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ABSTRACT

Increasing numbers of microorganisms are now understood to conserve energy
via the coupling of intracellular oxidation of organic compounds with the
reduction of diverse extracellular substrates. Such extracellular electron transfer
(EET) processes represent exciting opportunities for biotechnological
innovations including bioremediation, biosensing, biomining and microbial
electrosynthesis, but poor understanding of the underlying molecular
mechanisms limits their application. In this work, the structure and properties of

two novel protein systems that participate in EET are described.

The outer membrane c-type cytochrome PgcA from Geobacter sulfurreducens is
important for EET in that organism and here is shown to contain two unique
functionalities. It’s c-terminus is revealed to be a redox shuttle which contains
three heme cofactors separated into discrete domains but tethered together by
flexible repeat motifs and likely able to transfer electrons fifteen nanometres. It’s
N-terminus is revealed to be a conserved domain that exhibits novel

autoproteolytic activity for which comprehensive characterisation is described.

The dmsEFABGH gene cluster has been shown to be essential for the reduction
of dimethyl sulfoxide by Shewanella oneidensis but the structural basis for this
has not been determined. In this work the structure of the DmsEFAB tetramer,
solved by cryogenic electron microscopy, is described. DmsEFAB forms a ~120
A cofactor chain, insulated from the membrane by the DmsF porin, including ten
c-type hemes, four Fe,S, clusters and a molybdopterin active site that ultimately

catalyses the two electron reduction of dimethyl sulfoxide.

These results provide unique and insightful contributions not only to the field of
extracellular electron transfer, but also to redox protein structural biology in

general.
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Chapter 1: General Introduction

Redox enzymes and extracellular electron transfer

Living organisms exist in a state that is thermodynamically unstable and
therefore must expend energy to maintain their existence. The fundamental
nature of this statement necessitates the development of systems for energy

extraction and usage as a core component within living organisms.

As a result of this, redox enzymes have evolved and become ubiquitous across
cellular organisms. Redox enzymes are one answer that evolution has crafted, to
the question how can cells efficiently generate energy or extract it from their

environment, and repurpose it usefully.

An excellent example of a fundamental redox protein is eukaryotic mitochondrial
cytochrome ¢ (cyt-c), which is small and contains only a single cofactor, that
exists in either a reduced or oxidised state. This protein is ~100 amino acids in
length, water soluble and incorporates a single C-type heme within its structure
(Figure 1.1), covalently attached to the protein through bonds established
between vinyl groups of the porphyrin ring, and cysteine thiol groups’. Its
structure is globular and dominated by alpha helices and loops that encapsulate

the c-heme cofactor’.

The presence of an iron atom
chelated by the porphyrin ring
confers its ability to perform redox
reactions, as the iron centre can
exchange electrons with partners by
switching between ferrous (+2) and
ferric (+3) states. The chemical

environment of the heme group is

dictated by the structure of the Figure 1.1: Crystal structure of Equus caballus
heart tissue cyt-c (PDB-1HRC), depicted with

protein through its interatomic heme coordinating residues H18 and M80 as

. . . _ sticks.
interactions with nearby protein



atoms and solvent atoms. Since the structure adopted by the protein is
determined by its amino acid sequence, as laid out in Anfinsen’s dogma?, the
chemical environment of the heme is thus ultimately dictated by the protein
amino acid sequence. Of particular importance are the two residues that
coordinate the heme iron. Usually in c-type cytochromes, the proximal ligation
position is usually occupied by the side chain of a histidine located within the
heme attachment consensus sequence, Cys-Xxx-Xxx-Cys-His, although this
consensus can vary®. The distal site is most often occupied by side chains of
histidine or methionine residues, however this site displays more variability than
the proximal site, cysteine, water, N-terminal main chain amide and
uncoordinated have all been described*. In eukaryotic cyt-c, His-Met
coordination of the heme is most often seen®. Through modifying the amino acid
sequence, evolution is able to vary the tendency of the protein to accept or

donate electrons, which is described by its reduction potential.

Additionally, modifying the amino acid sequence could allow for the introduction
of a binding site(s) at which the redox protein can interact with a second redox

protein, making inter-protein electron transfer a possibility.

If two cyt-c variant proteins are considered, that have differing reduction
potentials then the transfer of electrons from the lower potential variant to the
higher potential variant, will be exergonic. Incorporating a mechanism that traps
the difference in Gibbs free energy released by the electron transfer as a usable
energy currency, converts the system into what is referred to as an electron
transport chain (ETC). As long as molecules which will reduce the first cyt-c in
the chain and molecules that will oxidise the last cyt-c can be obtained, then this
system can operate in perpetuity, allowing a cell to indefinitely prolong its

thermodynamically unstable existence.

In practice, compounds that can be oxidised by a redox protein as simple as cyt-
c are rare in the environment. Subsequently organisms have developed complex
catabolic enzyme pathways that extract low reduction potential electrons from
diverse donor molecules including carbohydrates, proteins, lipids, hydrocarbons

and sulfur compounds.



Furthermore, coupling the energy released by electron exchange between two
redox centres with the synthesis of an energy currency like adenosine
triphosphate, is mechanistically challenging. To solve this problem, evolution
has produced sophisticated molecular machines, like the cytochrome bc;
complex and mitochondrial complex I. Such molecular machines are embedded
within biological membranes and use the free energy generated by the electron
transfer event, through the pumping of ions, to generate an electrochemical
gradient across the membrane®. The introduction of biological lipid membranes
into the system is a crucial innovation. Lipid membranes are inherently
electrically insulating and therefore provides a means by which the energy can
be stored and also allow for its distribution into multiple different downstream

systems.

Obtaining reductants in sufficient quantity to operate the electron transport
chain perpetually can pose a challenge. Many organisms now generate their own
low reduction potential electrons artificially by extracting them from water, and
exciting them, photosynthetically to a higher energy state. This process has been
so successful in fact, it has made molecular oxygen ubiquitous in the

atmosphere of the earth for billions of years’.

O is not only now highly prevalent and water soluble, but the value of its
reduction potentialis large and positive, making it an excellent terminal electron
acceptor since a large contribution to the electrochemical gradient can be built
up per electron terminating in the O, half reaction (O, + 4e” + 4H,0 > 2H,0). For
these reasons it is the dominant respiratory substrate for the most complex

domain of life, eukaryotes.

Environments do persist however in which light energy is unavailable to would-
be photosynthesisers. Furthermore, cellular life is thought to predate oxygenic
photosynthesisers perhaps by some millions of years therefore these ancient
microorganisms must have utilised alternative terminal electron acceptors to

oxygens.



In instances where O is not available as an electron acceptor, nitrate can serve
as a terminal electron acceptor, for which specialised nitrate reducing redox
enzymes exist. Like O, nitrate is a small and water soluble molecule which can
permeate membranes at an appreciable rate. Thus nitrate reductase enzymes

are localised intracellularly®.

Another alternative to O, is sulfate. Sulfate reducing bacteria are abundant and
diverse, playing an important role in many anaerobic environments oxidising
organic molecules, and reducing sulfate to H,S. Similarly to nitrate and Oa,
sulfate is a small and mobile molecule, and correspondingly its reductases are

also intracellular' .

In anaerobic marine and aquatic environments, oxidised metal compounds
could potentially also serve as a terminal electron acceptor, for example Fe" or
Mn" compounds. These are typically present as various oxide minerals like
hematite, that display extremely low solubility at circumneutral pH but do poses
reduction potentials large enough to support cellular energy conservation. Their
low solubility poses an additional barrier to their use though, as the bacterial cell
envelope, be that the outer membrane of Gram negatives or the thick
peptidoglycan layer of Gram positives, will physically block their interaction with

inner membrane associated reductase enzymes.

Subsequently for a bacterium to exploit insoluble oxidised compounds in its
extracellular environment as terminal electron acceptors, it must possess
additional components in its electron transport chain. For a Gram negative,
electron transporting species are required through the periplasm, through the
insulating outer membrane and in the extracellular space itself to bridge the gap
between the cell surface and a mineral deposit. For a Gram positive, it requires
electron transporters that traverse the thick peptidoglycan layer and are capable

of mineral reduction on its exterior face.

Recent research has identified increasing numbers of bacterial isolates that in
fact contain one or even multiple respiratory systems complete with every

component described above'?. These bacteria, referred to as dissimilatory metal



reducers (DMRs), are able to exploit networks of redox proteins that traverse their
cell envelope, flowing electrons from the quinol pool ultimately onto insoluble
terminal electron acceptors in their extracellular environment. Thus this
mechanism of respiration is referred to as extracellular electron transfer (EET),

and those species that participate in it as electrogenic bacteria.

The ability of electrogenic bacteria to exchange electrons directly with their
environment, has many potential applications and subsequently the study of EET

has garnered the interest of diverse groups of researchers.

Applications of extracellular electron transfer

The most obvious application of electrogenic microorganisms is the generation
of electrical power in microbial fuel cells (MFCs)'®. MFCs contain two electrodes

separated by a membrane which is permeable to protons.

The anodic electrode is kept anaerobic, and there electrogenic microbes grow,
oxidising organic material. This generates low potential electrons which the
organisms convert into higher potential electrons, harvesting the energy for
cellular processes. The higher potential electrons are then discharged, across
the cell envelope onto the anodic electrode itself, rather than soluble

compounds or minerals.

The anodic electrode is connected by wiring to the cathodic electrode which is
under aerobic conditions. There, oxygen is reduced to water, consuming protons
and electrons provided by the cathode, and a potential difference is generated

across the cell that can be used to do work.

MFCs are an attractive method of power generation for several reasons, the first
being that microorganisms themselves are self-replicating and therefore can be
a cheap resource to produce. Secondly, if the organics supplied to the anodic
electrode are renewable, the MFC serves as a source of renewable energy.
Furthermore, waste organics can often be used that otherwise would require

expensive treatment before disposal, making the MFC doubly profitable.



In practice, MFCs have not been adopted widely as a source of renewable
electricity for several reasons’™'. The magnitude of power output that MFC
designs have yielded is insufficient to make them competitive with traditional
methods of power generation. Attempts have been, and continue to be, made to
optimise designs with the objective of improved power output, but anodic MFC
cultures are usually comprised of complex bacterial consortia making this
challenging'. These bacterial also typically form dense biofilms on the anode,
which are harder to study than planktonic bacteria as obtaining sufficient

biomass for experimentation can be unfeasible.

A related application of electrogenic bacteria, is in microbial electrosynthesis
(MES)'®. MES also involves a two electrode cell, but unlike in MFCs, in MES a
potential difference is actively applied across the cell, reversing the flow of

electrons driving them into the bacteria.

This strategy could be used to drive carbon capture, by providing a flow of
electrons to formate dehydrogenase enzymes. Alternatively, it could be used to
drive catalysis of reductive chemistry via enzymes that yield user specified and

value added chemicals.

MES too, is difficult toimplement for economic reasons. Producing a MES system
that is large enough and efficient enough to compete with plant based methods

of carbon fixation, or industrial synthesis of chemicals, is currently challenging®’.

Proteins as a group, are uniquely capable of binding and responding to a very
large array of different molecules, subsequently biology has enormous potential
as a source for sensor technology. MFC-based biosensors are one example of a

biosensor technology that exploits the electrogenic properties of bacteria™®.

MFC biosensors incorporate a microbial fuel cell into a device, but not for the
purposes of extracting usable power. Because the MFC power output is a
function of the metabolic activity of the electrogenic organisms it contains,
measuring the power output allows for measurement of parameters that
influence the metabolic rate. For example, the concentration of dissolved

organics that the electrogenic bacteria use as their electron donor, is correlated



with their metabolic activity and therefore with the power of the MFC. Thus, the
device allows for the quantification of dissolved organic material, and itis in this

purpose that these system sees most use however it is not only the application.

Whilst increasing the availability of electron donors increases the metabolic rate
of electrogenic bacteria, the reverse statement is true for increasing the
concentration of toxic compounds, they decrease metabolic activity. Inverse
MFC biosensor devices have been described that respond to addition of heavy
metals, antibiotics and polychlorinated organic toxins by exhibiting a measurable

drop in power output'-2',

MFC biosensors can boast remarkable durability over long periods, making them
an excellent choice in applications for which maintenance or battery
replacement would be prohibitive. Furthermore, they can provide measurements
almost in real time, which is in stark contrast to most traditional methods of
measuring dissolved organic material. For these reasons MFC biosensors are an
exciting and promising technology with potential applications in multiple

sectors.

Bio-extraction of metals is another potential application of electrogenic
microorganisms that has become anincreasingly popular topic of research. This
strategy seeks to exploit the change in solubility that some metals undergo as a
result of electron exchange with microorganisms. Historically, this has been
applied mostly in the form of oxidative mobilisation of copper and/or gold by

members of the acidothibacillia class?.

More recently, methods for recovery of the platinum group metals (PGMs) and
other rare earth metals from waste streams have been described®?*. In these
methods, metals are extracted from scrap by acidification, and remineralised by
microorganisms. This process may harbour potential as a strategy for isolating
PGMs selectively which is challenging by physicochemical methods. The cost
associated with energy and solvent usage, can make recovery of PGMs from E-
waste prohibitively expensive by physiochemically but a microbial solution to

this problem might not suffer those drawbacks.



Recentresearch has focused onthe model organism Shewanella oneidensis and
its hydrogenase enzymes and multiheme c-type cytochrome proteins as
nucleation sites for the formation of PGM particles?. Under certain conditions
the formation of PGM nanoparticles on S. oneidensis cells has been observed
which could perform catalytic reduction of azodyes and 4-nitrophenol®. This
area of research is in its infancy but has the potential to provide sustainable

methods for extracting valuable metals and employing them in biocatalysis.

The bioremediating properties of electrogenic bacteria, can similarly arise from
the change in solubility that heavy metals undergo upon reduction by
microorganisms. Soluble toxic metal species like UV or Cr'' can be reduced by
DMRs, forming species with reduced solubility which precipitate?’. Once
precipitated, although not removed from the environment, they are less mobile

and therefore less likely to cause severe ecological damage.

Some electrogenic bacteria like members Shewanella and Geobacter genera are
able to degrade persistent organic pollutants by exploiting them as respiratory
electron acceptors. Good examples of this process are the degradation of

azodyes and recalcitrant aromatics by members of those genera respectively?®2°.

Bioremediation by electrogenic bacteria is an important process
environmentally, although it occurs in a mostly passive form. This is because
once disseminated in the environment, concerted efforts to actively recover

pollutants in remediation is logistically and economically difficult.

Developing an understanding of the underlying mechanisms of extracellular
electron transfer is likely to be a prerequisite to successful adoption of any EET
biotechnologies. Subsequently great effort had been devoted to the study of

these processes in detail.

Mechanisms of extracellular electron transfer |I: Shewanella
oneidensis MR-1

Shewanella oneidensis strain MR-1 was isolated from aquatic sediments of Lake

Oneida (USA) in 1988 by Myers and Nealson who demonstrated for the first time,



a microorganism in pure culture, which coupled its growth with the reduction of
manganese oxide under anaerobic conditions®*°. MR-1 has become the primary
model organism for the study of extracellular electron transfer due to its being
the first isolated, but also its relative ease of manipulation, fast growth and the

high quantities of biomass it canyield.

Seminalwork by Hunt et al suggested that MR-1 obtains energy only by substrate-
level phosphorylation during anaerobic respiration®'. They prepared a AATP-

Synthase strain which actually grew faster than the wild-type (WT) under
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Figure 1.2: Schematic depicting the proposed extracellular electron transfer pathway of the
bacterium S. oneidensis MR-1. Protein species shown with coloured outlines and the transfer of
electrons with blue outlined arrows. MQ-menaquinone and MQH2-menaquinol.



anaerobic conditions. Furthermore, A-acetate kinase and A-phosphate
acetyltransferase strains could not grow with lactate, with which those enzymes
are needed to produce an ATP via substrate-level phosphorylation. Those strains
could grow however on N-acetyl glucosamine which produces an additional ATP

by entering substrate-level phosphorylation via the Entner-Doudoroff pathway.

This discovery that MR-1, which has become renowned for the versatility of
electron acceptors it can exploit, possibly extracts energy only from substrate-
level phosphorylation and not from accumulating an electrochemical gradient is
an important one. It suggests that MR-1 is optimised not for efficient growth, but
instead for rapid growth, and that the electrons discharged through EET pathways
are best dissipated into the extracellular environment as rapidly as possible to

make way for additional substrate-level phosphorylation reactions.

An electron traversing the respiratory pathway of an MR-1 bacterium under
anaerobic conditions (Figure 1.2), flows after substrate-level phosphorylation via
NADH to one of MR-1’s four inner membrane NADH dehydrogenases, Ndh, Nuo,
Ngr1 or Nqr2, or via lactate to the Lactate dehydrogenase complex®33, From
there, it is transferred into to the quinol pool, for which the primary relevant

oxidase is the c-type multiheme cytochrome CymA.

CymA is a member of the NapC/NirT family, the members of which are
tetrahemes and contain an N-terminal inner membrane-spanning alpha helix®4.
CymaA displays 27% sequence identity with the NrfH of Desulfovibrio vulgaris for
which crystal structures, as part of the NrfHA nitrite reductase complex, have

been solved (PDB-2VRO0 and -2J7A)(Figure 1.3)3*3,

The secondary structure of NrfH is entirely alpha helical and the protein
incorporates its four c-type hemes into two stacked pairs, hemes two and three
(as numbered by appearance of the heme binding CXXCH motifs in the amino
acid sequence) feature His-His coordination of the heme iron. The binding site
for quinols was resolved by crystal soaking with a quinol analogue and
competitive inhibitor (2-heptyl-4-hydroxyquinoline-N-oxide)®. The site is located

in close proximity to heme one and the trans-membrane helix, facing towards the
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position of the membrane, allowing for entry of a hydrophobic quinol molecule,
which can form hydrophobic interactions with the side chains of Phe42 and

Phe81 and with the porphyrin ring.

ACymA strains show poor or no rates of Fe'", Mn", fumarate, DMSO (dimethyl
sulfoxide) and nitrite reduction®?®. The enzyme has been demonstrated
experimentally to interact transiently with the MR-1 fumarate reductase (FccA)
and the small tetraheme cytochrome (STC), the Ky of these interactions is
reported to be in the hundreds of micromolar®-®. The reduction potentials of the
CymA hemes have been estimated as ranging between -110 and -265 mV vs
standard hydrogen electrode (SHE)®*. Taken together these observations have
been interpreted as in favour of CymA playing the dominant role as a non-specific
electron transfer “hub” in the MR-1 inner membrane distributing electrons from
the quinol pool into many periplasmic cytochromes, many of which contribute

to EET.

Figure 1.3: Crystal structure of Nitratidesulfovibrio vulgaris cyt-c NrfH (PDB-2VRO), depicted with
heme coordinating residues M49, H61, H70, H120, H140 and H145 and bound competitive
inhibitor 2-heptyl-4-hydroxyquinoline-N-oxide in the quinol binding site, as sticks, with hemes
numbered by their CXXCH motif appearance in theNrfH amino acid sequence.
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The MR-1 flavocytochrome ¢ fumarate reductase (FccA) is a 62 kDa (kilodalton)
periplasmic protein that receives electrons via CymA. FccA is one of the most
abundant cytochromes in the MR-1 periplasm, and catalyses the reduction of

fumarate to succinate.

Crystal structures of FccA unbound and in complex with fumarate and succinate
have been reported (PDB-1D4C, -1D4E and -1D4D respectively)*. These
structures reveal FccA adopts a multi domain structure with the first containing
four His-His coordinated c-type hemes. The secondary structure of that domain
is alpha helical and positionsits four hemes with close edge to edge distance (~5
A). Within the second domain, a flavin adenine dinucleotide (FAD) molecule is
incorporated that serves as the fumarate reduction catalysing group. It appears
FccA is bifunctional, serving not only as a terminal reductase itself during
fumarate reduction, but also as a periplasmic electron shuttle, transporting

electrons from CymA to redox proteins in the outer membrane*'42,

The sole function of STC in contrast, appears to be as a periplasmic electron
shuttle. Despite the presence of its four c-heme groups, STC is only 12 kDain size
making it one of the most heme-dense of characterised cytochromes. The

hemes of STC are also His-His coordinated and are arranged with hemes 2 and 3

Figure 1.4: Crystal structure of S. oneidensis MR-1 cyt-c STC (PDB-1M1Q), depicted with heme
coordinating residues H9, H19, H39, H49, H52, H62, H65 and H79 as sticks, with hemes
numbered by their CXXCH motif appearance in the STC amino acid sequence.
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in a parallel stacking pattern (Figure 1.4)*. In fact, alignment of the STC crystal
structure with that of FccA shows they share significant similarity, three alpha
helices are conserved between the two and their first three hemes can be aligned

with negligible deviation.

Interestingly, STC and FccA have been shown to compete with one another in
binding the multiheme cytochrome MtrA, which is consistent with the structural
analysis suggesting they have overlapping properties*. The hemes of both
proteins display high solvent exposure so are likely fairly promiscuous in their
electron transfer partners, in contrast with this however it appears that they do
not interact with one another, at least in vitro®®. The benefit MR-1 enjoys by
synthesizing both FccA and STC is still unclear, especially given single ASTC and
AFccA strains exhibit either very subtle, or no, growth defect under anaerobic
conditions*?. Nonetheless the contribution both proteins play shuttling electrons
across the periplasm is clearly crucial as knocking out both STC and FccA genes

yields a strain with a severe growth defeat under anaerobic conditions*2.

The greatest obstacle to the export of electrons from gram negative bacteria is
surely the outer membrane. Biological membranes are made intrinsically
insulating by the hydrophobicity of the lipid bilayer they are comprised of.
Furthermore the assembly of membranous proteins to facilitate transmembrane
electron transport is more challenging in the outer membrane, given proteins
must first cross the inner membrane and periplasm to reach the outer
membrane, and no ATP is available in the periplasm to actively drive membrane

insertion processes.

The first evidence regarding how S. oneidensis MR-1 was able to solve this
problem, was provided by Beliaev and Saffirini**. They identified an open reading
frame (ORF) that encoded a 679 amino acid protein, which was localised to the
outer membrane and when deleted yielded a strain without the ability to reduce
Fe'' or Mn" oxide. This gene was designated as MtrB for metal reduction B, and
the gene encoded alongside it as MtrA, metal reduction A. Soon an additional
gene adjacent to MtrA, MtrC was added to the list of genes necessary for iron

reduction?®.
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Both MtrA and MtrC were identified as encoding decaheme c-type cytochrome
proteins as they each contained ten Cys-Xxx-Xxx-Cys-His motifs, although the
MtrA protein was defined as having periplasmic localisation while MtrC like MtrB
appeared mostly associated with the outer membrane. The first model for trans-
outer membrane electron transfer was subsequently proposed, in which the
MtrA decaheme accepted electrons from STC in the periplasm and transferred
them onto the MtrC decaheme in the inner leaflet of the outer membrane, which
transferred them through an unknown mediator protein onto MtrB in the outer
leaflet of the membrane, which then reduced extracellular metal ions through a

Cys-Xxx-Xxx-Cys motif near its N-terminus*&4’,

Antibody Recognition Force Microscopy was used to demonstrate MtrC was
localised in fact on the outer leaflet of the outer membrane?®, rather than the

inner leaflet.

At this stage, the general structure of bacterial porins had been established via
the recent determination of a sixteen-p strand Rhodobacter capsulatus outer
membrane porin (Figure 1.5)*. MtrB was therefore also proposed to form an
outer membrane porin, based on analysis of its sequence?*>*°, and the prevailing

hypothesis posited that MtrB itself performed electron transportation®.

Figure 1.5: Crystal structure of Rhodobacter capsulatus porin (PDB- 2POR), side and top views,
left and right respectively.
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Hartshorne et al would then demonstrate for the first time copurification of a
trimeric MtrCAB ~200 kDa complex and characterised it in depth®. They
observeditindeed likely did contain twenty c-type heme groups provided by MtrC
and MtrA, was redox active between -400 and 0 mV vs SHE and could be
reconstituted in an active form transferring electrons across liposome
membranes. Their most important observation however was that although MtrA
and MtrC were stable monomeric proteins in isolation, MtrB required the
presence of MtrA but could not be stabilised by the presence of MtrC. This
asymmetric stabilisation was interpreted as evidence suggesting that the
complex was unlikely to form an electron transfer chain from MtrA through MtrB
onto MtrC. Instead it seemed likely that MtrA and MtrB were intimately linked in
a way not shared by MtrC. Given that MtrB contained no canonical cofactor
binding sites, they proposed this could be explained by MtrAB forming a complex
in which the periplasmic decaheme MtrA was inserted someway into the MtrB
porin, stabilising it, with MtrB not contributing directly to the electron transfer but
rather insulating MtrA from the lipidic membrane environment. MtrC would then
accept electrons from MtrA and extend someway away from the membrane into
the environment. This revision of the hypothesis for Mtr operon mediated EET
was consistent also with their observation that MtrC did appear to interact with
MtrA without the presence of MtrB albeit weakly, and that an MtrAB complex
exchanged electrons with electrodes very poorly in comparison to the MtrCAB

complex®®.

Although their data did not allow for quantitative structural analysis, the core
mechanism proposed by Hartshorne et al would be supported by more recent
research and continues to be central, in a refined form, to our understanding of
trans-outer membrane electron transfer in bacteria. In fact, their hypothesis
appears also to hold, in many bacteria with EET-conferring gene clusters that do
not display detectable sequence homology to MtrCAB, like Geobacter

sulfurreducens.

The degree to which MtrC extends away from the membrane, and into MtrB and

the degree to which MtrA extends into the MtrB porin remained unresolved. The
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state of the art structure determination method of the time Hartshorne et al was
published was X-ray crystallography but large protein complexes, especially
those that are membranous, typically make for recalcitrant crystallisation
targets. Some progress was made by analysis of solution-state scattering of X-
rays by MtrA, with which it was suggested that at least while not interacting with
the MtrB porin, MtrA adopts a tube like structure®'. The next breakthrough instead
would be in understanding the structure of the extracellular componentcommon

in homologues of the MtrCAB complex.

The genome of S. oneidensis MR-1 encodes in addition to MtrCAB, an additional
homologous porin-dual decaheme cytochrome complex, MtrDEF. Although it is
CAB that confers the metal reduction phenotype for which it is hamed, MtrF
(homologous to MtrC) and MtrE (homologous to MtrA) under some experimental
conditions are capable of compensating for the loss of their homologous gene so
evidently play a related role in EET®2®3. Solubilisation of MR-1 membranes, in

detergent, and purification of the MtrF decaheme was achieved allowing Clarke

Figure 1.6: Crystal structure of S. oneidensis MR-1 outer membrane decaheme c-type
cytochrome MtrF (PDB- 3PMQ), with hemes numbered by their CXXCH motif appearance in the
MtrF amino acid sequence
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et al to determine its crystal structure at 3.2 A resolution which provided

revolutionary insight into the mechanism of EET®.

The MtrF crystal structure (Figure 1.6) showed it adopts a distinctive four domain
conformation, domains one and three (as numbered by appearance in the amino
acid sequence) are dominated a beta sandwich motif and contain no hemes,
while domains two and four are alpha helical in their secondary structure and
each incorporate five c-type hemes. The MtrF domain architecture is visually
clearly psuedosymmetrical raising the possibility of it having been created
through a DNA duplication event. The structure positions its ten hemes in a
striking arrangement in which hemes 1, 3, 4, 5, 6, 8, 9, and 10 form a continually
cofactor chain with close (~5 A) edge-edge distances, but hemes 7 and 2 each
form a protrusion from that cofactor chain approximately perpendicular to it
creating what has become known as a staggered cross structure. The surface
exposure of the hemes was calculated and found to be greatest for hemes 5 and

10, those at either end of the longer cross in the staggered cross.

In agreement with the crystal structure MtrF displayed MCD spectra typically of
Bis-His coordination of hemes and was found using protein film voltammetry

(PFV) to be redox active between ~-400 and +100 mV vs SHE®*.

MtrF, was therefore revealed to share many properties with previously
characterised multiheme cytochromes, for example the D. vulgaris NrfH
discussed earlier in this work the most important of which is an insulated chain
of Bis-His coordinated hemes. The revelation that they exist, in contrast with
previously described cytochromes, in a staggered cross arrangement was
rationalised as a logical result of MtrF being extracellularly localised®.
Intracellular oxidoreductases, in order to minimise the generation of reactive
oxygen species (ROS) must control electron transfer carefully. In contrast,
extracellular electron transport proteins are likely incentivised to develop
strategies that maximise their chance of contact with a substrate, for example by
incorporating multiple sites of electron egress, even at the expense of some
increased ROS production. The extracellular cytochromes synthesized by MR-1
thus began to be considered rather than electron wires, but more as electron
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‘satellite dishes’that receive electrons from the porin and can probably distribute
them onto acceptors in three different spatial directions via their staggered

Cross.

All MR-1 cytochromes that are predicted to be extracellularly localised, include
a motif at the N-terminus of their mature polypeptide (post signal peptide
cleavage), which is predicted to confer lipidation during translocation into the
periplasm®. Consistent with this, the wild-type proteins remain in the
membranous fraction during purification until solubilised in detergent®. Much
more recently the lipidation process has been characterised using liquid
chromatography-mass spectrometry (LC-MS) where it was determined to most

likely be diacyl lipidation®®.

The MtrF structure did not resolve any features that obviously suggested a where
its binding site with MtrDE was located. In fact, protein-protein binding interface
prediction software, that at the time was state of the art, incorrectly suggested
domains one and four as most likely candidates, it would later be shown domain

two is the main site of interaction with the porin-cytochrome unit®’.

With the structure of only a single extracellular decaheme protein available, it
remained unclear how conserved their structure was. The determination of the
crystal structure of the undecaheme extracellular cytochrome UndA from

Shewanella sp. HRCR-6 would soon partially resolve this question.

Within the cluster that contains the genes encoding for the MtrCAB and MtrDEF
proteins, an additional extracellularly localised cytochrome, OmcA, is also
encoded in MR-1. OmcA appears to play a role supporting the MtrCAB complex
during EET in MR-1, although evidence suggests the importance of this
functionality may vary depending on the extracellular electron acceptor in

useSS,SQ

In place of OmcA, some Shewanella species encode an undecaheme protein
UndA which is thought most likely to perform a similar function as OmcA®® and
was the next outer membrane cytochrome to be characterised structurally®'. Its

crystal structure displayed high similarity with that of MtrF, a four domain
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architecture with domains one and two separated from three and four by a
pseudosymmetry axis. Its hemes were also all Bis-His coordinated, and numbers
1-7 and 8-11 could be aligned closely onto those of MtrF, with the addition of
another c-type heme (number 7), lengthening the shorter chain of hemes, that

are now known to run perpendicular to the membrane (2, 1, 6 and 7 in MtrF).

Given the low sequence similarity of these two proteins (~25%), from these
structural findings it was proposed that all outer membrane cytochromes of MR-
1 likely shared a common structure®'. This hypothesis would be supported by the
addition of a crystal structure for OmcA, which showed it also adopts the
staggered cross of hemes distributed into two pentaheme domains augmented

by beta sheet domains and separated by a pseudosymmetry axis®2.

An additional feature of interest identified in the OmcA crystal structure was a
proposed motif for iron oxide binding near heme ten comprised of Thr-725, Pro-
726 and Ser-727. This proposal was based on molecular modelling and phage-
display experiments, which suggested that motifs comprised of Ser/Thr-Pro-
Ser/Thr sequences would confer increased affinity for oxides®®. That affinity
was though to arise from hydrogen bonding with the mineral surface by the
serine/threonine hydroxyl which was further promoted by proline-induced
limiting of flexibility®®. In OmcA this site is located in sufficient proximity (~10 A)
to the conductive heme chain to make electron transfer feasible, although its

relevance to OmcA-mediated EET has remained theoretical and untested.

Despite MtrC being the focus of most biophysical and phenotypic
characterisation, of the four Shewanella outer membrane cytochromes it was
the finalto be structurally characterised®. Its structure was also shown to be that
of a four domain protein with a heme staggered cross, however it did reveal the

importance of a conserved disulfide located within domain three®.

Using fluorescence spectroscopy Edwards et al demonstrated MtrC associates
tightly with flavins specifically under anaerobic conditions which was consistent
with previous nuclear magnetic resonance spectra (NMR) which indicated a

flavin affinity in the hundreds of micromolar range under aerobic conditions®.
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This activity was not linked to redox state of the hemes, but rather that of the
Cys444 and Cys453 disulfide. Mutation of those respective codons on a plasmid
inducible MtrC copy, yielded a strain with a severe growth defect under aerobic
conditions while the inducer was present, but was otherwise unperturbed®.
These observations were taken together as indicating the disulfide acts as a
redox switch, facilitating formation of a reactive flavin-cytochrome complex
under anaerobicity, that could be disassembled in the presence of oxygen in

order to prevent the generation of cytotoxic ROS.

Attempts to structurally characterise this flavocytochrome species were
unsuccessful, although recently the crystal structure of the cytotoxic C453A
mutant was solved®. Despite the clear phenotype the mutation produces, the
crystal structure was essentially indistinguishable from that of the wild-type
protein. Thus the exact nature of the interaction between flavin and the MR-1
outer membrane cytochromes remains unresolved but given flavin
concentration is an important parameter that effects the efficiency of EET by S.

oneidensis, it likely plays a significant role.

The first direct evidence showing Shewanella uses flavin to assistin EET dates to
several years before the possibility of stable flavin-cytochrome complex
formation was raised. Von Canstein et al were able to isolate flavin
mononucleotide (FMN) and riboflavin from the supernatants of cultures of two
different Shewanella strains by HPLC (High-performance liquid chromatography)
and unambiguously assign their identity by LC-MS®’. Marsili et al expanded upon
this by demonstrating that their removal by substituting growth media for fresh
media, lead to a dramatic drop in the extracellular electron transfer rate of
Shewanella anodic biofilms®e. Importantly, the replacement of the original media
restored the original rate demonstrating the health of the biofilm was not
diminished, but rather the loss of a soluble electron shuttle was the cause®.
Flavins therefore were recognised as also able to facilitate the transfer of
electrons from the outer membrane onto minerals more than a few nanometres
from the cell surface, which outer membrane cytochromes, being anchored to

the membrane by their N-terminal lipid modification, would be unable to reach.
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The process of flavin synthesis is complex, but it has now been identified that
MR-1 encodes a full complement of genes homologous to those in established
Escherichia coli and Bacillus subtilis pathways’™. FAD synthesized in the
cytoplasmis secreted across the inner membrane by a multidrug and toxin efflux
family protein bfe (bacterial FAD exporter)®. Then it can be incorporated into
FccA, or processed by a nucleotidase, UshA, into FMN which appears to degrade
spontaneously into riboflavin®7°, The mechanism by which FMN and riboflavin
traverse the outer membrane appears to be nonspecific which is consistent with
its small size. In agreement with this description, Abfe strains are poorly
electroactive while insoluble substrates or electrodes are the terminal electron

acceptor, which can be rescued by the addition of exogenous riboflavin or FMN®8,

Much discussion has been dedicated to establishing the energetic cost of flavin
secretion and comparing this with estimates for the energetic contribution flavin-
based EET might provide’®”'. While the nature of the balance between free-flavin
redox shuttling, and outer membrane associated flavin-cytochrome complexes
remains unresolved, the arrival of a definitive answer to the energetics question
seems unlikely. In this context, the observation that MR-1 appears not to
conserve energy via proton motive force (PMF) buildup but rather by substrate
level phosphorylation maybe important®'. It suggests the organism is better
optimised for rapid and “good enough” respiratory processes rather than
maximally efficient ones. This strategy could extend to secreting flavins which
can facilitate faster EET, at lower efficiency introduced by the loss of flavin to the

surrounding environment.

Also present in the extracellular milieu of S. oneidensis cultures are so called
“bacterial nanowires”, extracellular appendages that are visible extending from
the cell surface in electron micrographs provided by many groups’?>”4. These
structures can be observed extending some several cell lengths away and their
electrical properties have been measured directly’®>. They display ohmic
conductivity (current linearly proportional to voltage) on the order of 1 S cm™ but
nanowires produced by AmtrC/omcA variant strains do not share this

conductivity’®. Furthermore, immunofluorescence with anti-MtrC and anti-
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OmcA antibodies identifies these appendages as bristling with MtrC and OmcA,
but the appendages also stained for lipid with the membrane specific FM 4-64FX
stain’®. These observations led to the proposal that unlike the nanowires
synthesised by many other electroactive bacteria, those produced by MR-1 are
extensions of the outer membrane and periplasmic space’. This was later
confirmed by Subramanian et al, who used cryogenic electron tomography (CET)
to image the nanowires at high resolution and found their features entirely

consistent with the above hypothesis’.

It appears the mechanism of conductivity along the length of the Shewanella
membrane extensions is distinct from the mechanism of trans-membrane
conductivity. The density of outer membrane cytochromes observed by
Subramanian et al was insufficient to provide a continual pathway of redox
cofactors for direct electron hopping along the cell surface’. Instead, lateral
diffusion of cytochromes across the outer face of the membrane also seems to

make a significant contribution to the conductivity of these appendages.

Despite tremendous interest in the molecular mechanism of trans-outer
membrane electron transfer by Shewanella, experimental limitations made the
MtrCAB complex the most difficult and therefore last to be structurally resolved.
Membrane proteins are notorious for being significantly less stable than their
soluble counterparts, this is the case also for protein complexes which can fall
apart during purification or downstream applications. A particular issue for
structural biology, is that membrane embedded regions tend not to form strong
crystal contacts, and therefore often yield either no crystals, or crystals that

suffer from poor diffraction, small size or other pathologies.

Nonetheless, in 2020 Edwards et al revealed the crystal structure of the MtrCAB
complex from a close relative of MR-1, Shewanella baltica (Figure 1.7)%. Like the
structure of MtrF before it, the structure of the Mtr complex represented a

paradigm shift for the field.

MtrB was shown to form a 26 strand beta barrel suspended in the outer

membrane lipidic environment by a belt of hydrophobic residues running around
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the length of the barrel. Loops linked each strand from the next, although the
porin was not perfectly cylindrical being wider on the periplasmic side, and

containing a protrusion at the N and C-termini.

Buried within the MtrB porin, the MtrA decaheme was resolved extending the full
length of the membrane to the end of the beta barrel, and some way into it the
periplasm. MtrA contains several alpha helices but is dominated by loops which
is unsurprising given it contains one heme for every ~3.5 kDa of mass. The hemes
of MtrA were shown to stack in pairs, like other multiheme cytochromes, with
edge to edge distances of ~5 A and the final heme (ten) is presented on the cell

surface.

The S. baltica MtrC structure was very similar to that of MR-1, also displaying the
staggered cross and four domains. Finally, the orientation of MtrC against the
MtrAB module was resolved, heme five in fact was found to be in close contact
with heme ten of MtrA with edge to edge distances of ~8 A. A network of hydrogen
bonding interactions holds the complex together. Hemes two, seven and ten
present facing into the extracellular environmentin three directions in one plane.

MtrC is tilted some 20° from the central axis of MtrAB.

S
Figure 1.7: Crystal structure of S. baltica MtrCAB (PDB- 6R2Q). MtrB - cyan, MtrA — green, MtrC -
magenta and c-type heme cofactors — coloured by element with carbon - yellow, nitrogen — blue
oxygen — red and iron — orange. Hemes annotated with the protein subunit they reside in, in
subscript and numbered by the appearance of their CXXCH motif in their protein amino acid
sequence.
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Taken together, the structural analysis allowed for by the MtrCAB crystal
structure finally rationalised the observation by Myers and Nealson®* more than
thirty years previously, that Shewanella can conserve energy by the reduction of
substrates than could not possibly permeate the outer membrane, by

assembling a conductive biological molecular wire in its outer membrane®’.

Attempting to determine the rate of electron transport that the MtrCAB wire can
support, poses challenges. Cell-based methods suffer from large error
associated with estimating the number of MtrCAB molecules each cell may
contain. Great effort has been devoted to ensuring MtrCAB prepared in
liposomes is oriented with MtrC facing outward’®. The preparation described in
ref’® yielded proteoliposomes that could reduce encapsulated methyl viologen
(MV) using extravesicular sodium dithionite as the electron donor. This pool of
reduced MV could be re-oxidised by the addition of extravesicular soluble Fe'"
citrate, which could be replicated for proteoliposomes assembled with just
MtrAB incorporated (No MtrC). Addition of Fe'"' mineral oxide particles could re-
oxidise the MV pool however, only when MtrC, MtrA and MtrB are all present
indicating the MtrC decaheme is needed to either move electrons sufficiently far
from the lipid membrane to reach the mineral particles, or to perform a specific
electron transfer activity at the particle surface. This method could also be
replicated using STC, one of the endogenous partners of MtrCAB, as the
internalised electron donor’’. These experiments arrived at an estimate of 103
electrons per second per MtrCAB complex varying depending on the mineral

used’®.

Clear evidence identifying the rate limiting step is during this process has not
been described, butitis unlikely to be the intramolecular electron transfer within
MtrC and MtrA heme chains. A sophisticated approach to measure the internal
rate of heme to heme electron transfer in multiheme cytochromes has been

described and found that process to be extremely rapid”.

There are several experimental difficulties that make this a challenging goal to
achieve. The necessity for site selective, uniformly controlled and rapid electron
injection into the cytochrome make photosensitised-pump probe spectroscopy
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the preeminent technique of choice and the groundwork for such measurements
was initially laid using STC”°. Van Wonderen et al demonstrated incorporation of
a ruthenium-based dye (Ru 4-bromomethyl-4'-methylbipyridine (bipyridine).) at
three engineered cysteine positions (A10C, T23C and S77C). Photo-induced
excitation of this dye yielded transient absorbance spectra that suggested light-
driven inter-heme electron transfer had occurred but the inability to distinguish
between hemes spectroscopically precluded direct observation of inter-heme

electron transfer’®.

A subsequent innovation was substitution at position 561 in MtrC from histidine
to methionine. In the wild-type protein, His561 provides heme eight with its distal
coordination ligand, and using X-ray crystallography van Wonderen and
colleagues were able to demonstrate a methionine residue at this position can
also coordinate the heme’. The unique contribution the methionine
coordination made was an altering of the absorbance spectra of heme eight,
creating a unique signal in the protein and thereby creating a mechanism to
detect photo-driven inter-heme electron transport across hemes ten to nine to
eight. This systemyielded transient absorbance spectra consistent with electron
transport across MtrC on the order 10°-10° electrons per second, significantly
faster than that measured by proteoliposomes studies’ and individual heme to

heme electron transfer rate constants as high as 10° per second’.

Thus genetic, structural and functional characterisation of the Shewanella
MtrCAB complex have provided compelling evidence, that are all in agreement,
for it acting as an outer membrane electron export conduit in that organism.
Within MtrCAB, itis the MtrAB porin-cytochrome module thatis most conserved.
Although structural characterisation of homologous systems have not been
described, what is known about several of the most studied examples can be

summarised as follows.

Rhodopseudomonas palustris TIE-1 encodes homologues of the mtrA and mtrB
genes, denoted as pioA and pioB, respectively, but without an MtrC homologous
gene®®. This organism unlike MR-1, is photosynthetic, and can use its PioAB

complex to extract electrons from Fe', which then replaces photoexcited
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electrons used in photosystems (non-oxygenic photosynthesis)®®'. Much is
unknown about PioAB mediated photosynthetic iron oxidation, but it is
interesting to note that the MtrAB module is evidently versatile and efficient

enough to also support electron uptake processes, with some modifications.

Sideroxydans lithotrophicus ES-1 is another gram negative bacterium that also
utilizes iron oxidation as a source of electrons, in its case allowing for
conservation of energy via biotic O, reduction®8, Seldom little is understood
about this process, largely due to the difficulty in cultivating organisms that
perform this form of respiration®. Nonetheless ES-1 does encode gene

homologous to mtrAB, in its case referred to as mtoAB.

MR-1 itself contains genes encoding for an additional porin cytochrome
complex, DmsEF, with those genes being homologous to the mtrA and mtrB
genes respectively. Surprisingly these are encoded not alongside an
mtrC/mtrF/omcA family decaheme but rather genes encodinga DMSO reductase
enzyme DmsA, an FeS cluster protein DmsB and two accessory proteins DmsG
and DmsH. These genes (S01427-S01432) were first identified by Gralnick et al,
by determining binding sites for the ArcA two-component regulatory systemin S.
oneidensis.?*. In E. coli, ArcA allows for sensing and responding to the
intracellular redox state, through gene expression changes. Gralnick et al found
that the homologous system in S. oneidensis binds strongly upstream of the
dmsEFABGH gene cluster. They generated a strain with a kanamycin resistance
gene inserted in dmsE, which they found was unable to respire on DMSO, unlike

the wild-type which was.

In a second paper by the group, they more thoroughly characterised this gene
cluster, finding that dmsB also was necessary for growth with DMSO as the
electron acceptor®. S. oneidensis contains a second cluster (S04357-S04362)
homologous to dmsEFABGH although this cluster was barely upregulated in
response to DMSO and evidently could not confer the ability to grow with DMSO
as the terminal electron acceptor so is likely either not functional or not
expressed under laboratory conditions®®. Gralnick et al also prepared a strain
with deletions in crucial components of the type Il secretion system which has
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been shown to be responsible for exporting extracellular cytochromes
(MtrC/OmcA type) in Shewanella putrificans, a close relative of S. oneidensis8>%¢,
Remarkably, given all characterised DMSO reductases are intracellular, this
strain exhibited severely impaired growth with DMSO as its terminal electron
acceptor. The implication of this result, when interpreted with the knowledge that
the DmsE and DmsF proteins share high sequence identity with MtrA and MtrB,
was recoghised immediately as indicating this cluster also encodes a

transmembrane electron conduit, with DMSO reductase activity.

At that time, scarce little was known about the structure of MtrCAB or the
mechanism through which it confers EET-ability. This was not the case however

for DMSO reductases, which have been studied in detail for several decades.

DMSO Reductase enzymes

DMSO reductase enzymes belong to a large family, the molybdopterin-
containing proteins, which are found distributed amongst all domains of life. The
common feature amongst all members is the molybdopterin cofactor which
invariably features a mononuclear molybdenum ion coordinated by dithio
group(s) of one or two pterin ligands®. These pterins are most often guanine
derived, although not always®:®. Molybdopterin-containing enzymes can
catalyse two electron redox reactions, including the conversion of DMSO to DMS
(dimethyl sulfide), the oxidation of sulfite, the oxidation of formate, the reduction

of arsenate and the oxidation of xanthine®’.

Within the larger family, DMSO reductase type enzymes are typified by containing
two pterin groups specifically, both coordinating the molybdenum ion in addition
to the side chain of a cysteine, selenocysteine or serine residue, and their
distribution is thought to be restricted to prokaryotes®. Within this group in
addition to DMSOR (true dimethyl sulfoxide reductase) are also categorised: the
dissimilatory  nitrate  reductases (NarGHI), the trimethylamine-N-

oxide reductases and the formate dehydrogenases.
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Of the true DMSOR enzymes, the Rhodobacter sphaeroides, Rhodobacter

capsulatus and Escherichia coli enzymes have been the focus of most study.

Figure 1.8: Crystal structure of R. capsulatus DMSO reductase with DMSO bound (PDB-4DMR).
Molybdopterin cofactor, S147 hydroxyl and DMSO represented with sticks, molybdenum with
spherical representation. General structure (top) and active site zoom in (bottom).
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True DMSORs are ~800 amino acids in length and share a conserved structural

fold, often in spite of low sequence identity.

The first structure (2.2 A resolution) solved of a true DMSOR was that of the R.
sphaeroides by Schindelin et al.?°. That protein was globular in dimensions, with
numerous alpha helices and beta sheets, it also contained a central funnel-
shaped cavity at the bottom of which the molybdopterin cofactor was located. In
addition to its dithiolene coordination, the molybdenum ion was hexa-

coordinated by the side chain of Ser147, and an additional oxo-group bound with

Figure 1.9: Crystal structure of E. coli dissimilatory nitrate reductase complex (PDB-1Q16).
Cofactors depicted with sticks (b-type hemes and molybdopterin) and spheres (FeS clusters).
NarG - green, NarH — blue and Narl - magenta.
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a bond distance of 1.7 A. By soaking crystals in sodium dithionite before data
collection, the authors were able to solve also a crystal structure of the reduced
protein in which the coordinating oxo group was no longer present, and a single

sulfur-molybdenum bond was lost®®.

The structure of the R. capsulatus enzyme was solved next, similarly this enzyme
shared the distinctive funnel shaped cavity leading down to its active site, with
only a single cofactor, the molybdopterin®. In this structure, Ser147 was once
again resolved coordinating the Mo. However, surprisingly given how closely
related these two enzymes are, two not one oxo-groups were coordinating the Mo
ion. Furthermore, one of the molybdopterin guanine dinucleotide cofactors
(MGD) was not bound to the Mo through either sulfur atom (sulfur-molybdenum

bond distances of 3.5 and 3.9 A) leaving it penta-coordinated.

A later exceptionally high resolution (1.3 R) structure of the R. sphaeroides
DMSOR would demonstrate it can indeed assume the coordination geometry
seen in the R. capsulatus enzyme, although in addition to a second hexa-
coordinated conformational state which is the reportedly catalytically relevant
one, with the original 2.2 A structure possibly representing an average of those
two states®. A substrate bound crystal structure of DMSOR has also been
reported, which revealed DMSO binds the Mo from above, at the base of the

funnel, in a pocket surrounded by many aromatic residues (Figure 1.8)°".

The catalytic mechanism which is reportedly most consistent with data from
Raman spectroscopy®?, X-ray absorption spectroscopies® and crystallographic
structures, and is thus most favoured in recent literature involves molybdenum
cycling between the IV, V and VI oxidation states®***. DMSO binds via its O atom,
to a pentacoordinate Mo" species. Scission of the substrate S-O double bond
yields release of DMS and a Mo"' oxo-bound species, which is reduced first to a
Mo'-hydroxyl species, and then again releasing a water molecule and

regenerating the initial pentacoordinate Mo" species.

Both Rhodobacter DMSOR enzymes are soluble proteins, which are localised to

the periplasm and contain only the single cofactor. The E. coli enzyme is much
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more complex, and is probably more comparable to the S. oneidensis DMSOR. It
consists of three subunits, DmsA, DmsB and DmsC which are ~83, ~24 and ~23
kDa in size respectively, and unlike in Rhodobacter, this enzyme is membrane

associated®s.

Although no experimental structure has been solved of the E. coli DMSOR, its
dissimilatory nitrate reductase and formate dehydrogenases share the same
genomic architecture and significant sequence identity. High resolution crystal
structures have been reported for both those enzymes (Figure 1.9)%”:%. In these
structures, the largest subunit (NarG and FdnG), which is homologous to DmsA,
contains the molybdenum cofactor, butit also incorporates a 4Fe-4S cluster. The
DmsB type subunit (NarH and FdnH) contains four 4Fe-4S clusters. The DmsC
type subunit (Narl and Fdnl) is entirely alpha helical, is almost entirely embedded
within the inner membrane and contains two b-type hemes. Both b-type hemes
are His-His coordinated, and the first serves as the site of its menaquinol
substrate oxidation for the enzyme. These cofactors form a contiguous chain that
facilitates the transfer of electrons liberated from quinol, some ~90 A to the Mo
ion for nitrate reduction, or in the case of FAnGHI, in the reverse direction from
formate to the quinone pool. Of relevance to note is the fact that these enzymes
although both associated with the inner membrane, are embedded on opposite
sides, with the DmsA headgroup in the periplasm of FdnGHI, and in the
cytoplasm of NarGHI®. It is the E. coli DMSOR gene cluster after which the S.
oneidensis DmsEFAB is named, hence the MtrA and MtrB homologous subunits

were assigned as DmsE and DmsF respectively and not DmsC?8.

Also within the S. oneidensis DMSOR gene cluster, are two additional genes
which at the time of their identification, were not considered to have homologues
in the E. coli operon, dmsG and dmsH. In hindsight, it seems highly likely that
dmsG is in fact homologous to the E. coli gene dmsD, since the DmsG protein
displays ~30% sequence identity to DmsD. Furthermore, superposition of
AlphaFold2®% predicted model structures of DmsG with the crystal structure of
DmsD yield RMSD values of ~1.2 A suggesting they are likely to perform the same

function°°,
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The DmsD family of proteins are well characterised and a wealth of data exists
showing they play a crucial role in directing DmsA to the Twin Arginine
Translocation (TAT) pathway'®"%2, The TAT pathway transports proteins, pre-
folded and usually loaded with cofactors in the cytoplasm, across the inner
membrane of prokaryotes'®. Its substrates are recognised by a distinctive S/T-R-
R-X-F-L-K motif at their N-terminus, by the chaperone DmsD. Molecular
dynamics and site directed mutagenesis have identified a putative binding site
on DmsD for binding of the twin arginine motif. S. oneidensis DmsG contains
many of the residues suggested to be important in that binding including Y22,
F76, N122, E123 and H127 (as numbered in E. coli DmsD)'%'%, Taken together,
these observations strongly suggest DmsG serves as a chaperone, assisting in
the recognition of folded DmsAB by the TAT pathway, which is consistent with
both its predicted ultimate localisation, and the presence of an Arg-Arg motif at
the N-terminus of DmsA while no signal peptide is discernible at the DmsB N-

terminus.

The role of DmsH is much less
clear, the protein is predicted to
be much smaller (155 amino
acids), and shares no detectable
sequence identity with any entry
currently deposited in the PDB.
Models of the protein predicted by
AlphaFold2® (Figure 1.10) suggest
it is entirely alpha helical in
secondary structure, and
structure searching the PDB with

this model using Dali also

identifies no structurally closely
; i 104
related entries either™. The Figure 1.10: Top-Superposition of AlphAfold2 model
structure of S. oneidensis DmsG (green) with crystal
structure of E. coliDmsD (cyan, PDB-3CWO0) (RMSD =
oneidensis DmsH.

protein does contain a cysteine

32



(Cys27) which might suggest it to be a lipoprotein, however analysis with the
SignalP-5.0"% server implies this is unlikely and therefore is unlikely to be a signal
peptide. The role of DmsH in DMSO reduction by S. oneidensis therefore remains

almost entirely unexplored, which future research should seek to address.

Recently, the putative DmsEFAB complex has been implicated in an additional
form of respiration by S. oneidensis. Shin et al demonstrate the cluster is largely
responsible for reduction of the iodate anion by strain MR-1'%. To do so, they
prepared a AdmsB strain, which they found was severely impaired in iodate
reduction. This phenotype could be rescued by complementation with a plasmid
dmsB copy and furthermore, the culturing of MR-1 in defined media without
molybdenum drastically arrested its ability to reduce iodate, suggesting it

proceeds through a molybdopterin protein.

These findings suggest the putative DmsEFAB may be promiscuous in terms of
its substrate, and therefore might support growth of S. oneidensis in diverse
environments. Additionally, a satisfactory explanation for why MR-1 has
developed a DMSO reductase uniquely predicted to be assembled in its outer
membrane has not been made. This represents a challenging task for the cell,
since the putative DmsEFAB complex would be some ~230 kDa in size, 50 kDa
larger than the MtrCAB complex, and would require numerous and complex
translocation processes to achieve assembly in the outer membrane. Gralnick et
al contemplate three possible explanations that would favour an extracellular
DMSO reductase®®. One is the possibility that the enzyme might support growth
on solid DMSO, as is the case for MtrCAB with Fe" oxides, however this would
require concentrations of DMSO on the order of >80% which seems unlikely.
Furthermore, the exposed hemes of MtrCAB might exchange electrons with
minerals, but the active site of R. sphaeroides and R. capsulatus DMSOR are
located at the base of a funnel, which is not likely to be accessible to particulate
DMSO suggesting the same is also probable for the MR-1 DMSOR. Another
possibility is that some of its substrates or products, might be sources of
cytotoxicity. The discovery that the enzyme reduces iodate, as well as DMSO

supports this possibility. Finally, extracellular DMSO reduction might be more
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rapid than intracellular DMSO reduction, and therefore make S. oneidensis more
competitive than bacterial strains that produce canonical periplasmic DMSOR

enzymes.

Mechanisms of extracellular electron transfer ll: Geobacter
sulfurreducens PCA

After Shewanella oneidensis MR-1, Geobacter sulfurreducens PCA is the model
organism which has seen the most study in the context of EET. Initial isolation of
PCA was reported in 1994, from hydrocarbon contaminated groundwater'®’. In
that work it was recognized for its respiratory versatility with the authors
describing its ability to utilise acetate and hydrogen as its electron source and
reduce Fe" citrate, Fe" oxide, elemental sulfur and Co","%’. Also immediately
obvious from the point of isolation onwards, was how important c-type
cytochromes were likely to be for PCA, as whole cell absorbance spectra

revealed features typical of those proteins'®.

G. sulfurreducens was initially understood to be strictly anaerobic and oxygen
sensitive although more recent work suggests it can tolerate oxygen at low
levels'®. This bacterium is a gram negative belonging to the deltaproteobacteria
group and unlike MR-1, it is prolific in forming thick biofilms™”:1%°. PCA is notable
for the exceptional conductivity of the thick biofilms it assembles, which has

drawn considerable research attention.

Unfortunately, the quantity of material obtainable from biofilms is insufficient for
characterisation by many biochemical techniques. Neither is it possible to
produce large quantities of PCA biomass via planktonic growth. These factors are
further exacerbated by the oxygen sensitivity of the organism, together these
features make PCA a very challenging bacterium to study biochemically.
Subsequently progress in our understanding the EET molecular mechanisms
used by PCA has been difficult to obtain. As noted by many others, the EET
pathways used by G. sulfurreducens are characterised by a greater level of

complexity and apparent redundancy (Figure 1.11), than are those of S.
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oneidensis’" ", This also can make unpicking the function and importance of

individual components in its ETCs difficult.

G. sulfurreducens appears to favour acetate as its electron source?, which it
oxidizes via the tricarboxylic acid (TCA) cycle, generating NADH, for which it
contains at least one dehydrogenases (Nuo-1) in its genome'". Although the
same level of detailed characterisation of the ATP generation system as has been
discussed for MR-1 has not been described for PCA, the proton pumping Nuo1
complex has been observed directly via proteomics™’, soitis thought most likely

that G. sulfurreducens does conserve energy via the PMF'°,

[ Extracellular electron acceptors ]
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Figure 1.11: Schematic depicting the proposed extracellular electron transfer pathway of the
bacterium G. sulfurreducens PCA. Protein species shown with coloured outlines and the transfer
of electrons with blue outlined arrows. MQ-menaquinone and MQH2-menaquinol. Note that for
clarity, the ability to exchange electrons between proteinsis not depicted exhaustively. Note most
of these interactions remain putative, which applies also about the formation of stable ExtHIJKL,
ExtABCD and ExtHIJKL complexes.
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It has taken considerable work to decipher the nature of the PCA quinol
dehydrogenase system used by PCA during EET. Largely this is because it

encodes three different putative quinol oxidase enzymes.

When high potential (~0 mV vs SHE) electron acceptors are available PCA can
oxidise quinols via the ImcH protein'2. This protein is not homologous to CymA
from MR-1 and contains seven c-type heme attachment motifs distributed about
a soluble periplasmic domain, which model structures predicted with
AlphaFold2% suggest is linked to a membranous domain containing three
hydrophobic alpha helices (Figure 1.12). The first clues as to the function of this
protein came from a AimcH strain, which had impaired reduction of high (+240
mV vs SHE) potential electrodes and Mn" and Fe'" citrate but was unimpaired in

reduction lower potential Fe" oxide minerals™3.

The next important observation was made during the investigation of a different
quinol oxidase, CbcL. The cbcL gene encodes nine c-type heme attachment
motifs in a predicted soluble domain, fused to six trans-inner membrane helices
and three cytoplasmic domains and shares'“. This protein also is not

homologous to CymA, but rather to the membrane integral subunit of

Figure 1.12: AlphaFold2 model structure for G. sulfurreducens inner membrane c-type
cytochrome ImcH. Membrane domain depicted in yellow, periplasm domain as green. Hemes
numbered by their CXXCH motif appearance in the protein’s amino acid sequence.
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menaquinol:formate oxidoreductase complexes. A AcbcL mutant has been
tested under the same conditions as the AimcH mutant, it displayed no
phenotype when grown on the +240 mV electrode', additionally the AcbcL
strain actually displayed an increased growth rate over the wild-type''?. What the
AcbclL strain was impaired in, was reduction of Fe'' oxide minerals and electrodes

poised at a lower potential (-100 mV vs SHE)"“.

The final piece of information that provided a cohesive and consistent model for
quinol oxidation by G. sulfurreducens, was that a third enzyme, CbcBA also
contributed to quinol oxidation. Unlike imcH and cbcL which appear to be
constitutively expressed, the cbcB and cbcA genes are definitely not expressed
constitutively''®'"¢, They are upregulated by 3-4 orders of magnitude during the
late stages of batch growth under EET conditions™'®. These genes encode a seven
c-type heme protein, and a two b-type heme protein respectively, importantly
AcbcBA cultures were not able to reduce Fe'' as effectively as the wild-type''®.
Wild-type cultures can lower the potential of their growth medium to -270 mV vs
SHE, but the AcbcBA cultures could only reach -210 mV, and were unable to fully

reduce a solution of Fe'"" citrate to 100% Fe'.

The hypothesis presented by Joshi et al suggests these observations can be
explained by considering the contribution to the PMF that each complex could
make in the reduction potential window for which they are respectively active''®.
ImcH, operates at the highest potential, and therefore can access the highest AG,
it follows that then it could make the largest contribution to the PMF. CbcL
operates at intermediate reduction potential, so has the possibility of making an
intermediate size contribution to the PMF. CbcBA operates at the lowest
potentials where available AG for energy conservation is close to zero.
Consistent with this they did not observe cells using CbcBA-only as actively
growing, but they did remain viable for considerably longer than those without
CbcBA™8. ImcH-only cells boasted the highest growth yields but had the lowest

viability in late stages of Fe'" reduction.

Direct biochemical support for the explanation provided by Joshi et al will be hard
to obtain as heterologous expression and characterisation of membrane
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cytochromes is challenging, however purification of recombinant ImcH and
CbcL has been described and their properties were not inconsistent with the
above hypothesis'”'"®, Three oxidases for three different redox potential
windows, represents a compelling and elegant solution both from the
perspective of surmising the observations described over the past
decade214116119 gnd the evolutionary pressure to maximise efficiency in the
metabolism of G. sulfurreducens. It is remarkable in contrast with the simplistic
energy conservation employed by MR-1 which is understood as using CymA as a

central and singular hub for quinol oxidation™°.

G,. sulfurreducens PCA encodes more than one hundred genes containing
putative c-type heme attachment motifs many of which are predicted to have
periplasmic localisation, where they shuttle electrons from the quinol oxidases
to the outer membrane'?'?'", Amongst these, the PpcA-E family are considered

the mostimportant.

Although knockouts of each PpcA-E member display minimal or no discernible
phenotypes, a AppcA-E strain has been reported and displays impaired
reduction of Fe'' citrate and Fe'"' oxide'?'. It appears their expression level varies
significantly, and this largely explains the difference in Fe" reduction
effectiveness of strains with only a single ppcA-E gene''. Evidently these
proteins have significant functional overlap given their ability to compensate for
one another’s deletion, and this is unsurprising given their structure and other
properties are similar. The PpcA-E family are smaller, and simpler than most
other cytochromes involved in the EET chains of PCA, and therefore can be

purified recombinantly with relative ease'®.

Subsequently high resolution crystal structures for each member PpcA-E are
available (Figure 1.13)'*>'24, The PpcA-E family adopt a conserved fold, mostly
alpha helical in secondary structure, that encapsulates three c-type hemes in
close proximity. These hemes are all Bis-His coordinated and like those of other
proteins with high heme to amino acid count ratios, are all exposed significantly

to the solvent.
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Figure 1.13: Superposition of crystal structures of G. sulfurreducens c-type cytochromes PpcB
(green, PDB-3BXU) and PpcC (cyan, PDB-3H33) (RMSD = 0.54 A). Hemes numbered by their
CXXCH motif appearance in the protein’s amino acid sequence.

These proteins also appear to have been assembled into polymeric versions,
including the dodecaheme GSU1996. Genetic characterisation of these
polymerised periplasmic shuttles has not been reported, but the crystal
structure of PpcA can be aligned onto that of GSU1996 with an RMSD (root mean
squared deviation) of only 1.8 A122125_ Thus it is likely they can interact with many
of the same electron transfer partners and through this also shuttle electrons
around the periplasm. What benefit a protein that incorporates four PpcA-E
proteins into one chain can confer to PCA remains unclear, but given the
bacterium encodes two dodecaheme variants and a twenty seven heme variant,
itis likely to be significant'®. The suggestion which has seen most discussion, is
that these proteins act as efficient capacitors, storing many electrons during
periods of extracellular electron acceptor scarcity, and discharging them rapidly

through the outer membrane upon encounter with a fresh source of oxidant®.

More perplexing still, is the importance of the triheme c-type cytochrome PgcA in
the periplasmic electron transfer network of PCA. The localisation of PgcA, is

predicted to be extracellular, its sequence includes an N-terminal lipidation
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motif similar to the MtrC/MtrF/OmcA/UndA outer membrane cytochromes of
Shewanella and there is biochemical evidence supporting this predicted
localisation'®. Nonetheless, the AppcA-E strain described above displayed
significant residual Fe'" citrate reduction, which could be further reduced, but not
eliminated, by the deletion of pgcA, in stark contrast with deletion of pgcA in a
wild-type background which has no effect on Fe'' citrate'"'?, These
observations seem to suggest instead it might be a periplasmic electron
transporter, however subculturing the AppcA-E strain eventually yielded a strain
that recovered WT Fe'" citrate reduction by deleting the pgcA lipobox encoding
region'?'. This resulted in periplasmic buildup of PgcA, presumably by blocking
its translocation across the outer membrane and therefore improving its ability
to contribute to the periplasmic shuttling of electrons, demonstrating a

significant amount of the protein is extracellularly localised in wild-type cells™".

Evidently the PgcA protein plays an important and complex role in the EET
pathway of G. sulfurreducens. These results can be best reconciled by
concluding the protein is eventually extracellularly localised, but before or during
translocation across the outer membrane, it can contribute to periplasmic
shuttling. Data that suggests a cytochrome contributes to electron transfer on
both sides of the outer membrane appears to be unique to PgcA, and indicates
this protein likely has novel and interesting properties. Thorough examination of
current literature in which these properties are explored, is provided in the
section discussing the role of PgcA in electron transport in the extracellular

space.

Electron transport through the outer membrane of G. sulfurreducens is perhaps
the least well understood aspect of its EET. At least five gene clusters in the PCA
genome are predicted to encode porin-proteins in combination with multiheme
c-type cytochrome proteins, that together likely assemble a porin-cytochrome

complex analogous to MtrCAB from MR-1 but sharing no sequence identity with

it127.

The first of these to be identified were the putative OmbacB and OmbacC

complexes™®. These clusters, like MtrCAB and MtrDEF, are encoded side-by-
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side, and their link with EET was established by extraction of OmcC and OmcB
natively from G. sulfurreducens membranes after which they were found to
reduce Fe" minerals'®. Closer analysis would reveal they are both ~90 kDa
dodecaheme proteins with N-terminal lipidation motifs and that the omcB gene
in particular was necessary for efficient Fe'' reduction™°. Digesting whole cells
with protease K suggested that like MtrC, these proteins are incorporated on the

outer facing leaflet of the outer membranes'.

Sequencing of the G. sulfurreducens PCA genome allowed for analysis of the
sequences flanking the omcB and omcC genes, which revealed additional genes
adjacent to each, encoding an octaheme c-type cytochrome with predicted

periplasmic localisation and a putative outer membrane porin'°128,

Using transposon sequencing the number of putative porin-cytochrome
complexes identified and linked to EET in PCA, was expanded to five'®2. In that
study the extABCD gene cluster proved crucialto reduction of electrodes by PCA.
This spurred the identification of two additional gene clusters, extEFG and

extHUKL.

Thorough genetic characterisation of all five of these clusters has been achieved,
as with the periplasmic carriers, single deletions mostly yield very mild
phenotypes and full loss of EET only occurred only in the A5 strain’?. In
summary, it appears the ombacC/ombacB cluster is most important during
growth with Fe" oxide as the terminal electron acceptor, with the extEFG,
extHIJKL and extABCD clusters playing decreasingly important roles in that
respective order. For soluble Fe'" citrate, the ombacC/ombacB clusters are also
most important. When Mn" oxide is the terminal electron acceptor all gene
clusters except the extABCD cluster can sustain near wild-type rates of EET. In
contrast with those findings however, the extABCD cluster appears totally
dominant while the terminal electron acceptor is a graphite electrode poised at
+240 mV and deleting the other gene clusters actually increases the current that

strain can produce.
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These putative protein complexes make for difficult targets in terms of structural
characterisation so no experimental structures have been described thus far.
Modelling with structure prediction software like AlphaFold can provide some
insight, although given none of these genes display homology to the MtrCAB
complex, or other structurally characterised protein complexes, itis unclear how
accurate those predictions can be®. Nonetheless, AlphaFold2 models of the G.
sulfurreducens predicted porin-cytochrome complexes do suggest that they
adopt a structure in which the porin insulates a multiheme cytochrome wire,
which feeds electrons to at least one extracellular, lipidated multiheme

cytochrome that acts as a terminal reductase analogous to MtrCAB.

What they certainly do not explain, is differing importance of each complex for
different substrates, nor the need to encode so many different transmembrane
wire complexes with apparently closely overlapping functionalities. The genetic
evidence appears to support the hypothesis that complexes differ in the
efficiency with which they can reduce particular acceptors, for example
Fe"oxide versus Fe'' citrate’'?’. However if that is indeed the case it is unclear
why separate porin and transmembrane cytochrome subunits are necessary for
each substrate, since it is presumably only the terminal reductase subunit that

interacts with substrates and therefore only that subunit which need vary.

The extHIJKL cluster seems particularly enigmatic in its role. In part because it
encodes two additional genes ext/ and ext/ that do not appear to contain any
canonical motif indicating incorporation of a redox cofactor’’. Furthermore, the
largest gene in the cluster, extH, appears also not to contain canonical cofactor
motifs either’’. There is some evidence that suggests this cluster forms a
complexwhich has involvementin selenium and tellurium metabolism, although

how this relates to EET is still unclear’s3'34,

In conclusion, trans-outer membrane electron transfer by PCA appears also to
be characterised by several diverse and functionally overlapping gene clusters.
Experimental difficulties have limited biophysical and structural analysis of the

proteins encoded in these systems but work in this area is still ongoing.
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An interesting example of an EET pathway component from G. sulfurreducens
that is has been characterised but has no known precedentin MR-1, is the OmcF
c-type cytochrome'®, Deletion of omcF yields a strain with very poor ability to
reduce Fe'' citrate'™®. This is interesting given the sequence includes an N-
terminal lipidation motif suggesting it associates with the outer membrane which
has been experimentally supported. The crystal structure of a recombinant form
of OmcF has been solved, which revealed it adopts a globular and alpha helical
structure containing a single c-type heme which features His-Met coordination
of the heme iron'. In answer to the question, how can a monoheme membrane
protein can make such an important contribution to EET, Kim et al prepared
northern blots of their AomcF strain and compared this with the wild-type'®. They
detected RNA originating from the ombacC/ombacB gene clusters only in the
wild-type indicating that deletion of OmcF also eliminated expression of those

genes, which could explain its severely deleterious effect on EET"3¢.

Two hypothesis might explain these observations, one is that OmcF deletion can
cause unexpected changes in expression, in an obscure manner thatis notlinked
to its function. There is relevant precedent for behaviour similar to this
description™©2. The other is that OmcF could in fact function as a regulator of EET,
this possibility is intriguing given the specificity described above in terms of EET
components used by G. sulfurreducens growing with differing potential-
electrodes or EET substrates'®'%.13 No mechanistic explanation has been put
forth to explain how PCA could exert that control, but a heme based redox centre
in the outer membrane could provide the sensing element. At this stage, no
mechanism for signal transduction from its redox state to protein expression
control is proposed and it is hard to envisage one, so the role of OmcF remains

largely still speculative.

The nature of the mechanism(s) by which G. sulfurreducens transports electrons
from its cell surface, to mineral particles it is notin direct contact with, has been

debated intensely over the past decade or so'®.

The beginnings of the controversy lay in experiments that sought to determine

whether microorganisms could secrete electron shuttles to assist in EET. These
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experiments trapped Fe'" oxides in matrices, alginate or agarose beads, that were
thought porous enough to allow low molecular weight molecules to pass
through, but would not allow significant direct contact between whole cells and
the minerals within'%4", Such bead-systems were not characterised in depth so
the exact size, and size consistency, of the pores is not precisely known, making
it unclear whether larger molecules like proteins could traverse the pores™?.
Subsequently more recent research has sought to improve the technique by use
of more narrowly defined bead matrices’2. Nonetheless, unlike S. oneidensis, G.
sulfurreducens and its relatives are regarded as probably not secreting free

shuttle compounds like flavin™"43,

Soon after those studies, efforts were made to determine which, if any,
cytochrome proteins might be loosely associated with the extracellular side of
the PCA outer membrane, and contributing to EET. Two proteins, OmcS and
OmcE which are approximately 50 and 30 kDa in size respectively, could be
physically detached from cells by shearing in a commercial blender suggesting
they were bound only very loosely'. Deleting omcS and omcE yielded strains
with impaired Fe'" oxide and Mn" oxide reduction rates, confirming that they were
indeed important for efficient EET'4. However, the next development would
actually come in the form of the discovery that an entirely unrelated protein was

also important for EET.

Type IV pili are polymeric filamentous proteins secreted by many bacteria that
play important roles in biofilm formation, motility and adhesion'. Although the
first structure of a type IV pilin, was solved by X-ray crystallographic analysis
some thirty years ago'#, they remained a difficult target for structural biologists
until recent developments in cryoEM™5 (cryogenic electron microscopy).
Invariably, they adopt a helical formation comprised of a C-terminal globular
domain, and an N-terminal smaller helical domain'*>'¥’. G. sulfurreducens PCA
encodes a type IV pili biosynthesis cassette, although it differs from the
canonicalversionin thatits pilA gene, which encodes the major filament protein,
appeared much shorter than other pilA genes'. It is now understood that this is

because the two domains of the pilA gene in PCA have split into two gene-
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Figure 1.14: Atomic in silico model for G. sulfurreducens PilA-N electron conducting filament
proposed in ref'°, aromatic residues proposed to confer metallic-like conductivity (Phe1, Phe24
and Tyr27) displayed with yellow sticks.

fragments, a larger C-terminal fragment and a smaller N-terminal one, although
this fact was not recognised at the time of those initial studies™®. Deletion of pilA
resulted in a severely impaired Fe" reduction phenotype, and this strain lost the
ability to produce filaments extending from the cell surface, that were clearly

visible in electron micrographs of whole PCA cells™®.

From these observations it was concluded with great excitement, that G.
sulfurreducens produced filaments of PilA which were very distinct from other
type IV pili, and able to facilitate long distance electron transport™®. Atomic force
microscopy utilizing a conductive tip, was applied to these filaments which
yielded ohmic current vs voltage plots which at that time were considered strong
evidence confirming conductivity of pili-nanowires™®. Part of the excitement
associated with this hypothesis, derived from the fact that the pilA gene did not
appear to encode any motif indicating the incorporation of a canonical redox
cofactor suggesting that if these filaments were indeed conductive, it must be via

a mechanism not yet reported in the literature.

A near atomic resolution structure of a pili-nanowire which could be used to infer

the mechanism of conductivity remained elusive for many years'. In its place, a
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computational model of the PilA nanowire was prepared (Figure 1.14), first by
obtaining a structure of the PilA protein (now referred to as the N-fragment: PilA-
N) by recombinant expression in E. coli as a detergent solubilised monomer,
solved using NMR spectroscopy’™'. Guided by the structure of the Neisseria
gonorrhoeae type IV pili, the PilA-N monomeric structure was computationally

remodelled as a helical filament'5>1%3,

Importantly for proponents of pili-nanowire conductivity, this model structure
predicted close (~3.5 A) packing of Phe1, Phe24 and Tyr27 throughout the length
of the filament'3. Thus Xiao et al could propose the possibility of a metallic-like
conductivity along the long dimension of the filament, which could flow through
Tt orbitals of aromatic amino acids™2. This proposal appeared consistent with
some measurements indicating metallic-conductivity in G. sulfurreducens
biofilms™*, but it proved to be highly contentious™©2. The substitution for alanine
of five aromatic amino acids in the PilA (PilA-N) N-terminus, yielded a strain
(Aro5) with impaired reduction of Fe"' oxide, which was interpreted also as
supporting metallic-conductivity through these residues'®. Furthermore, the
importance of OmcS and OmcE described above, was also reconciled to this
theory by proposing these cytochromes associated with the PilA filament,
perhaps acting as sites of egress for electrons which was apparently supported

by immunogold labelling'®.

Many researchers still maintained important reservations regarding the pili-
nanowire hypothesis'’. Firstly, some groups were unable to reproduce the
apparent importance of PilA in the conductivity of G. sulfurreducens biofilms or
the conductivity of PilA filaments themselves'*'%, Secondly, evidence in favour
of pili-nanowire conductivity continued to be provided via indirect experiments.
Immunogold labelling and AFM, are powerful supplementary tools but are
themselves either low in resolution in terms of the information they provide or
sometimes prone to misleading artifacts’®. The disappearance of filaments from
ApilA cultures, does not directly prove that the filaments produced by wild-type
strains must be comprised of PilA. Similarly, some researchers were wary of

conclusions drawn from the Aro5 strain, since aromatic residues have bulky side
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chains that often play important roles in protein structure stability'™’.
Additionally, a wealth of data indicating PCA synthesises several different,
conductive, but cytochrome-based filaments was emerging'®. Near-atomic
resolution cryoEM structures for these filaments provided clear evidence for
conductivity via well precented cofactor chains, for detailed discussion of these
species, please see the section of this work which succeeds description of
research on pili-nanowires®, Finally, the model structure on which the metallic-
conductivity hypothesis rested was ultimately not empirically determined and

was therefore without experimental validation.

Eventually Gu et al reported enriching a pili-filament preparation by deleting
omcS which resulted in overexpression of the PilA-N fragment, but also the PilA-
C fragment'. From this preparation they were able to solve a helical
reconstruction (Figure 1.15) of a filament which incorporated both the PilA-N and
PilA-C fragments into a filament with more similarity to canonical type IV pili,
than the model presented by Xiao et al'*®'%%, This structure showed the PilA
filament is composed of an alpha helical core consisting of PilA-N, which forms
numerous electrostatic and hydrophobic interactions with globular, beta-sheet

rich, PilA-C which coats the outer surface of the filament shielding hydrophobic
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Figure 1.15: CryoEM structure of G. sulfurreducens PilA-N/C filament (PDB-6VK9). N subunit
(magenta) and C subunit (green), N subunit aromatic residues proposed to confer metallic-like
conductivity (Phe1, Phe24 and Tyr27) displayed with yellow sticks.
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PilA-N from aqueous solvent. Crucially the position of aromatic side chains
differed greatly from that suggested in the model structure based on the
detergent solubilised PilA-N monomer, rather than 3.5 A apart in fact they were
~10 A apart suggesting metallic like conductivity through 1 orbitals was
unlikely®. This discovery proved to be a crucial turning point for many
researchers, making it very difficult to argue in favour of conductive pili-
nanowires which underscores this importance of the protein structure-function

relationship in the study of EET®%81,

What the structure did not entirely resolve however was if pili-filaments were not
contributing to EET by conducting electrons away from the cells surface, why
ApilA-N strains perform poorly at EET, and similarly why the Aro5 strain could not
perform EET effectively. An interesting possible explanation Gu et al provide, is
that since the successful localisation of cytochrome nanowires like OmcS and
OmcZ is halted by the deletion of PilA-N, perhaps PilA-N/C performs an
indispensable secretory role for those nanowires which in turn confer the
conductivity to the PCA biofilm™9. This explanation is itself currently without
direct empirical validation which will be required before its universal
acceptance, however it is consistent with the features of the PilA-N/C filament

structure that are more akin to secretory-pseudopili than type-4 pili'#®'2,

What is now accepted without controversy, is the importance of the cytochrome
polymeric filaments in the EET pathway of G. sulfurreducens. Although their
apparently overlapping functionalities has made it difficult to determine their

specific roles, they are definitely not identical.

The first such nanowire to see detailed characterisation was OmcS. OmcSis one
of the most abundant, if not the most abundant, extracellular cytochrome in
many G. sulfurreducens cultures’. The omcS gene encodes six CXXCH c-type
heme attachment motifs and as noted previously its deletion severely impairs
reduction of Fe" oxide'®. The protein appears to survive harsh treatment with
sodium dodecyl sulphate (SDS) and high temperatures which allowed it to be
extracted'®. That material displayed electron paramagnetic resonance (EPR),
NMR and UV-visible spectra consistent with low spin His-His coordinated hemes
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and was redox active between -360 and -40 mV vs SHE, all features that are

unremarkable in comparison with other multiheme cytochrome proteins™?.

The structure of OmcS, reported in 2019, for the first time demonstrated that c-
type cytochromes could be assembled into polymeric filaments extending
micrometres in length (Figure 1.16)'°. Its six hemes were indeed His-His
coordinated and packed together with very close (<6 A) edge-edge distances
even between adjacent monomeric units immediately providing a plausible
mechanism for the rapid electron transfer along the length of the filament
reported alongside the structure. The OmcS filament has a ~40 A cross section,
and encapsulates its hemes in a polypeptide backbone that features a few short
alpha helices but is largely comprised of loops. Wang et al calculated that only
~19% of residues are found within regions of secondary structure, which is
exceptionally low in comparison with other proteins, be they multiheme

cytochromes or even other polymeric filaments.

Soon after, the structure of a second cytochrome filament was described’®.
OmceE like OmcS, has also been recognised as a major component of the biofilm
material secreted G. sulfurreducens™. Unlike OmcS, OmcE however is a
tetraheme, although it does feature exclusively His-His coordination of its c-type
hemes. OmcE also differs from OmcS in two other important ways, firstly this
filament is considerably smaller than OmcS, with a cross section of ~30 A.
Secondly OmcE appears to undergo an extensive glycosylation process at as
many as five sites, which is supported by the inclusion of humerous genes
encoding for glycosyltransferases and sugar transporters in close vicinity to the
omcE gene'™®. A number of putative functions have been proposed for these
glycan modifications, although all must be reconciled with the observation that
whatever they confer, is not a necessity for all cytochrome filaments as OmcS is

produced without them®®,

OmcE and OmcS are not sequentially homologous, and their peptide backbone
folds do not share significant similarities either. In spite of this, the OmcE hemes

can be superimposed onto the first four hemes of OmcS with approximately ~1 A

49



RMSD®1%¢ which at the reported resolution (3.7
and 4.3 A) of these reconstructions, lies within
experimental error. The implication of this
observation was that the amino acid sequence
of the cytochrome filament matters very little,
as long as it achieves the canonical heme

stacking pattern.

This hypothesis would see revision as the
determination of a third cytochrome filament
structure, OmcZ, revealed that even the heme
packing arrangement seen in OmcS and OmcE
is not a shared feature of all filaments'. The
omcZ gene encodes a~50 kDa protein with eight
CXXCH c-type heme attachment motifs'®. Prior
to the determination of its structure,
measurements of the conductivity of the OmcZ
filament had already suggested it was
significantly more conductive than OmcS or
OmcE™°. Another interesting feature of OmcZ,
was that its dominant form appeared to be only
30 kDa in size, a full 20 kDa less than the
prediction for the nascent polypeptide based

upon its gene sequence’’’.

OmcZ was revealed to adopt a structure which
like the other structurally characterised
nanowires contained very little defined
secondary structure, but otherwise differed
from them greatly'®®. The hemes of OmcZ are all
His-His coordinated although unlike OmcS/E,
the ligating histidine residues are found

exclusively within the same monomer as the

Figure 1.16: CryoEM structure of G.
sulfurreducens polymeric c-type
cytochrome filament OmcS (PDB-
6EF8).
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heme they coordinate. It appears not to be glycosylated although the structure
was consistent with the protein having undergone the proposed proteolytic
modification. The packing of the OmcZ hemes brings them somewhat closer
together than those of OmcE/S and leaves them significantly more solvent
exposed, in particular heme six is positioned almost abreast of the main heme
chain extending out into the solvent. One or both of these properties have been
proposed as potential explanations for the higher measured conductivity of

Omcz167,168

Arguably of most relevance to the results described in the current work, is the
maturation mechanism of OmcZ, for which the cryoEM structure provided
important insight. Adjacent to the omcZ gene, is encoded a serine protease,
denoted ozpA. The ~500 amino acid OzpA protein is designated as extracellular
by localisation prediction software and was identified as homologous to
Subtilase enzymes''. Those enzymes often include an autoinhibitory domain
which can be cleaved, activating proteolytic catalysis via a conserved catalytic
triad (Figure 1.17)"2. Elements homologous to both of these features were
identified also in the OzpA sequence'”'. Kai et al prepared an AozpA strain which
proved unable to process full length OmcZ into its smaller isoform, and they
showed recombinantly expressed OzpA in cell extracts could perform the
transformation, demonstrating OzpA is the OmcZ-maturing protease'’. Gu et al

generated an AlphaFold2 model of full length OmcZ, which predicted that much

4 <

Figure 1.17: AlphaFold2 model, showing conserved putative catalytic triad (D133, H169 and
S322) in sticks, of G. sulfurreducens serine protease OzpA.
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of the 20 kDa that is ultimately cleaved from the protein, in the pre-cleavage
state, resides at the location their cryoEM structure showed is the interaction
interface between adjacent filament monomers'™®. This modelling therefore
suggested the proteolysis represents a means of controlling filament assembly,
which they supplemented with an additional model of the OzpA-OmcZ complex
which remarkably predicted an interaction that positioned the OzpA catalytic
triad directly in contact with the OmcZ protein in a conformation that appears

consistent with proteolysis'®.

This putative mechanism for controlling OmcZ filament assembly is consistent
with the reported observations in the literature, elegant and remarkably
sophisticated. Given, the evolution of a specific mechanism to ensure OmcZ
nanowires are not mistakenly assembled within the periplasm, it begs the
unanswered question, why do OmcE and OmcS not similarly require
mechanisms controlling their polymerisation. One explanation could be that
their assembly mechanism differs significantly from OmcZ, perhaps those
filaments will hot assemble spontaneously and therefore requires assistance
than can be withheld until ready. If so, such assembly factors have not yet been

identified.

Little else is known about the assembly process of cytochrome nanowires,
largely due to experimental difficulties associated with observing that process.
With improvements in cryoEM and structure-prediction models this will

hopefully be an area in which coming years see exciting developments.

Determining the relative roles for each of the cytochrome nanowires has proved
challenging, as is the case for other cytochromes associated with EET in G.
sulfurreducens they appear to overlap significantly in their functions. Knockouts
that yield impaired EET of some kind, have been described in each of omcS/E/Z
and an additional less well characterised putative cytochrome filament omcT

demonstrating they are critical¢®73-175,

When interpreted in the context of the fact that deletions of genes encoding

putative porin cytochrome complexes (PCCs) also impairs EET'?, this suggests
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a cooperative role for the cytochrome filaments and PCCs rather than parallel. A
possible interpretation of a complementary role for these two systems is that the
PCCs might perform the ‘uploading’ of electrons into the filament heme chain.
This explanation is probably inconsistent with the alternative hypothesis that the
loading of electrons into the filament occurs within the periplasm, considered
the most likely site of their assembly™®. As with the mechanism of filament-
assembly, the ‘uploading’ remains largely unexplored due to experimental
difficulties in observing the process in vivo. Improved cryoEM and protein
complex structure-prediction methodologies may also soon provide the first

means to test these hypotheses.

The discovery that G. sulfurreducens synthesises conductive polymeric
filaments comprised of redox proteins was unprecedented, and was made
possible in large part by technological advancements in cryoEM. The possibility
that these filaments are widespread amongst microorganisms, and have been

present but undetected in preparations dating back many years, was a real one.

In answer to this question, Gu et al presented phylogenetic analysis which shows
OmcZ in particular is widespread amongst diverse bacteria including in genera
that aren’t usually aren’t considered to be core EET participants like
methanogens’®®. Direct experimental confirmation of this has been provided now
by Baquero et al, who solved cryoEM structures of two cytochrome-based
filamentous nanowires produced by the archaea Pyrobaculum calidifontis and
Archaeoglobus veneficus'’”®. These structures shared no similarities with the G.
sulfurreducens filaments with the exception of the position of their hemes, which
can be aligned onto those of OmcS and OmcE with an RMSD of ~1 A, but not onto
those of OmcZ'®. Thus it does seem likely that cytochrome filaments are
distributed widely amongst diverse microbial taxa which only further cements

the importance of their continued study.

A final question relevant to contemplate, is whether the cytochrome nanowires
synthesised by G. sulfurreducens interact directly with mineral oxide particles, or
if other electron carriers ‘download’ electrons from the heme chain and perform

the reduction of mineral particles. All but the smallest particles comprised ofiron
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oxides will exhibit poor penetrance for electrons making them hard to study by
transmission electron microscopy (TEM), which is necessary for single particle
analysis. In vitro, cytochrome filaments have been shown to reduce Fe'' oxide'®,

however this doesn’t necessarily mean that such activity predominates in vivo.

One possibility is that accessory biomolecules shuttle electrons from the
nanowire heme chain to mineral particles, here it is relevant to note that as
described above, Geobacter species are thought probably not to secrete flavin-
based electron shuttles’”'*3. A candidate still considered plausible for the
‘uploading’, ‘downloading’ or both, of electrons from the G. sulfurreducens

nanowires could be the protein PgcA.

PgcA appears first to have been linked to EET in 2008, by Ding and coworkers.'"®
In that work, LC-MS was used to determine the relative abundances of proteins
within G. sulfurreducens cultures grown on Fe'" oxide relative to Fe'" citrate, and
thereby identify proteins that play a specialised role in Fe'" oxide reductions.
Amongst the ~270 proteins identified, were several already discussed in the
current work including the PilA-N protein and the OmcS cytochrome filament
protein. Also more abundant during Fe" oxide reduction, was the protein
encoded by the gene GSU1761. This gene encodes a protein with three putative
CXXCH c-type heme attachment motifs and a theoretical molecular weight of

~50 kDa'"™.

Ding et al note the subcellular localisation of the GSU1761 gene product as
periplasmic based upon their earlier work''®"”7, which sought to determine the
subcellular localisation of the G. sulfurreducens proteome using a similar
approach involving fractionation, tryptic digestion and LC-MS. As noted by the
authors, their fractionation procedure did not perfectly separate subcellular
localities and naturally, proteins destined for the extracellular space must first
translocate the inner membrane, periplasm and outer membrane before
reaching their ultimate destination'”’. These issues are well illustrated by OmcE,
which as described above has now been shown to form an extracellular filament,
while the original analysis by Ding et al predicts it is localised to the
periplasm'&177,
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PgcA was next reported in the literature in three related articles from the Lovley
group published in 2009, 2011 and 2014. In the first of these, Yi et al describe
developing a new strain of G. sulfurreducens by culturing it upon a graphite
electrode poised at —400 mV for five months'’®. This strain they designated
KN400 and it proved capable of producing current densities well above that of

the original strain'®,

This was followed by Tremblay et al, in which a similar strategy was used to
produce strains with improved EET ability by continual culturing, except in this
instance using Fe" oxide as its terminal electron acceptor'”®. Both strains
displayed dramatically improved rates of Fe'' reduction over the starting strain,
and resequencing of their genomes demonstrated they both had obtained
mutations ~100 bp upstream of the GSU1761 start codon, amongst several other
mutations. These yielded ~10 and ~20 x upregulation of GSU1761 assessed by
mRNA transcript abundance, which presumably was responsible for the
increase in rate of Fe'" oxide reduction. In this article, GSU1761 was named pgcA
and its protein product PgcA, for Periplasmic, Genes related to the environment,
membranes and motility riboswitch (a DNA sequence between the pgcA
promoter and stat codon which likely exerts control over its expression),

Controlled, A™°.

In the final of these three manuscripts, Smith et al report first the deletion of the
pilA-N gene inthe KN400 strain, which as discussed in this work previously, yields
a strain with dramatically impaired Fe'"" oxide reduction®. They then continually
cultured this ApilA-N KN400 with Fe'' oxide as its terminal electron acceptor, and
found eventually it recovered its ability to grow by reducing that mineral at a rate
comparable to the original KN400'®°. This new strain they designated JS-7, was
determined also to have acquired a mutation ~100 bp upstream of the PgcA start
codon, and contained an mRNA transcript abundance of GSU1761 ~57 x that of

the original KN400 strain.

Smith et al recognised that PgcA is unlikely to be ultimately localised to the
periplasm, based on analysis performed with the PSORTb subcellular

localization prediction tool which instead suggested it is translocated into the
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extracellular space''®', Thus they analysed cell-free filtrates of their cultures by
SDS-PAGE (sodium dodecyl sulfate polyacrylamide gel electrophoresis) with
heme specific staining, a single band only visible in the ApilA-N KN400 sample
was obvious. This band appeared at a molecular weight of ~40 kDa, and was
identified as PgcA by LC-MS, likely by tryptic digest fragment mapping, although
no deconvoluted mass spectra for fragments were provided on publication. This
observation is interesting as this ~40 kDa band is 10 kDa smaller than the
theoretical molecular weight predicted for the mature PgcA sequence, possibly
indicating truncation. Truncation would also be consistent with large quantities
of PgcA in cell-free filtrates, in spite of the fact its gene sequence encodes an N-
terminal, canonical lipidation motif like that of the MtrC/OmcA/MtrF/UndA

family, which should render the protein tethered to the hydrophobic membrane.

Aklujkar et al would add to these findings with transcriptomic analysis of wild-
type G. sulfurreducens under EET growth™2. Their analysis also supported
increased abundance of OmcS, PilA-N and PgcA amongst many others.
Surprisingly, they observed a large increase in GSU1761 transcript numbers
while G. sulfurreducens grew with Mn" oxide but not with Fe'"" oxide. In aggregate,
these initial results strongly suggested PgcA can play an importantrole inthe EET

process of G. sulfurreducens at least under some conditions.

The first, and seminal, biochemical analysis of PgcA was provided Zacharoff et
al'?®. They first analysed its amino acid sequence which is 511 residues in length,
andincludes a Sec-type secretion signal sequence atits N-terminus. This follows
into a lipidation motif centred on residue Cys39, the predicted site of lipidation
as is described for other extracellular non-filamentous cytochromes®®. The next
~200 amino acids were featureless, with the C-terminal half of the protein
containing three CXXCH c-type heme attachment motifs separated by two large
(30 amino acids) Pro-Thr repeat motifs with no precedent in the literature at least
on this scale, and one much smaller Pro-Thr motif. Zacharoff et al present
bioinformatic analysis which demonstrates these features are conserved,
although they note that in some species the Pro-Thr motifs are instead Pro-Ala

motifs.
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Next they prepared a ApgcA G. sulfurreducens strain, and tested its ability to
perform EET. Interestingly, it showed no phenotype during Fe'" citrate reduction,
or reduction of an electrode poised at +240 mV, but was drastically impaired in
its reduction of Fe'' oxide relative to the wild-type'®. This phenotype could be
partially recovered by expression of a plasmid pgcA copy, and suggested a
specific role for PgcA in Fe'" oxide EET, possibly as the terminal reductase that

reduces it.

The authors report cloning pgcA into a pBAD based overexpression system and
incorporating a hexahistidine purification tag to facilitate production of
recombinant PgcA in S. oneidensis. With this system, they were able to purify
PgcA, although SDS-PAGE revealed it was recovered in two forms, a larger
species which judged by SDS-PAGE appeared at a molecular weight of ~60 kDa
and a smaller species at ~40 kDa'?®. Both isoforms displayed UV-visible
absorbance spectra typical of c-type cytochromes, and when mixed with freshly
synthesised Fe"' oxide and centrifuged, were removed from solution by the
mineral particles'®. This last property was not shared by bovine serum albumin
or equine heart cytochrome-c and it was also not observed for PgcA when
instead incubated with a suspension of magnetite, a mixed Fe'"/Fe" oxide'%.
Finally, Zacharoff et al added their purified PgcA exogenously to cultures of their
ApgcA strain, and observed that this rescued their Fe''oxide reduction rate to that

even beyond the supplemented wild-type cultures.

Taken together their findings indicate PgcA plays a specialised role in facilitating
EET with Fe'"" oxide as the substrate, which is critical at least under some
conditions. The protein is likely to perform its function extracellularly, as addition
of exogenous recombinant PgcA restored EET to ApgcA cells. It appears the
protein may undergo post translational proteolysis, similar to OmcZ although as
Zacharoff et al note, unless this is carefully controlled, secreting a 50 kDa
cytochrome would likely represent a large energetic burden upon the cell'®. If
indeed it is, neither the site nor mechanism of proteolysis have been
unambiguously determined. The mechanism of Fe'"'oxide reduction by PgcA also

is not defined, nor is the proteins structure. Repeat motifs are usually associated
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with disordered regions within proteins, but they can also drive associations with
solid phase substrates as in ice-binding proteins'®. Zacharoff et al contemplate
the possibility that analogously to ice-binding proteins, PgcA binds Fe'' oxides
through its Pro-Thr repeat motifs'?®. What implications this would have for the
internal redox-cofactor pathway within PgcA remains unclear. It is similarly
unclear what the implication of its heme binding motifs being separated by the

Pro-Thr motifs have for the structure of the protein, and its mechanism.

Aims of this thesis

This work set out to characterise the properties of PgcA by structural, biophysical
and electrochemical techniques. Its particular focus was to describe in depth,
the 3D molecular structure PgcA adopts, and understand how that arises from
its unique amino acid sequence (Chapter 3). It also then sought to unpick how its
unique 3D structure, and other properties, impart function to PgcA in performing
reduction of mineral substrates in the extracellular environment (Chapter 4). This
work aimed to provide a basis for understanding post-translational modification

of PgcA, and how it too might affect its function (Chapter 5).

This work also sought to provide biochemical and structural characterisation of
the S. oneidensis MR-1 DmsEFAB complex. No definitive purification of the
complete complex has been described, and thus this was made an important
goal here. This work then aimed to then determine the structure of DmsEFAB by
cryogenic electron microscopy and thereby elucidate the molecular mechanism

of DMSO reduction by MR-1 (Chapter 6).
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Chapter 2: General methods

Water and buffers

All water used within this work was purified by reverse osmosis (RO), unless
otherwise specified. All buffers, unless otherwise stated, were prepared using
RO water. Their pH was measured using a pH probe and adjusted as required with
concentrated stocks of HCl or NaOH, finally they were filtered with 0.45 pm filter

paper.
Media

All bacterial growth described within this work, unless otherwise specified, was
performed in Luria-Broth media (LB). LB was prepared by dissolving 25 g of LB
powder (NaCl, 10 gL, tryptone, 10 gL', yeast Extract, 5 g L") in water, which was
then autoclaved.

Antibiotics

All bacterial growth supplemented with antibiotics described was performed
with either kanamycin (30 ug mL") or carbenicillin (50 ug mL™"). These were added
from a 1000 x concentration stock, which was filter sterilised (0.2 um filter).

Bacterial storage

All bacterial strains were stored for short durations on agar plates, prepared by
addition of 15 of agar powder, to 100 mL LB media which was then autoclaved.
Autoclaved agar was heated until molten using a commercial microwave, any
required antibiotics were added, and the liquid poured into plates.

For longer storage, 0.6 mL of overnight bacterial cultures were added to 0.6 mL
of 50% v/v glycerol for cryoprotection, and the sample frozen in liquid nitrogen
before transferring to a -80 °C freezer.

CompetentE. coli preparation

An overnight culture of E. coli (Top10 or BL21 (DE3)) was first prepared from
laboratory stocks (180 RPM, 30 °C). This was used to inoculate (1% v/v) 100 mL
LB, which was grown (180 RPM, 37 °C) until an ODsy of ~0.5 was reached. The
culture was then cooled on ice for 10 minutes, before cells were harvested by
centrifugation (4000 G, 5 minutes, 4 °C). Cells were resuspended in 20 mL sterile,
cold 100 mM CalCl; solution and returned to the centrifuge (4000 G, 5 minutes,
4 °C). Cells were again resuspended in 2.5 mL 100 mM CaCl, supplemented to
20% v/v glycerol, before aliquoting at 50 yL volume, freezing in liquid nitrogen and
transferring to a -80 °C freezer.

E. coli Transformation by heat shock

Competent E. coli aliquots (Top10 or BL21 (DE3)) were transformed with plasmid
DNA by addition of 2 pL plasmid solution, and incubation on ice for 15 minutes.
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The tube was then transferred to a 42 °C water bath for ~30 seconds, before
transfer back onto ice for 2 minutes. Next, 200 yL of LB media was added and the
cells left at 37 °C with agitation for ~1 hour. 100 pL of this culture was transferred
onto an agar plate with the appropriate antibiotic and spread, this was then left
at 37 °C overnight.

S. oneidensis transformation by electroporation

Plasmid DNA was transformed into S. oneidensis by electroporation. First an
overnight culture of S. oneidensis MR-1 was prepared (180 RPM, 30 °C). Next, 3
mL of overnight culture was centrifuged (6000 G, 2 minutes) and the supernatant
discarded. The cell pellet was resuspended in 1 mL of sterile 10% v/v glycerol,
and returned to the centrifuge (6000 G, 1 minute). The supernatant was
discarded and the pellet resuspended in 1 mL of 10 % v/v glycerol before being
returned to the centrifuge (6000 G, 1 minute). From the supernatant, 930 uL was
removed before the pellet was suspended in the remaining liquid. To this 2 pL of
plasmid DNA solution was added before transferring the material to an
electroporation cuvette. The cuvette was electroporated with a voltage of 1.2 kV,
afterwhich 1 mL of SOC media was added immediately, the resultant suspension
was then mixed gently. This culture was then incubated (2 hours, 180 RPM, 30
°C), before the cells were harvested by centrifugation (4000 G, 1 minute) and
transferred onto agar with the appropriate antibiotic. This was then left overnight
at 30 °C.

DNA storage
All purified DNA described within this work was stored at -20 °C.

Plasmid extraction and purification

Plasmid DNA was purified from bacterial cultures first by preparing an overnight
culture with the appropriate antibiotic (180 RPM, 30 °C). From this, cells were
harvested from 5 mL by centrifugation (4000 G, 10 minutes) and the supernatant
discarded. The pellet was resuspended and plasmid DNA purified by use of
GenElute™ Plasmid Miniprep kits (Merck) according to the manufacturer’s
instructions. DNA was eluted in 50 pL sterile water and the DNA yield in ng uL™
estimated with a nanodrop spectrophotometer by measuring its absorbance at
260 nm.

DNA sequencing and synthesis

DNA was sequenced using sanger methods by Eurofins Genomics. To 15 uL of
purified DNA (~ 100 ng uL™"), 2 uL of sequencing primer (10 uM stock) was added.
Samples were then sequenced by Eurofins Genomics under the TubeSeq
Supreme™ service.

All DNA or primers used within this work were, unless otherwise specified,
synthesised by Eurofins Genomics.
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Polymerase chain reaction

All polymerase chain reaction (PCR) described within this work was performed
by mixing 25 pL of 2 x Flash Phusion PCR Master mix™, with 1 pL each of 10 uM
forward and reverse primer, 0.5 pL template DNA and sterile water added up to
50 pL total volume. This was incubated using a thermocycler with the parameters
described below in table 2.2 and an annealing temperature 5 °C below the
anticipated primer melting temperature, as estimated by the primer
manufacturer.

Table 2.1: PCR cycle parameters used in the preparation of this thesis.

Stage Temperature (°C) Duration (minutes)
1 98 3

2 98 0.25

3 Varied 0.5

4 72 4

5 72 12

Stages 2-4 were repeated 35 times before proceeding to stage five.

DNA gel electrophoresis, Dpnl digestion, PCR clean-up and gel extraction

PCR amplification of DNA was validated by gel electrophoresis. 1% agarose gels
were prepared by dissolving 1 g of agarose in 100 mL of Tris Acetate-EDTA (TAE)
buffer (40 mM Tris, 20 mM acetic acid, 1 mM EDTA (ethylenediaminetetraacetic
acid), pH 7.6), and heated until dissolved and molten. This was poured into a cast
and allowed to set, before transfer into a gel tank where it was submerged in
further TAE buffer. DNA samples were prepared by mixing in a 1:1 v/v ratio with a
solution of 2 x GelRed® Nucleic Acid Stain, 96 g L sucrose, 0.48 g L™ orange G
dye. Of the resultant mixture, 8 pL was loaded into gel wells. Gel electrophoresis
was performed at 120V, 100 mA for ~1.5 hours, and DNA bands visualised under
ultraviolet light. The molecular weight of DNA bands was estimated by
comparison with the inclusion of a sample of GeneRuler 1 kb Plus DNA Ladder.

Residual template DNA in PCR reactions was removed by digestion with the
enzyme Dpn1. To 4 pyL of CutSmart® Buffer, 34 pL of PCR material and 2 pL of
Dpn1 enzyme were added, before incubation at 37 °C for 1 hour.

Unless used for gel extraction, PCR synthesised DNA was then purified by use of
a GenElute™ PCR Clean-Up Kit according to the manufacturer’s instructions. The
DNA was eluted in 50 pL of sterile water.

To perform gel extraction, 1 % agarose gels were prepared as described above. In
this instance, 150 pL of DNA was mixed with 150 pL of 2 x GelRed® Nucleic Acid
Stain, 96 g L sucrose, 0.48 g L™ orange G dye. The entire resultant mixture was
loaded into large gel well and gel electrophoresis was performed at 120 V, 100
mA for ~1.5 hours. The desired band was excised from the gel under ultraviolet
light, and purified by use of a GenElute™ Gel Extraction Kit.
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Phosphorylation and ligation of blunt ended DNA

Blunt ended DNA was phosphorylated and re-ligated before transformation into
E. coliTop10. To do so, 17 pL of linearised DNA was added to 2 uL 10 x T4 Ligase
buffer and 1 yL of T4 polynucleotide kinase enzyme. This was incubated at °C for
5 minutes, before being allowed to cool at room temperature for 5 minutes. To
the mixture, 1 yL of T4 DNA ligase enzyme was added, the resultant sample was
incubated overnight at room temperature.

Sodium dodecyl sulfate polyacrylamide gel electrophoresis

Unless otherwise specified, sodium dodecyl sulphate polyacrylamide gel
electrophoresis (SDS-PAGE) of proteins was performed using mPAGE® 4-20%
Bis-Tris Precast Gels according to the manufacturer’s instructions. Once run,
gels were extracted from their casing and washed in water for 15 minutes. Gels
were then either stained for c-type heme, or protein.

To stain for protein, ~15 mL of Coomassie brilliant blue was added to the gel, in
which it was left with agitation overnight. The next day the gels were destained by
washing with agitation in water for ~2 hours. After this process, the gel was
imaged.

To stain for c-type heme, 20 mL of 250 mM sodium acetate pH 4.5 was added.
This was left with agitation for 3 minutes, before 20 mg of N,N,N,N'-
Tetramethylbenzidine dissolved in 20 mL methanol was added. Finally, 200 pL of
hydrogen peroxide (30 % w/w) was added and the gel left with agitation to stain.
After this process, the gel was imaged.

Introduction to macromolecular crystallography

The possible function(s) of biological molecules is dictated largely by their three-
dimensional structure. The importance of this statement has been recognised
for many decades’, and subsequently enormous research effort has been
devoted to determining the structure of biological molecules experimentally?.
Until relatively recently, X-ray crystallography enjoyed a near monopoly, as the
primary technique with which the structure of biological macromolecules could
be determined and subsequently the majority of structures currently deposited
in the PDB were solved using that technique3.

Despite recent advances in techniques such as cryoEM and protein structure
prediction algorithms, X-ray crystallography will likely remain a core technique.
One good reason for this, is the relatively rapid rate of data collection compared
with the necessary duration of cryoEM data collection, making crystallography
better suited to applications that require high throughput such as structure
guided screening of large ligand libraries®.

The first stage in determining the structure of a macromolecule by X-ray
crystallography is almost invariably to obtain a pure and homogenous
preparation of that molecule®. In many cases it is advisable to first consider
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carefully whether the construct from which the protein is expressed can be
optimised to increase the chances of yielding ordered crystals®. Multidomain
proteins might be best approached by splitting into two separate proteins. If the
protein includes disordered regions, it is often advisable to remove these
sequences from the protein as they can interfere with crystallisation. Finally,
crystallisation usually occurs over a period of days or weeks, and thus it is
prescient especially in the case of difficult to crystallise proteins, to take as many
additional steps to stabilise the sample as is possible. For example, receptor
proteins are often crystallised in the presence of their ligand, which can stabilise
them significantly®.

There is a vast array of strategies for protein purification available to
crystallographers including different hosts in which to express, including E. coli
and insect cells. Proteins can be crystallised after purification by various affinity
resins, for example with nickel-NTA (nitrilotriacetic acid).

Once a high concentration, pure and homogenous preparation is obtained,
crystallisation is attempted usually by high through put screening of chemical
space®. These screens are commercially available, typically, although not
always, they incorporate a buffer, a precipitant compound like polyethylene
glycol or ammonium sulfate and salts or other compounds such as calcium
chloride or isopropanol. The goal is to achieve a solution in which the
concentration of protein and precipitant are such that nucleation of a small
number of protein crystals becomes favourable, after which their growth can
propagate. To achieve this delicate balance, several different setups can be
employed, like hanging or sitting drop
vapour diffusion.

Once crystals are obtained, they may
first require optimisation. The
processes that govern the
crystallisation of macromolecules
remain  poorly understood, so
optimisation is largely an empirical
endeavour’. Typical parameters to
vary include protein concentration,
precipitant concentration, pH and
temperature. A wide variety of crystal
shapes and sizes are observed, in
general needle shaped crystals are
regarded as the least useful, followed
by plates, rods and near-cubic

Figure 2.1: Ideal crystals are large, physically
robust, cryoprotectant tolerant and well-
ordered leading to high resolution diffraction.
morphologies in increasing order of Shown here, crystals of a truncated isoform of

desirability. The improved equipment the S. oneidensis outer membrane c-type
cytochrome MtrC, ~0.3 mm across.
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at modern synchrotrons mean =
good data can now be collected
even on plates or needles of very

modest sizes. Resolution: 0A - e -

Once good quality crystals are
prepared, they are usually
cryoprotected by transfer into a
solution similar to their growth
liquor, but supplemented with
cryoprotecting compounds like
ethylene glycol or glycerol®. They
are then frozen in liquid
nitrogen, with the objective
being no contamination of the
sample with non-vitreous ice.

Figure 2.2: Diffraction pattern of S. oneidensis MtrC
The freezing of crystals at liquid tryncated isoform, collected with Eiger2 XE 16M X-ray
nitrogen temperature has detector. Note the presence of the beam stop reaching
for the left towards the centre, which protects the

proved a crucial innovation as it
detector from the beam.

affords them with orders of
magnitude reduced sensitivity to beam induced damage®.

Collection of data upon the crystals then proceeds, usually by suspending a
crystalin a stream of low temperature nitrogen gas, exposing it to the X-ray beam,
and detecting the diffraction pattern which is formed behind the crystal. The
crystalis then rotated and additional images collected. The defining feature that
distinguishes crystals from other types of matter, is that their structure is that of
a lattice, a repeated pattern of atoms in 3D space. Subsequently, as the X-ray
photons interact with the atoms in the crystal, they scattered elastically as is
described by Bragg’s law'® (Equation 2.1), in which N is an integer, reflecting the
necessity for waves to be in phase to constructively interfere and be observed, A
is the wavelength of the incident X-ray radiation, 0 is the angle at which the wave
is scattered, and d is the spacing constant of the scattering species within the
crystal.

Equation 2.1: NA = 2dsin(0)

Although it is most intuitive for the crystal to be considered as a near infinite
series of real molecules packed together in 3D space, which is a description
referred to as real space, in order to relate the spacing constant to the structure
of amolecule itis more instructive to consider the crystalin a different way. Since
the structural units within the crystal are arranged periodically, crystals can also
be described by a periodic function. This is a description that is referred to as
reciprocal space or Fourier space'. In practice, since X-rays interact significantly
only with the electrons of the atoms in the crystal, not their nuclei, this periodic
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function only need describe the electrons density in the crystal as a function of
displacement, in real space, or phase in reciprocal space.

Since protein crystals are usually comprised of molecules which contain
thousands of atoms, their reciprocal space electron density function will be
enormously more complex than a simple Y = sin(X) function. However, any
complex periodic function can be deconvoluted by a Fourier transformation, into
an infinite set of functions that are each described only by a frequency, an
amplitude and a phase, and when added together perfectly reproduce the
original complex periodic function'. This concept has many applications, but in
crystallography it describes the process of formation of a diffraction pattern™.
Each spot (also referred to as a reflection) observed on the X-ray detector
corresponds to one periodic function described by a frequency (which is
encoded in its position on the detector), an amplitude (which is described by its
relative intensity on the detector) and a phase which is not conveyed by any
feature of the spot. Together these features describe a concept referred to as a
structure factor. Accurately obtaining all the structure factors, allows the
determination of the electron density map that can be used to infer the structure
of the crystallised molecule.

Several additional considerations are worth noting. Firstly, although to perfectly
reproduce a complex periodic function, an infinite number of substituent simple
periodic functions may be required, in practice determining a crystal structure
does not require observation of an infinite number of spots. Protein crystals are
rarely ordered enough to yield spots that correspond to frequencies greater than
1A, so only require observation of a

finite number of functions ranging in

frequency up to 1 A" in order to

authentically be described.

Secondly, the fact that diffraction
spots lack any feature that conveys
their phase, makes the diffraction
data useless unless accurate
phases can be obtained by other
means'. Historically, determining
experimental phases was achieved
largely by exploiting anomalous
features in the X-ray scattering
profile induced by the presence of
heavy elements that absorb X-rays

. . . i
intensely at their absorption edge. Figure 2.3: Crystal of the Shewanella sp. HRCR-

As the number of experimentally 6, c-type cytochrome UndA during data

determined structures in the PDB collection at beamline 104, Diamond Light
Source.

has risen, and methods for protein
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Figure 2.4: Coordinates and electron density maps during refinement of S. sp. HRCR-6 c-type
cytochrome UndA. Double difference density countered at 1.2 o (blue), and single difference
density countered at 3.5 o (red and green). Note the presence of an unmodelled species causes
the appearance of a blob in single difference density maps, from which its position and
orientation can ideally be inferred.

structure prediction improved, this strategy is now used sparingly. Instead, the
experimentally determined structure of homologous proteins, or model
structures can be used to generate predicted phases which are often sufficiently
accurate to allow for structure determination. This principle is referred to as
molecular replacement’.

X-rays of wavelength ~1 A (typical in macromolecular crystallography) are highly
energetic so can severely ionise biological material, including crystalline protein.
It is therefore important to remember that the act of collecting X-ray data can
itself induce changes in the crystalline molecule'™'. Beam induced damage can
be identified by a characteristic decrease in reported reflection count on the
detector as the crystal becomes damaged.

To process diffraction data, the pattern through which the molecules in the
crystal pack together must be established. Often multiple identical copies of
the molecule (asymmetric unit) are present but orientated differently to one
another and together form the unit cell, this is described by the crystal space
group. The many images recorded by the detector as the crystal is rotated must
be merged together into a single data file and the intensities of reflections
assigned an appropriate scale that ensures they are comparable across the data
set'”'8, Modern processing pipelines have largely automated these principles,
and also facilitate the merging of multiple distinct datasets which can be
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especially useful for radiation sensitive crystals or collections aiming to obtain
time resolved insights’.

Once data is scaled and merged, and phase information incorporated by
molecular replacement to generate an initial model, the electron density map
can be used to build atoms into their density and refine their position by various
automatic and manual methods?*?'. Improved coordinates will provide phases
that are more accurate, and therefore yield improved electron density maps.
Subsequently the process of model building and refining is an iterative process.

The agreement of a set of model coordinates with experimental diffraction data
is expressed as an R-factor (equation 2.2)%2,

R _ X | Fobserved—Fcalculated
XF observed

Equation 2.2:

Where F represents the structure factor amplitude, which is a function of
reflection intensity (equation 2.3).

Equation 2.3: Intensity « |F|?

A model refined to completion will thus reach a minimum R-factor beyond which
it cannot be further reduced. It is difficult to compare R-factors between
structures solved for different proteins or crystals, but nonetheless higher
resolution structures typically do generally display lower R-factors.

Finally, it is worth noting that although interatomic bonds are typically ~2 Ain
length, X-ray data even at poorer resolution than 2 A can be used to accurately
refine positions of atomic coordinates since the geometric restraints that act
upon protein bonds and angles are now well established, so can be used to infer
structure even in ambiguous density. Subsequently, deviation from ideal
geometry is also used as a measure of quality of an X-ray derived model®.

Introduction to small-angle X-ray scattering

X-ray crystallography suffers as a technique from several key drawbacks, the
most obvious being that the biological molecules of interest must first be
induced to form well-ordered crystals before structure determination can occur.
For many proteins this is not possible, and indeed for many others in which
movement is an integral part of their cellular function, rigid crystal structures can
provide limited insight into their mechanism of action.

Small-angle X-ray scattering (SAXS) addresses this drawback, similarly by
scattering X-rays, but on biomolecules in solution*2°,

Samples of biological molecules are first prepared to high purity. Of note here is
the fact that although many of the same sample preparation techniques are
applied to SAXS as in X-ray crystallography, constructs that yield flexible sample
are no obstacle, and indeed they may be desirable if they represent a more native
state of the biomolecule.
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Next, samples are subjected to a 25

bright X-ray beam, and the Bl
intensity of elastic scattering at j: \\

small angles is measured by a ‘%_2_9 \’““"»‘..

detector placed behind a 3 '"""-wmﬂ
sample. A beam stop is also 21 —
present which protects the R 00005 o0 - -
detector from non-scattered a*(A?)

photons. In SAXS, since the 0.00012

sample molecules are not 0.0001
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Subsequently the data then
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corresponding scattering angle
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sample, but is instead usually Figure 2.5: SAXS Analysis of BSA, a globular protein.
described by the scattering Top - Guinier plot allowing derivation of Rg, middle -
vector magnitude g, which is Kratky plot showing near-gaussian distribution

. . between g of 0 and 0.1 A" indicating globular and
independent of the distance folded particle and bottom - p(r) curve indicating Dmax

between the sample and the of 85 A and gaussian distribution of inter-atomic
detector and the wavelength of X- distances, consistent with a globule shape.
rays used (equation 2.4)>*2°,

41 sin (0)

Equation 2.4: q= a

Where 20 represents the scattering angle from the sample, and A describes the
wavelength of the incident X-ray beam.

An important aspect of SAXS, is that the contribution to scattering by X-rays
made by the solvent must be properly normalised for. This is because unlike in
crystal-induced diffraction, at small angles, proteins only scatter X-rays slightly
more intensely than aqueous solutions do?®, and therefore the signal produced
by the sample is hidden within a great deal of solvent noise. Thus it is critical that
an excellent baseline of the sample buffer is measured so that it can be
subtracted from the sample data?.
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One strategy to alleviate this issue, is to collect SAXS data upon the eluent stream
of a sample after applying it to a size exclusion chromatography (SEC) column,
referred to as SEC-SAXS. This allows data measured just before the sample
elutes, just after the sample elutes, or both, to be used as the baseline which
should yield accurate baseline normalisation, admittedly at the cost of sample
dilution during the SEC?.

The shape of the intensities as a function of g plot can be analysed to extract
information about the structure of the sample biomolecule. One important
parameter is the radius of gyration, Rg, which describes the average distance of
scattering species within the particle, from its centre of mass, weighted by their
relative contribution to the scattering?®. For globular molecules, Ry will be well is
directly a function of particle molecular weight, but for non-globular particles the
R value will differ from that significantly®. R; can be calculated via the Guinier
approximation which is valid only at low q values (equation 2.5)%,

2p2

Equation 2.5: 1(q) = 1(0)e” 3

Where I(q) represents the measured intensity at a scattering vector magnitude q,
I(0) represents the (directly unmeasurable) scattered intensity at q = 0,
represents the scattering vector magnitude, and Ry describes the average
distance of scattering objects from the particle centre of mass weighted by
relative contribution?. At small g values, plotting In[l(q)] against g2 will yield a
straight line, within which Rg can be extracted from the gradient.

Also useful, is the Kratky plot. Plotting g®l(q) versus q will yield a near gaussian
profile for globular particles at low g*, but for non-globular particles will yield a
flattened profile because for these particles the intensity of the scattering they
induce decays with less rapidity as q increases®'.

Finally, perhaps the most informative analysis that can be performed on SAXS
data is the derivation of a pairwise inter-scatterer distance distribution function
usually referred to as p(r). This function describes the relative frequency of
distances between centres of electron density with the sample, and can be
obtained by computing the Fourier transformation of the scattering profile
[(g)*>*2. This converts the measurements, collected in reciprocal space, into a
histogram of real space distances in which local maxima can correspond to inter-
domain distances in flexible proteins, making this analysis often very powerful
for those samples®>®. It conveys also a maximum distance with appreciable
frequency Dmax, Which naturally varies drastically between globular and
disordered proteins of the same molecular weight>.

With these SAXS-derived parameters significantinsight can be gained, especially
for dynamic systems. They can also be used to fit models to the experimental
data which allows for improved descriptions of the solution state of biological
macromolecules?®*?8,
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Introduction to single-particle cryogenic electron microscopy

Although SAXS can provide valuable insight into the structure and function of
biological macromolecules, the information it provides is fundamentally limited
by the isotropic nature of the X-ray scattering involved and subsequently, atomic
level detail is not accessible via SAXS. Single particle cryoEM is now a technique
that can routinely provide atomic level detail into large biomolecules®.

Single-particle cryoEM differs significantly from both X-ray crystallography and
SAXS because it exploits electrons rather than X-rays for illumination. Although
sometimes considered as particles, electrons can also be considered as waves
and therefore be used to image biological particles. The wavelength of an
electron is described by the de Broglie equation (equation 2.6).

Equation 2.6: 1=

mv

In which A represents wavelength, h represents the Planck constant, m
represents particle mass and v represents particle velocity.

The first step in successful structure determination in cryoEM, just as is in both
X-ray based techniques, is obtaining a high quality and homogenous sample
preparation®. Naturally since crystallisation is not required, the sample may
include protein complexes with poor stability, or membrane proteins which tend
not to crystallise productively. As with X-ray based techniques, these samples
should be isolated to high-purity usually by some combination of affinity
chromatography or ionic chromatography, with SEC*®. It is helpful to eliminate as
much heterogeneity or aggregation from the sample as possible, making SEC a
crucial final workflow stage**, especially given cyroEM is more often applied to
samples that are less robust.

The sampleisthen applied to a solid support structure known as a grid. Grids can
be manufactured from different materials butinvariably, within the grid, a pattern
of holes are engineered precisely.

For analysis of proteins and protein complexes at atomic level detail, near native
states are required to achieve this meaning the addition of stains or fixing agents
is undesirable. Instead, excess liquid is wicked away from the grid, and it is
plunged into a bath of usually liquid ethane at high speed®. This ensures
sufficiently rapid freezing that the sample particles become fixed within a thin
layer of vitreous (amorphous/non-crystalline) ice®.

This ideally creates a situation in which firstly very little crystalline ice is present,
because crystalline ice formation will damage the sample. The sample will
ideally be distributed about the hole with a density allowing a large number of
particles to be picked, with as few as possible being compromised by the
presence of multiple overlapping particles. Thirdly, the ice thickness across the
holes will ideally be thick enough to ensure most of the sample is not damaged
by interacting with the air-water interface, which is increasingly being recognised
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as a significant obstacle to success in cryoEM?, but thin enough that penetrance
by the beam of electrons is high and particles thus display good contrast.

Grids are kept under cryogenic conditions and mounted under vacuum within a
microscope. Images are then collected of the particles, at high magnification
(100,000 times or higher). The microscope maintains the cryogenic temperature
of the sample throughout image collection and importantly also maintains a high
vacuum within the column in which the grid is placed®. These features ensure
the beam of electrons generated at the top of the microscope can efficiently
travel down the microscope, pass through the sample which is kept vitreous, and
be detected below.

Once high quality images are obtained, a number of preprocessing steps are
applied to them. Despite the impressive stability of modern microscope stages,
some motion of the specimen is unavoidable, however, the high fidelity of
electron detectors that are now deployed widely allows them to record images
as movies consisting of multiple frames. These frames can be used to determine
the movement of the microscope stage and therefore motion-correct the
images®.

Another important process is estimating, and correcting for, information loss via
the contrast transfer function (CTF)®. Intrinsic to transmission electron
microscopes is loss of information due to microscope aberrations, the most
important of which derives from the fact that cryoEM images are actually
collected just out of focus (defocus). This is necessary because at focus,
particles display no contrast and are therefore impossible to identify against
background noise®. To explain the CTF, requires describing 2D cryoEM images in
reciprocal space, i.e. as a collection of periodic functions described by a
frequency, amplitude and phase which when combined reproduce the original
image. Amplitudes at particular frequencies, especially those corresponding to
high resolution detail, become intensely attenuated by the collection of images
at significant defocus. This process is described by the contrast transfer
function, which can be modelled in good quality images, allowing for the
boosting of frequencies that have been attenuated®. This drastically improves
image quality although does not totally eliminate information loss since
frequencies at which the CTF intercepts the zero contrast axis are not
recoverable®. They can however be supplemented into the reconstruction by
collecting many images at different levels of defocus, thereby shifting the
position of CTF zero contrast axis intercept points®.

With motion corrected images and accurate CTF fitting, particle picking is begun.
This process can be done manually, however it is tedious and time consuming
and especially in low-contrast micrographs of small (<300 kDa) particles, it can
be difficult. Subsequently many programs have been devised that automate the
particle picking process, the most popular of which include Topaz and
crYOLO#o41,
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With the coordinates of a stack of many thousands of potential particles, bad
particles, which may represent damaged protein, contaminants or other
artifacts, must be eliminated. This can be done by analysing the particles,
statistically, sorting them into sub-stacks of most-similar particles, referred to as
2D classification*?. Averaging of these sub-stacks builds up signal to noise
producing an image which for a good data set, should show clear features that
are consistent with that expected for the particle under study. Comparison of
these images, especially for particles with a distinctive shape should clearly
demonstrate they represent different orientations of the same particle. Bad
particles and artifacts will not average into species with clear features, and will
usually be sorted into stacks with low overall particle counts*2.

Next, 2D projections must be used to obtain a starting 3D model. Historically this
could be done utilising existing crystal structures of individual components
within a complex, or with model structures, but these can introduce bias into the
final model. Instead most cryoEM processing pipelines now include ab initio
model generation. This is usually achieved via an iterative algorithm that seeks to
align 2D particle projections to a random noise model, then regenerate the model
and re-align the 2D particle projections which, given enough iterations, can
ideally produce a good 3D starting model from the initial noise model*344,

With a 3D volume model, particles can be further statistically classified, now in
3D, to generate separate models. This can be useful for removing particles which
are too low in signal to noise ratio to contribute helpfully to a high-resolution
stack, or damaged but were not removed in the 2D classification®. It also can
allow for separation of particles with subtly different conformations, which may
provide useful insight into the particle’s mechanism of action.

A final stack of images that represent 2D projections of the particle can then be
analysed by what is referred to as 3D refinement. In this process, angles
describing the orientation of the particle and values describing its translation
about the centre of the image, both in real space are iteratively modelled to
greater and greater accuracy. This process allows averaging of many 2D
projection images to yield a high resolution 3D volume, and can be achieved by
exploiting the projection-slice theorem?4’. This theorem states that taking the
Fourier transform of a 2D projection image of an object, yields one slice through
a 3D Fourier transform of that object with an angle defined by the orientation of
the object in that projection“®. Therefore with many 2D projections, many slices
can be obtained, allowing for reconstruction of a near-faithful model of the
original object by returning a densely packed 3D slice collection to real space by
computing its inverse Fourier transformation. The level of detail in the
subsequent reconstruction improves with improvements in modelling of the
projection angles and translations.

In the early days of cryoEM much effort was dedicated to ensuring this process
remained unbiased®. This resulted in several innovations including low-pass
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filtering initial models, automation of the refinement process to remove user bias
and the so called “gold standard” fourier shell correlation (FSC) for determining
refinement convergence and resolution?’. In this strategy, the dataset is refined
separately as two halves, and the correlation between the two in reciprocal
space calculated as a function of spatial frequency*. The community agreed
upon cut off of 0.143 cross correlation has been accepted as a generally
acceptable point from which to report a spatial frequency as a robust resolution
estimate®®4°,

Further boosts to map quality can also often be gained by improvements in the
accuracy of the correction for motion of the sample during image collection, or
modelling, and correction, for the CTF. These gains are achieved by now
assessing these two properties on a per-particle basis, rather than a per-
micrograph basis which can vyield a significant improvement in final
resolution®®®,

Finally, cryoEM map volumes are comprised not only of a protein particle, but
also a significant quantity of aqueous solvent. The solvent volume carries no
usefulinformation and causes underestimation of the true resolution by FSC due
to its only contributing noise. cryoEM data processing pipelines thus include
algorithms for masking out the effect of the solvent volume, and boosting the
amplitudes of information that is high frequency, in reciprocal space, within the
reconstruction®. This procedure is important since these frequencies are harder
to observe so they are subsequently always underrepresented in data sets®.

Interpretation of cryoEM density maps is often made significantly easier by
generating an atomic model for the observed density, although note than unlike
X-ray crystallography, in which coordinates are required to achieve phasing of the
X-ray data, this is not an integral part of cryoEM. With some ~200,000 structures
deposited in the PDB it is often possible to dock into the map an existing atomic
structure of at least some of the proteins that comprise the particle®. If no
experimentally determined structure is available, modern protein structure
prediction algorithms can be employed to dock in predicted structures®. If
neither of these strategies yield satisfactory results, or if the identity of the
protein that provided the density is not known, but the map is of sufficient quality,
automatic de novo model building programs have been written which can trace
an amino acid backbone and infer side chain identities, with remarkable
precision®®.

Once a starting atomic model is obtained, this can be refined to improve its
accuracy in terms of fitting of atoms in density, and conformity to established
atomic geometry within proteins®®. Although many principles are shared between
the two, this process differs somewhat from crystallographic model refinement
since as noted above, cryoEM real space maps do not suffer from phasing
ambiguity. Ultimately it is best that inferences from maps or models are
evaluated not against reported FSC intercept value or X-ray reflection spatial
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11.

12.

frequency, but instead from the detail actually present within the density, and
how well the atomic model matches that density.
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Chapter 3: The preparation and structure of
heme containing isoforms of the c-type

cytochrome PgcA

Introduction

For a Gram-negative bacterium to couple energy conservation with the reduction
of insoluble substrates, the reduction of such substrates must occur in the
extracellular milieu. Consequently, electrons derived from the quinol pool must
pass across the cellular envelope and reach cell surface reductase enzymes'3.

This process is now known to involve electron transfer through cytochrome
proteins containing several heme cofactors’. These hemes are typically bis-
histidine coordinated and tightly packed within the protein, such that the
porphyrin rings are usually <5 A apart, enabling rapid electron exchange across
the cytochrome*®. In G. sulfurreducens these cytochromes include inner
membrane quinol dehydrogenases, periplasmic electron shuttles, outer-
membrane associated cytochromes and extracellular polymeric cytochrome
wires that are composed of multiheme modules of 4-8 hemes®. In all these
cytochromes, the heme cofactors are either predicted, or experimentally shown,
to be packed into tight and rigid chains.

In addition to this broad range of multiheme cytochromes required for efficient
EET, G. sulfurreducens PCA also produces a triheme cytochrome known as
PgcA’. This protein can have a significant role in the reduction of metal oxides?,
since a mutant G. sulfurreducens ApgcA strain was capable of reducing soluble
iron(lll) citrate but not insoluble iron(lll) and manganese(lV) oxides®.

The amino acid sequence of PgcA contains (Figure 3.1A) a predicted cleavable
Sec signal peptide followed by an N-terminal lipid site, and four domains
interspersed by repeated (PT)x motifs'™. The first domain is not predicted to
contain any cofactors, while the other three domains each contain a single c-
type heme'. Recombinant expression of pgcA in Shewanella oneidensis has
been reported and resulted in the synthesis of a truncated PgcA, not recognised
by the type Il secretion system, and trapped in the periplasm?®.

The individual monoheme domains of PgcA have recently been cloned and their
successful recombinant expression has also been reported. NMR
spectroscopy of those monoheme domains suggested that inter-domain
interactions were transient in nature, indicating that the protein is unlikely to
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transfer electrons via a rigid heme chain, as observed in other multiheme

cytochromes™.

The existence of a cytochrome with an important role in EET that has its heme

cofactors separated into distinct
domains interspersed by repeat
motifs is unprecedented.
Furthermore it remains unclear
what implications this unique
structural arrangement would
have for the mechanism of
electron transfer, and cellular
function, of the protein. The work
described within this chapter
sought to obtain pure
preparations of heme containing
isoforms of PgcA, to then
determine their structures and
examine their other biophysical
properties. Its findings
demonstrate PgcA to be the first
of a new class of redox enzymes,
with redox centres separated by
nanometres, but tethered
together by flexible linkers.

Results

Heterologous expression of
PgcA results in a monomeric
triheme protein

Recombinant PgcA with a C-
terminal Strep-ll purification tag
was isolated from S. oneidensis
MR-1 cell extracts by affinity
chromatography as described in
Chapter 3 Methods. Pooled PgcA
fractions were analysed using
SDS-PAGE and stained with
Coomassie and for heme,
revealing a minor band at 50 kDa
and a major band at ~30 kDa
(Figure 3.1B & C). These two
heme-containing bands both
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Figure 3.1: Recombinant PgcA is a triheme
cytochrome containing 3 monoheme domains. (A)
Domain architecture of PgcA. Cleavage at Met252
results in a triheme PgcA containing three monoheme
cytochrome domains interspersed by Pro-Thr motifs.
(B) Coomassie stained gradient SDS-PAGE gel of
triheme PgcA and purification intermediates. Lane 1:
Clarified cell lysate. Lane 2: Strep-Tactin affinity
chromatography eluent. Lane 3: Size exclusion
chromatography isolated triheme PgcA. (C)
Peroxidase-heme stained gradient SDS-PAGE gel of
triheme PgcA. Lane 1: Strep-Tactin affinity
chromatography eluent. Lane 2: ~30 kDa triheme
PgcA isolated by size exclusion chromatography. . (D)
Deconvoluted mass spectra for triheme PgcA, residue
253-C terminus fragment predicted molecular weight
from amino acid sequence: 28,872.4 Da.
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bound to the Strep-Tactin affinity resin, consistent with the isolation of two
different PgcA isoforms, as previously observed for heterologously expressed
PgcA®.

Using Size exclusion chromatography, the two isoforms were separated resulting
in the isolation of the ~30 kDa form of PgcA. LC-MS analysis revealed its mass
was 28,873 Da (Figure 3.1D), within 1 Da of the predicted mass for arecombinant
PgcA containing three C-hemes (each contributing mass 615.17 Da as described
in Yang et al’’) and having undergone proteolytic cleavage between Met252 and
Pro253 at the C-terminus of the non-heme domain. This species is referred to
subsequently as triheme PgcA.
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i 1S

7 75 8 8.5 9 95 10 7 7.5 8 8.5 9 95 10
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L D 1 2 3
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37
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Figure 3.2: LC-MS and SDS-PAGE of monoheme domains. Deconvoluted mass spectra for
PgcA monoheme domains | (A), Il (B) and Ill (C), Theoretical molecular weights calculated from
mature sequence and 615.17 Da c-heme contribution are 8,152, 8,389 and 9,069 Da,
respectively. (D) Coomassie stained gel of purified PgcA monoheme domains. Lane 1: Domain I.
Lane 2: domain Il. Lane 3: domain lll.
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Purification and X-ray crystallographic analysis of individual PgcA heme
domains I, Il and 1l

Plasmids containing genes encoding the monoheme PgcA domains I, Il and Il
were prepared as described in Chapter 3 Methods. These plasmid constructs,
called pPGCA-DI, pPGCA-DIl and pPGCA-DIll also included a Strep-Il purification
tags at their C-terminus and the S. oneidensis MR-1 MtrB signal peptide at their
N-terminus, which was previously used to overexpress recombinant
cytochromes in S. oneidensis'?. The constructs were overexpressed in S.
oneidensis MR-1 and the proteins purified as described in Chapter 3 Methods.

The masses of the purified proteins were determined by LC-MS to be within 2 Da
of that predicted from their amino acid sequence, and they displayed a single
band at a molecular weight consistent with LC-MS when analysed by Coomassie
stained SDS-PAGE (Figure 3.2)

From these data, it was concluded that successful preparation of pure PgcA
monoheme domains had been achieved. These samples were then subjected to
crystallisation trials using a Douglas Instruments Orxy Nano robot to dispense
drops into Swissci 96-well 2-drop sitting drop trays. Crystals with plate-like, plate
and needle morphologies were obtained for domains I, Il and Ill respectively
(Figure 3.3).

The atomic structures of the three PgcA monoheme domains were then resolved
by X-ray diffraction (Chapter 3 appendix figures 1-3). The 1.55 A crystal structure
of monoheme domain | reveals a globular arrangement comprising residues 261-
321 from the PgcA amino acid sequence (Figure 3.4A). The protein contains a
single c-heme cofactor covalently attached via thioether bonds to the cysteines
of the CXXCH motif. The heme is enclosed in a peptide fold consisting of three
short a-helices separated by flexible loops, with the CXXCH motif located within
the first a-helix. The axial ligation of the heme iron is provided by His274 on the
proximal side and Met301 on the distal side. The imidazole group of His274 is
positioned within H-bonding distance (2.8 A) of the carboxyl group of Glu281
(Figure 3.5A). This interaction could influence the properties of the heme group,
maintaining a suitable En to facilitate the transfer of electrons onto low potential

Figure 3.3: Crystals of PgcA monoheme domains. Left to right respectively, crystals of PgcA
monoheme domain |, Il and lll obtained via sitting drop diffusion at protein concentrations of 10,
10 and 20 mg mL™ respectively.
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Figure 3.4: X-ray crystal structures of PgcA monoheme domains. (A) Monoheme
domain |, green, 1.55 A resolution. (B) Monoheme domain IlI, magenta, 1.80 A
resolution. (C) Monoheme domain lll, yellow, 1.90 A resolution. Heme iron-ligating
residues represented with sticks.

minerals which may otherwise be challenging since His-Met heme ligation is
typically associated with higher potential hemes’.
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The 1.8 A crystal structure of heme domain Il (Figure 3.4B) consisted of six copies
of the protein within the asymmetric unit, comprising residues 352-414 of the
PgcA amino acid sequence. The overall fold is the same within each copy (average
pairwise RMSD = 0.134 A) and consists of four loop-linked a-helices
encapsulating the c-type heme moiety. The structures of domains | and Il are
highly similar, with a root mean square deviation (RMSD) of 0.453 A and share
53% sequence identity. Like domain |, domain Il displays His-Met heme ligation
(inthis case fromresidues His365 and Met392) and the imidazole group of His365
is within H-bonding distance (2.7 A) of the carboxylate group of Asp372 (Figure
3.5B). This suggests that PgcA domains | and Il likely arose from a gene
duplication event, and that both the heme axial ligands and the histidine
coordinated acidic residues are important structural features of these domains.

The 1.9 A crystal structure of heme domain lll (Figure 3.4C) was composed of
PgcA residues 444-511 and is significantly different from those of domains | and
Il. First, coordination of the iron atom within the c-type heme is bis-His (His459
and His491), as commonly observed in multiheme cytochromes. Secondly, no
acidic side chain is observed near the distal ligating histidine residue. Domain lll
contains only three a-helices despite its molecular weight being ~1 kDa larger
than those of the preceding two domains. In fact, a larger fraction of its
polypeptide chain forms loops that likely possess greater flexibility when
unrestricted by crystallisation. This crystal structure also shows that 33% of the
total surface area of the c-type heme moiety is solvent exposed, which is
substantially larger than the 25% exposure of the hemes in domains | and Il.

Biophysical analysis of the solution structure of PgcA

The biophysical properties of PgcA and the three monoheme domains were
analysed using sedimentation velocity. Continuous sedimentation distribution
c(S) analysis revealed single, monodisperse species with sy w values of 1.17,
1.27, 1.36 S, corresponding to molecular weights of 8.9, 9.5 and 10.5 kDa for

Figure 3.5: Crystographically resolved conformation of E281 and D372 sidechains . Cartoon
representation of PgcA monoheme domains | (A) and Il (B) crystal structures at 1.55 and 1.8 A
resolution respectively, with heme, iron-ligating residues and histidine H-bonding residues E281
and D372 represented with sticks.

99



domains|, Il and lll, respectively (Figure 3.6A-C). c(S) analysis of a mixed sample
containing all three domains revealed a single peak with an Sywvalue of 1.28 S,
indicating no significant complex formation between the three domains (Figure
3.6D). c(S) analysis of the triheme PgcA revealed a major peak at 1.98 S (31.2
kDa), consistent with the presence of a single PgcA species in solution (Figure
3.6E) which was in agreement with its SEC trace (Figure 3.6F). The fitted f/f, ratio
of triheme PgcA was 1.81, indicating a significantly elongated structure, rather
than the globular structures of the monoheme domains (f/fo ~1.3). All these data
are consistent with three heme-containing domains being connected by flexible
linkers, rather than a closely packed globular structure.

Size-exclusion chromatography coupled with small-angle X-ray scattering (SEC-
SAXS) was undertaken on triheme PgcA samples at 2.5,5 and 10 mg mL".
Samples eluted at the same positions and gave a uniform radius of gyration (Ry)
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Figure 3.6: Solution state properties of PgcA monoheme domains and triheme PgcA.
Sedimentation velocity (c(S)) analysis of sedimentation velocity data for PgcA monoheme
domain | (A), Domain Il (B), Domain Il (C) (= 6 uM) and stoichiometric mixture of all three domains
(% 2 uyM each) (D), in 20 mM HEPES, 100 mM NaCl pH 7.8 under 129,000 G at 20 °C. (E) c(S)
distribution analysis of triheme PgcA under 129,000C G sedimentation velocity analysis in 100
mM Tris-HCL 100 mM NaCl pH 8.0, at 20 °C, at 2 uM. Inset top: Raw data sedimentation and fit.
Inset middle: 2D difference map. Inset bottom: residual difference plot. (F) Size-exclusion
chromatography trace for triheme PgcA in 20 mM HEPES pH 7.9, 100 mM NaCl at 4 °C, with 0.5

mL min” flowrate through a 16/600 Superdex 75 PG column.
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at higher scattering intensities (Figure 3.7A). Scans in this region were averaged
and compared to the median to generate appropriate scattering curves (Figure
3.7C). Guinier analysis of the scattering curves at each concentration remained
constant to low Q and gave Rgvalues 0of39+0.4,44 +0.3and 43 0.2 A for 2.5,5
and 10 mg mL" concentrations, respectively (Figure 3.7B). Taken together, these
results indicate that PgcA remains monodisperse across the experimental
concentration range. Therefore, the sample at 10 mg mL™" was used for further
analysis. Plotting the data as a function of 1(q) x g2 (Kratky) versus q yielded a
scattering curve with a stretched, broad shoulder displaying maxima at q =0.15
A7, rather than the typical sharp, near-Gaussian peak at low g values associated
with folded proteins (Figure 3.7B). This analysis is consistent with the hypothesis
that the triheme PgcA structure contains significantly disordered regions, which
cannot be explained by the sequences contained within the crystal structures
and therefore must derive from the repeat motifs.

The probability distance distribution p(r) curve for the PgcA scattering profile
yielded a broad curve with identifiable peaks at 21, 60, 96 and 136 A, before
reaching a Dmax 0f 180 A (Figure 3.7D). This profile provides vital information about
the dynamics of PgcA in solution. The peak at 20 A results from the interatomic
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Figure 3.7: SAXS analysis of triheme PgcA. (A) Triheme PgcA SEC-SAXS traces injected at 10.0

mg mL" in 50 mM Tris-HCl 50 mM NaCl pH 8.0. The continues line shows the integrated
scattering intensity, relative to baseline for each scan and the open circles show the approximate
Guinier Rg values calculated for the corresponding scan. (B) SEC-SAXS Kratky plot and Guinier

approximation plot for triheme PgcA at 10 (black), 5 (grey) and 2.5 (blue) mg mL”. (C)
Log,, intensity plot of subtracted and merged SAXS frames for 10 mg mL” PgcA. Calculated via

buffer-background subtraction, from selected scans, of the mean (black) and median (grey). (D)
p(R) distribution model for triheme PgcA using the Primus Autognom function.
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distances within each of the three domains, the peak at 60 A likely represents the
average interatomic distances between adjacentdomainslandllorll andlll, and
most importantly the remaining two peaks likely result from the average
interatomic distances between domains | and lll, which exist in a range of
conformations and stretch as far apart as 180 A.

Using the modelling program MULTIFOXS™, the experimental scattering data
was fitted to a range of models generated from the crystal structures of the three
cytochrome domains connected with flexible (PT)4 linkers (Figure 3.8A & B). The
minimum number of models required to fit the experimental data was two (Figure
3.8C), representing different averaged conformations of PgcA in solution. Further
analysis with the EOM method™' consistently revealed that most

A 0 B 60 A
—]
A
e
2 oY ad
5 a
= 21A S
9—_3 —
=] Bio
k] . fyodlye =
et ;1
4 R <o
57
.“,:;
5 B Y
-6 =
0 0.05 0.1 0.15 0.2 0.25 0.3 =
C Q (AY 180 A
9
8
g 7
@ 6
o5
= 3.54
'3
2 1.58 1.51 1.46 1.45
1 . I — —
1 2 3 4 5
Number of conformations modelled
D 0.07 E 0.08
0.06 0.07
5 0.06
g 3005
S 004 <
2 3004
g 003 3
= = 003
0.02 His
0.01 0.01
(] 0 —
0 10 20 30 40 50 60 70 0 50 100 150 200
Rg (A) Dmax (A)

Figure 3.8: Biophysical solution state modelling of triheme PgcA. (A) Experimental scattering
intensity against scattering angle plot (black), MultiFoXS conformation ensemble model-
predicted scattering plot (grey) and EOM optimised ensemble model-predicted scattering plot
(blue). (B) Two representative PgcA structural conformation models from the three-state model,
generated by MultiFoXS fitting to experimental scattering. (C) MultiFoXS conformation modelling
ensemble size experiment-data fit quality histogram. (D) and (E) Frequency distribution plots
generated by EOM analysis of triheme PgcA SEC-SAXS scattering curve. Initial randomised
ensemble shown in black, optimised ensemble with improved fit to the experimental data in grey,
analysis was performed four times giving similar results, which were averaged yielding these
plots.
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conformations adopted by PgcA exist between Rg values of 30 and 55 A and
between Dma values of 70 and 160 A (Figure 3.8D & E), suggesting that
intermediate extension of the protein dominates over the rarer contracted forms
and highly-extended forms.

Discussion

The transfer of electrons through chains of redox-active cofactors is a
fundamental process, ubiquitous in all organisms'. To ensure that electron
transfer is both rapid and controlled, cofactors must be packed together so the
overall distance between edges is typically less than 15 A7, For c-type
cytochromes, these edge-edge distances are often <5 A, allowing for electron
transfer on a nanosecond timescale across multiheme proteins®'®'819 These
heme wires can be over 120 A in the periplasm or 180 A across the outer
membrane, while polymers of c-type cytochromes, such as OmcS, OmcZ and
OmcE in G. sulfurreducens, can reach micrometres in length®2%2', Those wires
allow for rapid electron transfer between electron donors and terminal electron
acceptors but require the assembly of multiple heme groups that are costly to
synthesize.

In this chapter, the structure of a new type of multiheme cytochrome that
consists of individual c-type cytochrome domains tethered together by (PT)«
linker peptides is revealed. Structural and biophysical analysis of the three
domains show them to be distinct, highly solvent exposed monoheme proteins,
two of which have His-Met heme coordination and one that is His-His
coordinated?. Domains | and Il possess two acidic residues, Glu281 and Asp372,
which hydrogen bond the proximal histidine of the His-Met coordinated heme.
These negatively charged residues might help stabilise the Fe®* state over Fe*,
lowering the En, of domains land Il.

The multimodal SAXS p(R) curve of the triheme PgcA is consistent with three
freely moving, but tethered, domains. The maximum at 20 A represents the
distances between atoms located in the same domain, while the maximum at 60
A represents the distances between atoms in different domains, at the most
prevalent inter-domain distance. This explains the exceptionally high radius of
gyration and implies that the shallow p(r) decrease to a Dyax of >180 A is derived
from a small population of the most extended conformations of the chain. The
Dmax Of 180 A therefore corresponds to the greatest inter-atomic distance within
the most extended conformer(s).

The novel flexible-movement based structural system described within this
chapter may maximise the chance of mineral-PgcA contact, while allowing
electron transfer between the domains. However since SAXS analysis of PgcA
implies the domains spend a significant duration 20 A apart or further, the rate of
electron transfer is likely to be orders of magnitude slower than those of closely-
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packed heme wire proteins®. Therefore it seems more likely PgcA probably
performs a complementary function to those proteins, rather than a parallel one.
For example, in instances where mineral-cell contact occurs, transport of
electrons across the outer membrane will be rapid exclusively at the point of
mineral contact. A large number of PgcA proteins might facilitate rapid lateral
electron transfer across the cell’s outer surface, allowing porin-cytochrome
complexes not in direct contact with the mineral to indirectly reduce it.

Using the known structures, mass and heme number of cytochrome wires, it can
be estimated that for a similar wire to span the eighteen nanometres measured
for PgcA, itwould require a 24-heme arrangement with a mass of 85-125 kDa. This
mechanism for long range electron transfer on minimal heme chassis is
ubiquitous, as genes encoding extracellular PgcA paralogues containing 3-14
hemes have been identified in the genomes of disparate bacteria, such as
Geotalea luticola, Citrifermentans bemidjiensis and Pelobacter selenigens™. The
specific roles of these genes are not yet defined, but the information provided by
this chapter suggests that long-range extracellular electron transfer through
tethered hemes is potentially an important respiratory strategy for environmental
microorganisms.

These findings also could provide a basis for further study of tethered heme
electron transport proteins. Such future experiments could seek to explain why
PgcA undergoes truncation between Met252 and Pro253 when expressed
recombinantly in S. oneidensis, although important findings possibly of
relevance to this question are described in Chapter 5. In this context, it is also
unclear why ~50 kDa PgcA can be purified from the soluble fraction at all, since
lipidated proteins are usually considered insoluble in aqueous solution
suggesting PgcA might not be lipidated by S. oneidensis®.

Future experiments could also attempt to establish whether PgcA contains
specifically three hemes tethered together rather than two or four, or even more.
Additional domains could be incorporated, or a domain could be removed and
the subsequent electron transfer rates measured. Itis interesting to contemplate
how large of a tethered heme protein can actually be constructed. Presumably a
hard limit on the number of domains that is viable will be imposed either by the
inability either of the cell to synthesize a protein of extreme size, or by inability of
some component in the cytochrome maturation/translocation pathways, that
ensuring proper assembly and translocation, in processing a massive
cytochrome.

A related and interesting question also beyond the scope of this chapter is
whether the Pro-Thr motifs are ~30 amino acids in length rather than 40 or 20. The
results within this chapter could provide a basis for examining the effect of Pro-
Thr motif truncation/expansion via SAXS which might lead to decreased or
increased flexibility/movement, respectively.
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Methods

Plasmid design and construction.

The PgcA gene was provided by Prof. Daniel Bond (University of Minnesota) in
pBAD202PgcA and transformed into S. oneidensis MR-1 strain LS527. Plasmid
DNA was purified, and PCR mutagenesis was performed to generate first the
pBAD202PgcA-strep construct using primers in Table 3.2. This linear DNA was
digested with Dpn1, and re-circularised with T4 polynucleotide kinase and T4
ligase. This was transformed into E. coli Top10 from which plasmid DNA was
extracted and purified before sequencing. The plasmid DNA was then
transformed into S. oneidensis MR-1 by electroporation.

From the pBAD202PgcA-strep DNA, the three single domain constructs were
subsequently generated in one and two rounds of PCR mutagenesis for domain
Il and domains | and Il, respectively using primers shown in Table 3.2. The linear
blunt ended DNA fragments were circularised with T4 polynucleotide kinase and
ligase before heat shock transformation into E. coli Top10, DNA purification and
sequencing, and subsequent electroporation back into MR-1.

Primers and respective plasmids are shown in Table 3.2, for more detailed
description of cloning protocols, see Chapter 2.

Expression and purification of PgcA isoform proteins

Colonies of S. oneidensis MR-1 were transferred into 100 mL LB-media (30 pg mL-
' kanamycin) and grown aerobically overnight, before 1.5 % inoculation of 1 L LB
in baffled flasks. These were grown until ODggo 0.5 was reached, 3 mM arabinose
was then added after which they were incubated overnight, all growth at 30 °C
180 RPM.

Cells were harvested by centrifugation (4000 G, 20 minutes), resuspended in ~50
mL of cold 100 mM Tris-HCL, 150 mM NaCl pH 8.0 (buffer A) supplemented with
DNAse, and lysed by double-pass through a French press at 1000 PSI. Cell lysate
was clarified by ultracentrifugation (200,000 G, 1 hour, 4°C) and the pellet
discarded.

The soluble fraction was then loaded onto a Strep-Tactin® XT 4Flow’ column
equilibrated with buffer A before being washed with 15 column volumes of buffer
A, and eluted with 6 column volumes of buffer A supplemented to 50 mM biotin,
all according to the manufacturer’s guidelines.

Purified protein fractions were then concentrated using 3 kDa MWCO spin
concentrators and further purified by SEC through a cytiva HiLoad 16/600
Superdex 75 pg column into 20 mM HEPES, 100 mM NaCl pH 7.8.

Purity was assessed throughout using SDS-PAGE stained with Coomassie and
peroxidase linked heme stain?*, and 410-280 nm absorbance ratio. Molecular
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weight of purified proteins was determined by LC-MS as described in ref?.
Protein anticipated molecular weights calculated by inputting the amino acid
sequence to ExPASy ProtParam?® and including a mass of 615.17 Da per heme.

Small-angle X-ray scattering and analytical ultracentrifugation

Triheme PgcA in 50 mM Tris 50 mM NaCl pH 8.0 was concentrated to 10, 5 and
2.5 mg mL"'and analysed on B21 at Diamond light source. Samples were loaded
onto a Shodex KW-402.5 SEC column equilibrated in the same buffer and data
was recorded using an Eiger 4M detector. Data were analysed using ScAtter IV
(bl1231.als.lbl.gov/scatter/) where scans with uniform radius of gyration (Ry)
values were averaged, and baseline was subtracted using pre-protein peak
scans. Guinier, Kratky and plots were generated with Primus'. The Primus
distance distribution wizard Autognom function was then used to generate a p(R)
plot'. The 10 mg mL™" scattering data and triheme PgcA sequence was uploaded
to the MultiFoxS and EOM servers and modelled with default parameters using
the crystal structures specified as rigid bodies and the (PT)x sequences as
flexible.

Sedimentation velocity samples were diluted to ~2 pM in 100 mM Tris-HCIL, 100
mM NaCl, pH 8. Samples were centrifuged at 129,000 G, 20 °C, and migration
through the cell monitored at 408 nm. Scans were analysed with default
parameters using the software program Sedfit in ¢(S) distribution mode?” which
utilises the Svedberg equation (equation 3.1)%.

u _ M(1-Vp)

Equation 3.1 §=— = Naf

Where s represents the sedimentation coefficient, u represents the velocity of
the molecule, w represents the angular velocity of the centrifugation cell, r
represents the radius of the cell, M represents the mass of the particle, V
represents the partial specific volume of the particle, p represents the solvent
density, Na represents Avogadro’s number and f represents the frictional
coefficient of the particle.

Crystallisation, and structure determination of PgcA monoheme domains

Crystals of heme-domain | were obtained by sitting-drop vapour diffusion by
depositing a droplet containing 0.3 pL 10 mg mL™" protein in 20 mM HEPES pH
7.8, 100 mM NaCl, onto a 0.28 uL drop of reservoir solution containing 2.5 M Na
malonate pH 7.0 and 0.02 pyL 30 % w/v PEG 2000 MME at 16 °C. Crystals
appeared after 3-4 months and were cryoprotected by transferring to 20 %
ethylene glycol 2.5 M Na malonate pH 7.0 before vitrification.

Crystals of heme-domain Il were obtained by sitting-drop vapour diffusion using
a 1:1 mixture of 10 mg mL™ protein in 20 mM HEPES pH 7.8, 100 mM NaCl and
2.0 M ammonium sulfate, 5% v/visopropanol, 1.8% w/v PEG 4000 at 16 °C with a
total drop volume of 0.6 pyL. Crystals appeared after 2-3 days and were
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cryoprotected by transferring to 20 % ethylene glycol 2.0 M ammonium sulfate,
5% isopropanol before vitrification.

Crystals of heme-domain lll were obtained by sitting-drop vapour diffusion using
a 1:1 mixture of 20 mg mL™ protein in 20 mM HEPES pH 7.8, 100 mM NaCl and
2.3 M Na malonate pH 7.0, 1.8 % Jeffamine ED-2001 at 16 °C with a total drop
volume of 0.6 pL. Crystals appeared after 1-2 weeks and were cryoprotected by
transferring to 25 % glycerol, 2.4 M Na malonate pH 7 before vitrification.

Datasets were collected on single frozen crystals at Diamond beamline 104 and
124 with X-rays of wavelength 0.9537A. Datasets were indexed and scaled
automatically with XIA2%* and merged with AIMLESS®. Initial models were
generated by molecular replacement with AF23" models in PHASER®* or
MOLREP®*, these models were refined manually in COOT** and using
PHENIX.REFINE®* and REFMACS5%® to obtain final coordinates. Final coordinates
were deposited in the Protein Data Bank with PDB IDs 8QJ6 (Domain 1), 8QJG
(Domain IlI) and 8QKO (Domain Ill). Data collection and model refinement
statistics are listed in Table 3.1.
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Chapter 3: Appendix

Table 3.1: Data collection and refinement statistics for PScA monoheme domain crystals.

Domain | (PDB | Domain |l (PDB | Domain Ill (PDB
8QJ6) 8QJG) 8QKO0)
Data collection
Space group 14 C121 C121
Celldimensions
a, b, c(A) 68.43, 68.43, | 95.10, 74.10, | 75.56, 55.03,
27.68 56.02 37.46
o, B,y (°) 90.00, 90.00, | 90.00, 103.92, | 90.00, 99.30,
90.00 90.00 90.00
Resolution (A) 24.19-1.55 (1.61- | 42.96-1.80 (1.86- | 44.28-1.9 (1.97-
1.55) 1.80) 1.9)
Rpim (%) 2.0(15.5) 9.5 (26.5) 5.7 (26.8)
CCi/2(%) 99.9(97.7) 97.1(84.5) 99.6 (85.9)
1/ ol 24.64 (2.90) 7.93(1.90) 9.71 (1.64)

Completeness
(%)

97.12 (77.90)

99.43 (95.91)

99.57 (98.17)

()

Multiplicity 12.9 (8.9) 3.4(2.6) 6.8 (5.5)
Refinement

Resolution (A) 1.55 1.80 1.90
No. reflections 9226 34836 11995
Ruwork / Riree 0.155/0.189 0.183/0.231 0.221/0.263
No. atoms

Protein 439 2690 1028
Ligand/ion 44 327 96
Water 69 538 179
B-factors

Protein 14.86 13.83 18.12
Ligand/ion 12.69 14.40 19.46
Water 30.89 25.04 27.55
R.m.s.

deviations

Bond lengths | 0.009 0.010 0.008
(A)

Bond angles | 1.01 1.13 1.10
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Table 3.2: Primers and plasmids used in Chapter 3.

Plasmid

Product

Primers used in construction (5’ to 3’):

pPgcA-
strep

Triheme
PgcA

Forward: GTTCGAAAAATGAGTTTAAACGGTCTCCCA
Reverse: TGCGGGTGGCTCCAACCACTACCGTTTGCGTTG

pPgcA-
DI

Monoheme
domain |

Pair 1 Forward: GGTAGTGGTTGGAGCCACCC
Pair 1 Reverse: AGCCACTGCCAAGACGTCAA
Pair 2 Forward:

GCCAACACAGGCTTGGCCGTCGCTGCTGATGGTGACGGAC
AAGGATTGTACGC

Pair 2 Reverse:

TAATAACGCTAGAGTGATCAAATTGAGTTTAAATTTCATCATGG
GATGTATATCTC

pPgcA-
DIl

Monoheme
domain i

Pair 1 Forward: GGTAGTGGTTGGAGCCACCC
Pair 1 Reverse: GACAGCCGATGCCAGCGAGG
Pair 2 Forward:

GCCAACACAGGCTTGGCCGTCGCTGCTGATGGTAACGGGT
CGGCACTCTACGG

Pair 2 Reverse:

TAATAACGCTAGAGTGATCAAATTGAGTTTAAATTTCATCATGG
GATGTATATCTC

pPgcA-
DIl

Monoheme
domain lll

Forward:
GCCAACACAGGCTTGGCCGTCGCTGCTGATGGTTAGTCGAC
CCGGGCAAGACCGT

Reverse:
TAATAACGCTAGAGTGATCAAATTGAGTTTAAATTTCATCATGG
GATGTATATCTCCTTCTTAGG
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Appendix figure 1: PgcA monoheme domain | electron density map. Double difference
electron density map from the PgcA monoheme domain | crystal structure (1.55 A resolution),
contoured at 1.8 o, density arising from the c-type heme represented in cyan.
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Appendix figure 2: PgcA monoheme domain Il electron density map. Double difference
electron density map from the PgcA monoheme domain Il crystal structure (1.8 A resolution),
contoured at 1.8 g, density arising from the c-type heme represented in cyan.
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Appendix figure 3: PgcA monoheme domain lll electron density map. Double difference
electron density map from the PgcA monoheme domain Il crystal structure (1.9 A resolution),
contoured at 1.8 g, density arising from the c-type heme represented in cyan.
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Chapter 4: Functional characterisation of PgcA

heme-containing isoforms

Work presented in this chapter includes important contributions made by Dr
Dimitri A. Svistunenko and Dr Marcus J. Edwards (EPR spectroscopy), Dr Joshua
A. J. Burton (optically monitored PFV), Dr Tomas M. Fernandes, Dr Leonor
Morgado and Professor Carlos A. Salgueiro (mineral oxide binding pull-down
assays and iron oxide reduction assays).

Introduction

In Chapter 3, in-depth characterisation of the structure of PgcA and its
constituent domains was described. However, a complete understanding of this
protein anditsrolein EET cannot be acquired without exploration of its electronic
properties and its interactions with substrates.

Existing articles in the literature so far have established the electronic
absorbance spectra of the triheme PgcA isoform’ and of the individual
monoheme domains? which were consistent with one another. These spectra
displayed features typical of c-type cytochromes although they were unable to
unambiguously identify the presence of His-Met coordinated hemes which the
crystal structures showed clearly’. Nonetheless this technique has played a
crucial role in the study of multiheme cytochromes, allowing for the recent
measurement of heme to heme electron transfer rates®*. The unique structure
adopted by PgcA established in Chapter 3 is without precedent and thus it
remains unclear what electron transfer rates it might support. More in depth
analysis of PgcA absorbance spectra thus might serve as an important first step
in addressing this issue.

Inthe literature also, the E,values of the individual domains have been measured
by potentiometric titration?. This property exerts significant control presumably
over not just the direction of electron flow within the PgcA tethered heme wire,
but also over the rate of intramolecular electron transfer and rate of substrate
reduction too. Therefore accurately establishing the potential of the hemes is
also critical.

Finally, previous work has sought to define the way PgcA interacts with its
substrates. In this context, the protein has been shown to stick to iron oxide
particles of particular composition under certain conditions’. This was
suggested to be a product of the unique Pro-Thr repeat motifs in a way analogous
to ice binding proteins on the basis of phage display experiments which
suggested Pro-Ser/Thr motifs confer affinity for hematite’*®¢. This was supported
by further binding experiments performed with the monoheme domains which
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were found to exhibit poor binding to iron oxides, implicating the Pro-Thr repeats
specifically?. Finally, the monoheme domains were shown to reduce various
solid phase substrates with varying levels of effectiveness, although in the
particular case of akageneite only monoheme domain lll could reduce it.

In this chapter, the electronic properties of PgcA and its interactions with
potential substrates were explored with the goal of defining the pathway
electrons take through the protein, determining the importance of the Pro-Thr
motifs in mineral binding and establishing a basis for future novel experiments
which could quantify the rate of electron transfer achieved by this novel
structural arrangement.

Results

Electronic absorbance spectroscopy of PgcA heme containing isoforms

The electronic absorbance spectra (Figure 4.1) of all as-purified PgcA samples
were consistent with oxidised c-type cytochromes and with previously reported
absorbance spectra’?. Triheme PgcA (Figure 4.1 D) displayed a Soret peak at 408
nm and a broad spectral feature around 525 nm. Addition of sodium dithionite
caused the Soret peak intensity to increase and shiftto 419 nm, while the 525 nm
peak separated into a- and - bands at 530 and 550 nm, respectively, consistent
with reduced c-type hemes (Figure 1D).

Importantly, reduced minus oxidised spectra (Figure 4.1 E-G) of the three
monoheme domain proteins reveal that domains | and |l share anisosbestic point
at 434 nm, and 543 nm at which domain Ill displays a non-zero difference
extinction coefficient.

Potentiometric characterisation of PgcA heme containing isoforms.

The En values of the PgcA monoheme domains were previously measured by
spectropotentiometric titration and were between -48 and -106 mV versus the
Standard Hydrogen Electrode (SHE)?. In this chapter, protein film voltammetry
(PFV) was used to probe the redox properties of PgcA, its domains and their pH
sensitivity. The adsorbed monoheme domain proteins yielded single reversible
redox peaks on the indium tin-oxide (ITO) electrodes across a pH range of 5-8
consistent with previous measurements? (Figure 4.2). Domains | and Il
specifically displayed E. with much greater pH dependence, while domain Il
only shifted by ~10 mV (Table 4.1 and Chapter 4 appendix figures 1-3), which is
surprising considering the higher solvent accessibility of the domain Ill heme
revealed in the crystal structures. The explanation may lay in differences in
amino acid side chains within the environment of the hemes, possibly the role
played by Glu281 and Asp372.
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Figure 4.1: Electronic absorbance spectra of PgcA heme isoforms. Electronic absorbance
spectra of PgcA monoheme domains | (A), Il (B), and Ill (C) and triheme PgcA (D). Black line —
samples as purified, in 50 mM Tris, 50 mM NaCl, pH 8.0. Grey line — after addition of 3 mM sodium
dithionite. (E) Reduced minus oxidised spectra for monoheme domains | (green), Il (orange) and
Il (blue) with zoomed in representation showing isosbestic points shared by domains | and Il but
not Il (F) and (G).

Table 4.1 : Em values (mV vs SHE) and standard error, of Pg&cA monoheme domains determined

by PFV.
pH En of domain | En of domainlll En of domain
8 -49 (1) -85 (%1) -88 (%1)
7 -28 (1) -60 (£1) -94 (1)
6 -36 (£2) -32 (%1) -98 (£3)
5 -6 (1) -33 (%1) -82 (+2)

118



Adsorption of triheme PgcA onto optically transparent ITO electrodes yielded UV-
visible absorbance spectra with a shiftin absorption maxima from 408 to 419 nm
as the working electrode potential was lowered (Figure 4.2 E), consistent with the
full reduction of PgcA on the electrode. Cyclic voltammetry of triheme PgcA
displayed reversible reduction between -200 and +100 mV of approximately
equal area for reductive and oxidative scans (Figure 4.2D), and fitting of this data
to three equal contributions from individual n=1 centres suggested three En
values of approximately -108, -76 and -35 mV at pH 8.0, close to the respective
individual En values for the individual domains (Figure 4.2F).
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Figure 4.2: Potentiometric properties of PgcA heme isoforms. Representative 0.01 V s
protein film voltammograms of samples adsorbed to ITO electrodes in 50 mM Tris-HCL, 50 mM
NaCl pH 8.0 (grey continuous), untreated electrode (grey dotted) and protein derived Faradaic
currents (black), shown for PgcA monoheme domain | (A), domain Il (B) and domain lll (C) and
triheme PgcA (D). (E) Electronic absorbance spectra of triheme PgcA protein film adsorbed onto
ITO electrode poised at -0.33 (grey) and +0.2 (black) V vs SHE in 50 mM Tris-HCL, 50 mM NaCl pH
8.0. (F) Faradaic current of triheme PgcA calculated by baseline subtraction of panel D (black
continuous), modelled fit of three n=1 redox centres (3 grey continuous lines) and the summed
fit of the modelled n=1 centres (grey dotted). and the summed fit of the modelled n=1 centres
(grey dotted).
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Electron paramagnetic resonance spectroscopy of PgcA isoforms

The EPR spectra of the triheme PgcA protein and its individual isolated domains,
| to Ill were measured (Figure 4.3). Each individual domain had a clear low spin
(LS), S =2 EPR signature and, when normalised, represent equal contributions
to the triheme PgcA spectrum. The domain lll spectrum displayed a small gmax,
rhombic type LS signal (gmax 3.08) typical of bis-histidine coordinated hemes with
near parallel ligand orientation, in agreement with its crystal structure. From
domain lll to domain | to domain Il, the spectra have increasingly anisotropic
signatures where the gmax value becomes more intense than the other two g-
values’ (gmax = 3.23 and 3.37 fordomain l and Il, respectively). A highly anisotropic
or axial LS (HALS) type ‘large gmax signal (g > 3.2) can occur when two histidine
heme ligands are perpendicular to each other but is also typical of histidine-
methionine heme coordination where ligand orientation cannot be resolved?.
Importantly, the triheme PgcA spectrum displays a feature between g =3.07 and
3.08 which could be well explained by the individual contributions of the
respective gmax features of the individual monoheme domains. This suggests the

local environment of o .

the hemes within each 500 S

domain is largely :

unchanged by its being

present in the Triheme PgcA
monoheme isoforms, 2.06

since EPR 2

spectroscopy is 3 \

sensitive to  small é ’ \ Ditiain Il
changes in the ‘26 ~—

environment of spin \ ¥ _
centres. This is in ,/ L———/w
agreement with the

structural model for /

PgcA presented in Domain lil
Chapter 3 and also \/v/—_—___-
provides another

means by which inter-  4gqg 2000 3000 4000
domain elsctron Figure 4.3: EPR spectroscopic properties of PgcA heme
transfer between isoforms. Low temperature EPR spectra of triheme PgcA and its
specific domains might monoheme domains. The g-values of individual EPR lines are
be probed, since indicated by vertical lines. The low field g1 components of the LS

ferric heme in the three domains perfectly fit to their contributions
in the triheme PgcA spectrum. The signals at g=4.29, g=2.06 and

hemes become EPR
silent upon their

. g=2.00 are likely from adventitious non-heme Fe3+, Cu2+, and small
reduction.

free radicals respectively.
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Determining the affinity of PgcA heme isoforms for iron oxide minerals

The affinity of proteins for insoluble iron(lll) oxides can be measured using pull-
down assays where proteins are incubated in a suspension of iron(lll) oxides
before centrifugation. The concentration of protein remaining in solution is
measured spectroscopically, allowing determination of the binding extent. Using
this method, the interaction of PgcA and monoheme domains with the iron(lll)
oxide akageneite was measured. Here it was observed that triheme PgcA and
domain lll bind to akageneite with similar affinity (Figure 4.4), while neither
domains | nor Il bind at all. These results were consistent with PgcA interacting
with minerals through domain Ill only, suggesting the flexible (PT)« linkers which
were previously proposed’?to increase the affinity of PgcA for iron(lll) oxides,
make a negligible contribution to binding. The selectivity of domain lll for binding
to akageneite is striking given that all three domains bind with high affinity to the
mesoporous ITO electrodes used for PFV.
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Figure 4.4: Iron oxide (akageneite) affinity of PgcA heme isoforms. Absolute electronic
absorbance spectra of initial PgcA protein sample (coloured line), and supernatant after 10
minute incubation with 55 mM of solid akageneite followed by centrifugation to remove protein
bound to the mineral particles. The samples contained 2 pM PgcA monoheme domains | (A), Il
(B), lll (C) and 0.7 pM triheme PgcA (D), all in 32 mM sodium phosphate, pH 7.0, 100 mM NaCL.
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Oxidation of PgcA heme isoforms by iron oxide substrates

UV-visible spectroscopy was used to monitor the electron transfer reaction
between triheme PgcA and iron(lll) oxides. Titration with iron(lll) oxides caused
the complete oxidation of all three hemes within the sample (Figure 4.5A). This is
notable, as previously only domain Ill was shown to reduce iron(lll) oxides?,
indicating that domains | and |l oxidise solely via electron transfer through
domain Ill.

The UV-visible spectral features of the three cytochrome domains are not easily
distinguished, but their 1D "H-NMR spectra present unique and identifiable signal
patterns?. The 1D "H-NMR spectra of the triheme PgcA in the fully reduced and
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Figure 4.5: Reduction of Fe(lll) oxides by triheme PgcA. (A) UV-visible spectra of triheme PgcA
upon across Fe(lll) oxide titration (black and grey), fully reduced cytochrome (red). (B) Variation
of the low-field 1D 1H NMR spectra of triheme PgcA upon across Fe(lll) oxide titration, dashed
lines indicate the different heme methyl resonances of the monoheme domains | (green), Il
(orange) and Il (blue). (C) Reduced fractions of each monoheme domain across the Fe(lll) oxides
titration deconvoluted from 1D 1H NMR spectra.
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fully oxidized states are well resolved (Chapter 4 appendix figure 4), and the
resonances superpose well with those of the individual monoheme domains?.
This was exploited to track the individual redox states of each domain in the
triheme PgcA following sequential additions of iron(lll) oxides (Figures 4.5B and
4.5C). The reduced fractions of each domain decreased along the titration,
according to their En, following the expected thermodynamic route. While these
experiments cannot distinguish between inter- and intra-PgcA electron transfer
pathways, these observations show clearly that domain Ill directly reduces
iron(lll) oxides, while domains | and Il are able to recharge domain Il for further
electron transfer.

Discussion

In this chapter, thorough spectroscopic and potentiometric analysis of PgcA is
presented. The pH dependent voltammograms show that two domains | and Il
have En that are significantly more pH sensitive than domain lll. This may support
the suggestion that E281 and D372 play an important role lowering the En of
those domains since their ability to perform this role could depend on their
protonation state. If so, it is unclear why these domains are His-Met at all since
this feature is unusual for hemes involved in EET. In fact the relative potentials of
the three domains are such that reduction of domain Ill by | and Il is actually
thermodynamically ‘uphill’, however because this is ultimately coupled to
processes that are exergonic the reduction of domain lll by I and Il is still made
possible.

Sequence alignments of the (PT)x motifs from PgcA and its homologues have
shown them to be highly conserved', and for many years the motif has been
proposed to facilitate interactions with minerals®. The findings presented in this
chapter suggest that this hypothesis may require revision. In this work,
differences inthe binding affinity for triheme PgcA and monoheme domain Il with
iron(lll) oxide were not detected. This does not support the suggestion that the
(PT)x motifs play a crucial role in that interaction.

Why then are the (PT)« motif conserved? Proline is a torsion-constrained amino
acid that prevents the formation of secondary structure, so its incorporation
must heavily impact the flexibility of the linker regions. When the PgcA sequence
is analysed by ExPASy-PeptideCutter®, only proteinase K can cleave the (PT)x
motif. This suggests this sequence would be resistant to cleavage by many
proteases, a feature essential for a protein exported into the extracellular
environment. This suggestion is supported by the observation that in some
homologues of PgcA, the Thr residues are replaced by Ala residues’ which
implies that the Pro residues are the important of the two, and that the hydroxyl
group of Thr residues proposed to interact with minerals is not so crucial.

Taken together, these observations suggest that the (PT), motifs most likely serve
as robust linkers that maintain an optimal distribution of distances between
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cytochrome domains, allowing for optimal electron transfer to occur between
them, while ensuring the ability to stretch across the 18 nanometres measured
in Chapter 3. These findings highlight the difficulties associated with
characterising the of enzymes to solid phase substrates. This point is further
underscored by the fact during the preparation of this thesis, the behaviour of
PgcA isoforms in terms of iron binding was found to be highly influenced by the
nature of the buffer used. In contrast with the behaviour observed with sodium
phosphate pH 7.0, when trialled with HEPES pH 7.8 all PgcA isoforms bound to
an extent of approximately 100% (Chapter 4 appendix figure 5), a total reversalin
outcome, although it remains unclear whether this effect is derived from the
different buffer compounds themselves or the different pH values used.

The substrate reduction studies do however indicate that only domain Ill, with
the most solvent exposed heme, is capable of interacting with iron(lll) oxides
under the experimental conditions used. While these are unlikely to represent
the physiological and environmental conditions under which PgcA is active, they
do provide a useful mechanism for studying inter-domain electron transfer
between the different domains. The results clearly show that all three domains
of triheme PgcA become oxidised by iron(lll) oxides. This indicates that electrons
are transferred from domains I|-ll onto domain Ill, and then onto minerals,
because Fernandes et al directly demonstrated that neither domains | nor Il can
be oxidised by iron(lll) oxides in the absence of domain Il1%.

Taken together the data presented in this chapter provides importantinformation
that complements the structural insights revealed in Chapter 3. In particular
relevance for future experiments are probably the EPR spectra and electronic
absorbance spectra presented here. These experiments support the model
presented in which the PgcA hemes are distributed into totally distinct domains
astheydisplay spectra that are very similarwhenin their triheme and monoheme
forms. Moreover the resolution of distinct gmax values attributed to each heme,
andisosbestic pointsinthe absorbance spectra that are shared by domains | and
Il but not lll, could pave the way for innovative intramolecular electron transfer
rate measurements.

Methods have been described recently for rapid and site-specific injection of
electrons into heme proteins, using pump-probe spectroscopy?®'°. This allowed
for determination of heme-heme electron transfer rates*. These could be applied
likely without major obstacle to PgcA. With a photosensitizer on one monoheme
domain, electrons could be injected there, and using either the gmax values
established here, or the domain I/ll electronic absorbance isosbestic points
established here, the rate of transfer of electrons between domains could be
probed. This system might be exceptionally useful also for testing the effect of
modifications suggested in Chapter 3, like the truncation of the Pro-Thr repeat
motifs. It could provide the ability to examine the effect of altering other variables
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too, like viscosity which might influence tethered diffusive heme-heme electron
transfer in a way that will not impact close-packed heme-heme electron transfer.

Given the rate of electron transfer is likely to be considerably lower than in
canonical multiheme cytochromes, it will be particularly important to establish
that electron transfer is intramolecular rather than intermolecular. Since the rate
of the later will be a function of protein concentration, repeating experiments at
different concentrations provides a simple strategy to preclude the effect of
intermolecular processes.

Methods

Electronic absorbance spectroscopy

For electronic absorbance spectroscopy, samples of domain I, Il, lll and triheme
PgcA were prepared up to absorbance at 410 nm of 1 with a pathlength of 1 cm,
in 50 mM Tris HCL, 50 mM, NaCl pH 8.0. The headspace was then sparged with
nitrogen gas and electronic absorbance spectra were measured using a Cary 60
UV-Vis Spectrophotometer. Next, 10 mg mL™" sodium dithionite in anaerobic 50
mM Tris-HCIL, 50 mM NaCl, pH 8.0 was added using a syringe, to a final dithionite
concentration of 3 mM after which another spectrum was recorded. Further
dithionite was then added and spectra measured to ensure the initial dithionite
spectrum represented fully reduced protein.

Protein film voltammetry

Hierarchical mesoporous ITO electrodes were prepared as described
previously'. 10 mg mL" Protein samples in 20 mM HEPES pH 7.8, 100 mM NaCl
were deposited onto ice cold ITO electrodes and incubated for approximately 5
minutes. After rinsing, electrodes were introduced to anaerobic buffer-
electrolyte solution within a glass electrochemical cell, inside a Faraday cage
and situated in a N.-filled chamber (atmospheric O, < 2 ppm). Cyclic
voltammetry was performed with a three-electrode configuration using an
Autolab PGSTAT30 potentiostat (EcoChemie) controlled by NOVA software. An
Ag/AgCl (saturated KCl) reference electrode was used with a Pt wire counter
electrode, and potential values corrected to SHE by addition of +0.197 V.
Charging current baselines were subtracted from the measured voltammograms
to yield the Faradaic currents. For monoheme domains Faradaic currents were
fit to single n=1 Nernstian peaks using QSoas'. Peak potentials for the oxidative
and reductive signals were averaged across three independent scans, and
standard error calculated, to obtain the reported E., values. For triheme PgcA,
Faradaic currents were fit to three Nernstian n=1 centres of equal area using
QSoas™.

Dr Joshua Burton prepared electrodes and collected data for the optically
monitored potentiometric titration of ITO coated electrodes. Those electrodes
were studied in anaerobic buffer-electrolyte solution within a sealed cuvette
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fitted with a Pt wire as counter electrode and an AgCl coated Ag wire as reference
electrode. The cuvette was placed in a UV-visible absorbance
spectrophotometer and the working electrode poised at the desired potentials.
The reference electrode was calibrated by cyclic voltammetry with potassium
hexa-cyanoferrate(lll) (30 mM in 50 mM Tris buffer, 100 mM NaCl, pH 8.0) taking
En=+420 mV vs SHE.

Electron paramagnetic resonance spectroscopy

EPR spectra were recorded by Dr Dimitri A. Svistunenko and Dr Marcus J.
Edwards, at 10 K using a Bruker E500 (X-band) EPR spectrometer and Oxford
Instruments liquid helium systems. Instrument parameters were as follows:
microwave frequency vuw = 9.467 GHz, modulation frequency vm = 100 kHz, time
constant T = 82 ms, microwave power = 3.19 mW, modulation amplitude Am =5
G, scanratev=22.6 Gs™'. Wilmad SQ EPR tubes (Wilmad Glass, Buena, NJ) with
OD =4.05 = 0.07 mm and ID = 3.12 = 0.04 mm (mean * range) were used for
freezing EPR samples in methanol cooled with solid CO,. After freezing, the EPR
tubes with samples were kept in liquid nitrogen until required for measurements.

Mineral oxide binding pull-down assays

Binding pull-down assays were performed by Dr Tomds M. Fernandes and Dr
Leonor Morgado. The binding of iron(lll) oxides to triheme PgcA was probed by
UV-visible spectroscopy, as described previously?. Spectra were recorded
between 300 and 700 nm using an Evolution 201 spectrophotometer (Thermo
Scientific). After acquisition of spectra with 2 pM protein samples prepared in 32
mM sodium phosphate buffer pH 7 with NaCl (100 mM final ionic strength), the
protein was incubated with 55 mM of akageneite for 10 minutes, after which the
resulting solutions were centrifuged at 5000x g for 10 minutes. Additional spectra
were acquired with the resulting supernatants and the putative binding of the
protein to iron(lll) oxides was evaluated based on differences in spectral
intensity.

Iron(lll) oxide mediated PgcA oxidation monitored by UV-visible
spectroscopy

Electronic absorbance spectral assessment of iron(lll) oxide reduction by PgcA
was performed by Dr Toméas M. Fernandes and Dr Leonor Morgado. The electron
transfer reaction between triheme PgcA and iron(lll) oxides was assessed by UV-
visible spectroscopy measurements at 25 °C, performed inside an anaerobic
glovebox with O, levels kept under 0.1 ppm. Iron(lll) oxides were prepared with a
final concentration of 500 uM. The cytochrome samples (2 uM) were prepared in
degassed 32 mM sodium phosphate buffer with NaCl (100 mM final ionic
strength) at pH 7. Before each experiment, the protein was reduced with solution
of sodium dithionite. Iron(lll) oxides were added to the fully reduced cytochrome
in several increments and the consequent re-oxidation of hemes was monitored
by recording UV-visible spectra between 300 and 700 nm.
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Iron(lll) oxides reduction monitored by NMR spectroscopy

NMR Monitored iron(lll) oxide reduction by PgcA was performed by Dr Tomas M.
Fernandes and Dr Leonor Morgado. The electron transfer reaction between
triheme PgcA and iron(lll) oxides was also assessed by NMR spectroscopy. The
samples of protein were prepared at 100 uM in 32 mM sodium phosphate buffer
pH 7 (100 mM finalionic strength) in D,O and reduced with a solution of sodium
dithionite. Iron(lll) oxides were prepared with a final concentration of 18.75 mM
in D,0. 1D "H-NMR spectra were acquired (i) in the reduced state, (ii) after 10 pL
additions of iron(lll) oxides solution, and (iii) after exposing the sample in the
NMR tube to atmospheric O,. After each addition of iron(lll) oxides, the samples
were incubated for 5 minutes and centrifuged at 5000 G for 10 minutes, prior to
spectral acquisition. These experiments were acquired in a Bruker Avance Il1 600
MHz spectrometer. The residual H,O signal was used as an internal reference for
the calibration of the 'H chemical shifts relative to sodium
trimethylsilylpropanesulfonate (DSS) at 0 ppm. All spectra were acquired at 25
°C and processed using TopSpin 4.1.4 (Bruker BioSpin, Karlsruhe Germany). The
reduced fractions of each cytochrome domain along the redox reaction were
calculated by integrating the "H NMR heme methyl signals of each domain in the
intermediate redox state, relative to the fully oxidized state.
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Appendix figure 1: Domain | PFV pH dependence. Representative 0.01V s” voltammograms of
Domain | adsorbed onto ITO electrodes in 50 mM NaCl with 50 mM Tris-HCL (pH 8.0), 50 mM
HEPES (pH 7.0), 50 mM 2-(N-morpholino)ethanesulfonic acid (pH 6.0) or 50 mM Na acetate (pH
5.0).
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Appendix figure 2: Domain Il PFV pH dependence. Representative 0.01 V s voltammograms
of Domain | adsorbed onto ITO electrodes in 50 mM NaCl with 50 mM Tris-HCL (pH 8.0), 50 mM
HEPES (pH 7.0), 50 mM 2-(N-morpholino)ethanesulfonic acid (pH 6.0) or 50 mM Na acetate (pH

pH 5 pH 6
7S =
e e
5 5
o o
L K]
© ©
o o
o o
© ©
w w
-0.3 -0.2 -0.1 0 0.1 0.2 -0.3 -0.2 -0.1 0 0.1 0.2
Potential (V) Potential (V)
pH7 pH 8
33 i=
2 e
5 5
o o
L o
[} ©
° ©
o o
© ©
w w
-03 -0.2 -0.1 0 0.1 0.2 -0.3 -0.2 -0.1 0 0.1 02
Potential (V) Potential (V)

Appendix figure 3: Domain Ill PFV pH dependence. Representative 0.01 V s” voltammograms
of Domain | adsorbed onto ITO electrodes in 50 mM NaCl with 50 mM Tris-HCL (pH 8.0), 50 mM
HEPES (pH 7.0), 50 mM 2-(N-morpholino)ethanesulfonic acid (pH 6.0) or 50 mM Na acetate (pH

5.0).
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Appendix figure 4: 1D 'H-NMR spectra of triheme PgcA. Triheme PgcA 1D 1H NMR spectra, in
32 mM sodium phosphate pH 7.0, at 25 °C.
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Appendix figure 5: Akageneite binding of PgcA isoforms in the presence of HEPES. Repeat of
PgcA isoform akageneite binding experiments performed in 32 mM Na Phosphate instead in 20
mM HEPES pH 7.8, absolute electronic absorbance spectra of monoheme domains | (A), Il (B), Il
(C) and triheme PgcA (D) initially at 2, 2, 2 and 0.7 uM before addition of iron oxide. The blue line
corresponds to initial samples while the orange line corresponds to those after 10 minute
incubation with Akageneite (55 uM) and subsequent centrifugation.
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Chapter 5: The structure and function of the

PgcA non-heme domain

Introduction

In G. sulfurreducens, the triheme cytochrome PgcA is thought be extracellularly
localised where it plays an important role in EET'. The pgcA gene is upregulated
during mineral respiration?3, and ApgcA G. sulfurreducens cultures display poor
rates of iron(lll) oxide reduction, but are unimpaired in reducing iron(lll) citrate’.

The PgcA protein contains a putative N-terminal motif, centred on residue Cys39,
at which a lipid group is predicted to be incorporated, partially embedding the
protein probably within the outer-leaflet of the outer-membrane®. The exogenous
addition of truncated and soluble PgcA produced recombinantly in Shewanella
oneidensis restored the wild-type iron(lll) oxide reduction rate of the ApgcA G.
sulfurreducens strain, consistent with its putative extracellular localisation®.
However this observation does suggest that anchoring to the outer-membrane is
not critical for its activity.

A recently described G. sulfurreducens strain, in which the periplasmic electron
shuttle encoding genes ppcA-ppcE were deleted, rapidly developed an
additional mutation in which the PgcA lipobox region was also deleted (A37-39)°.
This appears to have trapped the PgcA protein within the periplasm and restored
the strain’s ability to perform EET, indicating that PgcA is probably extracellularly
localised in wild-type G. sulfurreducens, and that it requires its lipid moiety for
translocation across the outer-membrane®. Its secretion is likely via the type-ll
secretion system (T2SS) which is able to secrete large, cofactor-containing
proteins in a folded state®. However the mechanism by which the T2SS
recognises its substrates remains poorly understood®.

A further G. sulfurreducens strain, JS-1, has also been described which was
cultivated to display improved EET without the ability to assemble protein
nanowires. This strain eventually developed a mutation in the pgcA promoter,
which resulted in dramatic overexpression of the gene and restored the wild-type
EET rate’. Analysis of the spent growth medium from JS-1 revealed it was rich in
PgcA that appeared to be truncated and soluble’, which is inconsistent with the
observation that the protein requires an N-terminal lipid moiety for translocation
across the outer-membrane.

In the preceding chapters and the literature, PgcA has been shown to contain
three monoheme domains which are separated from one another by flexible
linkers, and can stretch as far as 180 A in diameter that facilitates electron
transfer via a novel mechanism of tethered diffusion (figure 5.1A)"°. In all those

131



cases, the N-terminal domain of PgcA, which is not predicted to contain a heme
cofactor, remained conspicuously absent and uncharacterised since when
produced recombinantly in Shewanella oneidensis, PgcA undergoes cleavage
between M252 and P253 removing the domain (Chapter 3), and obtaining
sufficient biomass for biochemical and crystallographic studies is challengingin
the native organism.

This chapter describes the recombinant preparation of the PgcA N-terminal, non-
heme domain (PgcA-NHD) in Escherichia coli, which exhibits intrinsic
autoproteolytic activity. These findings provide a basis for reconciling the
seemingly inconsistent observations regarding its localisation and post-
translationaltruncation, and suggest it contains a novel mechanism for exporting
diverse proteins into the extracellular environment.

Results

Cloning, purification and initial characterisation of PgcA-NHD

Attempts were made to purify PgcA-NHD as an isolated protein recombinantly
from several constructs in E. coli and S. oneidensis but these yielded no
detectable expression. Fusion to the E. coli maltose binding protein often
imparts dramatically improved expression, stability or solubility to proteins™ so
this strategy was adopted for PgcA-NHD.

DNA encoding the regions of PgcA-NHD predicted to form an ordered structure
by AlphaFold2"" was cloned into the pMAL-c6T plasmid (NEB) as an MBP fusion
(figure 5.1A). An N-terminal hexa-His tag and a C-terminal Strepll tag
(WSHPQFEK) were also incorporated as these provided flexibility in purification
and increased 280 nm absorbance through the addition of a tryptophan residue
which PgcA-NHD does not have natively: (Nwminus-Hise-MBP-Linker-TEV-(PgcA-
NHD)-Strepll-Cieminus). This construct was expressed in the cytoplasm of E. coli
BL21 (DE3), and soluble MBP-(PgcA-NHD) was purified as described in Chapter
5 methods.

SDS-PAGE of purified MBP-(PgcA-NHD) revealed it consisted of two dominant
species at ~40 and ~20 kDa, with a faint band for full-length protein at ~60 kDa
(Figure 5.1B). Separation of the two dominant species was attempted by Ni*-
IMAC, MBP"" affinity chromatography and SEC (Figure 5.1C) but was not
possible suggesting that they were bound together tightly.

LC-MS of purified MBP-(PgcA-NHD) identified two homogeneous species with
masses 44,630 Da and 19,619 Da (Figure 5.2A and B). These measurements
indicate the cleavage site is located between residues G67 and A68 (numbered
as in the wild-type PgcA sequence) of PgcA-NHD which correspond to the 10™
and 11" residues of the sequence included in this construct (predicted fragment
masses 44,630 and 19,620 Da). When full length wild-type PgcA is
overexpressed recombinantly in S. oneidensis it undergoes proteolysis between
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Figure 5.1: Recombinant PgcA-NHD is post-translationally cleaved into two fragments that
do not dissociate. (A) Infographic showing wild-type PgcA (upper) and pMBP-(PgcA-NHD)
plasmid (lower) domain architecture, with residues important in autoproteolytic activity

highlighted. (B) Reducing SDS-PAGE of MBP"* purified PgcA-NHD stained with Coomassie blue,
molecular weight marker labelled in kDa. (C) Superose 6 Increase 10/300 GL SEC 280 nm trace
for MBP-(PgcA-NHD).

residues M252 and P253 (Chapter 3). No observation of the M252/P253 cleavage

was observed when using the MBP-(PgcA-NHD) construct, although in this
construct the P253 residue was replaced with a purification tag.

Identification of proteolysis dependent residues D208 and D212

The G67-A68 site in an AlphaFold2 model structure of PgcA-NHD was inspected
for residues that might be responsible for this proteolytic activity. The D208 and
D212 residues were positioned directly above the scissile bond in an
arrangement reminiscent of an aspartic protease enzyme (Figure 5.2C).
Therefore these residues were selected for mutagenesis. Constructs were
prepared with D208A, D212A, and D208A+D212A substitutions, and the proteins
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purified. SDS-PAGE showed both single substitution variants displayed impaired
cleavage ability with full length MBP-(PgcA-NHD) becoming the dominant

44,630 19,619
445 455 46 19 19.2 19.4 19.6 19.8 20
Mass kDa Mass (kDa)

C

Figure 5.2: Proteolytic cleavage in PgcA-NHD occurs between residues G67 and A68, near
D208 and D212. Deconvoluted mass spectra for WT MBP-(PgcA-NHD) ~40 kDa (A) and ~20 kDa
(B) species, predicted fragment masses from cleavage at G67-A68: 44,630 and 19,620 Da,
respectively (C) AlphaFold3 predicted model of PgcA-NHD cleavage site, alpha helix containing
D208-D212 shown in cyan, N-terminal cleavage peptide shown in pink.

species, and the double substitution proving severely impaired which was
supported by LC-MS (Figure 5.3A and B).

It was attempted to isolate PgcA-NHDP208A*D212A protein from the MBP by TEV-
proteolysis, but this protein was resistantto the TEV protease. A further construct
was prepared that incorporated an additional linker between the TEV site and the
PgcA-NHD (Nterminus-Hise-MBP-Linker-TEV-Linker-(PgcA-NHD)-Strepll-Cierminus)-
This yielded protein that was readily cleaved by the TEV protease (Chapter 5
appendix figure 2) and thus allowed isolation of PgcA-NHDP208A*D212A protein to
high purity (Figure 5.4A), as described in Chapter 5 methods. Consistent with the
behaviour of the double substitution variant while tethered to the MBP protein,
this species was shown to constitute a single un-cleaved polypeptide by LC-MS
(Figure 5.4B).
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Figure 5.3: Recombinant PgcA-NHD is post-translationally cleaved at residues G67 and A68

which is impaired by mutations at D208 and D212. (A) Reducing SDS-PAGE of MBP"** purified

PgcA-NHD variant proteins, stained with coomassie blue, molecular weight marker labelled in
D208A+D212A

kDa. (B) Deconvoluted mass spectra for MBP-(PgcA-NHD ), predicted mass: 64,144 Da.

Crystallographic analysis of PgcA-NHD

PgcA-NHDP208A*D212A \w g5 then crystallised (Figure 5.5) and its structure resolved,
covering residues 58-252 of the PgcA amino acid sequence, at 1.65 A resolution
by X-ray diffraction (Figure 5.6A). Its N-terminus consists of a seven stranded
beta sandwich motif. A long alpha helix consisting of residues 161-190 runs
centrally through the molecule while the remaining secondary structure is
comprised of five short additional helices and a three stranded beta sheet.

The D/A208 and D/A212 positions reside in a short alpha helix consisting of
residues G206-V213 (Figure 5.6A, cyan). G67 and A68 together with T66 and P69
form a loop that makes a tight turn directly beneath the G206-V213 alpha helix,
and also forms the C-terminal end of a beta strand (residues A58-A65).

The A58-A65 beta strand is observed making extensive H-bonding interactions
with residues 94-98 and 129-134 (Figure 5.6B). Finally, residues A58-G67 shield
an internal hydrophobic pocket comprised of the side chains provided by
residues V60, L70,L76, 174, F96,V98,Y107,L109 and 1134 (Figure 5.6C). Together
these interactions likely make the dissociation of residues A58-G67 from its
pocket highly unfavourable, explaining how the two species identified by SDS-
PAGE and LC-MS of MBP-(PgcA-NHD"'Y4%r¢) could not be separated by
chromatography, despite it having undergone cleavage.

An MBP-(PgcA-NHDP208A*D212A+058-69) - ygrignt was prepared with the goal of
determining the properties and structure of PgcA-NHD with its N-terminal
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Figure 5.4: Purification of isolated PgcA-NHD and LC-MS. (A) Reducing SDS-PAGE gel of
purified Pg.,{cA—NHDW"d'type and chA-NHDDZOSMDMA with MBP removed, molecular weight markers
labelled in kDa. Deconvoluted mass spectra for MBP-removed chA—NHDD208A+DZ12A (B), PgcA-
NHD"*™ + cleavage peptide (C and D) proteins, predicted fragment masses based on amino
acid sequence: 20,917, 19,620 and 1,403 Da (top to bottom respectively).

cleavage peptide not present, but attempts to purify a soluble form of this protein
were unsuccessful.

A wild-type variant with the additional linker allowing for TEV proteolysis was
purified and the MBP removed from the protein (Figure 5.4A). LC-MS of this

W

D208A+D212A wild-type

Figure 5.5 Crystallisation of PgcA-NHD and PgcA-NHD

. Initial crystal material
D208A+D212A D208A+D212A

obtained for PgcA-NHD (left), improved crystals of PgcA-NHD obtained by

wild-type

seeding (middle) and crystals of PgcA-NHD (right) obtained by seeding.
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D208A+D212A

D208A+D212A

Figure 5.6: Crystal structure of PgcA-NHD . (A) Crystal structure of PgcA-NHD

at 1.65 A resolution. Residues N-terminal of the cleavage site (A58-G67) shown in pink and
residues G206-V213 where the D208A and D212A reside, in cyan. (B) Pink stick representation
shown of residues A59-G67 and their hydrogen bonding partners 94-98 and 129-134. (C) Yellow
stick representation of residues contributing to the hydrophobic pocket shielded by residues

A58-G67.
protein confirmed it had undergone cleavage between Gly67 and Ala68, but
retained the N-terminal peptide-"™°¢” as deconvolution revealed two
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homogenous species of mass 19,620 and 1,402 Da (predicted fragment masses:
19,620 and 1,403 Da) (Figure 5.4C and D). This variant was then crystallised by
seeding with microcrystal seeds of PgcA-NHDP2%#A*D212A " and the structure of
PgcA-NHDY'“ve was subsequently determined to 1.65 A resolution. Analysis of
this crystal structure reveals it is extremely similar to that of the double
substitution variant (RMSD of 0.252 A) but differs in two additional ways to the
substitutions at positions 208 and 212. Firstly, N203 and H204 adopt near
inverted conformations, with H204 facing away from the protein into the solvent

NG
o

DX

%

Figure 5.7: Crystal structure of chA-NHDw"d'type. (A) Crystal structures of chA-NHDWT at 1.65
A resolution. Residues G67, A68, N203, H204, D208 and D212 shown with sticks, and residues
A58-G67 coloured pink (B) Electron density maps at G67 and A68 positions (a-carbons labelled)
contoured at 1.5 and 3.5 sigma for 2Fo-Fc (blue) and Fo-Fc (green/red) respectively.
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Figure 5.8: Heat induced denaturation of MBP-(PgcA-NHD) heterodimer and D208A+D212A
Mutations do not arrest proteolysis of PgcA recombinantly produced in S. oneidensis. (A)
SEC (superose 6 increase 10/300 GL) 280 nm trace for WT PgcA-NHD after one hour temperature
incubations, in 20 mM HEPES, 100 mM NaCl pH 7.8. (B) Reducing gradient SDS-PAGE gel of

temperature incubation SEC species at 17-19 mL volume stained with Coomassie. (C) Heme-
wild-type

stained SDS-PAGE gel of PgcA , purified by streptactin affinity chromatography from the
soluble fraction of overexpressing S. oneidensis cells. All molecular weight markers labelled in
kDa.

in the double substitution variant. In the wild-type structure, the conformations
are reversed with N203 solvent facing, and H204 hydrogen bonding D208 and
D212, possibly contributing to the mechanism of cleavage (Figure 5.7A).
Secondly, the wild-type variant electron density maps clearly show
discontinuation of the polypeptide chain between G67 and A68 (Figure 5.7B), and
G67 adopts a conformation twisted ~90 degrees from its position in the double
substitution variant, facing its carboxylate group away from A68 unambiguously
supporting the fact that the protein has indeed undergone cleavage (G67
carboxylate-oxygen to A68 amide-nitrogen distances of 5.5 and 5.8 A).
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Refinement of this structure yielded beta factors along the A58-G67 peptide that
were close to those of neighbouring residues in the rest of the protein indicating
total or near-total retention of this peptide throughout purification and
crystallisation, consistent with the LC-MS.

Heat denaturation of PgcA-NHD

Heat was used to attempt dissociation of the MBP-(PgcA-NHDw!d-tpe)
heterodimeric protein. Purified protein was incubated for one hour at different
temperatures before centrifugation to remove precipitated material. SEC was
subsequently performed on the supernatant and 280 nm absorbing species in
the subsequent trace were analysed by SDS-PAGE (Figure 5.8A and B).
Incubations at 4,20 and 40 °Cyielded a consistent species with retention volume
of 17.6 mL that retained both ~20 and ~40 kDa gel bands. Incubations at 60 and
80 °C, mostly destroyed or aggregated both proteins. Only at 50 °C was the
heterodimer clearly broken as the ~20 kDa band disappeared entirely (lost as
precipitate), without loss of the ~40 kDa band. Consistent with this, the SEC trace
maxima shifted to a retention volume of 18.2 mL indicative of the presence of a
smaller species: monomeric MBP with the N-terminal fragment PgcA-NHD
residues 58-67.

Proteolysis in full length PgcA is not dependent on D208 and D212

Introduction of the D208A and D212A substitutions into the full-length PgcA S.
oneidensis recombinant expression construct described in Chapter 3, was then
investigated. PgcA purified from overexpression of this construct continued to
display modification from a ~50 kDa isoform, to a ~30 kDa isoform as previously
documented (Figure 5.8C). This process is evidently distinct from the D208/D212
dependent cleavage, and its mechanism remains unclear. It is noted that since
PgcA appears to require an N-terminal lipid moiety to be translocated across the
outer membrane, if this cleavage observed during recombinant expression in S.
oneidensis were to occur in G. sulfurreducens, it would trap PgcA in the
periplasm®.

Bioinformatic analysis of PgcA-NHD and its homologues

PgcA-NHD (residues 58-252) were protein-BLAST'? searched in the NCBI non-
redundant protein sequences database, which identified hundreds of variants of
this domain distributed in hypothetical genes amongst G. sulfurreducens and its
closest relatives, but also across the Alphaproteobacteria,
Gammaproteobacteria and Betaproteobacteria classes including examples in
the Vibrio, Marinobacter, Rhizobacter, Janthinobacterium, Acinitobacter and
Variovorax genera. These genes typically display sequence identities in the region
50%-30%, invariably contain PgcA-NHD at their N-terminus and almost all also
contain an N-terminal lipidation motif (Figure 5.9A). The alpha helical motif in
which D208 and D212 reside is largely conserved across the sequences, usually
as Asp-Xaa-Val/Leu-Iso/Leu-Asp (figure 5.9B) with the two aspartates being
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Figure 5.9: PgcA-NHD and its homologues are lipoproteins, residues D208 and D212 are
highly conserved, and this domain is distributed amongst diverse genes. (A) Consensus
sequence and conservation between PgcA-NHD and 958 homologues at lipidation motif
locus (residues 36-40). (B) Consensus sequence and conservation between PgcA-NHD and
958 homologues at dual-aspartate proteolytic alpha helix (residues 206-213). (C)
AlphaFold3 model structures generated for GenBank-protein entries HSD38823.1 (top),
KPA19545 (middle) and MDG1664003.1 (bottom) annotated as containing sequence
homology to GDSL-type lipase/esterase, glycoside hydrolase and carbohydrate-binding
domain proteins, respectively. Coloured showing PgcA-NHD homologous regions in green,
additional domain(s) in grey, lipid anchor tail in orange, proteolysis fragment analogous
sequence in pink and proteolytic alpha helix in cyan.

ubiquitous. Asn203 and His204 feature commonly but are significantly less
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conserved than the D208-D212 motif.

Many of these PgcA-NHD homologues contain CXXCH c-type heme attachment
motifs implicating them in extracellular electron transfer processes, but many
include domains at their C-termini which contain no CXXCH motifs, raising the
possibility that they do not participate in extracellular electron transfer. Some of
the later of those sequences appear homologous to GDSL-lipase/esterase
enzymes, glycosidic hydrolase enzymes or carbohydrate binding domains
(Figure 5.10C). Additionally, genes with repeated fibronectin type-lll domains are
numerous suggesting many encode extracellular matrix proteins.

Discussion

G. sulfurreducens secretes several multiheme cytochromes into its extracellular
environment that are assembled into filaments that play a crucial role in EET™.
Of particular relevance is the cytochrome omcZ, which is encoded adjacentto a
serine protease that cleaves the OmcZ protein extracellularly into a smaller ~30
kDa mature form that unlike the ~50 kDa form, is able to polymerise '*'¢.

The Gram negative bacterium Shewanella oneidensis MR-1 is also studied
intensively for its ability to perform EET. In contrast with G. sulfurreducens, the
extracellular cytochrome proteins of S. oneidensis remain tethered to the outer
membrane by their N-terminal lipid moiety which renders them insoluble in the
aqueous extracellular environment'. Instead S. oneidensis secretes flavins
which likely can play a comparable role to the cytochrome filaments, helping to
move electrons from reduced outer membrane-anchored cytochromes, some
distance to terminal electron acceptors’®20,

G. sulfurreducens is probably not capable of actively secreting flavins to
enhance EET in this way?'-%. It has been suggested that G. sulfurreducens might
secrete soluble protein(s) to enhance EET instead, however direct evidence in
support of this strategy, which would represent an energetically very costly
alternative, has not been reported’?42,

The results presented here provide a basis for reconciling two seemingly
inconsistent observations, the first that an N-terminal lipid moiety is necessary
for secretion of PgcA across the outer-membrane by G. sulfurreducens®. The
second, that PgcA secreted by G. sulfurreducens exists as a soluble and
truncated isoform’. These results show that two aspartate residues accomplish
site specific proteolysis, while a network of hydrogen bonding and hydrophobic
interactions then ensure the ten residues N-terminal to the cleaved bond are
retained by the protein as a heterodimeric complex. This unique mechanism
might facilitate release from the cell surface, but would ensure the N-terminus
which is required for transport across the outer membrane, is not discarded
prematurely.
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These results also suggests that the in vivo mature form of PgcA may include
most of its non-heme domain, however since it was not possible to obtain either
soluble PgcA-NHD with its N-terminal cleavage peptide removed, or remove it
from PgcA-NHDw'-%re without denaturing that protein, it is possible that this
species is not stable. In that case it may degrade into the triheme PgcA isoform
somehow, although the fact that the triheme PgcA forming degradation process
is not D208+D212 dependent at least in S. oneidensis this does not support that
hypothesis.

It remains unclear what might trigger dissociation of residues A58-G67 from their
binding pocket to release PgcA from the cell surface in vivo. Analysis of the wild-
type variant crystal structure using PISA% indicates the interaction interface
between PgcA-NHD and its cleavage fragment is 797 A2 in area, implying it will
not easily dissociate. Consistent with this, in this thesis, dissociation was
achieved by incubation at 50 °C for one hour which caused total precipitation of
PgcA-NHD. Physical strain introduced during transport across the outer-
membrane might introduce sufficient lability in the structure for dissociation to
occur. Alternatively, a component of the lipopolysaccharide layer, or
extracellular environment might trigger dissociation. It is also possible that the
rate of dissociation is slow in vivo, which might be a valuable feature that leads
to a balance between a small population of secreted protein, and a dominant
population remaining anchored to the cell surface, thus limiting the energetic
cost of the system. This is an area which future research will be able to explore,
although it is not a question that is likely to be easily solved since biochemical
examination of G. sulfurreducens is not trivial.

Methods do exist however for genetic manipulation of G. sulfurreducens.
Therefore a core goal for this work in the future is to establish whether the D208A
and D212A substitutions yield an Fe(lll) oxide reduction phenotype in vivo. If the
proteolysis plays a critical role in the functioning of PgcA, given ApgcA cultures
exhibit reduced rates of Fe(lll) reduction that can be partially restored with a
plasmid pgcA copy, strains complemented with a plasmid copy containing the
D208A and D212A substitutions should display near ApgcA rates of Fe(lll)
reduction. Additionally, although preparing sufficient G. sulfurreducens biomass
for purifications is difficult, it is not difficult to obtain analytical quantities.
Therefore SDS-PAGE with LC-MS could be used to identify the native mature form
of PgcA in the extracellular fraction, and establish definitively where itis cleaved,
if at all, in vivo. Then this experiment could be repeated with a pgcA copy that
contains the D208A and D212A substitutions. These experiments are ongoing in
collaboration with the group of Daniel Bond (University of Minnesota).

Another aspect that is important to establish, will be the exact molecular
mechanism of cleavage. Although the conformations of D208 and D212 invoke
the active site of aspartic proteases, PgcA-NHD displays no detectable
homology (sequence or structural) to that family. For example, the Pepsin (PDB-

143



1PSN?’) Ca carbons RMSD with PgcA-NHD is 13.4 A, and the HIV-1 Protease
(PDB-10DY?%) Ca carbons RMSD with PgcA-NHD is 11.4 A. The catalytic
mechanism in those enzymes is thought to be initiated via deprotonation of an
ordered water molecule, priming it for nucleophilic attack of the substrate
peptide?. However, no electron density in support of a similar water molecule
was resolved in either PgcA-NHD structure described here. Unfortunately, the
possibility cannot be precluded that such a water molecule does exist but is
present exclusively in the pre-cleavage wild-type structure. Indeed this water
does appearto be lost upon substitution of the catalytic aspartates to alanine, in
canonical aspartic protease enzymes?®’. The rearrangement of G67 in response
to the cleavage could induce the loss/movement of a water. Furthermore,
characterised aspartic proteases require both aspartates to retain any
activity®'*2, but the PgcA-NHDP2%¢* and PgcA-NHDP?'?A proteins described in this
work still exhibit some autoproteolysis. The conformation of His203 resolved in
the PgcA-NHDw'Y%Pe structure suggests its possible involvement, although its
comparatively low sequence conservation implies it is unlikely to make a
decisive contribution.

Further structural and biochemical studies will evidently be necessary to unpick
the molecular basis for cleavage by PgcA-NHD and clarify its relationship with
aspartic proteases. What the functional consequences of mutations at the
His203 and Asn204 positions are, would be an essential and relatively simple
question for future research to address. Also likely to be attainable but still
valuable, would be analysis of the effect on proteolysis caused by mutation of
the residues either within, or adjacent to, the cleavage site. Those experiments
could be complimented by analysis of mutations at residues that are within the
proteolysis fragment (A58-G67), or that interact with the fragment. Analysis of the
crystal structures described here suggests that the hydrophobic residues
beneath the proteolysis fragment are probably important so their removal could
weaken the post-cleavage dimer. During the course of this work, it was
considered whether PgcA-NHD could serve as a useful tool protein, for example
perhaps as a self-cleaving purification tag for example. This possibility was soon
eliminated when it was determined that the post-cleavage dimer cannot easily
be broken without the use of denaturing conditions, however if a variant could be
produced which displays a significantly weakened, but not eliminated, post-
cleavage dimer, this strategy could become a viable one.

The reduced but not abolished activity of the D208A and D212A variant proteins
suggests crystallographic analysis of these proteins may reveal important
insights. The slower rate of proteolysis they display might even allow for trapping
of a reaction intermediate, which is often a critical step in elucidation of
enzymatic mechanisms®.

Also crucial will be characterisation of the homologues containing PgcA-NHD
that are presented within this thesis. It is essential that their autoproteolytic
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activity is experimentally confirmed, and their functions in G. sulfurreducens be
unambiguously established. If their enzyme domain is indeed secreted from the
cell by autoproteolysis in their PgcA-NHD domain, it would be fascinating to see
what else this secretory system could be repurposed to efflux, an obvious
example would be a distinctive tool protein like the green fluorescent protein,
GFP.

The non-heme domain from PgcA is distributed widely in the beta and gamma
proteobacteria, attached at its C-terminus to myriad redox and non-redox
proteins. Thus it seems likely it is not limited to participating in extracellular
electron transfer. Instead it seems PgcA-NHD functions as a general secretory
module in G. sulfurreducens and related bacteria, conferring export to
extracellular enzymes through a unique mechanism.

Methods

Cloning and plasmid construction

The PgcA-NHD gene (encoding residues 58-252) was amplified from the PgcA
overexpression construct described in Chapter 3, by PCR. The product was
digested with Sbfl-HF and AlwNI after which it was ligated into the pMAL-c6T
plasmid (New England Biolabs) using T4 DNA ligase. The resultant plasmid
(PMBP-(PgcA-NHD)) was heat shock transformed into E. coliTop10, plasmid DNA
was then purified and sequenced (Eurofins) before transformation into E. coli
BL21 (DE3). To generate mutant variants, PCR mutagenesis was performed using
primers as described in Chapter 5 appendix table 5.1, linearised PCR-product
DNA was re-circularised with T4 kinase and ligase, mutated DNA was
transformed into E. coli Top10 before plasmid purification and sequencing
(Eurofins), followed by transformation into BL21 (DES3).

MBP-(PgcA-NHD) purification

Single colonies of E. coli BL21 pMBP-(PgcA-NHD) were picked into 100 mL LB, 50
pg mL" carbenicillin and cultured overnight at 30 °C, 180 RPM. These cultures
were used to inoculate 1 L LB (50 uyg mL™" carbenicillin) in 2 L baffled flasks, which
were cultured at 37 °C, 180 RPM until an ODeq of approximately 0.6 was reached,
at which point they were induced with 0.5 mM IPTG before being returned to the
incubator for two hours. Cells were then harvested by centrifugation and
resuspended in cold buffer A (100 mM Tris-HCL, 150 mM NaCl pH 8.0). DNAse
was added before cell lysis by double pass through a french press at 1000 PSI,
lysate was then clarified by ultracentrifugation and the pellet discarded. The
supernatant was then loaded onto a 5 mL maltodextrin affinity column
equilibrated in buffer A, before washing with 15 column volumes (CV) of buffer A.
Protein was then eluted by 6 CV of buffer A supplemented to 10 mM maltose.
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Heat dissociation of MBP-(PgcA-NHD)

To trigger dissociation of the MBP-(PgcA-NHDY"¢-%r¢) species, protein at 1 mg mL
"in 20 mM HEPES pH 7,8, 100 mM NaCl (buffer B) was incubated for one hour at
4, 20, 40, 50, 60 and 80 °C. The resultant material was centrifuged (4000 G, 3
minutes) before injecting 0.5 mL volume into a Superose 6 increase 10/300 GL
SEC column, equilibrated in buffer C, with a flow rate of 0.5 mL min™ at 4 °C.
Fractions with 280 nm absorbing species in the SEC trace were analysed by SDS-
PAGE and stained with Coomassie blue.

PgcA full length construct post-translational-modification analysis

PgcAD208A*D212A \ygs purified from a full-length overexpression construct
transformed into S. oneidensis, by Streptactin-affinity chromatography as
described in Chapter 3 methods. Protein purity was assessed by SDS-PAGE.

TEV protease purification

A TEV protease overexpression strain was kindly provided by Zinnia Bugg
(University of East Anglia). Single colonies of pTEV E. coli BL21 were picked into
100 mL LB (30 pug mL" kanamycin), which were grown overnight (180 RPM, 30 °C).
These flasks were used to inoculate (1% final) 2x 1 L LB media in 2L baffled flasks
(30 pug mL" kanamycin). The 2L flasks were cultured at 37 degrees 180 RPM for
2.5 hours when an ODgyo of 0.68 was reached. 1 mM (final) sterile IPTG added,
and flasks returned to incubator for ~two hours. Cells were then harvested by
centrifugation (4000 G, 20 minutes ,16 °C). The cells were resuspended in 20 mL
of cold 50 mM phosphate buffer, 250 mM NaCl, 10 mM imidazole pH 7.5 before
lysing by double pass through French press at 1000 PSI. The lysate was diluted
with 50 mM phosphate buffer, 500 mM NaCl, 10 mM imidazole pH 7.5 (buffer C)
to a volume of ~60 mL, then clarified by ultracentrifugation (200,000 G, 4 °C, 1.5
hours). The clarified lysate was loaded onto Ni** IMAC column equilibrated in
buffer C, at 2.5 mL min”. The column was then washed with 12.5 CV of buffer C
(5 mL min™), followed by further washing with 7.5 CV of 50 mM phosphate buffer,
500 mM NacCl, 70 mM imidazole pH 7.5 (5 mL min”). Purified protein was eluted
with 8 CV of 50 mM phosphate buffer, 500 mM NaCl, 250 mM imidazole pH 7.5 (5
mL min”).

Purified TEV protease was then pooled and concentrated in 10 kDa centrifugal
concentrators until a volume of ~1 mL was reached. This was injected into a
16/600 Superdex 75 PG SEC column equilibrated in buffer B (20 mM HEPES pH
7.8, 100 mM NaCl), and eluted by application of further buffer B (0.5 mL min™).
Fractions were analysed by SDS-PAGE (Chapter 5 appendix figure 1), pooled and
protein concentrated to 5.6 mg mL™. To this B-mercaptoethanol ethanol and
glycerol were added to final concentrations of 25 mM and 20% respectively
before flash freezing in liquid nitrogen and storage at -80 °C until use.
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Liquid chromatography mass spectrometry

For LC-MS, protein was prepared by concentration to 100 uM or higher in 20 mM
Tris-HCL pH 7.5 before dilution to ~10 yM with HPLC/LC-MS grade water. Then
they were loaded onto an ACQUITY UPLC Protein BEH C4 Column, 300 A, 1.7 pm,
2.1 mm x 50 mm with an Acquity Premier | class UPLC. Bound proteins were
eluted (0.2 ml min™) (linear gradient (20 min) from 2% to 98% (v/v) acetonitrile,
0.1% (v/v) formic acid). The eluent was infused into a Waters Synapt XS QTOF
mass spectrometer with IMS running MassLynx, using positive mode
electrospray ionisation. The MS was calibrated with sodium formate (up to 2000
m/z) or sodium iodide for higher masses. UniDec (Universal Deconvolution)
software®* was used for processing of spectra using Bayesian deconvolution to
assign the charge states of the m/z peaks.

PgcA-NHD isolation from MBP, crystallisation and structure determination

MBP-(PgcA-NHD) at ~10 mg mL™" or higher was incubated overnight at 20 °C with
5 mM beta-mercaptoethanol and ~100:1 TEV-protease. The digest was then
injected through two 5 mL freshly charged Ni?*-IMAC columns equilibrated in 50
mM sodium phosphate, 500 mM NaCl, 25 mM imidazole, pH 7.5 and washed
through with additional 500 mM NaCl, 25 mM imidazole, pH 7.5. Flowthrough
fractions were analysed for PgcA-NHD purity by SDS-PAGE, pooled and
concentrated in 10 kDa spin concentrators to ~1 mL. This was then injected into
a 16/600 Superdex 75 PG SEC column equilibrated in buffer B. Fractions were
then analysed for PgcA-NHD by SDS-PAGE and pooled before concentration to
~10 mg mL" assuming a 280 nm extinction coefficient predicted by ExPASy-
ProtParam®.

Crystalline material was obtained in vapour-diffusion drops of 0.3 L of protein
solution, 0.28 pL of 1.5 M ammonium sulfate, 12 % v/v glycerol, 100 mM Tris-HCl
pH 8.5 (buffer D), and 0.02 uL of 10 % w/v PEG 8000, 8 % v/v ethylene glycol, 100
mM HEPES pH 7.5 equilibrated against 50 pyL buffer D mother liquor. This material
was crushed manually with a 20 pL pipette tip and resuspended in mother liquor
before being used to seed vapour-diffusion drops of 0.3 pL protein, 0.25 pL buffer
D and 0.05 pL seed stock equilibrated against 50 pL buffer D, which yielded oval
shaped crystals overnight. These were transferred to buffer D supplemented to
25% v/v glycerol for cryoprotection before vitrification by plunging into liquid
nitrogen.

Data was collected on single crystals at Diamond Light Source beamlines 104
and 124 using X-rays of wavelengths of 0.9537 A. Datasets from single crystals
were indexed, scaled and merged automatically with XIA2% and phased by
molecular replacement (Phaser-MR®¥) with an AF2'" search model. The
structures were refined manually using WinCoot® and using Phenix.refine*, to
final resolutions of 1.65 A, with no Ramachandran outliers. Data collection and
refinement statistics are shown in chapter 5 appendix table 5.2 and electron
density maps are shown in chapter 5 appendix figure 3.
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Bioinformatic analysis

PgcA-NHD residues (residues 58-252) was protein-BLAST'? searched to obtain
1000 sequences (table S3) with default parameters, and sequences with more
than 95% similarity discarded. The remaining sequences were sequence-aligned
by ClustalW* using default parameters in Jalview*'. WebLogo-3** was used to
generate a consensus sequence plot for the resultant alignment. GenBank-
protein entries HSD38823.1, KPA19545 and MDG1664003.1 were selected due
to their auto-annotation as homologues of enzymes of interest, and their
sequences uploaded to the AlphaFold3* webserver for structure prediction.
Their signal-peptide sequence, according to signalP-5.0* was then deleted from
the structural model.
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Chapter 5: Appendix

Table 5.1: Primers and plasmids used in Chapter 5.

Plasmids

Products

Primers (5’-3’)

pMBP-(PgcA-NHD)

MBP-(PgcA-NHDW)

Forward:
AACAGATGCTGGCAGTATCAGGGGTGGCA
Reverse:
TTCCTGCAGGTCACTTCTCGAATTGTGGATGGC

pMBP-(PgcA-
N H DD208A)

pBAD202-PgcAP208A

MBP-(PgcA-NHDP204)

D208A-PgcA (S. oneidensis)

Forward:

GGTCTCGCCGCCGTTICTGGACGTA

Reverse:

AACGGCGGCGAGACCAGTGTG

D212A pMBP-(PgcA-
NHD)

MBP-(PgcA-NHDP224)

Forward:
TTCTGGCCGTAATCCGGGTTCAACTTGGT
Reverse:
ATTACGGCCAGAACGGCGTCGAGA

pMBP-(PgcA-
N H DD208A+D212A)

pBAD202-

PgCAD208A+D21 2A

MBP-(PgcA-NH DD208A+D212A)

PgCAD208A+D212A (S

oneidensis)

Forward:
TTCTGGCCGTAATCCGGGTTCAACTTGGT
Reverse:
ATTACGGCCAGAACGGCGGCGAGA

pMBP-(PgcA-NHD)-
(linker)

MBP-(PgcA-NHDW) (linker)

M BP-(PgCA-N H DD208A+D212A)

Forward:

GCGGCTGCCGCAGTATCAGGGGTGGCAG

Reverse:

pMBP-(PgcA- (linker) CGCAGCGGCCAGCATCTGGAAGTACAGGTTCTC
N HDD208A+D212A)_
(linker)
pMBP-(PgcA-NHD**% | MBP-(PgcA-NHDP208A+D212A Forward:
69 D208A+D2124) £59-69 CTTGTGGGCACGATCCGGCTCAAGG
Reverse:
GGCAGCCGCCGCAGCGGC
pTEV TEV protease N/A

Table 5.2: Data collection and refinement statistics for PgcA-NHD crystals

PgcA-NH [DD208A+D212A PgcA-NH DWT
Data collection
Space group P61 P 61
Cell dimensions
a,b,c(A) 96.7096.70 33.15 96.76, 96.76,
35.92
o, B,y (°) 9090120 9090120
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Resolution (&) 48.35-1.65(1.71 -1.65) 41.9-1.65
(1.71-1.65)
Rpim (%) 0.013(0.101) 0.0089 (0.037)
CC1/2(%) 1(0.98) 1(0.99)
1/ ol 32.04 (4.03) 56.15(13.12)
Completeness 99.95 (99.76) 99.99 (100.00)
(%)
Multiplicity 20.3(18.0) 18.7 (11.2)
Refinement
Resolution (A) 1.65 1.65
No. reflections 21608 (2121) 23412 (2324)
Rwork / Riree 0.1815/0.2044 0.166/0.191
No. atoms
Protein 1396 1403
Ligand/ion 21 21
Water 180 225
B-factors
Protein 22.59 14.76
Ligand/ion 43.06 38.02
Water 34.95 28.69
R.m.s. deviations
Bond lengths 0.006 0.008
(A)
Bond angles (°) | 0.94 1.05
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Appendix figure 1: Purification of the TEV protease tool protein. (A) Reducing SDS-PAGE
analysis of TEV protease purification intermediates. (B) Final size exclusion chromatography
trace of TEV protease, note that fractions between 60-70 mL were pooled, this sample is shown
in panel A as SEC-purified.
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Appendix figure 2: Recombinant TEV is active against PgcA-NHD but requires a hexa-alanine
linker for high efficiency. Reducing SDS-PAGE analysis of TEV protease incubations with PgcA-
NHD at different ratios using the D208A+D212A variant and a D208A+D212A variant with an
additional hexa-alanine linker (Ala,), marker molecular weight shown in kDa. Note the band at

~27 kDa is the TEV enzyme.
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Appendix figure 3: PgcA-NHD crystal structure electron density maps. Double difference
electron density maps for 1.65 A (both) resolution PgcA-NHD D208A+D212A variant (top) and
wild-type (bottom), contoured at 1.5 sigma. Density arising from N-terminal cleavage fragment
represented in pink and from D208-D212 alpha helix in cyan.
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Chapter 6: The structural basis for extracellular
reduction of DMSO by Shewanella oneidensis

MR-1

Introduction

Shewanella oneidensis and other Gram-negative bacteria which participate in
extracellular electron transfer assemble porin-cytochrome complexes in their
outer membrane which play a pivotal role in that process™2. These multimeric
protein complexes facilitate rapid transmembrane electron transport and can
also directly interact with solid and solvated extracellular substrates®*.

The archetypal porin-cytochrome complex, which has been extensively studied
as a model system, is the MtrCAB complex present in many Shewanella species
including S. oneidensis and S. baltica®. A crystal structure was recently reported
for the S. baltica MtrCAB complex, which showed it contains a porin, MtrB, that
insulates a decaheme c-type cytochrome, MtrA, from the lipidic-membrane and
an extracellular head group, the decaheme cytochrome MtrC®.

Unfortunately, with only a single porin-cytochrome complex structure reported
in the literature, it remains unclear which features of the S. baltica MtrCAB
complex are conserved among analogous complexes, and which are unique.
Since attempts began to structurally resolve MtrCAB by X-ray crystallography,
enormous progress in structure determination by single particle cryoEM has
been made, and this technique now represents the cutting edge in membrane
protein structural biology”®.

S. oneidensis contains, in addition to mtrCAB, another gene cluster that contains
genes encoding a porin, dmsF, and a decaheme c-type cytochrome, dmsE.
Within this cluster, no homologue of the mtrC gene is present, in its place are two
genes homologous to the E. coli periplasmic DMSO reductase subunits, these
being dmsA and dmsB™°. Deletion of dmsB and dmsE has been shown to cause
an inability to grow on DMSO, consistent with it forming a DMSO reducing
complex, and more recently it has been shown to confer iodate reduction"".
However, all structurally characterised DMSO reductase enzymes are
intracellularly localised. Purification of enzymatically active DMSO reductase
from S. oneidensis has been recently reported, but this preparation did not
display any features indicating the porin and cytochrome subunits had
copurified with DmsA and DmsB'.

This chapter sought to develop a method to purify the complete DMSO reductase
(DMSOR) from S. oneidensis MR-1 and determine its three dimensional structure
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using cryogenic electron microscopy. The DmsEFAB structure described here
represents the first of an extracellular DMSO reductase, but more importantly
also the first porin-cytochrome complex structure with a well-defined substrate
binding site. Thus these results provide importantinsights for the field of EET, and
could serve as a basis for engineering extracellular-enzyme based redox
chemistry.

Results

Purification of DmsEFAB

A S. oneidensis MR-1 strain carrying the dmsEFABGH gene cluster in a pBAD202
plasmid (pDMSOR) was kindly provided by Dr Marcus Edwards. This construct
included an element encoding for a strep-Il purification tag incorporated at the
DmsA C-terminus. Plasmid DNA was purified and sequenced to confirm the
identity of the strain and integrity of the genes.

The dmsEFABGH gene cluster was overexpressed in S. oneidensis MR-1 LS527,
and purified in detergent, as described in Chapter 6 methods. Methodology |
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Figure 6.1: Initial attempts to purify DMSOr yielded an incomplete complex. (A) Reducing
SDS-PAGE analysis of DMSOR purified using Methodology I, marker molecular weight shown in
kDa. (B) Electronic absorbance spectra of as-purified (black) and dithionite reduced DMSOR
purified using Methodology I.
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yielded a brownish-green solution consistent with that previously reported was
purified via this method'2. Coomassie stained SDS-PAGE revealed the presence
of bands at ~90 kDa consistent with the DmsA predicted molecular weight, ~25
kDa consistent with DmsB. A third band was identified at ~65 kDa which could
indicate the presence of DmsF although no band consistent with ~35 kDa DmsE
was visible. The electronic absorbance spectrum was inconsistent with the
presence of ten c-type hemes which, due to their high extinction coefficient,
should dominate in the ultraviolet-visible region (Figure 6.1). These results
suggested some subunits from the complex had been lost during purification.
When interpreted alongside the observations that 1: In the homologous MtrCAB
system, MtrA is required for MtrB to be stable' and 2: DSMO reductase enzymes
can create additional bands at lower molecular weight if denatured
incompletely', the most likely explanation is that this material was comprised of
DmsAB complexes, and the band at ~65 kDa is incompletely denatured DmsA.

Subsequently, two alterations to the purification process were introduced. First,
10% v/v glycerol was introduced into the lysis buffer, and second, the membrane
pellet was solubilised in 1.5% LDAO instead of 1.5% Triton X-100. SEC of protein
purified with methodology Il separated two species, a smaller dominant species
similar to that obtained via methodology I, and a larger species with lower yield,
a clear red colour and a positive 410-280 nm absorbance ratio (Figure 6.2A).
Coomassie stained SDS-PAGE analysis of the larger species revealed four bands
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Figure 6.2: Improved DMSOR purification methodology allows for isolation of DmsEFAB
complex. (A) SEC absorbance traces for DMSOR purified with methodology II. (B and C)
Reducing SDS-PAGE analysis of DMSOR purified using method one, pooled fractions between
55-61 mL from panel A, stained with Coomassie (B) and heme-peroxidase stain (C), marker
molecular weight shown in kDa. (D) Electronic absorbance spectra of as-purified (black) and
dithionite reduced DmsEFAB, in 20 mM HEPES pH 7.8, 100 mM NaCl.
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at the anticipated molecular weights for each DmsEFAB component (Figure
6.2B), of which only the DmsE band stained positive for c-type hemes (Figure
6.2C). Electronic absorbance spectra for this species were indeed dominated by

700 x

8500 x

150 kx

Figure 6.3: Screening of cryoEM grids on 200 kV Talos with Falcon 4i detector.
Screening images collected of cryogenic grid set one (left) and cryogenic grid set two
(right), note the presence of individual particles “blobs” present in grid set two at 150 kx
not easily picked out in grid set one.
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features typical of c-type cytochrome proteins, with a maximum at 410 in the as-
purified state, and maxima at 553, 524 and 421 nm in the dithionite reduced state
(Figure 6.2D). Taken together, these results indicate successful isolation of a
stable and complete DmsEFAB complex via an improved methodology, therefore
fractions containing this species were pooled and methodology Il used to
produce all protein used in further experiments. An additional but very faint band
at~65 kDawas also present on the Coomassie stained gel for this species (Figure
6.2B). This supports the suggestion that the clear ~65 kDa band identified by
SDS-PAGE of protein produced by methodology | (Figure 6.1A), is indeed
incompletely denatured DmsA, not DmsF which appears distinctly at ~70 kDa in
Figure 6.2B.

CryoEM data collection and processing

Purified DmsEFAB was next subjected to cryoEM single particle analysis. Initial
attempts at negative staining were unable to resolve clear particles, however
SEC of the sample immediately before preparation of the grids (Chapter 6
appendix figure 1) did not indicate sample damage/loss of any kind. Therefore it
was considered most likely that the inconclusive images where attributable to
the negative stain methodology, not the quality of sample. Subsequently it was
decided that screening by negative staining was unnecessary and cryogenic 300
mesh copper grids were prepared.

Screening of these grids with an FEI Talos 200C electron microscope equipped
with a Falcon 4i detector confirmed that grids had vitreous ice within the grid
holes and did not appear to suffer from severe ice contamination (Figure 6.3 left).
Analysis of these grids at 150 kx (thousand times) magnification revealed that the
holes did not contain clear individual particles which could be picked (Figure 6.3
right). It is possible that the explanation is these grids contained protein so
densely packed together that particles appeared stacked upon one another such
that there were no clear boundaries between particles leading to poor contrast.
Another alternative and not mutually exclusive explanation is that the ice
thickness was too great, introducing poor contrast and therefore making induvial
particles unidentifiable.

It was subsequently decided to prepare a second set of cryogenic grids, with
reduced protein concentration (1 mg mL" down from 5 mg mL™). Screening with
these grids also confirmed they contained vitreous ice within the holes, and did
not suffer from severe ice contamination (Figure 6.3 lower). Imaging of cryogenic
grid set two at 150 kx magnification revealed individual particles within the ice
which could be picked (Figure 6.3 lower 150 kx). Although the density of particles
was low meaning relatively few would be obtained per image which is not ideal,
given it may be possible that the low protein concentration used was
instrumental in obtaining good ice thickness and clear individual particles, this
lower particle count was considered acceptable.
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Grid set two was utilised for a full high resolution data collection on Titan Krios llI
equipped with a Falcon 4i detector and a Selectris X energy filter at Diamond
Light Source. This yielded a data set containing ~8000 micrographs. The data
was processed using Relion 5.0"° as described in Chapter 6 methods. Ultimately
~57,000 high-quality homogeneous particles were identified and retained after
2D and 3D classification which removed particles that were not DMSOR or did
not classify into subsets with high resolution features. From these a 3D
reconstruction was obtained de novo, and refined to a final estimated resolution
of 3.32 and 2.98 A with and without map sharpening, respectively, determined by
fourier shell correlation cut off of 0.143 (Chapter 6 appendix figure 4), for further
details see Chapter 6 Methods. Data collection, data processing and refined
model validation statistics are made available in Table 6.1.

Figure 6.4: Unsharpened cryoEM density maps of DMSOR. Unsharpened cryoEM density maps
for DmsEFAB complex with estimated resolution of 3.32 A, contoured at6 o (A) and 3 o (B). Black
arrow indicating the location of the DmsA N-terminus in which a lipid group is likely attached,
and blue box indicating the approximate position on the membrane in vivo.

Atomic structure of DmsEFAB
The map shows a particle ~170 A in height (perpendicular to the membrane
plane), spanning ~70 by ~70 A in the membrane planes (Figure 6.4). The particle

displays two clear components, a barrel shaped feature, consistent with a porin,
thatis mostly filled with densities, and a head group which contains a funnel-like
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feature and is tilted approximately ~35 ° relative to the longest dimension of the
entire particle (Figure 6.4A). In the unsharpened map contoured at 3 o, a belt
around the barrel indicating the presence of an LDAO detergent micelle is clear,
and a poorly resolved, and likely flexible, feature points from the headgroup
towards the detergent belt which is consistent with the presence of a lipid anchor
tethering the N-terminus of DmsA within the detergent micelle (Figure 6.4B). This
assertion is supported by analysis of the DmsA sequence with the signal peptide
analysis service SignalP-5.0"® which suggests the protein is transported across
the inner-membrane via the TAT system, after which itis cleaved and lipidated at
Cys22 (Chapter 6 appendix figure 5). This feature appears to be crucial for
extracellular reductase enzymes like MtrC and PgcA'”'®, taken together these
results indicate that this is also the case for DmsA.

2.50 3.75 5.00

Figure 6.5: Local resolution estimate of sharpened cryoEM density map. Sharpened cryoEM
density map (contoured at 5 o) coloured with estimated local resolution calculated using Relion,
given resolutions shown in A.

Clear density is visible for individual porin beta strands in both sharpened and
unsharpened maps although the loops between most strands are less well
resolved. Estimating the local resolution of the sharpened map revealed that the
~3 A estimated globalresolution is representative for most of the particle (Figure
6.5). Regions with the highest local resolution are concentrated close to the
interface between the barrel and the headgroup, especially on the opposite side
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of the particle to the side in which the funnel is located. This is somewhat
unusual as the highest resolution regions of cryoEM reconstructions are usually
within the particle core, it may reflect a minor case of preferential orientation of
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Figure 6.6: Sharpened cryoEM density map and DMSOR atomic model. Sharpened cryoEM
density map (top) for DmsEFAB complex with estimated resolution of 2.98 A, contoured at5 o

coloured by subunit (orange-DmsA, pink-DmsB, blue-DmsE and green-DmsF).



particles within the grid ice. It is also possible that the higher resolution regions
within the particle are considerably more ordered and rigid than the lower
resolution regions. Another possible explanation is that the intrinsic and
asymmetrical shape of the particle makes certain 2D projection images of it
easier to pick out, and align correctly in 3D. Subsequently certain projections
may be overrepresented, even if they were proportionally represented in raw the
images, leading to mildly anisotropic resolution. These possibilities are not
mutually exclusive, some combination of them all may be responsible.

The density map allows clear tracing of the protein backbone for each subunit,
and there is clear density visible for side chains (Chapter 6 appendix figure 6),
allowing for the amino acid sequences of DmsSEFAB to be modelled and their
rotamers assigned with confidence In addition, two MGD pterin ligands, five
FesS, clusters and ten c-type hemes were also modelled (Figure 6.6). The final
model obtained an overall MolProbity score of 1.88.

Figure 6.7: Atomic models of DmsF and DmsE show high similarity with MtrA and MtrB.
Superposition of structures of MtrB (purple) with DmsF (dark green) and MtrA (light green) with
DmsE (blue). DmsF/MtrB shown with extracellular side on top, DmsE/MtrA shown with
extracellular end (C-terminus) on to the left and N-terminus to the right.
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Inspection of the atomic model reveals that DmsF forms a porin consisting of 26
beta strands, that insulates the DmsE decaheme from a ~35 A wide detergent
belt. The DsmF barrelis 70 Ain length along the membrane-perpendicular plane
and 55 A across in the membrane-parallel planes. DmsF can be superimposed
onto MtrB by the Ca carbons with an RMSD of 0.859 A (Figure 6.7 upper)
indicating very close structural similarity, which is unsurprising given with their
high sequence identity (54%). Like MtrB, DmsF is not perfectly barrel shaped with
one side protruding. The protrusion is particularly pronounced at the periplasmic
side and creates an empty channel 30 A deep and 20 A across reaching up within
the porin approximately half its length before becoming sealed. Several loops
which link the porin beta strands are not well resolved enough to model, Y89-
W94 (periplasmic), Q287-D303 (extracellular), A344-K356 (extracellular) and
Y434-E443 (extracellular), indicating they are most likely disordered. No density
was observed indicating the presence of tightly bound lipids within the detergent
environment although this is does not necessarily indicate there are none in vivo,
since LDAO is a relatively harsh detergent and thus typically strips membrane
proteins of their annular lipids.

Figure 6.8: Superposition of DmsB with the FeS subunit of the A. oryzae perchlorate
reductase, PcrB. Superposition of crystal structure of Azospira oryzae perchlorate reductase
FeS subunit PcrB (PDB-5CH?7) (blue) with atomic model of DmsB (pink).

DmsEis almosttotally embedded within DmsF and can be superposed onto MtrA
by the Ca carbons with an RMSD of 0.752 A.lts10 c-type hemes are well resolved
and clearly all His-His coordinated. Furthermore, they are packed together with
close edge to edge distances, and are arranged into pairs that are parallel
stacked. DmsE makes numerous interactions with residues of DmsF that are
oriented into the porin interior, however the DmsE N-terminus extends some 20
A into the periplasm. This region is poorly resolved and atomic modelling with
confidence here was extremely challenging. The identity of a small region of
density here could not be assigned, the most likely possibility is it contains
residues atthe DmsE N-terminus that are poorly ordered. However the possibility
that the unassigned density is derived from unresolved regions within DmsF
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cannot be eliminated. The explanation for this significant variability in flexibility
across DmsE maybe indicate that a flexible DmsE C-terminus is better suited to
accept electrons from a broad range of donors in the periplasm. It is also
possible that a flexible DmsE C-terminus is important in assembling the
complex. Given this feature is maintained in both MtrA and DmsE, it is likely
important for their function in some capacity.

J, Q'
) - »{ "’
S
\ ) >'_j. o~ :.\%" .
p{ N Dyt \
A . e 1 L 2/
A i & P
=\, — @\1 vy -
-\ b )/ ,t\ R ‘,i’ [y \
", 4 RN ¥ a Nm 7) 5“ % N o=
WL I @\ ¢ \° 7
o d S0\ (DS ek ] /
‘\) | B i ‘\-‘v. 7| / ‘\'—d 7, .""_ﬂ_i »
™ g 1 A S Ne .k
2 7 ' N o ac
~® 4 R BN ¢
o £ {
i (e ‘}H 9 “L /
> &5 - 1y,
N .
DMSO

') DMSO

Figure 6.9: Atomic structure of DmsA is dominated by a depression which leads to the active
site and is shared with its closest analogue MtrZ. Atomic model of DmsA (top), with surface
view (middle) indicating the position and shape of the central cavity which extends down to the
molybdopterin active site and DmsA (orange) superposition with H. influenzae MtsZ (PDB-7L5S)
(blue).
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DmsB, is inserted between DmsE and DmsA. Its secondary structure is
comprised of 4 short alpha helices, a single longer alpha helix and 8 beta strands
which together encapsulate 4 Fe,S, clusters. Residues 60-78 form a protrusion
leading away from the bulk of DmsB across the surface of DmsA (Figure 6.6). 3D
structure alignment searching with DmsB across all PDB entries using Foldseek™
indicates that the most similar entry (RMSD of 1.00 A) in that database is the FeS
subunit of the Azospira oryzae perchlorate reductase, PcrB (PDB-5CH?7)(Figure
6.8). This perchlorate reductase FeS subunit contains three Fe,S. clusters,
however its cluster which is analogous to the cluster that in DmsB is the first in
its cofactor chain, is instead a FesS, cluster?.

DmsA adopts a fold which is largely alpha helicalin character with approximately
globular dimensions. The funnel-like cavity which was evident even early in data
processing is within this subunit where it is positioned centrally within the
molecule and reaches 30 A in diameter and 20 A in depth (Figure 6.9). DmsA
incorporates a single Fe,S, cluster, coordinated by the side chains of residues
C48, C52, C56 and C88. Adjacent to the DmsA FesS, cluster and located at the
bottom of the funnel, two molybdopterin guanine dinucleotide molecules
coordinate the Mo ion via their dithiolate moieties while a fifth coordination is
provided by the hydroxyl group of S183. A PDB search with Foldseek indicates
that this protein’s closest structural analogue (RMSD of 1.10 A) there is a
methionine sulfoxide reductase, MtsZ at pH 5.5 (PDB-7L5S), from the bacterium
Haemophilus influenzae. MtsZ displays a funnel shaped cavity similar to DmsA,
although unlike DmsA this enzyme contains no cofactors beyond its
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Figure 6.10: The active site of DmsA is consistent with that of other DMSO reductase
enzymes and is lined by the presence of amino acids which likely exert control over
substrate specificity. Atomic model of DmsA active site. Residues that line the substrate
binding site shown with sticks and labelled. Predicted DMSO position and orientation obtained
from superposition with R. capsulatus reductase bound DMSO crystal structure (PDB-4DMR)
shown centrally with its carbon atoms coloured pink.
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molybdopterin moiety (figure 6.9)?'. In the active site of MtsZ, electron density
was observed indicating the presence of an oxo group coordinating the
molybdenum, which is not the case for DmsA although at the significantly poorer
resolution of 3.0 A this doesn’t necessarily rule out its existence. No protein side
chainwas observed coordinating the molybdenum ionin MtsZ at pH 5.5, however
in DmsA at pH 7.8, Ser183 coordinates the molybdenum similar to many other
DMSO reductase enzymes??>23,

The density in the DmsA active site indicates coordination of the molybdenum
ion by all thio groups of the pterin ligands (bond lengths of 1.6-2.8 A) in addition
to coordination from S187 (bond length 1.8 A). It also shows the substrate binding
site directly above the Mo ion remains open. The funnel narrows to reach the Mo
and is lined by the presence of aromatic residues (Y151, Y156, W184 and Y549)
which likely exert significant control over the enzyme’s substrate specificity
(Figure 6.9). Superposition with the crystal structure of R. capsulatus DMSO
reductase with bound DMS (PDB-4DMR)*yields an RMSD of 1.09 A and indicates
that in DmsA, N51, N181 and T153 also probably make important interactions
with bound substrates (Figure 6.9). These observations are important since
despite several attempts to define a specific substrate binding site in
extracellular reductases, unambiguous identification of such a site has only
been reported for the case of soluble iron complexes binding UndA252¢,
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Figure 6.11: The interface between DmsEF and DmsB is maintained by a limited number of
residues. Atomic model of DmsEF:DmsB interface, with DmsE in blue, DmsF in green and DmsB
in pink. Residues that have been identified as likely to be particularly important in complex
formation/stabilisation are shown with sticks and labelled.
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Taken together all these analyses are consistent with describing the DmsEF and
DmsAB substructures as being generally similar to their respective homologues
S. oneidensis MtrAB and R. capsulatus DmsAB, respectively. Given those
homologues do not form a DmsEFAB tetrameric complex however, it follows that
itis likelyto be the interface between DmsEF and DmsB that is the location within
the structure that is most novel.

Here the complex width contracts to its the narrowest point stretching only 22 by
17 A. This is exemplified by analysis of the structure using PISA%?” which revealed
the DmsF:DmsE interface is 4956 A2 in area, while the DmsA:DmsB interface is
2497 A%in area. In stark contrast, the DmsF:DmsB interface is only 324 A2 while
the DmsE:DmsB interface is 430 A2. Thus DmsEF contacts DmsB across a total
area of only 754 A2 This at first does appear smaller than average but not
remarkably so, when compared with the average interface size found in
deposited PDB structures of protein complexes, which in 20082¢ was estimated
to be ~1,230 A2. However it is important to note that in 2008 the PDB was
especially disproportionate in representation of smaller proteins which are
amenable to X-ray crystallography. Therefore the majority of complex structures
deposited were complexes of smaller proteins making the 754.3 A2 measured for
DmsEF:DmsB remarkable when the ~230 kDa size of the tetramer is considered.
A fairer comparison is with the structure of the MtrCAB complex®, which when
analysed using PISA? contained an MtrC:MtrB interface of 887 A2, and an
MtrC:MtrA interface of 578 A2 making the total between the porin-cytochrome
substructure and the headgroup 1,465 A2, This value is almost twice that of the
DmsEF:DmsB interaction interface.

Closer inspection reveals DmsF forms interactions with DmsB via extracellular
loops (Figure 6.11). In the first of these FP198 (Indicating P198 from DmsF)
interacts with BP98 and the side chain of FR199 interacts with the backbone
carbonyl of BG100. The second loop is located at the opposing side of the barrel,
where the backbone carbonyl of FQ532 appears to interact with the g-amino
group of BK140 and the side chain of "Q532 interacts with the backbone carbonyl
of BE138. Athird loop is located adjacent to the fist, within which FP636 and FG637
appear to contact BE116 and BL117 via weak interactions.

All interactions DmsE makes with DmsB are mediated entirely by a loop
comprised of residues £277-292, and its C-terminal heme (fHeme10) (Figure
6.11). ED277 and BK140 appear to form a salt bridge via their side chain moieties
although the map density is weak here indicating this interaction maybe
artefactual. The guanidinium group of ER282 makes an extensive network of
interactions with the backbone carbonyls of BC118, BI119, BR129 and BK140. The
backbone amide of EA291 forms a hydrogen bond with the backbone carbonyl of
BE116. Finally, the side chains of FA291 and especially EF292 in combination with
EHeme10 form a hydrophobic pocket which stabilises the hydrophobic regions of
BP98, BT99 and in particular, 81119.
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These interaction networks seem remarkably modest, but they nonetheless
manage to position theme10 within a metal to metal distance of only 10.9 A of
the first BFe,S, cluster indicating electron transport between them can likely
occur extremely rapidly. Indeed the metal to metal inter-cofactor distances
across the DmsEFAB cofactor chain remain low across the structure, falling
between 9.5and 11.6 Ain DmsAB and 9.0to 11.7 Ain DmsE. These distances are
comparable to those in MtrCABS, indicating the maximal electron flow rate
through the cofactor chain in DmsEFAB is likely to be on a comparable order of
magnitude as in MtrCAB. Given that the reported k... for DMSO reductase
enzymes is on the order of 80 s™ and electron transport through MtrCAB has been
experimentally demonstrated to reach at least 8,500 s, these observations
together indicate that either substrate turnover in DmsA, or delivery of electrons
from periplasmic shuttles, are more likely to be the rate limiting step for
DmsEFAB, than is intramolecular electron transfer across its cofactor chain-%°.

Discussion

One important objective of this chapter was first to elucidate the molecular basis
for complex formation between DmsEF and DmsB. Then to exploit that
understanding to determine whether the underlying interactions are unique to
DmsEFAB or conserved in all porin-cytochrome complexes, by comparison with
the structure of S. baltica MtrCAB. Given DmsB and MtrC are evolutionarily
distinct, it follows that identification within them of a conserved DmsEF/MtrAB
binding motif would suggest this motif is likely common to many analogous
systems. Such a motif would represent a remarkable example of convergent
evolution or gene transfer, however the alternative result, that they each bind
DmsEF/MtrAB via a different set of interactions would be equally as interesting
as thiswould indicate that complex formationis viable via interactions that aren’t
tightly restricted evolutionarily. If so, it might be possible to engineer binding to a
porin-cytochrome complex into an existing redox enzyme of choice, and
therefore produce a complex that can perform extracellular redox catalysis of a
reaction which has industrial or other commercial value.

The analysis presented above implicates only a handful of residues from each
DmsB, DmsF and DmsE as important in formation of the complex. Of particular
importance appear to be "fR199, FQ532, EF292, ER282, BI1119, BP98 and BT99.
Comparison of DmsF with MtrB reveals that FR199 and its hydrogen bonds are
not conserved in MtrB, nor is FQ532 and its interactions. Comparing DmsE with
MtrA reveals that FR282 which appears to play a central role mediating
interactions between DmsE and DmsB, is not conserved in MtrA, indeed N290
which takes its place in MtrA does not make any contacts at all with MtrC. EF292
is conserved in MtrA (as M™F307) however none of the residues in DmsB which
line the hydrophobic pocket that EF292 creates (81119, BP98 and BT99) are present
in MtrC. Sequence alignment between S. baltica MtrA and DmsE shows that their
C-termini are sequentially very similar, however DmsE is missing a 7 residue long
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sequence (M™L293-G299). In the MtrCAB structure, these residues form a loop
which contacts MtrC extensively, no comparable interactions are present in the
DmsE:DsmB interface.

Comparing the DmsB:DmsF interface with the MtrC:MtrB interface, it is
immediately apparent that the interactions found within MtrC:MtrB are much

y

Figure 6.12: The interface between DmsEF:DmsB is totally distinct from that of
MtrAB:MtrC. Superimposed atomic models of MtrAB:MtrC interface (MtrAin purple, MtrBin
grey and MtrC in pale green)(upper) and DmsEF:DmsB interface (DmsE in blue, DmsF in
green and DmsB in pink)(lower). Residues that have been identified as likely to be important
in complex formation are shown with sticks.
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more substantial (Figure 6.11). In both cases, the interactions are localised to
opposite corners of the porin. On one side, the DmsEFAB atomic model predicts
only FQ532 interacts with DmsB. Here in MtrCAB, FQ532 is replaced by ""S565
which makes no contacts with MtrC. However, the larger MtrC extends much
further over the surface of the porin than does the smaller DmsB, making
extensive contacts as it does so. Particularly apparent are hydrogen bonds
formed by M®Q616 with McQ93 and ""™®N566 with "R272. Neither of these
appearinanyforminthe DmsEFAB structure. Onthe other side of the porin, MtrB
makes hydrogen bond networks to MtrC, ""®S161 with Q296 and M®N219 with
M'CN302. 81381 and M™®F274 form a hydrophobic pocket in which "CHeme5 is
firmly embedded. Further hydrophobic interactions occur between ""®W670 and
MrCL298. None of those interactions, or interactions comparable to them, are
present between DmsF and DmsB, in fact relative to the extensive networks
between MtrC:MtrB, DmsF and DmsB contact one very minimally.

Taken together these observations show firstly that the bonding networks which
hold DmsEF in contact with DmsB are sparse in comparison with those seen in
MtrCAB. Secondly, they demonstrate that the bonding interactions holding these
two complexes together are totally distinct from one another and share almost
no residue combinations in common at all. Therefore assembling a headgroup
onto a porin-cytochrome complex can be achieved via more binding modes than
one, possibly without the requirement for a sophisticated and extensive binding

Figure 6.13: The peptide backbone of DmsB remains remarkably similar to PcrB despite its

forming DsmEFAB. Superimposed atomic models of DmsEF:DmsB interface (DmsE in yellow,
DmsF in green and DmsB in pink) with PcrB (pale blue).
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surface to be present. This interpretation is supported by examining how DmsB
differs at its DmsEF binding surface, from its closest structural relative identified
with Foldseek, PcrB. Remarkably, the peptide backbone positions in these two
proteins in this region are extremely similar and even many residues are
conserved (Figure 6.12). A handful of residues in DmsB which have hydrophobic
groups and are shielded from the solvent by DmsEF, have polar equivalents in
PcrB, BL117 is replaced with K169 and Bl119 which appears pivotal in
DmsEF:DmsB binding is replaced with "K171. Several other residues nearby
are also not identical, 8T99 is replaced with "®N151, BK140 is replaced with
PeBN192, BD168 with 8 E116, BV141 with "BK193, BA114 with P*®H166 and 8G100
with P°BE152.

By mutating these residues in PcrB, it may be possible to confer it with binding to
DmsEF. Assuming all residue pair mutations are required for effective binding, 8
mutations would be necessary. This humber conceivably could be tested by
future researchers without great difficulty, it maybe that not all are necessary and
a smaller number is sufficient. Mutagenic analysis of DmsB, DmsE and DmsF will
be required to confirm the interpretations presented in this chapter. An excellent
place to start would be analysis of BI119, ER282 and FR199 mutations since the
cryoEM map and atomic model presented here indicate these likely play pivotal
roles in complex formation.

Perhaps important to note here, is the fact that even methodology Il developed
to produce the DmsEFAB used in this chapter, yielded a species that was mostly
comprised of DmsAB, not DmsABEF (Figure 6.2A, peak at ~65 mL). One
interpretation of this result is that the detergent micelle can interfere with
complex stability or the accessibility of the DmsA purification tag. Another
interpretation which is not necessarily mutually exclusive with the first and
supported by analysis of the cryoEM structure, is that the complex is weakly
bound together and therefore DmsAB-only and DmsEF-only complexes are
common in the outer-membrane. Once DmsEFAB was isolated however, no
significant dissociation of the complex was discernible by SEC (Chapter 6
appendixfigure 1). Although dissociation of DmsAB and DmsEF can be envisaged
in the outer-membrane, the unsharpened cryoEM map indicates DmsA is likely
lipidated, and that its lipid anchor usually resides in the same detergent micelle
that stabilises DmsF (Figure 6.5B). This presumably will make dissociation of a
detergent stabilised DmsEFAB complex unlikely, since the tetramer must break
at the same time as the DmsA lipid anchor is transferred to a second micelle.
Taken together, these findings indicate that although the DmsEFAB complex
appears stable once purified in detergent, this cannot be surely assumed to be
the case in vivo.

Some thought has also been given to the question of whether porin-cytochrome
complexes are interchangeable, i.e. whether formation of an MtrAB-DmsAB
complex is possible in vivo®%. It has not been established either whether a
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DmsE-MtrB or DmsF-MtrA complex could form. The alternative being that porins
and cytochromes only form their transmembrane wire complexes when they are
encoded together in the genome. The analysis described here argues strongly in
opposition to the formation of an MtrAB-DmsAB or DmsEF-MtrC complex, since
the DmsEF:DmsB and MtrAB:MtrC interactions are totally distinct, however
experimental validation of this will be required. The high conservation in the
structures of DmsF/MtrB and DmsE/MtrA is not inconsistent with the formation
of DmsE:MtrB and DmsF:MtrA complexes, but it does not provide definitive
evidence in favour for or against complex formation. If mixed DmsE:MtrB or
DmsF:MtrA complexes do form however, these results suggest they are unlikely
to be capable of productively binding to either extracellular headgroup, since
they will be unable to present the correct binding surface. As the loss of these
headgroups will result in reduced function for the complex, this information
implies mixed complexes would an inefficient use of resources.

Assembling a ~230 kDa tetramer in the outer-membrane presumably incurs a
significant energetic cost on S. oneidensis cells. Furthermore it has required the
development of several different innovations that are necessary to allow
complex assembly. The DmsAB subunits must be recognised by the type Il
secretion system, which is not the case for other DMSO reductase subunits. The
DmsEF subunits must be made to interact with the DmsAB subunits. The DmsA
subunit most likely must become a lipoprotein, which is indicated by its
sequence, its pelleting with membrane fractions’ and the cryoEM map viewed
at low thresholds. These suggest that since so many hurdles have been
overcome and retaining the gene cluster continues to be beneficial, a significant
competitive advantage is provided for S. oneidensis by possession of the
dmsEFABGH gene cluster. Given an extensive nhumber of enzymes capable of
supporting reduction of DMSO intracellularly have been described, what exactly
the competitive advantage which extracellular DMSO reduction through
DmsEFAB provides, is not obvious.

Gralnick et al (2006) suggest the ability to reduce DMSO extracellularly may allow
for growth on solid DMSO which might exist under specific conditions in marine
environments'®. Whether or not solid DMSO is indeed present in the environment
where S. oneidensis can be found, the structure of DmsA presented in this
chapter clearly demonstrates that its molybdopterin active site is situated at the
base of a deep funnel (Figure 6.8). Unlike MtrC which presents three c-heme
cofactors at exposed egress points that are thought to allow for rapid electron
transfer onto mineral particles®?®*, the DmsA structure is therefore not
consistent with efficient reduction of solid substrates.

Gralnick et al also contemplate the possibility that the physiological substrate(s),
product(s) or both, of DmsEFAB is/are toxic to S. oneidensis, making the complex
facilitate growth with minimised toxicity. Here it may be notable that the closest
structural relative in the PDB of DmsB is PcrB, a perchlorate reductase subunit.
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Perchlorate is a compound that is recognised as toxic to a wide variety of
organismes, at least in part through imposing chaotropic and oxidative stress3*3¢,
DMSO reductase enzymes are generally considered to be promiscuous in their
substrate selectivity®’. Another potentially relevant example is that of
arsenate/arsenite. The respiratory reduction of arsenate to arsenite by
microorganisms is well documented, but it does incur cytotoxicity since both
arsenite and are arsenate are toxic®. The structure of a respiratory arsenate
reductase molybdoenzyme (Arr) has recently been reported and can be
superimposed onto DmsAB with an RMSD of only 1.22 A% although this does not
prove that DmsEFAB can reduce arsenite or that arsenite reduction toxicity
explains its unique subcellular localisation.

Evidently it is crucial that future work establishes the substrate range and
kinetics of DmsEFAB experimentally. This chapter provides a basis for preparing
the enzyme in pure form, with usable yield and also identified residues that
possibly play an important role in controlling substrate access to the active site.
In particular*Y151, AY156, AW184, AN181 and AY549 appear positioned to interact
with, or block, potential substrates (Figure 6.9). Functional verification of the role
these residues would also contribute significantly to our understanding of the
specific function this enzyme hasinthe respiration of S. oneidensis. This remains
the mostimportant area for future research to address and is one that should not
represent a great challenge as it has already been demonstrated for DmsAB'?,
which this work determined was in fact the species produced by purification
Methodology I.

Also highlighted as important in this chapter, is that despite many recent
advances, exciting aspects of EET remain unexplored and undescribed in the
literature. In particular, although the structure of two transmembrane wire
complexes have now been resolved and they differ from one another
significantly, they are clearly related. Bioinformatic and genetic studies indicate
porin-cytochrome complexes with zero sequence identity to MtrCAB/DmsEFAB
exist’®, and are crucial in the EET pathways of model organisms like G.
sulfurreducens*'. Although difficulties in producing these complexes natively or
recombinantly to high yields will likely make them challenging to work with, this
chapter firmly demonstrates that improved and now routine methods in
structure determination by cryogenic electron microscopy can provide
enormous insights into the study of porin-cytochrome complexes even without
huge investments in time and resources.

Likely important in that success are several features intrinsic to porin-
cytochromes complexes as cryoEM specimens. Firstly, they are typically well
over 100 kDa in size making them relatively easy to pick in micrographs.
Secondly, in spite of having no intrinsic symmetry, which can make particles like
apoferritin great targets for cryoEM, these particles do exhibit distinctive shapes
which likely make for 2D projections that are relatively easy to align accurately in
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3D. Finally, despite being membrane proteins which can be more challenging
than soluble proteins to work with, these complexes are natively present in the
bacterial outer-membrane where they are presumably exposed to harsher
conditions than intracellular membrane proteins experience. This is leads to
proteins that are relatively robust, Indeed, no sign of degradation of the DmsEFAB
complex, once purified, was observed at any point during the preparation of this
thesis. It appears to have survived both freeze-thaw cycles and oxygen exposure
which are sometimes damaging to membrane proteins and FeS clusters,
respectively.

In conclusion, this chapter presents the structure of a porin-cytochrome-DMSO
reductase complex, solved by cryoEM. This structure provides a wealth of new
insights into these important protein complexes and provides a basis for
understanding of the extracellular reduction of DMSO and its related
compounds. The structure of DmsEFAB shows also the way forward in
determining experimental structures of outer-membrane spanning reductase
enzymes.

Methods

The S. oneidensis DMSO reductase gene cluster (SO1427-S01432) kindly
provided by Dr Marcus Edwards in a pBAD202 overexpression plasmid, after
incorporation of a strep-Il purification tag at the C-terminus of DmsA. Plasmid
DNA was purified and sequenced before electroporation into S. oneidensis MR-
1. Single colonies of DMSO-reductase S. oneidensis were used to prepare an
overnight culture 100 mL LB (30 ug mL" kanamycin) which was grown at 30 °C,
180 RPM. This was then used to inoculate 1L of LB mediain 2 L baffled flasks (30
pg mL" kanamycin) and cultured at 30 °C, 180 RPM until an ODegy of ~0.6 was
reached. 5 mM arabinose was added and the cultures returned to the incubator
overnight. Cells were harvested by centrifugation (4000 G, 20 minutes, 16 °C) and
resuspended in cold buffer A (100 mM Tris-HCL, 150 mM NaCl, 10% v/v glycerol,
pH 8.0).

Cells were lysed by two passes through a french press at 1000 PSI. Membranes
were collected by ultracentrifugation, 200,000 G for 2 hours, 4 °C. The
supernatant was discarded and pellet resuspended in buffer A supplemented to
1.5% (final) LDAO in which it was manually homogenised, and then left
solubilising with agitation, 4 °C, for 1.5 hours. Solubilised membranes were
clarified by ultracentrifugation, 200,000 G for 1 hour, 4 °C. The pellet was
discarded and supernatant loaded onto 5 mL strep-tactin affinity resin
equilibrated in buffer B (100 mM Tris-HCL, 150 mM NaCl, 5 mM LDAOQO, pH 8.0).
The resin was then washed with 15 CV (column volumes) buffer B, before eluting
with 5 CV of buffer B supplemented to 50 mM biotin. Fractions were analysed for
protein by SDS-PAGE and pooled before concentrationto~1 mLin 100 kDa cutoff
spin concentrators. Pooled protein was then injected into a 16/600 Superdex 200
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pg SEC column equilibrated in buffer C (20 mM HEPES, 100 mM NaCl, 5 mM
LDAO pH 7.8) and eluted at 0.5 mL min™. Fractions of 1 mL volume were analysed
for bands indicating the presence of DmsEFAB by SDS-PAGE and pooled before
concentrating to 5 mg mL" assuming an extinction coefficient at 410 nm of
approximately 1200 mM" cm™ before snap freezing in liquid nitrogen and storing
until use.

Aliquots of DmsEFAB were thawed, pooled and applied to a superose 6 increase
10/300 GL SEC column equilibrated in buffer C and eluted at 0.5 mL min™.
Fractions of 0.5 mL volume containing protein were pooled and concentrated to
1 mg mL" (5 uM). 300 mesh quantifoil copper grids were glow discharged using a
Pelco EasiGlow™ at 8 mA for 60 seconds before application of 5 pL protein
solution, which was vitrified by plunging into liquid ethane with a Mark IV FEI
vitrobot (30 second wait, 4 seconds blot, blot force 8, 100% humidity).

Grids were screened using a FEI Talos F200C TEM operating at 200 KV, equipped
with a Falcon 4i direct electron detector. During data collection, 8,322 movies
were collected using an FEI Titan Krios operating at 300 KV equipped with a
Falcon 4i detector and TFS Selectris X energy filter set to a filter width of 10 eV.
130,000 x magnification was used yielding a pixel size of 0.921 A, with a movie
exposure time of 6.24 seconds, dose of 39.15 e/A2. The nominal defocus was -
1.0to -2.0 ym and EER fractionation was 50.

Data processing was performed in Relion 5.02. Movies were motion corrected
with Relion’s implementation of MotionCor2*® using dose weighting, 5x5 patches
and B factor of 150. CTF estimation was performed with CTFFind-4.1%4. 1,000
particles were picked manually and used to train a Topaz*® neural network model
which when applied to the dataset picked 1,489,212 particles. Particles were
extracted using a box size of 256 pixels, downscaled to 128 pixels. These were
subjected to three rounds of 2D classification selecting classes containing
features consistent with a 2D projection of a potential DmsEFAB complex
(207,399 particles). Particles in this class were re-extracted without
downscaling, and a 3D-initial reference model was next generated using the
gradient descent method with 3 classes. The best class was then used as a
reference for 3D classification (5 classes)(Chapter 6 appendix figure 3) yielding a
single class (55,700 particles) with detailed features. This class was subjected to
3D high resolution refinement which converged at a resolution of 3.80 A. Post-
processing improved this map resolution to 3.47 A. Two rounds of CTF-
refinement and per-particle motion correction, followed by solvent masking and
post-processing improved the resolution of the sharpened reconstruction to a
finalvalue of 2.98 A (FSC = 0.143). DynaMight“¢ was used in an attempt to further
improve the reconstruction but this yielded a similar map which ultimately
reached a poorer resolution (3.10 A) and did not reveal significant molecular
motion.
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10.

11.

The structures of MtrA and MtrB were docked into the map, using the Chimerax*’
fit in map command and then mutated to the sequences of DmsE and DmsF
using the WinCoot*® align and mutate function. The sequences of DsmA and
DmsB were built into the map de novo using ModelAngelo*, regions with poor
density were built manually in WinCoot with the assistance of AlphaFold2%
models. The coordinates then refined using Phenix-Real-space-refine®' and
ISOLDE®.
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Chapter 6: Appendix

Table 6.1: Data collection, processing and validation statistics for DmsEFAB cryoEM structure

Structure of DmsEFAB
Data collection
Magnification 130,000 x
Electron exposure (e/A?) 39.15
Nominal defocus range (um) -1.0to0-2.0
Symmetry imposed C1
Micrographs 8,322
Data processing
Initial particle stack count 1,489,212
Final particle stack 55,700
Initial model RELION de novo
Map resolution (A) 2.98
FSC threshold 0.143
Map sharpeninngactor(Az) -50.45
Model composition and validation
Non-hydrogen atoms 14812
Protein residues 1849
Ligands 18
Bond lengths (A) 0.012(2)
Bond angles (°) 1.960 (87)
MolProbity score 1.88
Clashscore 5.60
Rotamer outliers 1.97
Ramachandran favoured (%) 94.42
Ramachandran allowed (%) 4.97
Ramachandran outliers (%) 0.11
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Appendix figure 1: DmsEFAB SEC. SEC absorbance traces for DMSOR applied to Superose 6
increase 10/300 GL column in 20 mM HEPES pH 7.8, 100 mM NaCl, immediately before cryoEM

grid preparation.
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Appendix figure 2: 2D Classification. Representative 2D classes of DMSOR selected for further
processing.
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Appendix figure 3: 3D Classification. Five 3D classes produced by classification of DMSOR in

3D, class 4 was selected for further process on the basis it contained detailed features that the
other classes do not.
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Appendix figure 4: cryoEM structure resolution estimate. Fourier shell correlation curve for
DmsEFAB structure, FSC corrected map (black), FSC corrected unmasked map (green), FSC
corrected phase randomised map (red) and FSC corrected masked map (blue). “Gold standard”
0.143 FSC used to estimate global resolution of 2.98 A.
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Appendix figure 5: SignalP-5.0 analysis of the DmsA signal peptide. Analysis of the signal
peptide of DmsA performed by the server SignalP5.0 which predicts presence and cleavage sites

of signal peptides in protein sequences based on a neural network.
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Appendix figure 6: cryoEM density maps allow for accurate atomic
model building in each DmsEFAB subunit. CryoEM density map,

contoured at 5 o with finalised atomic coordinates for DmsA (A),
DmsB (B), DmsE (C) and DmsF (D).
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Chapter 7: General discussion

Significance

Extracellular electron transfer is now recognised as an important environmental
process, contributing significantly to geochemical cycling. It also has numerous
potential applications in biotechnology, good examples of which include
microbial fuel cells, bioremediation, biomining and microbial electrosynthesis.
Therefore, understanding the underlying molecular basis for EET is an important
goal towards which much effort has already been expended. Nonetheless
significant gaps in that understanding continue to persist.

In particular, while it is largely accepted that S. oneidensis can transport
electrons from its cell surface to mineral particles some distance away using a
combination of secreted flavins' and nanowires?, no such consensus has been
reached for G. sulfurreducens. Significant debate persists as to which
biomolecules are primarily responsible for moving electrons from the G.
sulfurreducens cell surface onto distant mineral particles, with most focus being
now devoted to polymeric cytochrome filaments®. Although the possibility of
some type of soluble protein shuttle has also been considered®, the available
published literature currently presents a mostly sceptical view of this
suggestion®.

In recentyears major progress has been made in understanding the nature of EET
performed by S. oneidensis. Despite this, experimental challenges in working
with membrane proteins and recombinant expression have disproportionately
limited biochemical and structural evaluation of the porin-cytochrome
complexes assembled by S. oneidensis. Only a single experimental structure has
been reported of these fascinating macromolecules®.

Summary of results

In Chapter 3 of this thesis, a method for purifying heme containing isoforms of
the c-type cytochrome PgcA from G. sulfurreducens was presented. This protein
appears to play an important role in EET by G. sulfurreducens although its
sequence, which contains long Pro-Thr repeat motifs, is unlike that of any
electron transfer protein described in the literature. Here X-ray crystallography
was used to demonstrate that the regions separated by these motifs fold into
canonical monoheme cytochrome structures. Biophysical analysis using
analytical ultracentrifugation revealed those structures do not appear to form
stable interactions with one another, which is consistent with earlier
observations in the literature’. The identity of the PgcA isoform which is produced
when the full length gene is overexpressed in S. oneidensis, was resolved by LC-
MS, which allowed for characterisation of this molecule in solution by SAXS.
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Crucially analysis of this SAXS data supported the suggestion that the domains
within PgcA do notform arigid cofactor chain, like is observed in other multiheme
cytochromes. Furthermore it also allowed for derivation of important parameters
describing its molecular motion including the mean average distance between
the monoheme domains, 21 A, and the maximum distance triheme PgcA can
span, 180 A.

In Chapter 4 of this thesis, comprehensive functional characterisation of PgcA
was described. The potential of its three hemes lay between 0 and -100 mV when
measured by PFV. The EPR spectra which these hemes produce was measured
for the triheme protein isoform and the individual monoheme proteins, and their
gmax features overlayed closely. Surprisingly, no evidence suggesting the Pro-Thr
repeat motifs confer improved binding to minerals was found. This contrasts
starkly with the established hypothesis that these sequences help drive EET by
facilitating PgcA-mineral binding®. Oxidation of the PgcA heme isoforms by the
mineral akageneite revealed that domains | and |l can be oxidised by akageneite
only in the presence of domain lll, indicating domain Ill may function within the
protein as its specific mineral reductase. The groundwork for future innovative
electron transfer rate measurements which could distinguish between these two
modes of electron transfer, were laid within this chapter when it was discovered
that domains | and Il share isosbestic points in their electronic absorbance
spectra ate =0 mM*' cm™” which are not present in the spectra of domain lll.

Chapter 5 of this thesis sought in part to establish why PgcA produced
recombinantly in S. oneidensis is largely missing its N-terminal non-heme
domain (PgcA-NHD). It has been reported in the literature that PgcA can be
present in G. sulfurreducens cell culture supernatant®, however this is
inconsistent with its amino acid sequence which contains a lipidation motif, and
experiments which indicate it requires that lipid group to be transported across
the outer-membrane®. Here a system was described for preparing PgcA-NHD
recombinantly in E. coli as a fusion to the maltose binding protein. Surprisingly
this produced a sample that had undergone proteolytic cleavage but the two
subsequent fragments did not dissociate. Using LC-MS, the location of the
cleavage was determined to be within the non-heme domain but close to its N-
terminus (G67-A68). Inspection of an AlphaFold model allowed two aspartate
residues (D208 and D212) which appeared to play an important role in this
process to be identified, their mutation impaired the cleavage. Next, crystal
structures of both the inactive and active forms of the protein were determined.
These structures support the notion that D208 and D212 drive the proteolytic
activity, although they are not consistent with aspartic protease enzymes that are
well described in the literature™. The structures also show a network of
interactions that the small peptide which is N-terminal to the cleavage site forms
with the rest of the protein, those interactions provide an explanation for why the
cleavage fragments do not dissociate. These findings raise further questions
about the nature of the cleavage and potential in vivo dissociation. Introduction
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of the D208A and D212A mutations did not impair cleavage observed at M252-
P253 observedin S. oneidensis indicating they are independent processes. Clear
from the bioinformatic analysis presented here, is that the D208 and D212
residues are conserved in homologous proteins which appear to have various
roles outside of EET. Taken together, the results described in this chapter suggest
PgcA-NHD may facilitate a novel pathway of protein secretion via
autoproteolysis.

In Chapter 6 of this thesis, a method for purifying the tetrameric DmsEFAB
complexfrom S. oneidensis was presented. This was then exploited to determine
the structure of that complex by cryogenic electron microscopy, to 3 A resolution.
The complex contains a molybdopterin DMSO reductase subunit, DmsA, an FeS
DMSO reductase subunit, DmsB, a decaheme cytochrome homologous to MtrA,
DmsE, and a porin homologous to MtrB, DmsF. Analysis of this structure revealed
that each component is structurally very similar to its respective homologues in
the PDB. In contrast however the interface between DmsEF and DmsB was
completely distinct from that seen between MtrAB and MtrC. This interface is
remarkably narrow indicating the complex may not be tightly held together, which
is supported by some, but not all, of the evidence presented in this chapter. In
DmsEFAB, all cofactors are placed within a close packed chain, with metal-
metaldistances comparable to MtrCAB which suggests electron transfer through
DmsEFAB is unlikely to be a rate limiting step. The DmsA structure is not
consistent with efficient reduction of solid substrates, indicating the complex
probably provides some other advantage to those organisms that assemble it.
The findings presented in this chapter represent an important contribution to the
field of EET, but they also showcase that going forward, structure determination
by cryoEM can now offer major insights into porin-cytochrome complexes using
routine methods.

Conclusions and future perspectives

At the outset of this work, little was known about the cytochrome PgcA beyond
its amino acid sequence and the phenotype caused by its deletion®. It is now
clear that this protein operates via a mechanism that is completely distinct from
those of electron transfer proteins which have been extensively characterised.
This thesis clearly demonstrates that it moves electrons without requiring the
close packed chain of cofactors which was previously considered a necessary
prerequisite to biological electron transport™.

With the structure of its domains solved, and many of its other properties
established, this work forms a thorough basis from which this new class of
electron transport proteins can be characterised and ultimately understood. The
discovery of this new class of proteins highlights several key questions for future
research, one being how widely this class is distributed across the tree of life.
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Another question is what rates of electron transport can this class of proteins
supportinvivo? For PgcA at least, this question will be difficult to answer without
first establishing exactly what its mature form and ultimate localisation are.

Currently it is unclear whether the protein is ultimately extracellularly facing but
tethered to the outer-membrane or is ultimately soluble and free floating. Both
hypothesis present problems. The discovery of a highly efficient proteolytic
process within the PgcA non-heme domain might satisfy the later hypothesis
although it remains unclear how then PgcA could be released, since the cleavage
fragments maintain a strong dimeric complex. If the protein does indeed actas a
soluble shuttle, why it requires a tethered-heme structure would not be
apparent, since periplasmic shuttle proteins certainly do not require the
structural system seen in PgcA. The loss of a protein tens of kilodaltons in size
would represent a significant energy cost to the cell which argues in favour of the
outer-membrane anchoring hypothesis. In that case the function of the
proteolysis would not be obvious, which would be surprising given residues D208
and D212 are so closely conserved.

Evidently to answer these questions, future research must incorporate
information gathered about PgcA and its properties via a broad range of
techniques, in order to describe its function and mechanism in totality.

The discovery that DmsEF and DmsB bind one another via a narrow and novel
junction is one of the most important finding presented within this thesis as it
suggests a conserved interface is not required for assembling a headgroup
reductase onto a porin-cytochrome complex.

Although the structure of DmsEFAB does answer outstanding questions, it also
raises new questions. Particularly crucial to establish will be what range of
substrates it can utilise? As this may ultimately reveal why it has acquired
extracellular localisation. It may prove necessary to assess whether it supports
a rate of growth on DMSO that is superior to intracellular DMSO reductase
enzymes? The former of these two questions will likely be much easier to answer
than the latter as it will not require the design of innovative new experiments.
Establishing the relative rates of growth supported by two enzymes which differ
only in subcellular localisation is unlikely to be straightforward. Ensuring that fair
controls are in place for such an experiment would probably be difficult, which is
highlighted by the fact that DmsAB appears not to be active when trapped in the
S. oneidensis periplasm™.

This thesis therefore presents a collection of important insights which advance
our understanding of two novel extracellular redox enzymes, PgcA from G.
sulfurreducens and DmsEFAB from S. oneidensis. Furthermore, it provides
preliminary groundwork for future innovative developments in EET research.

193



10.

11.

12.

Chapter 7: References

Marsili, E., Baron, D. B., Shikhare, I. D., Coursolle, D., Gralnick, J. A. & Bond, D. R.
Shewanella secretes flavins that mediate extracellular electron transfer. Proceedings
of the National Academy of Sciences of the United States of America 105, 3968-3973
(2008).

Pirbadian, S., Barchinger, S. E., Leung, K. M., Byun, H. S., Jangir, Y., Bouhenni, R. A.,
Reed, S. B., Romine, M. F,, Saffarini, D. A., Shi, L., Gorby, Y. A., Golbeck, J. H. & El-
Naggar, M. Y. Shewanella oneidensis MR-1 nanowires are outer membrane and
periplasmic extensions of the extracellular electron transport components.
Proceedings of the National Academy of Sciences of the United States of America 111,
12883-12888 (2014).

Wang, F., Craig, L., Liu, X., Rensing, C. & Egelman, E. H. Microbial nanowires: type IV pili
or cytochrome filaments? Trends in microbiology 31, 384 (2023).

Lloyd, J. R., Blunt-Harris, E. L. & Lovley, D. R. The periplasmic 9.6-kilodalton c-type
cytochrome of Geobacter sulfurreducens is not an electron shuttle to Fe(lll). Journal of
Bacteriology 181, 7647-7649 (1999).

Zacharoff, L. A., Morrone, D. J. & Bond, D. R. Geobacter sulfurreducens extracellular
multiheme cytochrome PgcA facilitates respiration to Fe(lll) oxides but not electrodes.
Frontiers in Microbiology 8, 300906 (2017).

Edwards, M. J., White, G. F,, Butt, J. N., Richardson, D. J. & Clarke, T. A. The Crystal
Structure of a Biological Insulated Transmembrane Molecular Wire. Cell 181, 665
(2020).

Fernandes, T. M., Silva, M. A, Morgado, L. & Salgueiro, C. A. Hemes on a string: insights
on the functional mechanisms of PgcA from Geobacter sulfurreducens. Journal of
Biological Chemistry 299, (2023).

Smith, J. A., Tremblay, P. L., Shrestha, P. M., Snoeyenbos-West, O. L., Franks, A. E.,
Nevin, K. P. & Lovley, D. R. Going Wireless: Fe(lll) Oxide Reduction without Pili by
Geobacter sulfurreducens Strain JS-1. Applied and Environmental Microbiology 80,
4331 (2014).

Choi, S., Chan, C. H. & Bond, D. R. Lack of Specificity in Geobacter Periplasmic
Electron Transfer. Journal of Bacteriology 204, (2022).

Suguna, K., Padlan, E. A., Smith, C. W., Carlson, W. D. & Davies, D. R. Binding of a
reduced peptide inhibitor to the aspartic proteinase from Rhizopus chinensis:
implications for a mechanism of action. Proceedings of the National Academy of
Sciences of the United States of America 84, 7009 (1987).

Moser, C. C., Keske, J. M., Warncke, K., Farid, R. S. & Dutton, P. L. Nature of biological
electron transfer. Nature 1992 355:6363 355, 796-802 (1992).

Gralnick, J. A., Vali, H., Lies, D. P. & Newman, D. K. Extracellular respiration of dimethyl
sulfoxide by Shewanella oneidensis strain MR-1. Proceedings of the National Academy
of Sciences of the United States of America 103, 4669 (2006).

194



195



