76,267

Da corresponding to MtrCpm.

Benchling was used to predict a mass of 70,113 Da for the mature soluble MtrCopnm
polypeptide backbone onits own, and 76,265 Da when adding the mass of 10 c-type
hemes (615.71"° Da heme™). The observed experimental molecular mass obtained
from the LC-MS was 76,267 Da (Figure 3.9), putting it 2 Da away from the predicted
molecular mass of soluble MtrCpm. For soluble MtrC.., Benchling predicted a
protein backbone mass of 70,100 Da, resulting in a predicted mass of 76,257 Da for
the mature protein with 10 hemes. The mass of soluble MtrC,. was previously

reported to be 76,252 Da™.

350,000

76,267
300,000 |

250,000

200,000

150,000 |

Intensity (A.U.)

100,000 |

50,000 F

0 A . ! aneeead, Al e —

70,000 72,000 74,000 76,000 /8,000 80,000

Molecular weight (Da)

Figure 3.9. MtrCpm LC-MS data analysis showing the detected intensity units as a function of
molecular weight. The maximum value for the intensity is shown as a data label on the graph
and corresponds to the experimental molecular weight of soluble MtrCpw.
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3.2.5 Ultraviolet-visible spectroscopy on soluble MtrCpm
After confirming that the purified soluble MtrCpm had been produced correctly and
at the right molecular weight (+ 2 Da), the redox properties were analysed.
Investigating the characteristic heme protein spectroscopic features can provide
insight on the structure and redox properties by using UV-Vis spectroscopy

(Methods 2.5.1). These analyses provide information on both the redox functionality
and the protein folding integrity.
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Figure 3.10. Electronic absorbance of soluble MtrCpm (top), and
soluble MtrC,.. (bottom) showing the oxidised state (solid black
line) and dithionite-reduced state (red dashed line). Characteristic
heme protein features and their corresponding wavelengths are

labelled on the spectra. Proteins were diluted in 20 mM Tris, 30 mM
NaCl, pH 7.8,to ~ 0.8 uM.
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Figure 3.10 shows the electronic absorbance spectra of the oxidised and reduced
states of soluble MtrCpm and MtrC.., respectively. In MtrCpm (Figure 3.10, top) the
Soret band was shifted from 411 nm to 420 nm upon reduction. Also, the a- and B
(552 nm and 523 nm, respectively) became sharper and more evident. These
features are indicative of a heme protein that has folded correctly and displays
typical redox capabilities. For MtrC... (Figure 3.10, bottom), the Soret band shifted
from 411 nm to 421 nm, and the sharpening of the a- and  bands occurred at 551
nm and 523 nm, respectively. These peak maxima suggest that there is little to no

difference in the spectroscopic properties of soluble MtrC,.. and soluble MtrCpm.

3.2.6 Small angle X-ray scattering on soluble MtrCpm

Small angle X-ray scattering (SAXS) was carried out to investigate the structural
properties of soluble MtrCpm. SAXS is particularly useful when investigating proteins
that do not readily crystallise and for observing dynamic conformations in solution.
Several crystallisation trials were carried out on purified soluble MtrCpwm. These trials
involved using commercially available screening trays, as well as using the known
crystallisation conditions® for soluble MtrC,. as a starting point. However, all trials

were unsuccessful, and no crystals were formed during the trials.

The purified soluble MtrCpm samples were placed in an X-ray beam, and the radially
isotropic scattering patterns were collected and interpreted. The SAXS sample
preparation and data processing protocols are detailed in Methods 2.5.6. The
processed SAXS data for soluble MtrC,.. and MtrCpm are shown in Figure 3.11 Ato D

and Figure 3.11 E to H, respectively. SAXS data can be represented as intensity as a

2sin@

function of scattering vector s, where s = . B is the scattering angle and A is the

wavelength. The data presented in Figures 3.11 were processed in ATSAS and

reported using the scattering vector (s) units.
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Figure 3.11. SAXS data analyses for soluble MtrC,.. (A-D) and soluble MtrCpm (E-H). A, E. Guinier plots of the scattering curves, with linearity at low s?, suggesting no
protein aggregation. B, F. Kratky plots of the merged scattering curve, suggesting the proteins were correctly folded. C, G. log(/) vs s scattering curve plots (blue circles)
with the fit line (red line). D, H. Particle pair distance distribution p(r) plots showing a maximum intramolecular distance (Dmax) of 93 A for soluble MtrC, and 106 A for
soluble MtrCpw. Intensity (I), scattering vector (s), and intramolecular radius (r) are shown on the axes.
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Any background scattering and noise caused by the buffer were removed by
subtracting the buffer scattering profiles from the protein scattering profiles. The
radius of gyration (Rg) for both proteins was determined by Guinier approximation
analyses using AUTORG'’®. Guinier plots for soluble MtrC... and MtrCpm are shown
in Figure 3.11, A, and Figure 3.11, E, respectively. The R; was also calculated from
particle pair distance distribution, p(r), plots for soluble MtrC..c and MtrCpm shown
in Figure 3.11, A and Figure 3.11, H, respectively. Both plots produced single peaks
of particle distances, without any other peaks, which suggested that both proteins

were monomeric.
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Figure 3.12. Overlay of the Kratky plots of the merged scattering
curves of soluble MtrC,.. (blue) and MtrCpm (red). The data around s
values of 0.05 and 0.1 provide insight into the globularity of the
proteins, while the data around s values of 0.1 and 0.15, are provide
insight into the flexibility of the proteins.

The soluble MtrC,.. R; was calculated from the p(r) plot to be 29.7 A (0.13 A) with a
maximum intramolecular distance (Dmax) 0of 93.31 A (Figure 3.11, D). For MtrCopm the
Ry was calculated from the p(r) plot to be 31.23 A (0.1 A) with a maximum
intramolecular distance (Dmax) of 106.33 A (Figure 3.11, H). For both proteins, the Ry
calculated from the Guinier approximation and p(r) function were identical (x0.02

9

A). The Rq is the average distribution of mass around the protein, with an axis
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crossing the protein through the centre of mass, which can provide insight into the

protein shape.

An overlay of the Kratky analyses of the scattering curves for soluble MtrC... and
MtrCpm is shown in Figure 3.12. This overlay suggested that MtrCow is slightly less
globular than MtrCpnm (Figure 3.12). The mutations introduced in soluble MtrCpmwere
designed to produce a variant MtrC that had a higher degree of flexibility between
domains I, Il and domains lll, IV. Therefore, there was an expected slight decrease
in globularity in MtrCpm which was confirmed by the SAXS. Furthermore, the overlay
also suggested that MtrCpuw is slightly more flexible than MtrC... (Figure 3.12). Again,

this was predicted to be the case because of the introduced mutations in MtrCpm.

A variety of software (Methods 2.5.6) were used to produce a final model of the
MtrCom structure based on the SAXS data. Figure 3.13, A, shows a structure of
MtrC,.c with the two locations where the amino acid changes were produced. Figure
3.13, B, shows the generated structure from the SAXS results. Figure 3.13, C, shows
the model created from the SAXS data superposed to the structure of MtrCi.. This
superposition suggests an increase in the angle between the N terminus of MtrC
(comprised of domains | and IlI) and the C terminus (comprised of domains Il and

V).

The changes in the amino acid residues of MtrC were expected to change the
flexibility of the hinge between domains I, Il and domains lll, IV within MtrC. Serine
(with a polar, uncharged R group) was changed to valine (nonpolar, hydrophobic R
group). The change in polarity and hydrophobicity of these amino acids were
expectedto produce a slight repulsion from the rest of the structure when the serine
was changed to valine. Furthermore, asparagine (polar, uncharged R group) was
changed to aspartic acid (negatively charged R group). The consequent change in
charge of the amino acid was also expected to produce a change in the flexibility

and angle between domains |, Il and domains I, IV in MtrCppm.
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Figure 3.13. MtrC structures. (A). Soluble MtrC.. (PDB: 4LM8) shown in green with the hemes
shown in black and Fe centres shown as orange spheres. The two locations where mutations were

introduced to change serine 188 to valine (blue) and asparagine 251 to aspartic acid (red) are
shown on the structure. (B) Soluble MtrCpm subunits model generated from SAXS data. As the
angle between the N and C termini of the protein was increased, each terminus was treated as a
separate subunit. The purified protein, however, does not have separate subunits; it is one
continuous polypeptide chain. Domains | and Il are shown in cyan and domains Il and IV are
shown in yellow. (C). Superposition of MtrC WT (PDB: 4LM8, green) and MtrCpw (yellow) produced
from the SAXS data. Domains | and Il of both proteins were superposed perfectly (opaque green).
The superposition of domains Ill and IV of MtrC WT (translucent green) and MtrCpm (translucent
yellow) reveals the modelled increased angle between domains I, Il and domains lll, IV of MtrCpm.
MtrC WT and MtrCpm hemes are shown in black and red, respectively. Fe centres are shown as
orange spheres. Domains indicated with roman numerals. Structures and models visualised
using PyMOL?22,
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3.2.7 Membrane MtrCpm expression and cell viability trials

An expression trialwas done to confirm the correct production of membrane MtrCom
by S. oneidensis AmtrC/omcA cells (Methods 2.3.1). a 0.1% inoculum was used in
M72 media (with supplements and kanamycin). These cells were immediately
induced with 0.5 and 1 mM L-arabinose and incubated overnight. As the membrane
MtrCom would have formed a complex with native MtrAB, the health of the cells was
more important than the yield of protein. To assess this, a cell viability assay was
carried out on the S. oneidensis cells with the induced pMTRCpwm plasmid (Methods
2.6.1). The cell viability assay served the purpose of helping understand if the
assayed cells were healthy or not. However, as the reaction was stopped arbitrarily
at the point before the reactant changes colour too much, the quantitative value of

the data cannot be too high.

Instead, the processed data generated by the assay should be considered
qualitative, i.e. whether the cells were metabolically active (healthy) or
metabolically inactive (dead). Moreover, for some of the cells containing plasmids,
too high a concentration of L-arabinose led to premature cell death. Consequently,
itis difficultto normalise the total amount of healthy cells as the ODso also includes
unhealthy or lysed cells. However, for cells without a plasmid, a turbid culture the
following day almost always meant the cells grew properly and were healthy.
Therefore, this cell viability assay primarily evaluated the viability of the induced,
plasmid-containing cells. Table 3.2 shows the results of the cell viability assay done
on two samples induced with different L-arabinose concentrations. The values

listed in Table 3.2 indicated that all the assayed cells were metabolically active.

Table 3.2. Processed data converted from the electronic
absorbance taken during the cell viability assay of S. oneidensis
AmtrC/omcA cells containing the pMTRCpm plasmid. Numbers
represent averages from three replicates, and *indicates standard
error of mean. Control indicates a cell-free sample only containing

L-arabinose PrestoBlue™Reagent
concentration = percentage reduction

0mM 47.53 (= 2.37)
0.5 mM 45.48 (= 3.90)
1mM 49.96 (+ 1.18)
control 2.62 (= 0.09)
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Cell viability was assessed before doing any activity assays for all the strains that
were used on the day. However, as it had been shown that the plasmid-containing
cells were healthy (Table 3.2) using a spectrophotometer and plate reader,
subsequent cell viability assays were done using microfuge tubes and no
spectrophotometer. Instead, a noticeable colour change within a few minutes of

adding the cellviability reagent was determined to mean that the cells were healthy.
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Figure 3.14. Heme-stained SDS-PAGE whole-cell gel from expression trial of S.

oneidensis AmtrC/omcA with the membrane MtrCpu plasmid. Lanes are as follows:

molecular marker (lane 1); MR-1, membrane fraction (lane 2); MR-1, soluble fraction

(lane 3); membrane fraction of AmtrC/omcA cells expressing MtrC,. with L-

arabinose at: 0 mM (lane 4), 0.5 mM (lane 5), and 1 mM (lane 6); soluble fraction of

AmtrC/omcA cells expressing MtrC,.. with L-arabinose at: 0 mM (lane 7) and 1 mM

(lane 8); membrane fraction of AmtrC/omcA cells expressing MtrCpm with L-

arabinose at: 0 mM (lane 9), 0.5 mM (lane 10), and 1 mM (lane 11); and soluble

fraction of AmtrC/omcA cells expressing MtrCpv with L-arabinose at: 0 mM (lane 12)

and 1 mM (lane 13). Fumarate reductase (FccA), MtrC WT (MtrC..), MtrCpn, and

small tetraheme cytochrome (STC) are indicated with lines.
After having confirmed that the S. oneidensis AmtrC/omcA cells with the induced
pMTRCpm plasmid were metabolically active after induction, the production of
proteins was assessed by running a whole-cell gel (Methods 2.1.7) and doing a
heme stain on the gel. Figure 3.14 shows the heme-stained gel after the expression
trial after confirming the viability of the cells. The gel shows the difference between
the membrane and soluble fractions of the MR-1 as well as the AmtrC/omcA cells
producing membrane MtrC,. or MtrCpm. For all three strains, the soluble fraction
produced much darker bands on the gel around 70 kDa, which was predicted to be
due to high concentrations of fumarate reductase. The gel also shows that1 mM L-
arabinose induction produced bands that were much darker than 0 mM and slightly

darker than 0.5 mM. Consequently, 1 mM L-arabinose was chosen for all future

inductions of the pMTRCpm plasmid. The MtrA band was the strongest in the
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membrane fraction of all strains, especially the 1 mM L-arabinose induction of cells
with either pMTRC,.. or p MTRCpnm. Furthermore, there did not seemto be much basal
level expression (or “leaky” expression) of the pBAD plasmid in the 0 mM L-
arabinose induction cells. The whole-cell gel (Figure 3.14) also shows other heme
proteins found within the S. oneidensis cells, including fumarate reductase (FccA)

and small tetraheme cytochrome (STC).

3.2.8 Membrane MtrC activity assays

After confirming that MtrCpm was expressed correctly and appeared to be localised
to the membrane, functional effects of having the membrane MtrCpm were
investigated. SAXS had confirmed that the angle between domains|, Il and domains
I, IV of MtrC had been increased slightly after introducing the S188V and N251D
mutations. However, it was unknown if this would have any effects on the electron
transfer rates through MtrCpvAB. The EET was investigated in different S. oneidensis
strains through the reduction of flavin mononucleotide (FMN). Under anaerobic
conditions and when supplemented with lactate, the intracellular metabolism of S.
oneidensis generated electrons that required a terminal electron acceptor (such as

FMN to complete EET.

3.2.8.1 Reduction of flavin mononucleotide
Flavin mononucleotide (FMN) is capable of mediating EET between MtrC or OmcA
and certain terminal electron acceptors such as ferrihydrite (Fe(lll) oxide) and
electrodes’™. Oxidised FMN has a bright yellow colour and fluoresces intensely with
peak excitation and emission wavelengths of 365 nm and 525 nm, respectively.
Upon reduction, the FMN loses the capacity to fluoresce, a property that is
extremely useful in investigating electron transfer rates. Figure 3.15 shows the
change influorescence intensity of 36 uM FMN (Figure 3.15, left) and the rate of FMN
reduction in the presence of S. oneidensis cells with an ODgg ~ 0.1 (Figure 3.15,
right).The fluorescence intensity decreased rapidly with the strains expressing
either membrane MtrC,.. or MtrCpm. Additionally, the data suggested that there was
a smalldifference in the capabilities of the strains producing membrane MtrC,.. and
MtrCpm to reduce FMN. The change in intensity was also decreased for MR-1, but
not as much nor as fast. As the strains producing plasmid-based protein variants

employ an overexpression system, higher reduction rates when compared to MR-1
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were expected. The AmtrC/omcA mutant showed little to no change in the

fluorescence intensity from the unprocessed data.
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Figure 3.15. Results from the MtrCpm FMN reduction assay. Left. Change in fluorescence intensity
at 525 nm of four S. oneidensis strains over a period of 9 minutes. Right. Processed data from the
FMN assay, where change in fluorescence was converted to a rate of FMN reduction. Strains
shown include: MR-1 (1); AmtrC/omcA (2); AmtrC/omcA producing membrane MtrC..( 3); and
AmtrC/omcA producing membrane MtrCpowm (4). The assay was carried out with cells at a starting
ODgoo of 0.1 induced with 1 mM L-arabinose. The initial concentration of FMN was 12 uM.
Experiments were done in triplicate and error bars show standard error of mean. No statistical
tests were carried out on the data.

The transfer of electrons from the S. oneidensis cells to FMN happened rapidly, as
was seen from the decreasing gradient of the fluorescence intensity with time.
Consequently, the initial (within two to three minutes) change in fluorescence was
largely used in the FMN reduction rate calculations. Furthermore, using the initial
change was advantageous to try to mitigate against any false positive readings from
any oxygen that may have leaked into the cuvette and sequestered the intracellular
electrons. The FMN reduction rates shown in this thesis (Figure 3.15, right)
corroborated previous work''® showing the incapability for AmtrC/omcA mutants to
reduce FMN. The AmtrC/omcA mutant did have a very small FMN reduction rate
suggesting a small level of electron transfer does occur between S. oneidensis
AmtrC/omcA cells and FMN. Additionally, the AmtrC/omcA mutant producing
membrane MtrC.. had a faster rate than MR-1, which was expected as this
construct has increased expression of MtrC when compared to MR-1. This
suggested the experimental design was appropriate and the produced membrane
MtrC.. protein transferred electrons from the endogenous MtrAB to the exogenous

FMN.
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When MtrC is reduced, and under anaerobic conditions, the FMN can interact with
MtrC which increases EET rates. However, itis unknown where on the MtrC scaffold
these interactions take place. It has been suggested's' that the closest heme to the
MtrC disulfide bond (located in domain lll) is heme 7 (located in domain IV). Here
the effect of increasing the angle between domains |, [l and domains I, IV in MtrCom
on electron transfer was investigated. However, the results from the FMN reduction
assay would indicate that there were no noticeable differences between EET
through membrane MtrC.. and MtrCpu. Even though the SAXS results for soluble
MtrCpm indicate that MtrCpm was more flexible than MtrC..., this did not seem to

impact electron transfer to FMN.
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3.3 Conclusion and future work

The outer-membrane decaheme, MtrC, is comprised of four domains. Two
structural, B-barrel domains (domains | and Ill) and two pentaheme, a-helical
domains (domains Iland V). [t was reported® that in the crystallised MtrC in MtrCAB
from Shewanella baltica OS185 (which is very similar to MtrC from S. oneidensis
MR-1'%"), domains |, Il showed movement relative to domains lll, IV. This movement
was centred around MtrC residues 289-300, which form part of the alpha helix
located in the hinge region between domains Il and Ill. It was suggested that the
location of this flexible hinge would not restrict MtrCAB, enabling MtrC the flexibility

to change its conformation®:.

To further investigate the role of these flexible conformational states of MtrC, an
MtrC variant (MtrCpnm) with two mutations (S188V, N251D) was produced. These
residue changes were predicted to cause the angle between domains |, Il and
domains lll, IV to be increased due to differences in the hydrophobicity and charge
of the modified amino acid residues. The results presented here show that there
were no appreciable differences between the UV-Vis spectra of soluble MtrC.. and
MtrCpom. The processed SAXS data suggested an increased radius of gyration (Rg) and
maximum intramolecular distance (Dmax) in MtrCpm. In the models produced from
the SAXS data, domains |, Il of soluble MtrCpwm overlay perfectly with domains I, Il of
soluble MtrC... Domains lll, IV, however, were predicted to be located at an
increased angle from domains |, I, which is in alignment with the increased Ry and

Dmax-

To investigate any functional effects of increasing the angle between domains I, Il
and domains lll, IV, in MtrCpw, a flavin mononucleotide (FMN) reduction assay was
carried out on several S. oneidensis strains. This assay determines the rate at which
electrons are transferred from S. oneidensis cells, through MtrCAB, to FMN. The
results from this assay suggest that there were no significant differences between
the electron transfer rates of cells producing MtrCAB or MtrCpmAB. It would appear
that, even though there is a greater distance between domains |, Il and domains lll,
IV, there are no major changes in the electron transfer rate. This could be because
FMN is suggested™’ to form a complex with MtrC, which might bring domains lll, IV
closer to domains |, Il, regardless of the increased angle between the two sets of
domains. As the FMN is predicted to bind near heme 7, on domain lll, then it would
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not be advantageous for the cells if domains I, IV were far enough from domains |,
Il to hinder electron transport. If the distance between the two sets of pentahemes
within MtrC were to be increased, then electron transfer rates would go down, as

they would have to travel farther.

Furthermore, previous work has proposed that the disulfide near heme 7 is
essential for FMN reduction '®":34, So even though the hinge between domains |, Il
and domains lll, IV has increased flexibility in MtrCopwm, the disulfide remains. This
may be the reason as to why the rates of EET through membrane MtrCom are
comparable to those through membrane MtrC,... Moreover, the rates of heme-to-
heme electron transfer have been previously'® suggested to be in the order of 10° s
' with edge-to-edge distances of 3.7-4.3 A. Consequently, even though the distance
between domains I, Il and domains lll, IV was increased in MtrCpum, these proposed

electron transfer rates are fast enough to sustain the reduction of FMN.

The SAXS results presented here show that MtrCpm is more flexible than MtrCie.. This
flexibility, however, seems to have no impact on the rate of EET to FMN. This could
be the case if the changes observed in the SAXS do not affect the EET rate
sufficiently to affect FMN reduction, or if the EET rates are not affected by the
mutations. Another possibility is that the FMN does not bind to MtrC near domain Il
orlV, eventhough the disulfide is important. Itis hypothesised that disruption of the
disulfide bridge in MtrC forces a fixed change in domain lll or IV that affects FMN
reduction. If this is true, then removal of domains Ill and IV will prevent catalytic
reduction of substrates that interact with either domain. Consequently, other

assays should be done with different types of electron acceptors.
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Chapter 4

Removing domains lll and IV

of MtrC
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4. MtrC domains |l and Il
4.1 Introduction

Shewanella oneidensis has the capacity to survive in environment with little to no
oxygen, by respiring extracellular metals such as Fe(lll) and Mn(IV) oxides. To do so,
it can transfer the electrons generated from intracellular metabolism to the
extracellular electron acceptors via the MtrCAB heterotrimer. This complex is
comprised of MtrA (outer-membrane decaheme) enveloped by MtrB (porin), and
MtrC (cell-surface decaheme). Electrons can be transferred to the acceptor from
MtrC directly, by going through OmcA (another cell-surface decaheme) first, or
indirectly via electron shuttles like flavins™" ', Lateral electron transfer between
MtrC and OmcAis possible due to the “staggered cross” heme arrangement of MtrC.
This is possible as MtrC has its 10 hemes divided into domains Il (hemes 1-5) and IV
(hemes 6-10). Within domain lll of MtrC, the 444 and 453 cysteines form a disulfide
bond when oxygen is present '¥"34_ Under reducing conditions, however, this bond
is broken. It has been suggested that the binding of flavins to MtrC occurs near a
hydrophobic cleft adjacentto heme 7. However, upon exposure to oxygen, the flavin
cofactor is rapidly released as the disulfide bond reforms8®13113% The crystal
structure reveals that the edge-to-edge distances for the MtrA hemes are 3.9-6.5
A, Furthermore, the distance between heme 10 from MtrA (atthe C terminus) and
heme 5 of MtrC (at the N terminus, next to MtrA) was 8 A. Additionally, the hinge
between domains I, Il and domains Ill, IV of MtrC is located around residues 289-
30088, This hinge region allows some flexibility between the C and N termini of MtrC.
Perhaps it allows MtrC to have subtle conformational changes that enable the

binding of cofactors such as flavins, or direct contact with metal oxide acceptors.

In the previous chapter, the angle and distance between domains I, Il and domains
I, IV of MtrC was increased. However, there were no significant differences in the
biophysical properties nor the reductase activity of the MtrC variant when
compared to WT MtrC. To better understand the effects of increasing the distances
between domains |, Il and domains lll, IV, another MtrC variant was generated that
only contained domains | and Il. This variant was used to investigate changes in EET
when domain lll and IV (which contain the disulfide bridge and heme 7, respectively)
were removed. Our hypothesis is that MtrC can open and close to regulate electron
transfer, and if this were to be the case, then we would expect to find physiological
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substrate binding sites within domains Il and IV. By removing both these domains,
the location of binding sites for substrates like iron oxides or flavins will become

clearer.
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4.2 Results and discussion

4.2.1 Plasmid design and generation

4.2.1.1 Production of soluble pMTRCp,; plasmid
A pBAD plasmid containing the soluble (no lipid anchor) MtrC E344Amber (soluble
pMTRCyp,1) was kindly provided by Dr Colin Lockwood, from the Butt group at the
University of East Anglia, Norwich (Table 2.3 in Methods 2.2.11). The pDNA had
recently been confirmed by sequencing to have the correct DNA sequence, with the
glutamic acid codon (E; GAA) replaced with an amber stop codon (Amber; TAG) at

amino acid residue position 344 in MtrC.

soluble MtrC DI,II
1026 bp

Cxen Q < o
-
< oxoxen i W -

Figure 4.1. Sequencing data from soluble pMTRCp, obtained from
Eurofins and visualised on Benchling. The MtrB signal peptide is shown
as a green arrow, CXXCH heme binding motifs are shown with red
arrows. As a premature stop codon is introduced at position 344, the
gene ends up being 1026 bp, which is around half the length of mtrC WT
which is 2016 bp (NCBI: QKG96446). Note: even though the sequencing
data is linear, it has been shown as circular to better visualise the
components.

Next, the pDNA was transformed into S. oneidensis MR-1 cells (Methods 2.2.9).
After, the pPDNA was extracted and sequenced (Figure 4.1). Upon confirmation of the

correct sequence, protein expression trials were started.
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4.2.1.2 Production of membrane pMTRCDI, Il plasmid
A pBAD plasmid containing the MtrC WT with the native mtrC signal peptide that
anchored MtrC to the extracellular face of the outer membrane (membrane
pMTRC..) was obtained from the laboratory repository at the University of East
Anglia, Norwich (Table 2.3 in Methods 2.2.11). The plasmid DNA (pDNA) was
prepared and sent for sequencing (Methods 2.2.10). The sequenced plasmid was
successfully aligned in Benchlingto mtrCWT (NCBI: QKG96446), with all DNA bases

aligning as expected.
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Figure 4.2. 0.8% agarose gel of the PCR products from the E344Amber PCR. An
annealing temperature gradient was done to optimise the protocol. The lanes
are as follows: molecular marker (lane 1), annealing at: 60°C (lane 2), 58°C (lane
3), 54°C (lane 4), and a positive control using the same primers on another MtrC
WT template plasmid with annealing at 54°C (lane 5). The bright bands around
7,000 bp in lanes IV and V are the successful PCR products.

Once it had been determined that the template membrane pMTRC,.. plasmid had
no anomalies, PCR was used to replace the glutamic acid codon (E; GAA) with a
premature amber stop codon (Amber; TAG) at amino acid residue position 344 of
MtrC. The PCR conditions are detailed in Methods 2.2.3 and the PCR primers used
are showninTable 2.2 in Methods 2.2.3. After the PCR, the PCR products (pMTRCpy,i)
were visualised on a 0.8% agarose gel (Methods 2.1.3) to confirm the PCR had been

successful (Figure 4.2).

When the plasmids are in vivo they remain tightly wound or supercoiled. When they

are extracted, single stranded breaks can occur which leads to a nicked or open-
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circular conformation. If there is a double stranded break, then the plasmid
becomes linear. Plasmids of the same size can run differently on agarose gels
depending on their conformation, with supercoiled running the fastest, then linear,
then open-circular. This is why the bands in the agarose gel (Figure 4.2) may appear

to be ~7,000-10,000 base pairs (bp) when pMTRCp, is ~ 6,500 bp.

After confirming with the gel electrophoresis that the PCR had worked, a Dpnl digest
was done (Methods 2.2.4) on the membrane pMTRCp,y PCR product. The Dpnl
enzyme digests methylated template DNA (but cannot digest the non-methylated
PCR product), therefore removing any remaining template DNA. After, the Dpnl
enzyme and associated buffers used in the digest were removed with a PCR clean-
up kit. Next, the membrane pMTRCp,i was transformed by heat shock into
competent E. coli TOP10 cells (Methods 2.2.7 and 2.2.8). The E. coli can repair any
nicks in the PCR, and because they are the TOP10 strain, they enable stable

replication of high copy number plasmids.

pDNA was extracted from the transformants and sent for sequencing to confirm that
the DNA had not changed after introducing the plasmid and then extracting from E.
coli TOP10 cells. Once the sequencing confirmed this, the pDNA was transformed
into a S. oneidensis AmtrC/omcA strain via electroporation (Methods 2.2.9). This
way the produced lipid-anchored (membrane) MtrCp,; from the inducible plasmid

could form a complex with the endogenously produced MtrA and MtrB.

In the unlikely event that the plasmids may have had mutations introduced during
the electroporation into S. oneidensis cells, pDNA was extracted and sequenced
again. Upon confirmation of the correct sequence (Figure 4.3), protein expression

trials were started. All plasmids used in this chapter are shown in Table 4.1.
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membrane MtrC DI,II

1032 bp

Figure 4.3. Sequencing data from membrane pMTRCp,, obtained
from Eurofins and visualised on Benchling. The MtrC signal peptide
(green arrow) is maintained instead of the MtrB signal peptide, as
this is the lipid-anchored form. CXXCH heme binding motifs are
shown with red arrows. As a premature stop codon is introduced
at position 344, the gene ends up being around half the length of
mtrC WT. Note: even though the sequencing data is linear, it has
been shown as circular to better visualise the components.

Table 4.1. Plasmids used in this chapter with indicated relevant features. Text in bold forms part
of each plasmid name.

Soluble pMTRC,.. mtrB signal peptide, no lipid anchor; no more madifications to mtrC (recombinant)

Soluble PMTRC mtrB signal peptide, no lipid anchor; glutamic acid codon at amino acid position 344 of
p DL mirC changed to amber stop codon, resulting in MtrC domain I, and Il
Membrane pMTRC,..  Native mtrC signal peptide, lipid anchor; no modifications to mtrC, (recombinant)

Native mtrC signal peptide, lipid anchor; glutamic acid codon at amino acid position 344

Membrane PMTRCoun ot mtre changed to amber stop codon, resulting in MtrC domain I, and Il
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4.2.2 Soluble MtrCp),i expression trials
To confirm correct production and secretion of soluble MtrCp, by the S. oneidensis
MR-1 cells, an expression trial was done (Methods 2.3.1). Expression was induced
with 5 mM L-arabinose (Methods 2.3.1). 20 hours after inducing protein expression,
the cells were harvested by centrifugation and discarded.

. kDa 1 2
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Figure 4.4. Heme-stained SDS-PAGE gel from expression
trial of S. oneidensis MR-1 cells with the soluble MtrCp,
plasmid. Lanes are as follows: molecular marker (lane 1)
and 12.5 pL spent media sample (lane 2). Fumarate
reductase (FccA), MtrCpy, and small tetraheme
cytochrome (STC) are indicated with lines.

The spent media samples were run on an SDS-PAGE gel and stained for heme
(Methods 2.1.6). Figure 4.4 shows the heme-stained gel with strong bands where
MtrCp,,1 was expected to be. MtrC WT has a molecular weight of ~ 76 kDa (protein
backbone and 10 bis-his heme cofactors), and MtrCp,, was expected to have a
molecular weight of ~ 35 kDa (protein backbone and 5 bis-his heme cofactors). Even
though the gel shows samples secreted to the extracellular environment, fumarate
reductase (FccA) and small tetraheme cytochrome (STC) are also seen. These
proteins are both periplasmic, but they are produced in high quantities. As cells die
and lyse in solution during incubation, these proteins get mixed with the MtrCp,; and
can show up on the heme-stained SDS-PAGE gels. This is especially true of
expression trial gels such as Figure 4.4 where nothing is done to try to remove FccA

and STC, as it is not necessary at this stage.
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4.2.3 Soluble MtrCp, purification

After appropriate synthesis was determined with the expression trials, a large-scale
purification protocol was employed. To purify soluble MtrCp,, cells were cultured,
and the proteins extracted as detailed before (Methods 2.4.1 and Methods 2.4.2.2).
SDS-PAGE gels were carried out throughout the purification process and stained for

heme. Figure 4.5 A and C show the AKTA trace and heme-stained SDS-PAGE gel after
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Figure 4.5. AKTA traces from DEAE anionic exchange (A) and size exclusion (B) chromatographic
columns used to purify soluble MtrCp, .. The As10,A280 and NaCl concentration are shown in red, blue,
and green lines, respectively. Heme-stained SDS-PAGE gels showing fractions after elution from a
DEAE anionic exchange chromatography column (C), and a size exclusion chromatography (SEC)
column (D) from the soluble MtrCp, protein purification. Molecular weights (kDa) are labelled on
the leftmost lane. FccA is almost entirely removed after the SEC, and the sample is largely
composed of soluble MtrCp,.
the DEAE column, respectively. The different constituents of the prep eluted with
increasing NaCl concentration as seen on the trace (Figure 4.5, A). This became
more apparent as seen by the different bands on the heme-stained SDS-PAGE gel,
which was used to select which eluted fractions would be applied to a size exclusion

chromatography (SEC) column. Figure 4.5 B and D show the AKTA trace and heme-
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stained SDS-PAGE gel after the SEC column, respectively. After the SEC column, the

great majority of the impurities were removed.

Finally, the purified MtrCp; was run on an SDS-PAGE alongside MtrC WT as a
control, to confirm the purity of the purification as well as an obvious size difference
between the variant and WT version of MtrC. Figure 4.6 left and 4.6 right show the
proteins on an SDS-PAGE gel that was heme-stained, or stained with Coomassie,

respectively.
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Figure 4.6. SDS-PAGE gel showing MtrC WT and MtrCp; subjected to a heme
stain (left) or stained with Coomassie (right). For both gels, the lanes shown are
as follows: molecular marker (lane 1); 20 pL, 10 pL, and 5 pL of MtrCpy, (lanes 2,
4, and 6, respectively); 20 L, 10 pL, and 5 pL of MtrC WT (lanes 3, 5, and 7,
respectively).

4.2.4 Soluble MtrCp,,i liquid chromatography-mass spectrometry
Once the MtrCp,i had been established to be of sufficiently high purity by the
absence of any extra bands on SDS-PAGE gels (Figure 4.6), the protein samples were
prepared for LC-MS (Methods 2.5.6). Figure 4.7, Top shows the processed data from
LC-MS with a large peak at 35,364 Da corresponding to MtrCpy,i1, as well as several
adjacent peaks corresponding to impurities or truncated forms of MtrCp,,.
Benchling was used to predict a mass of 32,285 Da for the mature MtrCp,
polypeptide backbone on its own, and of 35,361 Da when adding the mass of 5 c-
type hemes (at 615.71' Da heme™). The experimental molecular weight obtained

from the LC-MS was 3 Da away from the predicted molecular mass of MtrCp.
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Peak Composition Percentage of total sample
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& MtrC truncated to residue A321 15.6 %
D MirC truncated to residue T324 17.6%
E MtrCp, , terminating at residue A325 43.6 %
F MirC truncated to residue A326 16.9%

Figure 4.7. Top. MtrCp,, LC-MS data analysis showing the detected intensity units as a
function of molecular weight. The maximum value for the intensity is shown as a data
label on the graph and corresponds to the experimental molecular weight of soluble
MtrCp,i. Inset: other adjacent, high intensity peaks are also labelled. The amino acid
sequence above shows the predicted truncation site of the proteins corresponding to
the high intensity peaks. Bottom. Description of the main peaks from the LC-MS. The
percentage of total sample was calculated using the intensity of each peak when
compared to the total intensity of the complete sample. Benchling was used to
determine the truncation site based on the predicted mass.
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The neighbouring peaks, however, matched perfectly with predicted MtrC variants
with different truncation sites. Therefore, the LC-MS results would indicate the final
MtrCp,i residue to be A325. Benchling was used to calculate the predicted
molecular masses of three MtrC variants that had truncation sites of -4, -1, and +1
amino acid residues with respect to the expected MtrCp, cut site (Figure 4.7,
bottom). These predicted masses were the same (<1 Da) as the experimental
masses from the smaller peaks from the LC-MS (Figure 4.7, top inset).
Consequently, it was concluded that the majority of the purified protein was
MtrCp,,i1, with a range of C terminus truncation sites . Figure 4.8 shows the translated
DNA sequence for MtrCpy,s as well as the predicted truncation sites based on the LC-

MS data and Benchling mass calculations.

AQKSKIALLLAASAVTIMAL D DGSDGGEPAGSIQTLNLDITKVSYENCAPHMVTVFATNEADPVIGLA
MtrC signal peptide >

1@ 20 30 40 58 60 70 80

LEIKKALQLIPEGA ANWQGL KSYVDNK YTFKFDAFDSNKVFNAQLTQRFNVVSAAGKLAD VPVAEMV

9@ 100 11¢ 120 130 14@ 150 160

EDFD APQYTKNIVSHEVCASCHVEGEKIYHQATEVETCISCHTQEFADGRGKPHVAFSHLIHNVHNANKAWGKDNKI
> C > > P

7@ 180 190 200 218 220 230 249

L

VAQNIVQD VCHVESDIMLTEAKNWSRI EV HVDIDFAAGKGH LD TACHNSDWTAELHTAKTTATK
C / P C >

25@ 260 279 28@ 290 300 310 320

LINQYGIE I

33e 340

Figure 4.8. Translated DNA sequence for MtrCp, with native signal peptide. The final residue is the
threonine (T343) before the E344Amber stop codon site. The large red arrow indicates the predicted
cut site for MtrCp, s from the LC-MS data with a mass of 35,364 Da. The three smaller arrows indicate
predicted cut sites for the other truncated variants from the LC-MS. The blue, green, and purple
small arrows correspond to MtrC proteins truncated at A321 (34,962 Da), T324 (35,293 Da), and
T326 (35,466 Da), respectively. The CXXCH motifs are indicated with wide orange arrows over the
sequence. The distal histidines for the five hemes are indicated with wide blue arrows. Figure
produced on Benchling.
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4.2.5 Ultraviolet-visible spectroscopy on soluble MtrCp

Once it was confirmed that the purified MtrCp;, was produced correctly and at the
right molecular weight (* 3 Da), the redox capacities were assessed. Insight on the
structure of a heme protein can be obtained by investigating if characteristic
features can be observed in the electronic absorbance which was measured by UV-
Vis spectroscopy (Methods 2.5.1). Not only does this provide information on the

correct folding of the protein, but also correct functionality.

Figure 4.9 shows the electronic absorbance spectra of the oxidised and reduced
states of MtrCp;and MtrC WT. For MtrCp,, (Figure 4.9, top), the Soret band shifted
from 410 nm to 420 nm upon reduction. Also, the a- and B bands (552 nm, 523 nm,
respectively) became much sharper and more evident. These features are indicative
of a properly folded protein with typical redox activity. For MtrC WT (Figure 4.9,
bottom) the Soret band shifted from 411 nmto 421 nm, and the sharpening of the a-

and B bands occurred at 551 nm and 523 nm, respectively.

The data from Figure 4.9 would suggest that the differences in the UV-Vis spectra
between MtrCp; and MtrC WT are very subtle, and that proteins behave very

similarly upon reduction with dithionite.
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Figure 4.9. Electronic absorbance of purified soluble MtrCp (top),
and MtrC WT (bottom) showing the oxidised state (solid black line)
and dithionite-reduced state (red dashed line). Characteristic heme
protein features and their corresponding wavelengths are labelled
on the spectra. MtrCp,; and MtrC WT were diluted in 20 mM Tris, 30
mM NaCl, pH 7.8, to ~0.8 and ~ 1.6 uM, respectively.
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4.2.6 X-ray crystallography on soluble MtrCpy,
To better understand the structure of MtrCp,, protein crystals were produced with
the help of Benjamin Nash (Clarke lab) following the protocol in 2.5.7 X-ray
crystallography. After a few days of incubation at 4°C in 0.2 M magnhesium acetate
tetrahydrate, 0.1 M sodium cacodylate, 20% (w/v) polyethylene glycol (PEG) 8000,
pH 6.5, red crystals started to form. Figure 4.10 shows photographs taken of the

crystals under a microscope.

Figure 4.10. MtrCp, crystals in the crystallisation plates visualised under a microscope with
50x magnification. The crystallisation conditions were 4°C in 0.2 M magnesium acetate
tetrahydrate, 0.1 M sodium cacodylate, 20% (w/v) polyethylene glycol (PEG) 8000, pH 6.5.
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The crystals were harvested and shipped to Diamond Light Source where beam 124

was used for X-ray diffraction. Figure 4.11 shows the crystal setup at Diamond Light

Source.

[::::::]7&6“m

79.2 um

Figure 4.11. MtrCp,, crystal mounted on a LithoLoop under stream of
gaseous nitrogen in 124 hutch at Diamond Light Source, during data
collection.

The data were collected from beamline 124 at Diamond Light Source (Table 4.2). The
average cell dimensions of the crystals were a =74.36 A, b =77.15 A, c =96.52 A,
with space group P2,2,2,. Data were collected using an X-ray wavelength of 1 ~ A
and processed using Xia2 DIALS'® and AIMLESS'’. A molecular replacement model
was produced based on MtrC (PDB:4LM8). This model was refined using Phenix'%®

and Refmac5' to a final resolution of 1.8 A.
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Table 4.2. Data collection and refinement statistics for
MtrC domains | and Il crystal structure

MtrC domains |, Il
Data collection

Space group P212:2,
Celldimensions

a,b,c(A) 74.28 77.35 96.53

o, B, 7 (%) 90.00, 90.00, 90.00
Resolution (A) 58.87-1.80(1.86-1.80)
CC1/2(%) 99.4 (80.2)
1/al 6.92 (0.63)
Completeness (%) 99.8 (99.9)
Multiplicity 12.5(12.7)

Refinement

Resolution (A) 1.80
No. reflections 52134
Ruork ! Rfree 0.190/0.221
No. atoms

Protein 2128

Ligand/ion 228

Water 367
B-factors

Protein 29.03

Ligand/ion 23.04

Water 39.30
R.m.s. deviations

Bond lengths (A) 0.020

Bond angles (°) 2.06

The diffraction data was processed by Benjamin Nash (Methods 2.5.7) using a
molecular replacement model based on MtrC (PDB: 4LM8) to produce a crystal
structure of MtrCpy, at 1.8 A (Figure 4.12 A). The structure was resolved to residue
A321, with the final four residues (KTTA) not being resolved in the crystal structure.
The LC-MS data showed that the highest intensity peak corresponded to a protein
predicted to terminate atresidue A325. However, the LC-MS also suggested another
peak with lower intensity that corresponded to a protein predicted to terminate at
residue A321. This could have been the MtrC form that crystallised, as opposed to
the predicted MtrCp,; with termination at A324. The MtrCp, crystal structure was
deposited on the PDB with a PDB ID of 9EOV. Figure 4.12, B shows how domains |

and Il from MtrC are maintained in MtrCp,.
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Figure 4.12. MtrCp, crystal structure and models. (A). Crystal structure of MtrCp, resolved

to residue A321 at 1.8 A (PDB:9EOV). (B). MtrCpy, crystal structure (cyan) superposed with the

crystal structure of MtrC from S. oneidensis MR-1 (green; PDB: 4LM8) with an RMSD of 0.380

A. (C). MtrCyp,,s crustal structure (cyan) superposed with the crystal structure for MtrCAB from

S. baltica 0S185 (PDB:6R2Q) with an RMSD of 1.029 A. S. baltica MtrC is shown in green, MtrA

in red, and MtrB in blue. MtrC domains are shown in red Roman numerals. Crystal structures

and models visualised using PyMOL Molecular Graphics System, version 3.02%2,
Superposing the MtrCp, crystal structure to domains | and Il of the crystal structure
of MtrC WT (Figure 4.12, B) yielded a root mean square displacement (RMSD) of
0.380 A. This RMSD showed that the structure was identical to that of MtrC domains
[, Il. The MtrCp,,s structure was superposed to the MtrCAB structure (PDB:6R2Q) of
S. baltica in Figure 4.12, C. Furthermore, the electron density maps shown in Figure
4.13, also indicate that there was no more density at the C-terminus of the
crystallised structure. Consequently, it would appear that domains | and Il are
enough for MtrC to be produced and folded properly, for the hemes to be

incorporated correctly, and for the protein to be secreted correctly to the

extracellular space.
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Figure 4.13. Electron density maps for amino acid residues H310 to A321 of MtrCp,,. The Fo-
Fc map is shown in blue mesh, while the 2Fo-Fc map is shown in green and red mesh. Figure
created using the crystal structure for MtrCp,; (PDB:9EQV) using CCP4mg?®3.
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4.2.7 Protein film electrochemistry on soluble MtrCp
To investigate the electrochemical properties of the hemes in MtrCp,;, non-catalytic
protein film electrochemistry was carried out. To do so, cyclic voltammetry (CV) was

carried out on purified MtrCp, (Methods 2.5.8).

The CV was carried out as 5 linear scans (Methods 2.5.8.3), and the data were

analysed and processed in QSoas 3.2, First, CV was done on the ITO electrode
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Figure 4.14. Non-catalytic protein film voltammetry of MtrCp,. (A) Voltammogram
showing capacitive current of the ITO electrode with no protein adsorbed to it. (B)
Voltammogram showing capacitive current of MtrCp,, adsorbed onto the ITO electrode.
(C) Voltammogram showing Faradaic current of MtrCp,; adsorbed onto the ITO electrode.
Buffer electrolyte solution was composed of anaerobic 50 mM HEPES, 100 mM NaCl, pH
7.0. Cyclic voltammetry was carried out as 5 linear scan repeats from -0.8 Vto 0.2 V at 20

mV s™.
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itself, to confirm that the experiment was setup correctly (Figure 4.14, A). Next, CV
was carried out on MtrCp,; adsorbed to the ITO electrode (Figure 4.14, B). The
capacitive current of the ITO electrode was subtracted from the capacitive current
of the MtrCp, adsorbed electrode, resulting in the Faradaic current of MtrCp,

(Figure 4.14, C).

The experiment was repeated using MtrC WT to compare with MtrCp,y and see if
removing domains Ill and IV would have any effect on the working reduction
potential window of MtrCp,,.. Figure 4.15 shows an overlay of the Faradaic currents
of MtrC WT and MtrCp,;. When comparing the two, there appeared to be a slight shift
towards a more negative potential for the reductive curve of MtrCp,;, and virtually no
change in the oxidative curve. This would suggest that even though domains Il and

IV are no longer present, the difference between MtrC WT and MtrCp, is not

significant.
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Figure 4.15. Non-catalytic protein film voltammetry of
MtrCp,i (solid line) and MtrC WT (dashed line). The
voltammograms show the Faradaic currents of both
proteins from cyclic voltammetry. Buffer electrolyte
solution was composed of anaerobic 50 mM HEPES, 100
mM NaCl, pH 7.0. Cyclic voltammetry was carried out as 5
linear scan repeats from -0.8 Vto 0.2V at20 mVs™.

To better understand the predicted reduction potential contributions of each
individual heme, QSoas'® was used to fit the simulated reduction potentials of five

species to the Faradaic current of the protein for both the reductive and oxidative
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peaks (Figure 4.16). A sum of five equivalent contributions from individual n=1 redox
centres was also generated and fit to the Faradaic current of MtrCp,i (Methods
2.5.8.3). This model generated five simulated peaks for each the reductive and
oxidative Faradaic current peaks, which were treated as pairs for each modelled

individual heme group of MtrCpyu.

Figure 4.16 shows the Faradaic current for MtrCop,,s and the simulated individual
heme reduction potentials. Notably, for the reductive curve only three different
potentials were modelled, when compared to the five of the oxidative curve (Figure
4.16), which suggested that several hemes may have shared very similar reduction
potentials. This corroborates previous experiments'® where the reduction
potentials of each of the 10 individual hemes of two MtrC variants were simulated.
Their simulations suggested that only 5 hemes had their own different potentials,

while the remaining 5 were grouped into two groups of different potentials.
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Figure 4.16. Non-catalytic protein film electrochemistry of
MtrCo,i. The simulation of five individual hemes (dashed colour
lines) fitted to baseline-subtracted cyclic voltammogram
(Faradaic current, solid black line) is shown. The fit of the
simulation is also shown (red dotted line). The protein was
adsorbed onto an indium tin oxide electrode, and voltammetry
was recorded at 20 mV s'in 50 mM HEPES, 100 mM NaCl at pH
7.0.
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Table 4.3 shows the simulated reductive and oxidative potential minima and
maxima, respectively, of the five individual hemes of MtrCp,,. Table 4.3 also shows
the midpoint potentials for MtrC WT and MtrCp,;, which were experimentally
calculated to be -0.194 V and -0.199 V vs SHE, respectively, by averaging the
potentials at the oxidative and reductive Faradaic current maximum and minimum,
respectively.

Table 4.3. Simulated reduction potentials of the individual hemes I, II, IlI, IV, V, in

coloured text. Experimental reduction potentials of the MtrCp,; and MtrC WT peaks
from cyclic voltammetry (black text, bold) are also shown.

| Il 1] v MtrCp,, | MtrCWT

oxidised E,.4(V) | -0.249 | -0.210 | -0.183 | -0.158 | -0.114 | -0.187 -0.185
reducedE,.,(V) | -0.250 | -0.245 | -0.197 | -0.194 | -0.146 | -0.211 -0.202
overallE,(V) | -0.250 | -0.228 | -0.190 | -0.176 | -0.130 | -0.199 -0.194

Previous work?® has shown the calculated free-energy landscape of MtrC, with
predicted reduction potential for each individual heme. They concluded that the net
driving force for electrons between hemes 5 and 10 of MtrC and MtrF (S. oneidensis
MtrC homolog), appeared to be small?*®. Consequently, this symmetrical, free-
energy landscape allows bidirectional EET across the MtrCAB complex?®'. It was
suggested 2°° that heme 7 acted as an electron sink due to its more positive
reduction potential (due to nearby positively charged residues), and that upon
reduction electron transfer to heme 6 was slowed down. However, if the cells are
grown without an electron acceptor, the intracellular electrons accumulate, and all
of the hemes within MtrCAB become reduced. Regardless of the heme 7 electron
sink, as soon as an acceptor becomes available, the electrons are quickly
transferred from the reduced hemes to the acceptor, allowing more intracellular
electrons to traverse the MtrCAB conduit. The proportion of MtrA and MtrC hemes
that become reduced at the same time depends heavily on the potential of the
acceptor. Consequently, this could lead to fewer electrons traversing the heme
proteins at any given time ?°°. Moreover, as electrons start to reduce the hemes in
the multiheme proteins, it becomes increasingly difficult for more electrons to be

transferred onto the proteins until they are all transferred onto the acceptor?®.
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4.2.8 Membrane MtrCp,i expression trials for purification

To confirm correct production of membrane MtrCp,i by the S. oneidensis
AmtrC/omcA cells, an expression trial was done (Methods 2.3.1). First, the S.
oneidensis AmtrC/omcA containing the pMTRCp,i plasmid were incubated
overnightin 10 mL of LBwan. The following day, a 0.1% inoculum of the overnight cells
was prepared in 4 x 10 mL of M72 media (with supplements and kanamycin). The
cells were immediately induced with 0, 1, 3, and 5 mM L-arabinose and incubated
overnight again. The produced membrane MtrCp, was not secreted to the
extracellular environment, but instead would have formed a complex with natively
produced MtrAB. Consequently, the cells needed to be cultured at conditions where
the induced plasmid led to optimal protein overexpression, but the cells were still
viable and healthy. Therefore, the following day a viability assay was performed on
the S. oneidensis AmtrC/omcA with the induced pMTRCp,, plasmid (Methods 2.6.1).
The cellviability assay served the purpose of helping understand if the assayed cells
were healthy or not. However, as the reaction is stopped arbitrarily at the point
before the reactant changes colour too much, the quantitative value of the data
cannot be too high.

Table 4.4. Processed data converted from the

electronic absorbance taken during the cell viability

assay of S. oneidensis AmtrC/omcA cells containing the

pMTRCp plasmid. Numbers represent averages from

three replicates, and xindicates standard error of mean.

Control indicates a cell-free sample only containing
media.

L-arabinose PrestoBlue™ Reagent
concentration  percentage reduction

0mM 61.95 (=5.75)
TmM 57.55(%2.25)
3 mM 52.4 (£3.1)
5mM 60.2 (x2.9)
control 2.62 (£0.09)

Instead, the processed data generated by the assay should be considered
qualitative, i.e. whether the cells were metabolically active (healthy) or
metabolically inactive (dead). Table 4.4 shows the results of the cell viability assay
done on two groups of the same L-arabinose concentration range. The values listed

in Table 4.4 indicated that all the assayed cells were metabolically active.
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Figure 4.17. Heme-stained SDS-PAGE gel from expression trial of S.

oneidensis AmtrC/omcA with the membrane pMTRCp,; plasmid. Samples

were done in duplicate and are composed of lysed cells. Lanes are as

follows: molecular marker (lane 1); induction with 0 mM L-arabinose

(lanes 2, 6); induction with 1 mM L-arabinose (lanes lll, VII); induction with

3 mM L-arabinose (lanes 4, 8); and induction with 5 mM L-arabinose (lanes

5, 9). Fumarate reductase (FccA), membrane (lipid-anchored) MtrCpy, and

small tetraheme cytochrome (STC) are indicated with lines.
After having confirmed that the S. oneidensis AmtrC/omcA cells with the induced
pMTRCoi,i plasmid were metabolically active, protein expression was investigated
by running a whole-cell gel (Methods 2.1.7) and performing a heme stain on the gel.
Figure 4.17 shows the heme-stained gel from the expression trial after confirming
the cells were viable. The gel suggests that induction with 1, 3, and 5 mM of L-
arabinose resulted in a produced protein with a size of ~ 35 kDa. This is the expected
weight of MtrCpy,i, therefore it was concluded that the protein had been produced
correctly, regardless of the concentration of L-arabinose used. Furthermore, there
appeared to be a fainter band in the 0 mM L-arabinose samples (lanes Il and VI,
Figure 4.17) at the same size. It is known that there is basal level expression (or
“leaky” expression) of the pBAD plasmid, which is whatis seen in the SDS-PAGE gel;
however, the bands at 0 mM L-arabinose were much fainter than the bands at 1, 3,
and 5 mM L-arabinose. The whole-cell gel (Figure 4.17) which includes the
membranes, shows heme proteins found inside the lysed cells (the secreted
proteins were removed after cell lysis) including fumarate reductase (FccA) and

small tetraheme cytochrome (STC). 1 mM L-arabinose was selected for all future

inductions of membrane MtrCp,,; plasmid.
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A second SDS-PAGE gel (Figure 4.18) was run with S. oneidensis MR-1 cells, S.
oneidensis AmtrC/omcA cells, and S. oneidensis AmtrC/omcA cells with the
pMTRCopy,i plasmid to further confirm the production of MtrCp,,.. The expression trial
and SDS-PAGE gel were carried out as above, and the gel was heme-stained. The gel
shows S. oneidensis MR-1 producing MtrC WT (~ 76 kDa) and MtrA (~ 35 kDa), as
expected. Furthermore, the S. oneidensis AmtrC/omcA cells produce MtrA but not
MtrC. It becomes less clear, butin the uninduced cells (lanes IV, VI, Figure 4.18) the
band around 35 kDa is slightly broader than the double knockout cells. Again, this is
due to leaky expression from the pBAD plasmids. However, the induced cells (lanes
V, VII, Figure 4.18) show a much more intense band at ~ 35 kDa. Unfortunately,
MtrCoi,i and MtrA are extremely close in size, so distinguishing the two on an SDS-
PAGE gel is quite subjective. However, Figure 4.18 suggests that the MtrCp,; band
has a slightly smaller size, thus suggesting a difference from MtrA. Nevertheless, to
fully confirm the formation of the MtrCp,;AB trimer, the purification of the whole

complex was necessary.
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Figure 4.18. Heme-stained SDS-PAGE gel with three S. oneidensis
strains. Lanes are as follows: molecular marker (lane 1); S.
oneidensis MR-1 cells (lane 2); S. oneidensis AmtrC/omcA cells
(lane 3); uninduced S. oneidensis AmtrC/omcA cells with pMTRCp,
plasmid (lanes 4, 6); and S. oneidensis AmtrC/omcA cells with
pMTRCp, plasmid induced with 1 mM L-arabinose (lanes 5, 7).
Fumarate reductase (FccA), MtrC WT, MtrA, MtrCp,;, and small
tetraheme cytochrome (STC) are indicated with lines.
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A final whole-cell SDS-PAGE gel was run comparing protein production of the
following S. oneidensis strains MR-1 (wild-type), Amtr, AmtrC/omcA, AmtrC/omcA
containing the pMTRC,.. plasmid (producing MtrC WT), and AmtrC/omcA containing
the pMTRCopi,i plasmid (Figure 4.19). The differences in production of MtrC WT,
MtrCp,,i and MtrA are more apparent in this gel. The MR-1 cells (lane Il, Figure 4.19)
produce both MtrC WT and MtrA. However, the Amtr (lane lll, Figure 4.19) and
AmtrC/omcA (lane IV, Figure 4.19) have no band where MtrC WT would be expected
to be. The AmtrC/omcA cells with the pMTRC,.c and pMTRCyp,,i (lanes V and VI, Figure
4.19, respectively) both produce MtrA. However, itis difficult to distinguish the MtrA
and MtrCp,; bands from this gel, as they are so close to each other. However, the
MtrC WT is clearly visible only in the cells with the pMTRC,.. plasmid. Furthermore,
the fumarate reductase (FccA) is also seen across the whole gel, highlighting the

high levels of expression of this protein.
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Figure 4.19. S. oneidensis whole-cell SDS-PAGE gel visualised
by heme-stain. S. oneidensis strains are as follows: molecular
marker (lane 1); MR-1 (wild-type, lane 2); Amtr (lane 3);
AmtrC/omcA (lane 4); AmtrC/omcA with pMTRC.. (producing
MtrC WT, lane 5); AmtrC/omcA with pMTRCp,,i (lane 6). Cells
were normalised to an ODgy of 0.1 and precipitated with
acetone. Fumarate reductase (FccA), MtrC WT, MtrA, MtrCp,
and small tetraheme cytochrome (STC) are indicated with
lines.
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4.2.9 MtrCpi,iAB complex purification

After confirming correct protein production with the expression trials, a large-scale
protein purification protocol was used. As the membrane MtrCp, had a lipid anchor,
it was expected that it would form a complex with the endogenously produced
MtrAB, resulting in a MtrCp,,,AB trimer complex. Therefore, the trimer complex was
purified as a whole, as opposed to just MtrCp,.. Cells were grown as detailed before
(Methods 2.4.1) and the “2.4.4 Membrane proteins” protocol was followed. SDS-
PAGE gels were done throughout the purification process and subjected to both
heme and Coomassie stains. Figure 4.20 top and 4.20 bottom show heme- and
Coomassie-stained SDS-PAGE gels of several steps of the purification protocol,
respectively. The heme-stained SDS-PAGE gels were used to monitor the presence
of heme proteins throughout the purification protocol. MtrCAB with MtrC WT was
also loaded on the gel as a control. This was particularly important to compare the
size of MtrA and MtrB between the purified MtrCAB and MtrCp)AB. Figure 4.20

highlights the necessity of running a SEC column to remove any final impurities.
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Figure 4.20. SDS-PAGE gels of MtrCp,,;AB purification steps. Gels
shown were heme-stained (top) or stained with Coomassie
(bottom). For both gels, lanes are as follows: molecular marker
(lane 1); lysed cells after French Press (lane 2); membrane fraction
after first ultra centrifugation (lane 3); membrane fraction after
preferentially solubilising inner membranes (lane 4); pooled eluted
fractions after DEAE anionic exchange chromatography column
(lane 5); pooled eluted fractions after SEC column (lane 6); purified
MtrCAB (with MtrC WT) as a control (lane 7). Fumarate reductase
(FccA), MtrB, MtrC WT, MtrA, MtrCp,, and small tetraheme
cytochrome (STC) are indicated with lines.

However, after the elution from the SEC column (lane VI, Figure 4.20) the sample
still contained minor impurities. To remove these, the proteins were loaded onto a
Mono-Q anionic exchange column (Methods 2.4.4). The AKTA trace for the SEC and
Mono-Q columns of both MtrCAB and MtrCp,,AB are shown in Figure 4.21.
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Figure 4.21. AKTA traces showing: MtrCAB eluted from SEC Superdex 16/60 200 pg column
(top, left), MtrCAB eluted from MonoQ column (top, right), MtrCp,/AB eluted from SEC
Superdex16/60 200 pg column (bottom, left), and MtrCp,/AB eluted from MonoQ column
(bottom, right). The electronic absorbance is shown for absorbance at. The Aso and Aygo are
shown as red and blue lines, respectively.
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Figure 4.22. SDS-PAGE gels of purified MtrCAB, MtrAB, and MtrCp,AB. Gels
shown were heme-stained (left) or stained with Coomassie (right). For both gels,
lanes are as follows: molecular marker (lane 1); MtrCAB (lane 2); MtrAB (lane 3);
and MtrCp,)AB (lane 4).

Differences between the size and charge of the MtrCAB and MtrCyp,,)AB can be seen

onthe SEC and MonoQ columns, respectively due to their different elution volumes.
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These differences were indicative of physical differences between the two purified

proteins.

The fractions eluted from the Mono-Q column were confirmed to have virtually no
impurities as seen in Figure 4.22. These results suggested that a complex had
successfully formed comprised of the plasmid-based membrane MtrCp,; and the

native MtrAB.

4.2.10 Analytical ultracentrifugation of MtrCp;1AB

The AKTA traces (Figure 4.21) suggested that the MtrCp;,/AB had been purified as a
single, trimeric complex. Additionally, the SDS-PAGE gels (Figure 4.22) suggested
that the purified complexwas comprised of MtrCp,, MtrB, and MtrA. However, more
evidence was required to increase the level of confidence that the trimer was
forming correctly as a whole complex, as opposed to as MtrAB with MtrCp,
attached due to hydrostatic interactions. Furthermore, the differences in band sizes
on the SDS-PAGE gels between MtrA and MtrCp,i were quite small, therefore
discerning between the two bands was quite subjective. To further confirm the
formation of the MtrCp,;AB complex, analytical ultracentrifugation (AUC) was used
(Methods 2.5.4). Sedimentation velocity analyses were conducted by repeatedly
measuring the electronic absorbance at 410 nm during centrifugation. These
analyses were done on MtrCp,,; as well as MtrCAB and MtrAB as controls. After

obtaining the Asiospectra for all three proteins, the Lamm equation?®® was used to fit
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Figure 4.23. Left. Sedimentation coefficient distribution of MtrCp,/AB. Inset: MtrCp,;AB
sedimentation velocity analysis observed by absorbance at 410 nm (markers). Data was fit
(lines) to Lamm equation and any fitted data residual absorption is shown in the lower
panel. Right. Overlay of deconvoluted diffusion sedimentation coefficient distribution S of
MtrAB (cyan line), MtrCp, ;AB (blue line), and MtrCAB (purple line). All proteins were diluted
in 20 mM HEPES, 150 mM NaCl, 5 mM LDAO, pH 7.8.
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the data (Figure 4.23, left). From the fitted data, a ¢(S) distribution was determined
(Figure 4.23, right)

Figure 4.23 left shows the data fitted with the Lamm equation for MtrCp,,,AB as well
as the fit residuals. The fitted data yielded a predominant peak of 5.22 S, with a
much smaller peak around ~ 1.5 S. This secondary peak was probably due to
residual impurities after the Mono-Q chromatography column. Figure 4.23 right
shows the distribution of the diffusion sedimentation coefficients (S) for all three
protein complexes. The sedimentation coefficients for MtrAB and MtrCp,,AB were
relatively close, but for MtrCAB was higher. This could be due to the higher mass and
extended length of MtrCAB. The sedimentation coefficient provides information on
the rate at which the particles migrate through the buffer or settle out of suspension
(sedimentation) under centrifugal force. However, because the detergent micelles
impact the buoyancy, and consequently the sedimentation, of the membrane
protein complexes, comparisons of the sedimentation coefficient across the three

proteins should take this into consideration.

Table 4.5 Processed results from sedimentation velocity AUC experiments. The
deconvoluted diffusion sedimentation coefficient distribution and frictional coefficients
show differences between MtrAB, MtrCp,;,AB, and MtrCAB. In the MtrAB sample, MtrAB
accounted for 99% of the experimental mass, sedimentation coefficient and frictional
coefficient. For the MtrCp,,AB sample, MtrCp;,AB accounted for 92% of the experimental
mass, sedimentation coefficient, and frictional coefficient. For the MtrCAB sample, MtrCAB
accounted for 86% of the experimental mass, sedimentation coefficient, and frictional
coefficient. The partial specific volume for all samples was 0.72 mg mL™". All samples were
in 20 mM HEPES, 150 mM NaCl, 5 mM LDAO, pH 7.8.

Sample Experimental Predicted Sedimentation Frictional
P mass (kDa) mass (kDa) coefficient (S) | coefficient (fi)
(4]
MtrAB 95 114 4.8 1.55
MtrCp, AB 135 149 5.2 1.82
MtrCAB 183 185 7.4 1.56

The predominant MtrCp,,;AB species had a sedimentation coefficient of 5.22 S and

a frictional coefficient ratio (%) of 1.82 (Table 4.5), where f is the MtrCp,AB

0

frictional coefficient, and f, is the frictional coefficient of a perfect sphere of equal
viscosity, mass, and hydration’®. MtrAB, however, had a sedimentation coefficient

of 4.81 S and a frictional coefficient ratio of 1.55 (Table 4.5). After accounting for the
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whole cell SDS-PAGE and the AUC data, it was concluded that the likelihood of

MtrCoi, forming a stable complex with MtrAB was quite high.

Table 4.5 shows the predicted and experimental masses for the three proteins, as
well as their corresponding calculated sedimentation and frictional coefficients.
The differences between the predicted and experimental masses were likely due to
the buoyant effect the detergent micelle had on the overall sedimentation of the
proteins. The data from the AKTA traces, SDS-PAGE gels and the AUC further

increased the likelihood of having purified the full MtrCp,;AB complex successfully.

4.2.11 Ultraviolet-visible spectroscopy of MtrCp,,1AB

To begin to assess the redox capabilities of the purified MtrCp,,;AB complex, UV-
Visible spectroscopy was carried out (Methods 2.5.1). To do so, the oxidised
proteins were reduced with sodium dithionite and the electronic absorbance
spectra were taken. Figure 4.24, top shows the oxidised and reduced MtrCp,;,AB. As
expected, when the heme protein is reduced with sodium dithionite, the Soret band
shifts from ~ 410 nm (oxidised) to ~ 420 nm (reduced). Also, the alpha (~ 552 nm),
beta (~ 525 nm), and Soret bands all become more pronounced upon reduction.
Figure 4.24, bottom shows the same spectrum but for MtrCAB, also showing the
characteristic features of heme protein reduction. There is a very small difference
of 1 nm and 2 nm in the wavelength of the reduced Soret and a bands, respectively,
between MtrCAB and MtrCp,,AB. The B band, however, remained the same. The
oxidised Soret wavelengths had a difference of 1 nm as well. These data suggest that
there do notappearto be any dramatic differences in the redox capacities of MtrCAB
and MtrCp,sAB when reduced with sodium dithionite. These results are similar to the

UV-Vis spectra of soluble MtrCp,,s and soluble MtrC.
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Figure 4.24. Electronic absorbance of soluble MtrCyp,AB (top), and
MtrCAB (bottom) showing the oxidised state (solid black line) and
dithionite-reduced state (red dashed line). Characteristic heme
protein features and their corresponding wavelengths are labelled

on the spectra. Proteins were diluted in 20 mM Tris, 30 mM NaCl, 5
mM LDAO, pH 7.8.
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4.2.12 Functional characterisation of MtrCp1AB

Once ithad been confirmed that the membrane MtrCp,y was forming a complex with
MtrAB to form the trimer MtrCp)AB, and some biophysical characterisation had
been done on the =purified complex itself, the focal point of this thesis was shifted
towards the in vivo effects that removing domains Ill and IV of MtrC would have on
the functionality of the MtrCp,,)AB complex. To do, the electron transfer through the
complex was investigated largely through reduction assays. When supplemented
with lactate and under anaerobic conditions, the intracellular metabolism of S.
oneidensis generated electrons that required a terminal electron acceptor to
complete EET. A variety of physiological as well as non-physiological electron
acceptors were assayed for this purpose. Furthermore, reduction assays were

carried out on several mutant S. oneidensis strains, with and without MtrCp, .

4.2.12.1 Membrane MtrCp,;AB cell viability trials for functional assays

To begin, all S. oneidensis cells assayed in all reduction experiments needed to be
healthy and metabolically active. The reduction experiments, however, were carried
out on the same S. oneidensis AmtrC/omcA cells containing the membrane
pMTRCp,i plasmid. These same cells already had been shown to be viable and
metabolically active (Methods 4.2.2.2) so further viability assays were not
necessary on this strain. However, this assay was used to simply determine if the
cells had grown properly overnight, and to confirm the L-arabinose induction had
not led to cell death. Table 4.6 shows the results from the cell viability assay on S.
oneidensis AmtrC/omcA cells containing the pMTRC. plasmid (producing MtrC
WT).

Table 4.6. Processed data converted from the

electronic absorbance taken during the cell viability

assay of S. oneidensis AmtrC/omcA cells

containing the pMTRC.. plasmid. Cells were

induced with 1 mM L-arabinose. Controlindicates a
cell-free sample only containing media.

PrestoBlue™ Reagent

Sample .
percentage reduction
A 50.3 [=3.54)
B 47.4 (x4.02)
control 2.62 (=0.09)
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For the remaining S. oneidensis strains that did not contain plasmids (MR-1, Amtr,
and AmtrC/omcA with no plasmid) a faster, bench version of the assay was carried
out. However, these samples were not analysed using a plate reader or
spectrophotometer. After the reaction was stopped, a visual inspection of the wells
was enough to determine if the cells were metabolically active. Only the overnight
cultures of plasmid-less S. oneidensis cells that went turbid were subjected to the

fast, bench version of the cell viability assay.

This fast version of the viability assay could only be done with the plasmid-free S.
oneidensis cells. This was because S. oneidensis cells that contained a plasmid
could multiply successfully (and consequently increase the ODeoo and turbidity of
the media), butifthe L-arabinose concentration used for induction was too high, the
cells would end up dying. This would result in an overnight culture that was highly

turbid, but with little to no metabolic activity.

4.2.12.2 Reduction of flavin mononucleotide
Flavin mononucleotide (FMN) is a known redox shuttle for Shewanella and is
secreted by the cells to help in EET?%4. A feature of FMN that is extremely useful in
biochemical analyses, is the fluorescence of the molecule. However, only the
oxidised form can fluoresce (excitation at 365 nm and emission at 525 nm). Upon
reduction, the FMN loses its capacity to fluoresce. Therefore, the decrease in
fluorescence of the FMN over a determined amount of time can be converted into

rate of electron transfer onto the FMN molecules.

Figure 4.25 shows both the raw fluorescence data from the fluorimeter (Figure 4.25,
left) and the data converted to rate of FMN reduction (Figure 4.25, right). From the
raw data, it could be visually seen that the fastest drop in fluorescence intensity was
due to the electrons transported in the AmtrC/omcA producing the MtrC WT (red
line). As the plasmid-based proteins are largely overexpressed, higher reduction
rates than the WT were expected. MR-1 (green line) was the positive control and the
decrease in fluorescence intensity was clear, but not as dramatic as the
overexpressed MtrC WT mutant. The Amtr, AmtrC/omcA, and overexpressed MtrCp,,
mutants showed similar results, where little to no change in fluorescence intensity

was observed (orange, blue, and purple lines, respectively).
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The transfer of electrons from the S. oneidensis cells to FMN happened quickly, as
was seen from the decreasing gradient of the fluorescence intensity with time.
Consequently, the initial (within two to three minutes) change in fluorescence was
largely used in the FMN reduction rate calculations. Furthermore, using the initial
change was advantageous to try to mitigate against any false positive readings from
any oxygen that may have leaked into the cuvette and sequestered the intracellular
electrons. The FMN reduction rates shown in this thesis (Figure 4.25, right)
corroborated previous work'® showing the incapability for Amtr and AmtrC/omcA
mutantstoreduce FMN. The AmtrC/omcA mutantdid have a slightly higher rate than
the Amtr mutant, suggesting a small level of electron transfer does occur between
MtrA and FMN. Reassuringly, the AmtrC/omcA mutant producing MtrC WT had a
faster rate than MR-1, suggesting the experimental design was appropriate and the

produced MtrC WT protein transferred electrons from the endogenous MtrAB onto

the FMN.
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Figure 4.25. Results from the MtrCp;,; FMN reduction assay. Left. Change in fluorescence
intensity at 525 nm of five S. oneidensis strains over a period of 9 minutes. Right. Processed
data from the FMN assay, where change in fluorescence was converted to a rate of FMN
reduction. Strains shown include: MR-1 (1); Amtr (2); AmtrC/omcA (3); AmtrC/omcA
producing MtrC WT (4); and AmtrC/omcA producing MtrCp,, (5). The assay was carried out
with cells at a starting ODggo 0f 0.1 induced with 1 mM L-arabinose. The initial concentration
of FMN was 12 uM. Experiments were done in triplicate and error bars show standard error of
mean. No statistical tests were carried out on the data.

Under anaerobic conditions and when MtrC is reduced, FMN can form a putative
MtrC-FMN complex which increases EET rates. However, this is only possible when
the CXsC disulfide bond in MtrC remains reduced. Upon interaction with oxygen, the
disulfide reforms and the FMN cofactor is lost. It has been suggested™’ that the

closest heme to the MtrC disulfide bond is heme 7 within domain lll of MtrC. Here,
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the presented MtrCp)AB system does not contain domains lll or IV, therefore does
not have this disulfide redox switch nor heme 7. Therefore, the formation of MtrC-
FMN complex would not be possible. The AmtrC/omcA cells producing MtrCpy,
showed no significant increase in the FMN reduction rate when compared to just
AmtrC/omcA with no plasmid. These results corroborated previous hypotheses that
the FMN binding socket on MtrC is located near heme 7 in domain Ill. However,
molecular simulations have also been carried out?*® where computational docking
was utilised to predict the preferred interaction site between MtrC and FMN. This
work concluded that heme 2 would be the docking site for FMN on MtrC by
comparing the predicted dissociation constants (K;). However, the work presented
in this chapter disproves these predictions. The results from the FMN reduction
assay would suggest that electrons cannot be transferred from MtrCp,; onto FMN,
indicating that a MtrC-FMN complex may not be able to form without domains lll
and IV containing hemes 6 to 10, especially heme 7 and the neighbouring disulfide

bond.

4.2.12.3 Reduction of OmcA
Like MtrC, OmcA is an outer-membrane decaheme with 10 bis-his ligated hemes. It
is known that the OmcA can take the electrons from MtrC before donating them to
the terminal electron acceptor. However, the mechanism for electron transfer
between MtrC and OmcA is not fully defined. To further investigate this electron
transfer, an OmcA reduction assay was carried out with the MtrCp,i. As OmcAis a
heme protein, its spectral properties can be used to determine when the protein is
reduced. These characteristic features were used as the basis for the design of the
OmcA reduction assay. Like with the FMN reduction assay, S. oneidensis cells are
made anaerobic and supplemented with lactate. This drives their internal
metabolism and generates intracellular electrons that need an extracellular
acceptor. Soluble OmcA can then be added, and the change in electronic
absorbance at a given wavelength can be used to infer electron transfer rates. The
alpha band (Assz) was used to determine the reduction of the OmcA over an hour. As
the OmcA gets more reduced, the alpha band becomes sharper, and the Ass.
increases accordingly. Figure 4.26 shows the results from the OmcA reduction
assay carried out on S. oneidensis MR-1, Amtr, AmtrC/omcA, AmtrC/omcA

producing MtrC WT, and AmtrC/omcA producing MtrCp,.
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Figure 4.26. Processed data from the soluble
OmcA reduction assay where reduction of OmcA
was converted to heme reduction rate. Strains
shown include: MR-1 (1); Amtr (2); AmtrC/omcA
(3); AmtrC/omcA producing MtrC WT (4); and
AmtrC/omcA producing MtrCp, (5). The assay
was carried out with cells at a starting ODgg 0f 0.1
induced with 1 mM L-arabinose. Experiments
were done in triplicate and error bars show
standard error of mean.

Similarly to FMN reduction, the capacity for electrons to be transported to OmcA
appeared to be impaired when domains Illl and IV of MtrC were absent in the
AmtrC/omcA producing MtrCp, (5, Figure 4.26). Furthermore, both the Amtr and
AmtrC/omcA strains were incapable of reducing soluble OmcA (2, 3, Figure 4.26).
The AmtrC/omcA mutant producing MtrC (4, Figure 4.26), as expected, had a rate
slightly higher than the WT (1, Figure 4.26). In the FMN reduction assay, having MtrA
without MtrC allowed for some minor electron transfer to FMN, but that did not

seem to be the case with OmcA.

MtrC and OmcA have been shown'?%2% to interact on the extracellular surface, both
acting as terminal reductases that can transfer electrons to the terminal acceptor
directly or indirectly (via electron shuttles like flavins). These interactions are
thought to enhance the reductase activity synergistically?®. Extracellular electron
transfer rates though MtrCAB have been shown to be fast enough (in the
nanosecond range) to conclude that the rate limiting step of electron transfer
between intracellular metabolism and extracellular terminal electron acceptor is
not transfer through the MtrCAB conduit, but perhaps the transfer between the

terminal reductase (MtrC or OmcA) and the acceptor directly '*°. The results from
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the OmcA reduction assay indicate that removing hemes 6 to 10 in MtrC decreased
the rate of electron flow from MtrC to OmcA. Figure 4.26 shows almost a four-fold
decrease in the reduction rate of the AmtrC/omcA cells producing MtrCp;;, when
compared to the WT. These results suggest some binding between MtrC and OmcA
might occur within domain lll. However, these results still showed that electron
transfer could occur, albeit at reduced rates, between MtrCp,; and OmcA, but not

between MtrA and OmcA.

4.2.12.4 Reduction of ferric citrate
The MtrCAB complex allows S. oneidensis to survive in anoxic environments, such
as iron and manganese rich lakes. They can use Fe (lll) and Mn (IV) as terminal
electron acceptors in EET. Fe(lll) can complex with oxygen to produce a variety of Fe
(111) oxides but can also join with citrate to produce Fe(lll) (ferric) citrate. Like FMN
and OmcA, Ferric citrate is a physiologically relevant electron acceptor for S.

oneidensis. The Fe(lll) is reduced to Fe(ll), and this enables the bacteria to continue

respiring.
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Figure 4.27. Concentration of Fe(ll) over 8 hours in the ferric citrate
experiment. Data is shown on a non-logarithmic (left) and logarithmic
(right) Y-axis. The S. oneidensis strains shown are listed in the legend
on theright. ). The assay was carried out with cells at a starting ODgoo Of
0.1induced with 1 mM L-arabinose. Experiments were done in triplicate
and error bars show standard error of mean.
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A way to monitor the reduction of Fe(lll) to Fe(ll), is by quantifying the concentration
of Fe(ll) in solution using ferrozine solution (Methods 2.6.2). As the starting
concentration of Fe(lll) is known, the concentration of Fe(ll) can be calculated. The
same five strains from FMN and OmcA reduction assays were used in these
experiments (Methods 2.6.5). Figure 4.27 shows a time course of the Fe(ll)
concentration over 8 hours. The increase in Fe(ll) concentration over time can be

converted into a rate of Fe(lll) reduction (Figure 4.28).
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Figure 4.28. Processed data from the ferric citrate
reduction assay. Strains shown include: MR-1 (1);
Amtr (2); AmtrC/omcA (3); AmtrC/omcA producing
MtrC WT (4); and AmtrC/omcA producing MtrCpy
(5). The assay was carried out with cells at a starting
ODegoo of 0.1 induced with 1 mM L-arabinose.
Experiments were done in triplicate and error bars
show standard error of mean.

Similarly to the previous assays, MR-1 and the AmtrC/omcA producing MtrC had the
two highest Fe(lll) reduction rates (1, 4, Figure 4.28, respectively). In accordance
with previous work''3, the rate of ferric citrate reduction in the AmtrC/omcA cells (3,
Figure 4.28) was much lower than that of MR-1 or the AmtrC/omcA cells producing
MtrC. It seems that the presence of MtrAB is not enough to enable reduction of the
ferric citrate, asthe Amtrcells (2, Figure 4.28) were also incapable. The AmtrC/omcA
cells producing MtrCp,,; had virtually the same rate of reduction as the both the
knockout strains. These rates can differ due to a variety of factors, including the

structure of the Fe(lll) citrate, the difference in reduction potential between the
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electron donator/acceptor, interaction between the ferric citrate and MtrC, and any
differences in charge between the MtrC and the ferric citrate™®. Furthermore,
depending on the ratio of Fe(lll) to citrate, higher order complexes can form such as
Fe(lll) citrate trimers, which may also impact the rate of reduction. As seen above
(Table 4.3 in 4.2.7 Protein film electrochemistry), MtrC WT and MtrCp;; were
calculated to have midpoint reduction potentials of ~ 200 mV vs SHE. Fe(lll) citrate
has been calculated to have a midpoint reduction potential of ~ 0 mV vs SHE?%,
Consequently, this would indicate that the lack of electron transfer from MtrCp,i to
ferric citrate was not due to differences in reduction potentials. It is more likely that,

similarly to FMN binding, there is a physical docking site within domains lll and IV.

Furthermore, the solvent-exposed heme propionates of MtrC (and MtrF, an MtrC
homolog) give most of the surface of the protein a negative charge®'%. However, it
has been suggested that UndA (an undecaheme that substitutes OmcA in several
Shewanella species) has a positively charged surface near heme 7, as the lysine and
arginine residues neutralise the negatively charged propionates in the heme 7
environment'®2%®_ This positive charge is proposed to facilitate the association
between ferric citrate and UndA. MtrC, however, does not have a positively charged
heme 7 environment. This would again suggest the presence, or absence, of a

physical ferric citrate docking site in MtrC, or MtrCpy,, respectively.

4.2.12.5 Reduction of ferric EDTA
Like ferric citrate, ferric EDTA is another iron complex that S. oneidensis can use as
a terminal electron acceptor. The experimental design was identical to that of the
ferric citrate reduction assay (Methods 2.6.6). Ferrozine solution was again used to
quantify the amount of Fe(ll) in solution. The same five strains used in the FMN,
OmcA, and ferric citrate reduction assays were used (Figure 4.29, left). Additionally,
two new strains were assayed in this experiment, a Amtr strain containing the
PMTRC.e plasmid and a Amtr strain containing the pMTRCp,,i plasmid (Figure 4.29,
right). The purpose of adding these two new strains was to investigate if
(over)expressing membrane MtrCp,i  (or MtrC WT) would permeabilise the
membrane and allow electrons to bypass the MtrCyp,, AB/MtrCAB conduit and be
taken by the electron acceptor directly. As both strains acted as controls to test the

permeability of the outer membrane, adding them to every other reduction assay
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was not required. The changes in Fe(ll) concentration over time were converted to

Fe(lll) reduction rates which are shown in Figure 4.30.
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Figure 4.29. Increase in concentration of Fe(ll) over 8 hours in the ferric EDTA reduction assay. Left.

Strains used: S. oneidensis MR-1, Amtr, AmtrC/omcA, AmtrC/omcA cells with the pMTRCiec

plasmid, and AmtrC/omcA cells with the pMTRCp,,i plasmid. Right. Strains used: S. oneidensis
Amtr cells with the pMTRC .. plasmid, and Amtr cells with the pMTRCp,; plasmid. The assay was

carried out with cells at a starting ODggo 0f 0.1 induced with 1 mM L-arabinose. Experiments were

done in triplicate and error bars show standard error of mean. Note: the Y-axis range is different

between the two graphs.
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Figure 4.30. Processed data from the ferric EDTA
reduction assay. Strains shown include: MR-1 (1);
Amtr (2); AmtrC/omcA (3); AmtrC/omcA producing
MtrC WT (4); AmtrC/omcA producing MtrCpi (5); Amtr
producing MtrC WT (6); and Amtr producing MtrCpy,
(7). The assay was carried out with cells at a starting
ODegoo of 0.1 induced with 1 mM L-arabinose.
Experiments were done in triplicate and error bars
show standard error of mean.
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Previous work?® has shown that ferric citrate reduction was significantly slower than
ferric EDTA reduction. However, this work looked at purified proteins interacting with
the ferric complexes directly, showing in vitro rates. The in vivo rates in Figure 4.30
showed the opposite pattern, with ferric citrate having a slightly higher rate than
ferric EDTA. Furthermore, the difference in rate between the S. oneidensis MR-1
cells (1, Figure 4.30), and the three AmtrC/omcA strains (3, 4, 5, Figure 4.30) was
minor, regardless of the presence or absence of an MtrC variant. The results suggest
that having MtrA is the only requirement for electron transfer onto ferric EDTA.
Moreover, the three Amtr strains (2, 6, 7, Figure 4.30) had also very similar rates.
These, however, were significantly lower than the strains that expressed MtrA. This
would suggest that the electrons can be transferred from MtrA directly onto the
ferric EDTA complex. Furthermore, the data show there are virtually no differences
between the rate of electron flow through MtrC WT when compared to MtrCp,,
which indicated that ferric EDTA (unlike ferric citrate) would not appear to need a

specific binding pocket to interact with the cytochromes.

The reduction potential of ferric EDTA at pH 7 has been shown to be ~ 100 mV vs
SHE?"? as opposed to the ~ 0 mV vs SHE?" of ferric citrate. Consequently, the ferric
EDTA could function as a stronger oxidising agent, suggesting that electrons would
be transferred more readily from the reduced MtrA to the ferric EDTA, even in the
absence of an MtrC variant. The last 3 to 4 hemes of MtrA protrude ~ 15-20 A28 into
the extracellular environment from the outer membrane. This would further
facilitate any interaction between MtrA and the ferric complexes directly. These
factors combined are perhaps what allowed the electrons to be transferred from

MtrA directly to ferric EDTA.

4.2.12.6 Reduction of azo dyes
To further investigate electron transfer through MtrCp, to an electron acceptor, non-
physiological azo dyes were selected for reduction assays. Even though these dyes
are not the usual terminal electron acceptors for Shewanella species, their
biophysical properties are very useful in reduction assays. This is because upon
reduction of the azo bond, the reaction products are colourless amines; this is
known as decolourisation®''. S. oneidensis WL-7 has been shown to be able to
decolourise azo dyes such as Reactive Black 5 (RB5), Methyl Red, and Reactive Blue

19, amongst others. Furthermore, S. oneidensis MR-1 has been shown to be able to
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reduce Amaranth?'?2 and Methyl Orange (M0O)?'324, Once it was concluded that RB5,
Amaranth, and MO were all suitable azo dyes to investigate electron transfer through
MtrCoi,i AB, whole-cell reduction assays were carried out (Methods 2.6.7). The
absorbances of each azo dye at their corresponding wavelength over 12 hours is
shown in Figure 4.31. The preliminary results showed that the AmtrC/omcA strain

producing MtrCp, had a different capacity to reduce each of the three assayed azo

dyes.
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Figure 4.31. Absorbance of each azo dye at the corresponding wavelength over 12 hours
during the azo dye reduction experiment. The assayed dyes are Reactive Black 5 (top),
Amaranth (centre), and Methyl Orange (bottom). The S. oneidensis strains shown are
listed in the legend on the right. The assay was carried out with cells at a starting ODgg Of
0.1 induced with 1 mM L-arabinose. Experiments were done in triplicate and error bars
show standard error of mean. No statistical tests were carried out on the data. Note: the
Y-axis range is different across the graphs.
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To better understand these differences, the changes in absorbance were converted

to total concentration of reduced dye (Figure 4.32)
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Figure 4.32. Processed data from the azo dyes reduction experiment. The assayed dyes are
Reactive Black 5 (left), Amaranth (centre), and Methyl Orange (right). Strains shown
include: MR-1 (1); Amtr (2); AmtrC/omcA (3); AmtrC/omcA producing MtrC WT (4); and
AmtrC/omcA producing MtrCp (5). The assay was carried out with cells at a starting ODgoo
of 0.1 induced with 1 mM L-arabinose. Experiments were done in triplicate and error bars
show standard error of mean. No statistical tests were carried out on the data. Data shows
the total reduction of dye concentration after 6 hours.

The data shown in Figure 4.32 show the differences in the total reduction of RB5,
Amaranth, and MO across the 5 assayed strains. In accordance with previous
work?'"-24 S, oneidensis MR-1 could reduce all three azo dyes. As expected, the
Amtr cells decolourised the lowest amount of each dye, with AmtrC/omcA being the
same (Amaranth, MO) or slightly higher (RB5). The AmtrC/omcA cells that expressed
MtrC WT had comparable rates to MR-1 across all three dyes. Intriguingly, the total
dye reduced by the AmtrC/omcA cells producing MtrCp,, varied depending on the
dye. RB5 had a rate which was close to MR-1(Figure 4.32, left), which suggested that
the full ten hemes were not necessary to decolourise RB5. Perhaps the 5 hemes
within domains | and Il were enough to bring electrons close enough for reduction
of the RB5. However, having MtrA alone was not enough for this electron transfer to
occur at the same rate. For Amaranth, there was virtually no difference between the
Amtr, AmtrC/omcA, and AmtrC/omcA cells producing MtrCp,, (Figure 4.32, centre),
which suggested the necessity for having the ten hemes in MtrC present. Perhaps
there is a physical binding site (similarly to FMN and OmcA) that is required for
Amaranth reduction and that is missing when domains lll and IV are removed.
Finally, the capacity of the AmtrC/omcA cells producing MtrCp,,s to reduce MO falls

somewhere between MR-1 and the Amtr and AmtrC/omcA cells. As these azo dyes
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are not present in the usual S. oneidensis environments they are not physiological
electron acceptors. This makes it difficult to ascertain whether reduction occurred
due to the proximity of the azo dye to the terminal heme in the EET (heme 10 for MtrC
WT or heme 1 or 2 for MtrCpi) or due to a specific binding site present/absent in

MtrC WT/MtrCp,,i, respectively.
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4.3 Conclusion and future work

Itis well known that the outer-membrane multiheme cytochromes of S. oneidensis,
have an unusual staggered-cross heme arrangement. In MtrCAB, this allows
electrons to be transferred from heme 10 in MtrA to heme 5 in MtrC. The electrons
travel through MtrC and can be transferred laterally to OmcA or continue through
the heme chain and be donated to the electron acceptor from heme 10. However, it
is not entirely understood why MtrC has this heme arrangement or if all 10 hemes
are needed for EET. In this chapter, both a soluble and membrane-bound isoform
were successfully expressed and characterised from a plasmid-based system.
There can sometimes be issues with overexpressing c-type cytochromes variants,

as their heme incorporation and maturation pathways are not yet fully understood.

The soluble MtrCp,i (domains | and IlI) which lacked domains Illl and IV was
successfully expressed inside S. oneidensis cells. The size was confirmed by LC-MS
to be within what was expected meaning the hemes were incorporated properly into
the protein backbone. UV-Vis spectroscopy revealed that the soluble pentaheme
behaved as a redox-active heme protein would behave, with the characteristic Soret
band shift and tightening of the alpha and beta band upon reduction. After this initial
characterisation, the purified protein was successfully crystallised, and the
structure was resolved to 1.8 A (PDB: (9EOV). Cyclic voltammetry suggested little to
no differences in the active redox potential window or the midpoint reduction
potential when compared to soluble MtrC WT. After confirming the correct
expression of the soluble MtrCp, i, its capacity to form a complex with native MtrAB
was assessed. SDS-PAGE confirmed the presence of a band around the size of MtrA
(~ 35 kDa) which was only present when the plasmid containing the mutated gene
was induced. A single peak on the SEC column suggested that only one species was
present in the purification products. Furthermore, differences in the sedimentation
and frictional coefficients of MtrCp,)AB when compared to MtrAB and MtrCAB,
increased the confidence that the MtrCp, s was in fact forming a trimer. Also, a variety
of reduction assays with both physiological and non-physiological electron
acceptors were carried out to further investigate the functional effects that
removing domains Ill and IV would have on the capacity of MtrC to transfer

electrons.
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The results from these whole-cell activity assays would suggest that there is a need
for a physical binding site located within domains Il and IV for correct reduction of
FMN and OmcA. As FMN and OmcA are both molecules that are usually presentin
the vicinity of MtrC, this would make sense. Without the disulfide found near heme
7, itwould seem that it was impossible for MtrC to form a flavocytochrome complex
with FMN. Similarly, the electron transfer rates to OmcA were suggested to be
drastically reduced when only hemes 1 to 5 were presentin MtrC. Reduction of ferric
citrate was not possible with MtrCp,, suggesting again that a physical binding site
was removed when domains lll and IV were eliminated. For ferric EDTA, it seems that
MtrA was capable of donating the electrons directly, meaning the lack of domains
[l and IV played no role in the electron transfer rates. Finally, the differences in
reduction of three different azo dyes highlighted the varying magnitude of the impact

of not having hemes 6 to 10 in MtrC.

It would seem that, depending on the electron acceptor, a pentaheme minimal
system for EET is possible as seen in MtrCp,.. Perhaps evolutionarily, there was an
original set of 5 hemes that enabled Shewanella to respire in environments where it
could not before. A gene duplication event might have led this synthesised
pentaheme protein to form into a decaheme, further allowing the bacteria to thrive
in previously uninhabitable environments. As the electrons can get all the way to the
end of MtrCp,,;, then another protein could be fused to the C-terminus of the MtrCp .
This allow for a system where lactate-driven intracellular metabolism produces
electrons that can be transferred to the extracellular environment of S. oneidensis
cells. This could then be coupled to a tailored protein of choice that could interact
with a variety of electron acceptors that S. oneidensis would not usually be able to

use to complete its EET.
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Chapter 5

His/Met ligation in MtrA
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5. MtrA axial ligand coordination
5.1 Introduction

The previous chapters have investigated EET in S. oneidensis by changing the
interactions between the MtrC domains. In this chapter, the heme coordination of
MtrA is investigated. As previously discussed, MtrCAB is comprised of an
extracellular decaheme cytochrome, MtrC, which receives electrons from MtrA,
another decaheme cytochrome, which lies within MtrB, a B-barrel porin located in
the outer-membrane®. In MtrC and MtrA, the closely-packed hemes enable
Fe(lll)&>Fe(ll) transitions of the neighbouring sites, transporting periplasmic
electrons to the extracellular terminal acceptor’. The ten hemes of MtrA all have
bis-his axial ligand heme coordination, and they are positioned so that neighbouring
pairs alternate between perpendicular and parallel porphyrin ring planes. The edge-
to-edge distances of these porphyrins range from 3.9to0 6.5 Ae The arrangement of
smaller cytochromes from Shewanella such as STC, is very similar to that of MtrA.
The STC heme chain can be superposed over hemes 6-9 and 2-5 of MtrA, with root-
mean-square deviations (RMSD) of 1.64 and 1.52 A, respectively. The conservation
of the arrangement of the hemes in these structures suggest there is a possibility for
MtrA and STC of sharing a common ancestor, and that MtrA might have been the

result of a gene duplication event®®,

Homologs of both mtrA and mtrB can also be found in other bacteria, such as the
iron-oxidiser Rhodopseudomonas palustris TIE-1, where they are named pioA and
pioB, respectively. The pioA gene product is predicted to transfer electrons from an
extracellular donor, across the outer membrane, and into the periplasm of R.
palustris TIE-17°. Similarly to MtrA, PioA contains ten hemes that enable electron
transfer. However, the iron transitions are Fe(ll) & Fe(lll) instead of Fe(lll)<~Fe(ll) as
the electron transfer direction is opposite to MtrA. Furthermore, in PioA, 3 out of the
10 hemes have His/Met coordination instead of bis-his. Previous work’ has stated
that hemes displaying His/Met ligation contribute to redox activities at a potential

more positive than bis-his ligated hemes’®.

We hypothesise that the three His/Met hemes in PioA (with more positive potentials)
act as electron sinks, storing electrons from the oxidation of Fe(ll) before
transferring them to the periplasmic acceptors. We also hypothesise that these

His/Met hemes enable PioA to transfer electrons intracellularly, even when the
154



intracellular potential is more negative than the extracellular one. To test this, we
produced an mtrA mutant with three distal histidines mutated to methionines, at
MtrA amino acid positions 85, 167, and 200, which correspond to hemes 3, 2, and
7, respectively. These were selected as these are the hemes in PioA that have
His/Met ligation. Biophysical characterisation was carried out on the purified
protein and activity assays were done on cells expressing the mutant mtrA gene

product designhed to contain three His/Met hemes.
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5.2 Results and discussion

5.2.1 Plasmid design and generation

A pBAD plasmid containing mtrA was obtained from the laboratory repository at the
University of East Anglia, Norwich (Table 2.3 in Methods 2.2.11). Before any DNA
modifications were carried out, a Strep(ll) tag was added using PCR mutagenesis to
the C-terminus of mtrA on the pBAD plasmid, for downstream purification. The PCR
primers are listed in Table 2.2 in Methods 2.2.3, and the PCR conditions are detailed
in Methods 2.2.3. The PCR products were visualised on a 0.8% agarose gel (Methods

2.1.3) to confirm the success of the PCR (Figure 5.1).
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Figure 5.1. 0.8% agarose gel of the PCR products after the mtrA Strep(ll) tag
PCR. An annealing temperature gradient was done to optimise the success
rate. The lanes are as follow: molecular marker (lane 1), annealing at: 64°C
(lane 2), 62.5°C (lane 3), 61°C (lane 4), 57.9°C (lane 5), and 56°C (lane 6). The
bright bands around 6,000 bp are the successful PCR products.

After confirming that the template DNA had been amplified during the PCR (Figure
5.1), the bands were excised from the gel (Methods 2.2.6). After, they were subjected
to a phosphorylation and ligation step (Methods 2.2.7), to re-ligate any nicks in the
DNA after the Strep(ll) tag PCR. Next, the pDNA that had been phosphorylated and
ligated was transformed into competent E. coli TOP cells via heat shock (Methods
2.2.7 and 2.2.8). The pDNA was extracted and sequenced, to confirm that the mtrA

sequence had no mutations and had the Strep(ll) tag added to the C-terminus. This

156



plasmid containing mtrA with a Strep(ll) tag (PMTRA«.) was used for all downstream

PCR mutagenesis.

Three mutations were introduced to change the distal histidine codon (CAC) to the
methionine codon (ATG) of three hemes: heme 3 (H85M), heme 2 (H167M), and
heme 7 (H200M). These were all done sequentially via individual PCR mutagenesis
as with the Strep(ll) tag, but because the PCR primers were designed to bridge any
nicks during the PCR itself, there was no need for band extraction from the gel nor
phosphorylation and ligation. Instead, a Dpnl digest was carried out (Methods 2.2.4)

on the PCR products after the His/Met mutagenesis.

Figure 5.2. 0.8% agarose gel of the PCR products after the third round of
His/Met mutations was done on three different mtrA double mutants. The

lanes are as follow: molecular marker (lane 1); mtrA H85M, H167M after the
H200M PCR (lane 2); mtrA H85M, H200M after the H167M PCR (lane 3); and
mtrA H167M, H200M after the H85M PCR (lane 4). Each PCR product lane
is composed of three samples (left, centre, and right) carried out with
annealing temperatures of 52°C, 50°C, and 48°C, respectively. The bright
bands around 6,000 bp are the successful PCR products.
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After, the Dpnl enzyme and corresponding reaction buffers were removed via a PCR
clean-up kit. Next, the plasmid was transformed into competent E. coli TOP cells via
heat shock (Methods 2.2.7 and 2.2.8). After producing the three single His/Met
codon mutants, the same set of primers and protocols were used to create three
double mutants (one with H85M and H167M, one with H85M and H200M, and one
with H167M and H200M). These were sequenced to confirm correct mutagenesis.
From these double mutants, three triple mutants were produced that had all three
H85M, H167M, and H200M codon mutations, regardless of which order they were
donein. Figure 5.2 shows three triple mutants produced from three different double
mutants. In theory, the three triple mutants should have been identical, but there
were slightly different bands on the agarose gel done after the PCR (Figure 5.2). To
confirm that the three His/Met mutations had been introduced at the correct
locations and without any unwanted mutations at other sites, the pDNA was

extracted and sent for sequencing.
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Figure 5.3. Sequencing data from pMTRAuipe Obtained from Eurofins and visualised on
Benchling. The MtrA signal peptide (orange arrow), CXXCH heme binding motifs (red arrows),
and Strep(ll) tag (navy arrow) are shown. The locations for the three His/Met mutations are
shown with a pink arrow, with the corresponding heme indicated in roman numerals. Note:
even though the sequencing data is linear, it has been shown as circular to better visualise
the components.
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Figure 5.3 shows the sequenced pMTRAuip. (triple mutant) with the added Strep(ll)
tag and the three His/Met mutations. All the plasmids from this chapter are listed in

Table 5.1.

Table 5.1. Plasmids used in this chapter with indicated relevant features. Text in bold forms part
of each plasmid name.

PMTRA, . mtrA signal peptide; C-terminus Strep(ll) tag; no modifications to mtrA (recombinant)

mtrA signal peptide; C-terminus Strep(ll) tag; histidine codon at amino acid position 85 in

PMTRAa5m mtrA changed to methionine codon (H85M)
MTRA mtrA signal peptide; C-terminus Strep(ll) tag; histidine codon at amino acid position 167 in
P IR mtrA changed to methionine codon (H167M)
MTRA mtrA signal peptide; C-terminus Strep(ll) tag; histidine codon at amino acid position 200 in
P RG] mtrA changed to methionine codon (H200M)
mtrA signal peptide; C-terminus Strep(ll) tag; histidine codon at amino acid positions 85
pMTRAtr'lple

167, and 200 in mtrA changed to methionine codon (triple mutant)

After confirming the correct incorporation of the His/Met mutations in the three
individual mutants as well as the triple mutant, the plasmids were each transformed
into a S. oneidensis Amtr strain via electroporation (Methods 2.2.9). As these
proteins were intended for purification, the whole MtrCAB complex was not
necessary. To check the pDNA were all correct, the plasmids were sent for
sequencing again. After confirming this protein expression trials were started on the
S. oneidensis cells with the pMTRA., pPMTRAHssm, PMTRAH167M, PMTRAN200m, and

PMTRAuipe plasmids.

5.2.2 MtrA expression trials

To confirm the correct production of MtrA variants (WT, three single mutants, and
the triple mutant) in the S. oneidensis Amtr cells, an expression trial was carried out
(Methods 2.3.1). Gene expression was induced with 2.5 mM and 5 mM L-arabinose.
6 hours afterinduction of expression, the cells were harvested by centrifugation and
heat-lysed (95°C, 10 minutes). The lysed whole-cell samples and controls were run
on an SDS-PGAE gel (Methods 2.3.3.) and stained for heme and Coomassie
(Methods 2.3.5, and 2.3.4, respectively).
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The heme stained SDS-PAGE gel shows a faint band in the induced cells (Figure 5.4,
left, lanes 2 and 5) just below 35 kDa which corresponds to MtrAWT (~ 39 kDa). This

is more apparent in the gel stained with Coomassie (Figure 5.4, right, lanes 2 and 5).
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Figure 5.4. SDS-PAGE gel from expression trial of S. oneidensis Amtr cells with the pMTRAec
plasmid, stained with heme (left) and Coomassie (right). Lanes are as follows: molecular
marker (lane 1); S. oneidensis Amtr cells with pMTRA plasmid (lanes 2, 5); S. oneidensis Amtr
(lanes 3, 6); S. oneidensis MR-1 (lanes 4, 7). Plasmids were induced with 5 mM L-arabinose. MtrA
is indicated with lines.
The gel stained with Coomassie also shows the presence of many other proteins in
the samples, but the lanes containing the induced plasmid show a band (MtrA) that
is darker than the rest. As the MtrAin S. oneidensis forms a complex with MtrB, there

is no strong band on the SDS-PAGE gels, as the membrane fraction (containing

MtrAB) was removed before preparing the samples.

A gel was run (Figure 5.5) showing a variety S. oneidensis cells, including MR-1 (the
WT), Amtr, AmtrA, and Amtr with plasmids expressing the five MtrA variants (WT,
three individual mutants, and the triple mutant). The proteins were normalised
before loading onto the gel. The gel shows how the MtrA band shows in MR-1 (lane
Il), as expected, but also faintly in Amtr (lane 3) and AmtrA (lane 4). This could be

due to MtrD, a S. oneidensis MtrA homologue.
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Figure 5.5. Normalised heme-stained SDS-PAGE gel comparing MtrA expression across different
S. oneidensis cells. Lanes are as follows: molecular marker (lane 1); S. oneidensis MR-1 (lane 2);
S. oneidensis Amtr (lane 3); S. oneidensis AmtrA (lane 4); S. oneidensis Amtr cells with pMTRAec
plasmid (lane 5); S. oneidensis Amtr cells with pMTRAugsm plasmid (lane 6); S. oneidensis Amtr
cells with pMTRAu167m plasmid (lane 7); S. oneidensis Amtr cells with pMTRA200m plasmid (lane 8);
and S. oneidensis Amtr cells with pMTRAipe mutant plasmid (lane 9). Plasmids were induced with
5 mM L-arabinose. MtrAis indicated with lines.
The MtrA band is the strongest in the Amtr cells producing MtrA WT (lane 5). The
three single mutants show different levels of relative expression between the Amtr
cells producing MtrA H85M (lane 6), H167M (lane 7), and H200M (lane 8). The band
for the MtrA H200M sample was extremely faint. The MtrA triple mutant (lane 9)
displayed a band intensity that was higher than MR-1 but not as high as the Amtr
cells producing MtrA WT. As this was a variant with three amino acid modifications,

it was expected that the expression would be the lowest as it was the protein that

had the most different amino acid sequence from MtrA WT.
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5.2.3 Purification of MtrA variants

After determining the correct production of all five MtrA variants, large scale
purifications of each protein were carried out. To purify the MtrA variants, cells were
cultured, and the proteins were extracted as detailed before (Methods 2.4.1 and
Methods 2.4.3). Purification was done using the Strep(ll) tag that had been added to
the template pMTRA.. before any of the His/Met mutations had been introduced.
The AKTA trace of the Strep(ll) tag purification for the MtrA WT and the three single
MtrA mutants can be seenin Figure 5.6. The MtrA WT had the highest absorbance at
410 nm when compared to the three single His/Met mutants. This highlights the fact
that producing a soluble MtrA variant protein is more difficult for the S. oneidensis

cells when compared to MtrA with no modifications.
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Figure 5.6. AKTA traces from Strep(ll) column purification of MtrA WT (A), MtrA H85M (B), MtrA
H167M (C), and MtrA H200M (D). The A410 and Ayg are shown as red and blue lines, respectively.
The A410 was used to select which fractions to run on SDS-PAGE gels to assess the purity of the
proteins. All four variants were purified from a 6 L culture.
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For the MtrA triple His/Met mutant, size-exclusion chromatography (SEC) was done
after the Strep(ll) tag purification (Figure 5.7). The yield for the triple mutant was
considerably lower than the single mutants and the WT, again corroborating the
hypothesis that the cells struggle more to produce a soluble MtrA variant protein

that is less similar to the native version.

200
— 150
-
<
E
o 100
O
c
(41
2
2 50
o
=

0 y

0 25 50 75 100 125 150
Elution volume (mL)

Figure 5.7. AKTA traces from SEC purification of MtrA triple His/Met
mutants. The A4 and Azso are shown\ as red and blue lines, respectively.
The A410 peaks were used to select which fractions to run on an SDS-PAGE
gel to further assess the purity of the protein.

Different optimisation attempts at increasing the yield MtrA triple mutant were
carried outincluding: modifying the concentration of L-arabinose used atinduction,
changing the ODso induction point, increasing the incubation time of S. oneidensis
cells before harvesting, and increasing the starting inoculum. However, the yield
(determined by the 410 nm absorbance during the AKTA run) remained relatively low

after changing all these variables.
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Figure 5.8. SDS-PAGE gels showing purification of MtrA triple from S. oneidensis Amtr cells
containing pMTRAipe after SEC. Gels were stained for Coomassie (left) and heme (right). For both
gels, lanes are as follows: molecular marker (lane 1), lysed cells (lane 2), AKTA flow through that
did not bind to the Strep(ll) column (lane 3), purified MtrA triple after SEC (lane 4), purified MtrAB
control (lane 5). MtrA and MtrB are indicated with lines. Plasmid induction was done with 5 mM
L-arabinose.

Throughout the purification process, SDS-PAGE gels were carried out and stained
for heme. Figure 5.8 shows the purified MtrA triple after elution from a Strep column.
Both gels show a clear band for MtrA at ~ 37 kDa. The Coomassie gel also shows the
MtrB band for the MtrAB control (lane V) that is not seen in the heme stain, as MtrB
contains no hemes. The gels both suggest the purification of MtrA triple was done
successfully and there were few impurities. Even though the heme-stained gel
shows a faint MtrA band for the cell lysate samples and the AKTA flow through
samples, the band is diffuse and not very strong. This highlights how overexpressed
the proteins are in the pBAD system. The gels from the purifications of MtrA WT,
H85M, H167M, and H200M were very similar to Figure 5.8 and are not shown for

concision.

Figure 5.9 shows the translation of the sequenced pMTRAis plasmid, with the three
corresponding His/Met mutations. Protein expression of MtrA triple was lower than
the WT or single mutants. This is suggested to have been due to having three
mutations as opposed to just one. The impact of these mutations on the tertiary
structure of MtrA was unknown, but the decrease in protein expression was

apparent.
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Figure 5.9. Top. Translated DNA sequence for mature, MtrC triple. The first amino acid residue
shown is the serine immediately after the MtrA signal peptide cut site. The H85M, H167M, and
H200M amino acid modifications are shown with purple, dark blue, and dark green arrows,
respectively. The CXXCH motifs are shown within the brown arrow labels over the sequence. The
Strep(ll) tag is shown with a light blue arrow. Bottom. DNA alignment of MtrA WT and MtrAvipe
showing the histidines (CAC) being mutated to methionines (ATG). Mutated methionines are shown
with pink arrows. Figures produced using Benchling.
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5.2.4 UV-Vis spectroscopy
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Figure 5.10. Electronic absorbance of
purified MtrA WT (A), MtrA H85M (B), MtrA
H167M (C), MtrA H200M (D), and MtrA triple
mutant (E). For all spectra, the oxidised and
dithionite-reduced states are shown as
solid black lines and red dashed lines,
respectively. Characteristic heme protein
features and their corresponding
wavelengths are labelled on the spectra.
Proteins were diluted in 20 mM Tris, 30 mM
NaCl, pH 7.8, to ~0.8 uM.




After confirming that the DNA sequence was correct and the produced proteins
were at the appropriate size on an SDS-PAGE gel, the redox capacities of all variants
were assessed. UV-Vis spectroscopy (Methods 2.5.1) can be used to provide insight
on the structures of heme proteins by observing their characteristic features. This
provides information not only on the structure, folding, and heme incorporation, but
also on the correct redox functionality.

Table 5.2. Summary of the MtrA variants’ spectral features obtained

from UV-Vis spectroscopy. The maxima for the three characteristic

peak features are listed for the oxidised (black text) and reduced (red
text) states.

Amax (NM)
Peak WT H85M | H167M | H200M Triple
Soret | 409 | 421 409 421 408 420 409 | 420 408 419
Alpha (a) 552 552 552 552 551

Beta (B) 523 523 523 523 522

Figure 5.10 shows the UV-Vis spectra of the purified MtrA and the four MtrA variants
in their reduced and oxidised states. A comparison of the Soret, a and B peak
features across the five MtrA variants is shown in Table 5.2. The results from the UV-
Vis spectra data indicate that there were no significant differences in the maxima for
the alpha and beta bands across all five variants. The most notable shift was in the
reduced Soret band maxima of the triple mutant, which decreased by 2 nm. This
suggests that the three His/Met modifications might have slightly impacted the
tertiary structure or electron orbital configuration of MtrA triple. Within the porphyrin
inside hemes, the Soret band feature arises from a characteristic - m* absorption
region. These occur as the electrons take in the light energy and are transferred from
the So ground state (highest occupied molecular orbital (HOMO)) to the second S,
excited state (the least unoccupied molecular orbital (LUMO + 1)) in the 400-450 nm
range?'. By having methionine instead of histidine as the distal ligand, the local
electron orbital environment is changed. Therefore, this may explain the subtle
changes in the Soret maxima of the MtrA triple when compared to the single

mutants and MtrA WT.
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5.2.5 Pyridine hemochromagen assay
To determine the molar absorption coefficients (€) of heme proteins, the pyridine
hemochromagen assay can be used. These coefficients can vary depending on the
protein environment and axial ligands to the heme. Heme proteins are denatured
before pyridine is added, which axially coordinates all hemes in the sample. As they
all become spectroscopically identical, and the € for pyridine is known, the original
concentration of the intact protein can be calculated. The Beer-Lambert law can
then be used to calculate the & for the assayed protein. The pyridine
hemochromagen assay was done following the protocol listed in Methods 2.5.4.
Table 5.3. Molar absorption coefficients (g)

calculated by the pyridine hemochromagen
assay. *From published work??* using a similar

protocol.

Protein e (mMM1cm™)

MtrA* 1320

MtrA WT 1317

MtrA H85M 1295

MtrAH167M 1288

MtrA H200M 1303

MtrA Triple 1276

Table 5.3 shows the calculated ¢ of the five MtrA variants, as well as a published
MtrA (WT) one. There was no significant difference between the published €, and the
one obtained for MtrA WT. For the three single mutants, there was a slight decrease
in the €; however, the difference was minute. The largest difference was with the
MtrA triple, as this seemed to have the lowest calculated € out of all of the variants.
These results are similar to previous results' where the S. oneidensis outer-
membrane decaheme MtrC was investigated. In the study, two MtrC variants were
analysed. Both had a Y657C mutation, but one had all ten bis-his hemes while the
other had a single His/Met heme. Their results suggested the € of the His/Met MtrC
variant was ~ 25 mM” cm™ lower than that of the MtrC with all ten bis-his hemes.
However, the robustness of the data produced from the pyridine hemochromagen
assay varies greatly, as it depends on several factors including: the purity of the
assayed protein, the stability of the pyridine solution, operator error, the
environment the assayed protein is in. Consequently, interpretation of the data
should be taken with a more qualitative than quantitative approach. Therefore, it

was concluded that introducing single or triple His/Met mutations in MtrA resulted
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in changes to the & that were too subtle to be detected by the pyridine

hemochromagen assay.

5.2.6 Ascorbate reduction assay

To confirm the correct incorporation of the distal methionine to the corresponding
hemes in MtrA, an ascorbate reduction assay was carried out (Methods 2.5.3). The
sequenced plasmid indicated that the DNA sequence was correct, but that does not
necessarily mean that the methionine was correctly incorporated into the protein.
Moreover, the change from histidine to methionine might have caused structural
instability that could lead to the ligand falling off the heme. The assay is based on
the principle that with certain sets of ligands, oxidised hemes show ligand-to-metal
charge-transfer bands from 600-750 nm. These energies are indicative of the

chemical properties of their axial ligands™®.
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Figure 5.11. Difference spectra showing ascorbate-reduced minus oxidised
states as blue lines. Proteins shown are MtrA WT (A), H85M (B), H167M (C), and
H200M (D). Samples were in 20 mM Tris, 30 mM NaCl, pH 7.8. Absorbance was
normalised to 800 nm.
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To take advantage of this, a difference spectrum can be taken of the ascorbate-
reduced spectra minus the oxidised spectra (Figure 5.11). To verify that similar
features do not occur when reduced with sodium dithionite, a difference spectrum

was taken of the dithionite reduced minus oxidised (Figure 5.12)
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Figure 5.12. Difference spectra showing dithionite reduced minus oxidised
states as red dotted lines. Proteins shown are MtrAWT (A), H85M (B), H167M
(C), and H200M (D). Samples were in 20 mM Tris, 30 mM NaCl, pH 7.8.
Absorbance was normalised to 800 nm.

Previous work” has suggested that the ascorbate-reduced minus oxidised
difference spectrum (Figure 5.11) can reveal two negative features that may provide
information on the axial ligands. First, a trough centred at 630 nm has been reported
to be indicative of reduction of a high-spin (with unpaired electrons) Fe(lll) heme,
predicted to have His/H,0 ligation’. Second, a trough centred at 700 nm would be
indicative of reduction of a low-spin (with no unpaired electrons) Fe(lll) heme with
His/Met ligation. The difference spectrum for MtrA H200M (Figure 5.11, D) shows

what would appear to be a very shallow trough at 630 nm, which suggests the
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methionine might have fallen off the heme, and there is aH20-ligated heme orheme
with no ligand. For MtrA H85M (Figure 5.11, B) and H167M (Figure 5.11, C), a trough
centred around 700 nm appears more pronounced, suggesting correct
incorporation of the distal methionine to the heme. MtrA WT (Figure 5.11, A) does
not appear to show either of these features. A dithionite reduction was carried out
on the same four MtrA variants on the same day. The dithionite reduced minus
oxidised difference spectra (Figure 5.12) do not suggest that any of the four MtrA
variants have a trough at neither 630 nm nor 700 nm, indicating that ascorbate is
necessary to observe these features. These results suggest that MtrA H85M and
H167M had the methionine incorporated correctly, whereas it might have fallen off
in H200M. These results are consistent with previously investigated heme proteins

with His/Met hemes’®, but are not conclusive. Furthermore, the purification of
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Figure 5.13. Difference spectra showing ascorbate-reduced minus oxidised as a solid
blue line (left) and dithionite-reduced minus oxidised as a dotted red line (right).
Samples were in 20 mM Tris, 30 mM NaCl, pH 7.8. Absorbance was normalised to 800
nm.

functional MtrA variants that were not all bis-his ligated was successful, and these

variants all showed typical spectroscopic features of heme proteins.

Next, the same assay was carried out on MtrA triple to investigate what would
happen when methionine was intended as the axial distal ligand in three hemes
instead of one. Figure 5.13 left and right show the difference spectra for purified
MtrA triple when reduced with ascorbate and dithionite, respectively. The data for
MtrA triple are less conclusive than for the other variants. The spectra do not show
any troughs at neither 630 nor 700 nm, suggesting that there are no hemes with

neither His/Met nor His/H,0 ligation. However, finding these predicted thoughts in
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the UV-Vis difference spectra can be quite subjective and the data is not robust
enough to be able to conclude possible methionine ligation. Furthermore, due to
the extremely low yields of the purified MtrA triple, other techniques such as nuclear
magnetic resonance (NMR) that would be better for ascertain the ligand
environment of hemes, were not feasible. After many attempts at optimising the
purification protocol, the average yields were still ~ 500 pg of purified MtrA triple

from 12 L of cultured cells.

5.2.7 Activity assays
To better understand the effect of the His/Met modifications on the distal heme
ligands of MtrA, functional assays were carried out. These investigated any impact
of having changed the heme ligands on the capacity for S. oneidensis cells to carry
out EET. The five MtrA plasmids (WT, three single mutants, and the triple mutant;
MtrA 5.2.1.1) were transformed into a S. oneidensis AmtrA strain for these activity
assays (Methods 2.2.9). This way, the MtrA variants would form a complex with the

native MtrB and MtrC.

5.2.7.1 Protein expression trials on AmtrA mutants
Before starting the functional assays, the relative protein expression of each variant

was assessed in the S. oneidensis AmtrA cells.

Figure 5.14 compares the expression of the five different MtrA variants in the S.
oneidensis Amtr cells with corresponding pMTRA plasmids. The gel suggests little
to no difference in expression between MtrA WT and the three single mutants. The
gel also indicated that there was not much difference when inducing the triple
mutant with 2.5 mM, 5 mM, or 10 mM L-arabinose. 5 mM was selected as an
appropriate concentration of L-arabinose to use for future induction of the

pMTRAtriple plasmld
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Figure 5.14. Normalised heme-stained SDS-PAGE gel comparing MtrA expression
across different S. oneidensis cells. Lanes are as follows: molecular marker (lane 1);
S. oneidensis AmtrA cells with pMTRA.. plasmid (lane 2); S. oneidensis AmtrA cells
with pMTRAssm plasmid (lane 3); S. oneidensis AmtrA cells with pMTRAw67m plasmid
(lane 4); S. oneidensis AmtrA cells with pMTRAw00m plasmid (lane 5); S. oneidensis
AmtrA cells with pMTRAgipe mutant plasmid induced with 2.5 mM, 5 mM, and 10 mM
L-arabinose (lanes 6, 7, and 8, respectively); and S. oneidensis AmtrA cells with
PMTRAixe mutant plasmid induced with 5 mM L-arabinose and supplemented with
20 mM Fe (lll) citrate during growth phase (lane 9). MtrA is indicated with lines.

5.2.7.2 Flavin mononucleotide reduction
Flavin mononucleotide (FMN) can be used to determine the rate of EET in S.
oneidensis cells. The FMN act as electron shuttles that accept the electrons from
heme 10 of MtrC and can donate them to the terminal electron acceptor. As the
oxidised form of FMN can fluoresce (excitation at 365 nm and emission at 525 nm),
the rate at which the FMN is reduced can be monitored with fluorescence
spectroscopy. Changes in fluorescence over time can be converted into rate of

electron transfer onto FMN molecules.

Figure 5.15 shows the unprocessed fluorescence intensity data from the fluorimeter
(Figure 5.15, left) and the processed data converted to FMN reduction rate (Figure
5.15, right). The data showed that the fastest decrease in fluorescence intensity was
due to electrons transported in the AmtrA producing MtrA WT (red line). Due to the

plasmid-based overexpression system, reduction rates higher than those of the WT
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Figure 5.15. Results from the MtrA triple FMN reduction assay. Left. Change in fluorescence
intensity at 525 nm of five S. oneidensis strains over a period of 14 minutes. Top right. Higher
magnification of figure on the left, showing Amtr (orange) and AmtrA (blue). A linear trendline was
added to visualise the difference in rate with more ease. Bottom right. Processed data from the
FMN assay, where change in fluorescence was converted to a rate of FMN reduction. Strains shown
include: MR-1 (1); Amtr (2); AmtrA (3); AmtrA producing MtrAWT (4); and AmtrA producing MtrA triple
(5). An unpaired t test indicated a statistically significant difference (p < 0.01) represented with two
asterisks (**). The assay was carried out with cells at a starting ODggo 0f 0.1 induced with 1 mM L-
arabinose. The initial concentration of FMN was 12 uM. Experiments were done in triplicate and
error bars show standard error of mean.

were to be expected. The positive control, MR-1 (green line), also showed a large
decrease in the fluorescence intensity, but not as significant as the mutant
overexpressing MtrA WT. The Amtr (orange line) and AmtrA (blue line) mutants
showed identical results ,with no change in the fluorescence intensity over the 14
minutes. The transfer of electrons from the S. oneidensis cells to the oxidised FMN
molecules occurred quickly as shown in Figure 5.15, left, by the steeper gradient
within the first few minutes. Consequently, the change in fluorescence over this
initial period was used in the FMN reduction rate calculations. Furthermore, the
initial rate was also used to mitigate any unwanted interactions with any remaining

oxygen molecules.

The FMN reduction rates presented in this thesis (Figure 5.15, right) corroborated
previous work'? indicating the incapability for the Amtr and AmtrA mutants to

significantly reduce FMN. In previous work, the AmtrA mutant showed a rate that
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was higher than the Amtr mutant, and the difference was statistically significant (p
<0.01). Itis hypothesised that, as S. oneidensis has other mechanisms for EET, then
the outer-membrane MtrC (even if MtrA is not present) might act as an electron
acceptor/donor. Yet, the rate is only marginally higher, so the effect might not be
appreciable. The AmtrA cells producing MtrA WT had the highest rate, more than
twice the rate of MR-1. Again, this was due to the overexpression plasmid-based
system used in these experiments. Additionally, it confirmed that the experimental
design was appropriate and suggested that the MtrCAB complex was formed by the
plasmid-based MtrA and the native MtrB and MtrC and electrons could be
transported by the trimer. The rate for the AmtrA producing MtrA triple was lower
than both MR-1 and the AmtrA producing MtrA WT; however, it was higher than the
Amtrand AmtrA mutants. These results would indicate that the MtrA triple is forming
a complex with the native MtrB and MtrC, but the electrons cannot traverse the
trimer as quickly as they did when MtrA had all bis-his coordinated hemes. However,
it is unknown if this was because of having methionine as the distal ligand, or
because the methionine had fallen off any of the mutated His/Met hemes in MtrA
triple resulting in His/H,0 ligation or no distal ligand. Furthermore, for the Amtr
strains producing MtrA variants, the likelihood of MtrAB (comprised of a variant MtrA
and a native MtrB) forming a complex with MtrC to produce a functional MtrCAB is
unknown. Even though the MtrA variants are overexpressed, they still need MtrB in
a1:1ratiotobe ableto be correctlyincorporated into the outer membrane. However,
if there are more MtrAB produced than MtrC, then rates of EET could be artificially
low as there are not enough MtrC to accept the electrons from MtrA and donate to
FMN. Consequently, it is difficult to be sure of the ratio of MtrAB:MtrCAB:MtrC.
Therefore, changes in FMN reduction rates could also be due to this uncertainty. It
is also notable that, as shown earlier in the chapter, the capacity of S. oneidensis to
produce the soluble MtrA variants is lower than the MtrA WT. Consequently, the
rates might be lower in the mutants producing MtrA triple because the relative

expression of the cytochrome is lower than in MR-1, producing lower rates of EET.
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5.3 Conclusion and future work

S. oneidensis can transport electrons across its outer membrane via the MtrCAB
conduit. The decaheme MtrA is embedded within the porin MtrB, which resultsin an
MtrAB complex through which electrons enter at the periplasmic side of MtrA and
are transferred onto the outer-membrane decaheme MtrC. Allten hemes in MtrA (as
well as MtrC) have histidine as the distal axial ligand to the heme. Most other studied
c-type cytochromes involved in EET in S. oneidensis and other electroactive
bacteria have hemes with bis-his ligation. However, there are other c-type
cytochromes such as PgcA from the iron-reducing Geobacter sulfurreducens and
PioA from the iron-oxidising Rhodopseudomonas palustris TIE-1 that have
methionine as the distal ligand instead of histidine. PioA is homologous to MtrA but
contains three His/Met hemes and seven bis-his hemes. It has been proposed’®,
that having these methionines enables PioA to operate at reduction potentials that
are more positive than those that MtrA or MtrCAB would operate at. Furthermore,
these methionines with more positive reduction potentials could function as
electron sinks, preventing electrons from going backwards in the heme chain.
Therefore, it has been hypothesised thatthese methionines enable PioAto transport
electrons from Fe(ll) oxides into the cells, even when the intracellular reduction

potential is more negative than the extracellular one.

To investigate this further, the distal histidines of hemes 2, 3, and 7 of a plasmid-
based MtrA from S. oneidensis were mutated into methionines. This was done first
with three single His/Met mutants and then a triple mutant. Alongside a plasmid-
based MtrA WT, the MtrA variants were all purified with a C-terminus Strep(ll) tag
that was added before doing the His/Met mutations. The purified MtrA variants were
all analysed using UV-Vis spectroscopy and their molar absorption coefficients (g)
were calculated using a pyridine hemochromagen protocol. The calculated € for the
single mutants and triple mutant did not differ significantly from the MtrA WT one
nor from the published MtrA . Furthermore, the UV-Vis spectra for all five variants
showed that the proteins were all redox active and the Soret, a and B peak maxima
were within a few nm of each other. With an ascorbate reduction assay, two out of
the three single mutants were suggested to have methionine as the heme distal
ligand. In the data for the other single mutant and the triple mutant, however, the

presence of methionine was not observed. Finally, the FMN reduction rates for the
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AmtrA cells producing MtrA triple were ~ 3-fold and 7-fold lower when compared to

MR-1 and AmtrA cells producing MtrA WT, respectively.

Ultimately, the work in this thesis chapter confirmed that the modification of
histidine to methionine as the distal ligands in three of the MtrA hemes was
possible. The purification of these four variants was also possible by a Strep(ll) tag.
However, only two (H85M and H167M) out of the four variants were suggested to
have the methionine attached to the heme via the ascorbate reduction assay. To
better understand the local heme environment, nuclear magnetic resonance (NMR)
or magnetic circular dichroism (MCD) could be employed. However, due to low
purification vyields, this was not possible in this thesis. Furthermore,
electrochemistry techniques such as cyclic voltammetry, could further explore if
the methionines were correctly ligated to the heme. Regardless of which technique
is used, as the other 9/10 hemes (or 7/10 in the triple mutant) have bis-his hemes,

discerning between bis-his and His/Met hemes would remain a challenge.

The FMN assay results suggested that having three methionines impaired the ability
forthe S. oneidensis cells to transfer electrons onto FMN as quickly as the controls.
However, the FMN reductase activity was still maintained, suggesting a functional
MtrCAB complex was formed that likely contained the MtrA triple. The MtrCAuipiB
complex was still capable of EET, indicating that the His/Met hemes did not restrict
the direction of electron flow. However, further work is necessary to corroborate
this. First, the correct incorporation of methionine as the distal ligand should be
better explored. After, reduction assays with other physiological and non-
physiological electron acceptors would provide insight onto the functional effects

of having His/Met as opposed to bis-his hemes.
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Chapter 6

Discussion




6. Finaldiscussion
6.1 Summary and conclusions

6.1.1 Increased flexibility in MtrC

The work presented in this thesis has endeavoured to further the understanding of
the decaheme cytochromes from MtrCAB found in Shewanella oneidensis. In the
extracellular cytochrome MtrC, two amino acid residues were changed, S188V and
N251D (MtrCowm). These changes in the residues were predicted to increase the angle
between domains |,Il and domains lll, IV, as a consequence of differences in the
charge and hydrophobicity of the modified amino acid residues. The SAXS results
suggest that the angle and flexibility between domains was increased in the MtrCppm
variant. However, there were no significant differences in the spectroscopic
properties of soluble MtrCpm when compared to the WT, suggesting that the heme
environments remained intact. Functional characterisation of membrane MtrCpm by
the FMN reduction assay indicated no significant differences in the EET capacities
of MtrCAB compared to MtrCpmAB. These results suggest that, regardless of the
increased angle and distance between domains, MtrC can maintain efficient FMN
reductase capacity. This could be because FMN is suggested' to form a complex
with MtrC, which might bring domains lll, IV closer to domains I, Il, regardless of the
increased angle between the two sets of domains. As the FMN is predicted to bind
near heme 7, on domain lll, then it would not be advantageous for the cells if
domains lll, IV were far enough from domains I, Il to hinder electron transport. If the
distance between the two sets of pentahemes within MtrC were to be increased,
then electron transfer rates would go down, as they would have to travel farther. The
results in this thesis suggest that the rate limiting step of in vivo flavin reduction is
not through the MtrC domain interface. This is surprising as it is known that
disruption of the disulfide in domain lll affects the interaction between MtrC and
flavins™'134, Perhaps by further increasing the distance between domains I,1l and lll,
IV in MtrC the rate of electron transfer to acceptors would be disrupted more

significantly.

6.1.2 Absence of domains Il and IV in MtrC

Continuing the work from the previous chapter, the effect of removing domains lll

and IV of MtrC was explored. The secretion of soluble MtrCp,, of the predicted mass
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was confirmed by LC-MS. The protein was crystallised and the structure resolved to
1.8 A (PDB: (9EQV). Superposition of the crystal structure onto MtrC (PDB: 4LM8)
indicated that the hemes were correctly incorporated with identical angles of
His/His ligation to the hemes. There were no significant differences in the
spectroscopic properties, in the active redox potential window, nor in the midpoint
reduction potential of soluble of MtrCp,; compared to MtrC. To confirm the
association of MtrCp,; to MtrAB, sedimentation velocity experiments were
conducted and the functional effects of removing domains Ill and IV were
investigated by a variety of reduction assays. Reduction rates of FMN, OmcA, ferric
citrate, Amaranth, and Methyl Orange, was significantly decreased in S. oneidensis
AmtrC/omcA mutants expressing MtrCp, . However, the reduction rate of Reactive
Black 5 was sustained in the same mutants, suggesting EET to this azo dye was
successful. More reduction assays with different electron acceptors should be
conducted to further explore the effects on EET. It is concluded that MtrCp can
function as a minimal model for EET in S. oneidensis. However, the substrates it can
reduce are limited. The results in this thesis suggest that there are discrete binding
sites on MtrC that interact with physiologically relevant electron acceptors, in
particular flavins. This aligns with the hypothesis that flavin reduction is prevented
by the MtrC disulfide and also furthers the understanding of this proposed
mechanism of action. To further evidence this, a variant comprised solely of
domains Illl and IV would be designed, which would be able to bind FMN but might

not be able to take electrons from MtrA.

6.1.3 His/Met ligation in MtrA

In the outer-membrane cytochrome, MtrA, the distal axial ligands of hemes 2, 3, and
7 heme groups were changed from histidines to methionines. This was done to
replicate the heme ligand configuration of PioA, an MtrA homologue found in
Rhodopseudomonas palustris TIE-17°. This thesis confirmed that the modification
of histidine to methionine in the three MtrA hemes was possible, but only two
soluble variants (H85M and H167M) showed the indication of having the methionine
attached to the heme, as confirmed by ascorbate reduction; the other two variants
(H200M and triple mutant) did not. Biophysical characterisation of the MtrA variants
showed negligible differences in the spectroscopic properties when compared to

WT MtrA. The functional characterisation results from the FMN reduction assay
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suggested that having three His/Met hemes impaired the ability for S. oneidensis
cells to transfer electrons to FMN as efficiently as the WT MtrA. It was hypothesised
that these methionines functioned as electron sinks, reducing the capacity for
electrons to quickly traverse MtrA onto MtrC. The electrons that have passed the
His/Met hemes might be drawn back due to the more positive reduction potential of
methionine when compared to histidine. However, further investigation is needed to
corroborate this. First, other techniques like NMR should be used to definitively
confirm the ligation of methionines to the heme. Next, reduction assays with
different electron acceptors should be conducted to further explore the effects of
having methionine-ligated hemes on EET. Finally, a variant MtrA with more than
three His/Met hemes could be designed. It would be expected that this putative
variant might have a lower rate of electron transfer. However, electron transfer might

be completely disrupted if the protein can no longer maintain its tertiary structure.

6.2 Future work

S. oneidensis shows potential for biotechnological applications ranging from
wastewater treatment to biomining. However, increasing our understanding of EET
inthe bacteriais essential to further these applications. The work shown here on the
modification of the distal ligands of three hemes in MtrA yields insight into the
predicted electron sink behaviour of these methionines. In PioA, it is hypothesised
that these three methionines allow for electron transport into the cell, even when
against a reduction potential gradient. A modified MtrA might enable S. oneidensis
to respire in environments where the extracellular reduction potential is lower than
the intracellular one. To explore this, the number of His/Met hemes in MtrA could be
increased. However, regardless of the number of His/Met hemes, more robust

techniques should be used to confirm correct ligation of methionine to the heme.

However, most research relating to MtrCAB is conducted on MtrC itself, as this
cytochrome is usually the last or second to last step in EET to the terminal electron
acceptor. Here the distance between domains I, Il and domains lll, IV was increased
in one chapter, with no significant biophysical nor functional differences when
compared to WT MtrC. In another, domains lll and IV were removed entirely. The
results indicate negligible biophysical differences when compared to WT MtrC.
Functionally, however, EET reduction rates of most analysed substrates were largely
impaired by the removal of domains Il and IV. To further investigate the
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consequences of removing these two domains, more physiological and non-
physiological electron acceptors should be assayed. The results would suggest that
the reason for no EET to most acceptors was because of no binding sites. To explore
this in more detail, an MtrC variant comprised of domains lll and IV could be
designed and purified. Then, restoration of reductase activity upon the addition of
this new MtrC variant could be explored. Alternatively, other protein domains could
be fused to MtrCp,i. For example, domains lll and IV of MtrF (MtrC homologue) or
OmcAwould be ideal candidates to start. This work demonstrates that the electrons
can traverse domains | and Il of MtrC, so if the fusion proteins are designed
appropriately, EET through them would be expected. Furthermore, domains from
cytochromes not from Shewanella could also be fused to MtrCp, enabling S.

oneidensis mutants to respire substrates that MR-1 cannot.
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