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Abstract

Due to ever increasing global energy demand and depletion of fossil fuels, interest has
grown in developing systems which can utilise the near limitless supply of energy provided
to the Earth by the sun. Artificial photosynthetic systems mimic natural photosynthesis by
using photosensitisers that absorb solar energy to generate high-energy electrons. These
photoexcited electrons are passed to catalysts which drive reductive transformations to
produce fuels and valued organic compounds. Sacrificial electron donors regenerate
photosensitisers to complete the photocatalytic cycle. To date artificial photosynthetic
systems are unable to fully mimic and reap the full benefits of natural photosynthesis as
they lack spatially separating reaction compartments, and/or compartment-linking

transmembrane electron transport chains.

A model for the biochemistry that supports such transmembrane electron transfer is
provided by the outer membrane cytochromes of Shewanella oneidensis MR-1. In this
Gram-negative bacterium, trans-outermembrane electron transfer to extracellular electron
acceptors is performed by the extracellular cytochromes MtrC and OmcA acting together
with the porin:cytochrome complex (MtrCAB), which provides an outer membrane

spanning conduit that moves electrons from the periplasm to the cell surface.

Liposomes offer reaction compartments which are separated from the surrounding
external environment by a phospholipid membrane. Incorporation of MtrCAB in the
membranes of liposomes containing methyl viologen facilitates transmembrane electron
transfer from an external reductant to the compartmentalised electron acceptor. In this
study the potential for MtrCAB proteoliposomes to act as a modular artificial
photosynthetic system, which performs reductive transformations, was investigated. To
explore this potential we have studied the ability of several photosensitisers to
photoreduce: i) outer membrane cytochromes of S. oneidensis; ii) methyl viologen in
solution and within liposomes; iii) MtrCAB in liposome membranes; and iv) reactive
red 120 in solution and within (proteo)liposomes. In addition the sacrificial electron
donor(s), photoreduction mechanisms and interaction mechanisms used by each

photosensitiser have been identified.
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Chapter 1
Introduction

1.1 General Introduction

Due to rapid population and economic growth, global energy demand is projected to at
least double by 2050 relative to the present and be more than triple by the end of this
century. ! Such projections amplify concerns surrounding the depletion of finite fossil
reserves; elevation of atmospheric CO, levels; and the knock on effects in global
environmental and climate change. Therefore focus has grown on developments that aim to
enhance the sustainable production of electricity and fuels. Nuclear, geothermal, biomass,
solar, wind, tide and wave are all sources of sustainable energy that are abundant, cheap
and environmentally clean. Even though there is already technology available to utilise
each of these options, most are unable to supply electricity to match the current demand
even when taken together. Nuclear energy offers high energy output; however,
construction of new reactors is controversial with unresolved significant problems
associated with nuclear weapons and long-term radioactive waste storage and disposal. In
contrast, our sun is the ultimate energy source, delivering more energy to the earth in one
hour (4.3 x 10% J) than humankind currently uses in a year from fossil, nuclear and all
renewable sources (4.1 x 10%° J).1* This near inexhaustible energy supply has the greatest
potential to meet our future energy needs, and its use is safe for our environment and

climate.

The utilisation of solar energy requires solar capture, energy conversion and
storage. Photovoltaic technologies that capture and convert sunlight to electricity are
well-established; however, they suffer from lower efficiencies and higher costs compared
with those of fossil fuels, as well as intermittency issues due to daily and annual variations
in light levels. Therefore focus has grown on further developing photovoltaic technologies
so the electricity produced can be used to generate fuels such as hydrogen from water
splitting or formate from carbon dioxide reduction.” ® In addition to providing
energy-dense fuels that can be stored and selectively used, the generation of carbon-based
products provides a new source of chemical feedstocks for the chemical, material and
pharmaceutical industries that are derived from precursors other than fossil fuels.[”? Such
methods that produce fuels and more complex carbon-based compounds from solar energy

gains inspiration from natural photosynthesis.



Photosynthesis as performed in green plants is outlined below. This provides the
context for describing approaches towards artificial photosynthesis that aim to combine
biotic and/or abiotic components for light-driven production of useful chemicals. The
discussion continues by describing the advantages of compartmentalised systems for
nanoreactor design and introduces bilayer-spanning porin:cytochrome complexes as
conduits for transmembrane electron transfer. This sets the scene for describing studies,
Chapter 3 to 6, that aimed to develop and demonstrate lipid-based nanoreactors where
external light capture and charge separation was coupled to internal reductive
transformations by electron transfer through a conductive porin:cytochrome complex,
MtrCAB.

1.2 Natural Photosynthesis

Life, as we know it, depends on solar energy. Over billions of years Nature has developed
methods that capture, transform, and utilise solar energy. Photosynthesis is the vital
multistep process that converts solar energy into chemical energy by splitting water to
produce oxygen and hydrogen equivalents. The chemical energy within these hydrogen
equivalents is then converted and stored as energy-dense sugars which are used to fuel all

forms of life.

All photoautotrophic organisms, including plants, algae, purple bacteria and
cyanobacteria, contain light absorbing reaction centres which carry out light harvesting
within the photosynthetic process. Crucial to the design of all of Nature’s photosynthetic
reaction centres is the bilayer lipid membrane which allows for the molecular organisation
of the proteins, lipids, redox molecules and light-absorbing chemicals that are necessary
for light capture and charge separation. Light-driven, transmembrane electron transfer and
coupled transport of protons across these membranes are key to driving the synthesis of
adenosine triphosphate (ATP) and generating hydrogen equivalents. The stored energy
within ATP and the reducing power provided by hydrogen equivalents are then used within
the light-independent reactions of the Calvin cycle to convert carbon dioxide into more
complex carbon compounds. In plants the photosynthetic membrane, the thylakoid
membrane, consists of two photosystems which are arranged in series, as illustrated in

Figure 1.1.
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Figure 1.1. Schematic of thylakoid membrane and the electron transfers and proton
translocations key to light harvesting within photosynthesis.

Photoexcited electrons within photosystem Il (PSIl) are transported via plastoquinone (Q),
plastocyanin (Pc) and cytochrome bgf to photosystem | (PSI). Ferredoxin (Fd) then mediates the
transfer of photoexcited electrons to ferredoxin-NADP" reductase (FNR) which reduces NADP*
to NADPH. This electron transport allows the transfer of protons from the stroma into the
lumen. This, alongside the oxidation of water by the oxygen evolving complex (OEC), generates
a transmembrane proton gradient that powers the synthesis of ATP. Blue arrows represent
electron transfers and red arrows represent proton translocations. See text for details.

Firstly sunlight is captured by chlorophylls within photosystem I (PSIlI),
Figure 1.2. Chlorophylls are highly conjugated, magnesium-ion-containing molecules that
strongly absorb visible light, which promotes the photoexcitation of an electron which
drives the otherwise thermodynamically unfavourable transfer of electrons to
photosystem | (PSI). Further light absorption here drives ferredoxin-NADP" reductase
(FNR) to produce a reduced hydrogen equivalent in the form of NADPH (reduced form of
nicotinamide adenine dinucleotide phosphate, NADP™). This transmembrane electron
transfer generates a proton gradient across the membrane, which drives the synthesis of
ATP by ATP synthase.

Figure 1.2. Structure of chlorophyll a.



The oxidised form of PSII is a highly powerful oxidant which drives the most
energetically demanding reaction in biology, the oxidative splitting of water into oxygen
and protons by the oxygen evolving complex (OEC). Sacrificial electrons produced as
by-products of the OEC water splitting reaction are donated to PSII to regenerate it and
complete the cycle of photosynthesis. Therefore H,O essentially acts as a sacrificial

electron donor (SED) to regenerate PSII.

1.3 Artificial Photosynthesis: Three-Component Systems

To completely mimic photosynthesis a system would require five essential modular
components: i) a light-absorbing centre to promote the photoexcitation of an electron; ii) a
water oxidation catalyst; iii) a catalyst which reduces protons or carbon dioxide to make
desirable hydrogen or complex carbon compounds; iv) a membrane which isolates these
catalysts, and their reactants and products within different reaction compartments; and v) a
transmembrane electron transport chain which electrically links the two compartments
whilst preventing unwanted relaxation of the photoexcited electron. Because of the
complexity of this idealized system, a fully functional molecular artificial photosynthetic

system has yet to be demonstrated.®!

To avoid such complexities, and be left with a simpler three-component system, the
oxidation and reduction half-reactions are studied in the presence of a sacrificial oxidant or
reductant to compensate for the absence of the complementary catalyst. Artificial
photosynthesis focuses on the production of fuel or high added-value organic compounds
by mimicking reactions of PSI. Therefore artificial photosynthetic systems are traditionally
reductive three-component systems that consist of: i) a light-absorbing molecule; ii) an
electrocatalyst; and iii) a sacrificial electron donating molecule. The possibilities and
mechanisms in which these chemical analogues of PSI operate are discussed in the

following subsections.

1.3.1 Photosensitisers

When a molecule absorbs a photon of light the associated energy excites an electron to a
higher energy level, Figure 1.3. A molecule will only absorb certain wavelengths of light
which correspond to the energy required to promote electrons from the ground state (So) to
an excited state (Si, Sy, etc). Once photoexcited, the fate of the excited state will depend
upon molecular properties, such as the lifetimes of excited states and the relative rates of
photophysical processes. Figure 1.3 summarises how an excited state can dissipate the
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energy from an absorbed photon where the possible observed outcomes include

fluorescence, phosphorescence, and energy or electron transfer to other species.
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Figure 1.3. Overview of outcomes after photoexcitation of a molecule within multiple and
single compound systems.

A) Possible ultimate outcomes after photoexcitation of molecule A. A*, A" and A" corresponds
to the photoexcited, one-electron reduced and oxidised states, respectively. EA is the electron
acceptor. SED is the sacrificial electron donor. B is a molecule which accepts energy from A to
go into an excited state (B*). B) Typical Jablonski diagram of a single compound system.
Molecular energy levels are schematically arranged within columns representing different
electron spin multiplicities. Within electronic energy states are multiple vibrational energy
levels, where bold lines are ground vibrational level of the electronic energy states (v = 0).
Wavy arrows represent radiationless transitions, i.e. energy changes not involving emission of
a photon. Straight arrows represent radiative transitions, i.e. energy changes involving
absorption or emission of a photon. S, is the singlet ground. S; and S, are the first and second
singlet excited states, respectively. T; and T, are the first and second triplet excited states,
respectively. VR is vibrational relaxation. ISC is intersystem crossing. IC is internal conversation.

Immediately after photoexcitation, excess energy is lost to the surroundings as heat
via collisions and molecular vibrations. This vibrational relaxation (VR) happens
incrementally until the molecule relaxes to the ground vibrational level of the excited
electronic state. Internal conversion (IC) is the relaxation from the ground vibrational level
of a higher electronic state to a lower electronic state, i.e. S, — Si. IC is quickly followed

by VR to the relevant ground vibrational level. Intersystem crossing (ISC) is a transition
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between electronic states of different multiplicity, i.e. S, — T,. Since triplet states have
lower energy than the corresponding singlet state, ISC is followed by VR. The majority of
energy of a photoexcited state may then be lost through the spontaneous emission of a
photon from the lowest vibrational level of an excited electronic state. Fluorescence occurs
when the electron spin does not change during the emission, i.e. S; — So. Phosphorescence

occurs when the spin of the electron changes during the photon emission, i.e. T1 — So.

The excited state of a molecule can also undergo energy- or electron-transfer with
another molecule. Molecular quenching via energy transfer sees the original excited
molecule act as an energy donor to a different molecule, which in turn becomes excited so
it can perform the same photophysical processes discussed above. Electron transfers occur
when an excited molecule acts as an electron donor and/or acceptor to other molecules,
Figure 1.4. Molecules which are able to perform such light-driven reductions and
oxidations are termed photosensitisers, and it is these that catalyse light-driven electron
transfers in photocatalytic applications such as artificial photosynthesis.

Reductive Oxidative
Quenching Quenching
EA
PS*
A
EA™
PS hv PS*
EA
Ps?
EA~

Figure 1.4. Photoreduction via reductive and oxidative quenching mechanisms.

EA is the target electron acceptor. PS%, PS*, PS and PS' correspond to the ground,
photoexcited, one-electron reduced and one-electron oxidised states of a photosensitiser (PS),
respectively. SED is the sacrificial electron donor. For simplicity only those steps that positively
contribute to photoreduction are shown.

For photocatalytic reduction, net photoreduction of a target electron acceptor (EA)
can occur via oxidative and reductive quenching mechanisms, Figure. 1.4. After the
photosensitiser absorbs light to promote an electron from the ground state (PS°) to an
excited state (PS*), photoreduction of EA proceeds by: i) oxidative quenching of PS* via
reduction of target EA before the oxidised photosensitiser (PS") is regenerated to PS°
through oxidation of a SED; or ii) reductive quenching of PS* by SED oxidation before the
reduced photosensitiser (PS") reduces the target EA to return to PS® and complete the

photocatalytic cycle.®!



For these electron transfers to be possible, photosensitisers must have long lived
excited states to be able to diffuse through solution and collide with another molecule to
form a short-lived, photoexcited donor-acceptor complex. Electron transfers proceed by
either: i) an inner sphere mechanism, in which a bridging ligand is transferred between the
donor and acceptor; or ii) an outer sphere mechanism which relies on the overlap of the
electronic orbitals of the donor and acceptor molecules. Electron transfers that are induced
by an irradiated photosensitiser are not associated with bond breaking/formation and
therefore occur via an outer sphere mechanism. Once a photoexcited donor-acceptor
complex is formed, outer sphere electron transfer is only successful if the formed complex
results in a significant electronic orbital overlap before complex dissociation.

There are numerous different photosensitisers but they all fall within the classes of:
organic photosensitisers (xanthenes, acridines, and flavins, etc); inorganic complexes
(ruthenium(ll), cobalt(111), chlorins, etc); quantum dots (cadmium selenide, lead sulphide,
etc); semiconducting nanoparticles (titanium dioxide, zinc oxide, etc); and dye-sensitised
nanoparticles.?® All these photosensitisers carry out their photoredox reactions via
quenching mechanisms, with their underlying basis outlined in Figure 1.4. Properties that
impact on the choice of a photosensitiser for a specific application includes solubility in
water; fast electron transfers; high quantum efficiencies; large extinction coefficients;
spectral absorption range; sufficiently long excited-state lifetime; favourable oxidation and
reduction potentials; and high photochemical stability.’®! It is common that in choosing a
photosensitiser for one particular advantageous property another intrinsic property could

hinder the desired photochemical reaction.

The feasibility of reductive and/or oxidative quenching mechanisms to carry out
successful photoreduction is determined by relevant photosensitiser (photo)reduction
potentials in respect to those of the target electron acceptor, and SED, as exampled in the
following equations. Photosensitiser photoexcited state energy can be calculated from the
wavelength of phosphorescence where the triplet excited state decays back to the ground
state. The Planck—Einstein relation (Equation 1.1) converts this wavelength, 4, into photon

energy, E (PS*), where h is the Planck constant and c is the speed of light.
E (PS*) = hc/A (1.1)

Photoreduction potentials of the excited state, E;, (PS*/PS’) and E,, (PS*/PS*), are
calculated from photoexcited state energy, E (PS*), and the cyclic voltammetry determined
standard reduction and oxidation potentials of the ground state photosensitisers,
En (PS°/PSY) and E,, (PS*/PSP) respectively, using Equations 1.2 and 1.3.



En (PS*/PS) = E (PS*) + Ep (PSY/PS)) (1.2)
En (PS*/PS*) = Ep (PS*/PS°) - E (PS*) (1.3)

In some cases photosensitiser triplet state energies have been estimated from the
wavelength of fluorescence where the singlet excited state decays back to the ground state.
This causes slight over-estimations in both photoexcited state energies and photoreduction
potentials of photoexcited states.

Irrespective of the driving force, the extent of photoreduction achieved under a
given condition in practice is also determined by the rates of these reactions and those of
competing excited electron recombination processes, which are not productive with respect

to reduction of the desired target.

1.3.2 Electrocatalysts

There is a vast selection of electrocatalysts to choose from when designing artificial
photosynthetic systems to catalyse the reduction of protons or carbon dioxide, as discussed
below. These electrocatalysts can be elemental catalysts, purified enzymes or synthetic

homologues inspired by these biological electrocatalysts.

Platinum and iridium have been used as catalysts for the reduction of protons
during the electrolysis of water; however, their use are limited for large-scale hydrogen
production due to these elements being finite, expensive and readily inhibited.** Enzymes
which catalyse the inter-conversion between protons and hydrogen under ambient
conditions are called hydrogenases. These hydrogenases are divided into three different
classes that are based on their catalytic site chemical composition of either: dinuclear Fe,
dinuclear Ni-Fe or mononuclear Fe.*! The iron-sulphur cluster free [Fe]-hydrogenase is
exclusively involved in hydrogen oxidation, during which reduction of the cofactor of
methenyltetrahydromethanopterin occurs as an intermediary step in carbon dioxide
reduction to methane.!*® [FeFe]-hydrogenases contain a unique dinuclear [2Fe-2S] cluster
which is connected via a cysteine sulphur bridge to a ferredoxin-type [4Fe-4S] cluster.
[NiFe]-hydrogenases contain a dinuclear [NiFe] complex in which the two metal atoms are
bridged together by two cysteine ligands. The irons within the active site of these

hydrogenases are further coordinated by carbon monoxide and cyanide ligands.

These [NiFe]- and [FeFe]-hydrogenases can catalyse the reversible reduction of
protons which can be used for sustainable hydrogen production. Hydrogenases have
received considerable interest because they use Earth-abundant metals, have high catalytic
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activity and also demonstrate a high selectivity towards protons. In addition to this, some
hydrogenases can operate with high efficiency in the presence of oxygen and even
conventional platinum inhibitors such as carbon monoxide and hydrogen sulphide.™
Purified hydrogenases have been coupled with photosensitisers for solar hydrogen
production; however, scaling up the application of hydrogenases within artificial
photosynthesis is not practical given their oxygen sensitivity, the requirement for

large-scale cultivation of organisms and difficulties in purification of active enzyme.l*> 24!

Considerable efforts have been made to mimic the active sites of hydrogenases with
the synthesis of analogous molecular catalysts. Indeed, several functional organo-metallic
complexes containing iridium, rhodium, nickel, iron, platinum, palladium and/or cobalt
have been prepared that show structural and/or functional features similar to those of the
hydrogenases catalytic sites.® 11 A number of these have been successfully coupled

with photosensitisers to produce catalytic solar hydrogen.

The reduction of carbon dioxide to useful molecules such as carbon monoxide,
formic acid, methanol, ethanol, pyruvate, and methane are carried out by an even more
diverse range of purified enzymes and synthesised catalysts.[” 2% Such purified enzymes

include pyruvate synthase and carbon monoxide and formate dehydrogenases.

1.3.3 Sacrificial Electron Donors

To achieve net photoreduction of a desired target electrocatalyst/molecule in artificial
photosynthetic systems, sacrificial electron donors (SEDs) are used alongside a
photosensitiser. SEDs are simple molecules that readily fuel a photosensitiser with
electrons, whilst producing inert waste products which are unable undergo recombination
reactions with the photoreduced target electrocatalyst/molecule. Within natural
photosynthesis, H,O can be viewed as the SED that fuels PSII with electrons and O, can be
viewed as the non-reactive waste product. Theoretically the desired photoreduction will
proceed until all SEDs have been oxidised. There are many different SED molecules used
in artificial photosynthetic systems including: ascorbic acid; lactic acid; oxalate; thiols;

thiolates; triphenylphosphine; phenols; and tertiary amines.?!

Triethanolamine (TEOA) is a well described SED employed in photoreductions,
with a reduction potential around 1000 mV vs SHE.[?* 21 Reductive quenching of
photosensitiser photoexcited state and regeneration of oxidised photosensitisers occurs via
electron donation by the tertiary amine group of TEOA to generate an aminyl radical

cation, Figure 1.5.%* %! This aminyl radical cation in theory is a strong oxidant which
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could react with any reduced species to cause counterproductive back electron transfer.
However, subsequent proton abstraction from the aminyl radical by another TEOA
molecule yields a strongly reducing carbon-centered radical which prevents back electron
transfer and can donate a second electron.”* 2! The iminium species formed here can

undergo hydrolysis to further degrade into glycolaldehyde and a secondary amine.

HOL o~ O HO o~ -OH
OH OH
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Figure 1.5. Scheme for the oxidation of TEOA.

1.4 Artificial Photosynthesis: Beyond Three-Component Systems
1.4.1 Artificial Leaf

There have been a number of notable successes that extend beyond the three-component
artificial photosynthetic systems, heading towards a fully functional molecular artificial
photosynthetic system, Figure 1.6. The most notable of these was developed by Nocera
etal. and is commonly termed the “artificial leaf", Figure 1.6 A 281 This advanced
photovoltaic cell comprises earth-abundant elements and consists of a triple junction,
amorphous silicon photovoltaic interfaced to a hydrogen-evolving-reaction catalyst (HER)
and an oxygen-evolving complex (OEC) made from a nickel-based ternary alloy (Ni-HER)
and a cobalt phosphate catalyst (Co-OEC), respectively.™ ! This artificial photosynthetic
device was the first to couple a solar cell and both water-oxidising and proton-reducing

catalysts into one stand-alone device with no wires in between. When the device was
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immersed in water and irradiated, solar energy was converted into stored chemical energy
within hydrogen bonds via water splitting, with an overall direct solar-to-fuels efficiency
of 2.5 % which is an improvement on that of natural plant leaves that averages at 1 %. ']
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Figure 1.6. Notable successes that head towards fully functional molecular artificial
photosynthetic systems.

A) Light-driven water oxidation takes place at the Co-OEC with proton reduction taking place at
the Ni-HER.™ ¢! B) Light-driven water oxidation takes place at the Co-OEC with proton
reduction taking place at the Co-HER. R. eutropha oxidises hydrogen using a membrane-bound
hydrogenases to ultimately reduce carbon dioxide to alcohols via the Calvin cycle.? C) Eosin Y
enters the cytoplasm of E. coli and binds to cytochrome P450. Subsequent light-driven catalytic
turnover of cytochrome P450 is mediated by eosin Y in the presence of TEOA.!?"!

D) M. thermoacetica-CdS hybrid system forms from the precipitation of CdS nanoparticles.
Subsequent light-driven reduction of carbon dioxide to acetic acid, via the Wood-Ljungdahl
cycle, is mediated by surface CdS in the presence of cysteine.®*” Not to scale. See text for
further details.

This device offered many attractive features. The Co-OEC self-assembled upon
oxidation of Co(ll) to Co(lll) in aqueous solution at room temperature and was self
healing. The oxygen-evolving reaction by the Co-OEC occurred in water at neutral or
near-neutral conditions, which allowed the use of the Ni-HER. The conductivity and
stability of the silicon was enhanced by coating its surface with a conducting metal oxide.
Even with all of these attractive benefits, the scaling up of this device was not pursued as
the lack of hydrogen storage infrastructure and the costly photovoltaic framework was

considered too expensive in comparison to existing energy sources.?” 3

11



More recently a hybrid inorganic-biosynthetic system has been developed by
Nocera et al. that uses the catalysts of the artificial leaf in combination with wild-type and
engineered Ralstonia eutropha (R. eutropha) to synthesise biomass and liquid fuel
alcohols, respectively, from the hydrogen produced.*? A membrane-bound hydrogenase
oxidises the hydrogen to fuel the reduction of carbon dioxide by R. eutropha. However,
this system required high overpotentials to drive water splitting as low overpotentials
favoured the production of toxic reactive oxygen species by the Ni-HER over biological
cell growth.[32] The Ni-HER leached toxic nickel which also inhibited cell growth,
therefore it was decided that the cathode of this bionic artificial leaf should be replaced.**

Swapping the Ni-HER with a cobalt-phosphorus alloy (Co-HER) provided a
cathode that was not toxic to the bacterium, resistant to reactive oxygen species and
allowed the overpotential for water splitting to be lowered, Figure 1.6 B.”®! Moreover, the
activity of the Co-HER surpassed the activity of the Ni-HER, and any toxic cobalt leached
from the Co-HER was salvaged by the self healing Co-OEC.® Even though ~ 50 % of the
electrons gained by R. eutropha went into carbon dioxide reduction, the rate of electrons
being fuelled into R. eutropha was limited by hydrogen oxidation.”®! This system was

however shown to be scalable without affecting the solar-to-fuels efficiency of ~ 10 %.?®]

1.4.2 Light-Driven Whole-Cell Catalysis

Being able to couple photosensitisers to the enzymes of microorganisms provides another
highly attractive, novel route for the generation of valuable chemicals from solar energy.
Such microbial catalysts are inexpensive, easy to grow, scalable, and self-sustaining and
long-lived as long as they gain enough energy to perform essential cell maintenance.*
Additionally, time-consuming and labour-intensive enzyme purifications are avoided by
performing whole-cell catalysis. There are a few notable successes in whole-cell

photoredox catalysis.

Park et al. were able to show that with the careful selection of an appropriate
photosensitiser, photosensitisers can enter within microbial cells to perform in vivo
light-driven catalysis, Figure 1.6 C.1*°! The organic photosensitiser, eosin Y, was able to
enter the cytoplasm of Escherichia coli (E. coli) and bind specifically to the heme domain
of cytochrome P450.7%! Cytochrome P450 belongs to a family of heme containing
monooxygenases that can catalyse various regioselective and stereospecific oxygen
insertion reactions of non functionalised hydrocarbons (e.g. deamination, hydroxylation,

and dealkylation).?* Upon visible-light irradiation, photoexcited electrons from eosin Y
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are directly transferred to the heme iron.* This photoactivation of the P450 catalytic cycle
successfully was able to carry out the bioconversion of numerous substrates; including

chemicals, pharmaceuticals and steroids. %]

Yang et al. showed non-photosynthetic bacteria can use cadmium sulphide (CdS)
quantum dots to harvest electrons from sunlight to reduce carbon dioxide, resulting in the
production of acetate, Figure 1.6 D.B% Growing an acetogen, Moorella thermoacetica
(M. thermoacetica), in the presence of cadmium and cysteine led to the biological
precipitation of CdS nanoparticles that coated the surface of the bacterium.®® Upon
irradiation, photoexcitation of CdS resulted in electron transfer to M. thermoacetica which
reduced carbon dioxide to generate acetate.®” The exact mechanism of how photoexcited
electrons are transferred to M. thermoacetica is unknown but could have occurred by:
i) hydrogen production at the CdS surface, followed by hydrogen oxidation by
membrane-bound hydrogenases; ii) direct electron transfer from CdS to membrane-bound
hydrogenases; iii) direct electron transfer to membrane-bound cytochromes; and/or
iv) electron transfer by secreted soluble redox mediators.™® Either way, growth of this
hybrid organism was sustained purely through solar energy and only was limited by the
depletion of cysteine.*” Notably, this system had a solar-to-fuels efficiency of ~ 20 %,
with ~90 % of the electrons being directed towards acetate production and the other

~ 10 % going towards biomass production.!*”!

Just like M. thermoacetica, there are many bacteria that are able to participate in the
synthesis of CdS, and other, quantum dots which could potentially then be used to mediate
whole-cell photocatalysis.**) Many strains of Klebsiella overcome cadmium toxicity
through the formation of photoactive, CdS nanoparticles on the cell surface.*>3"
Cadmium detoxification is also carried out by Clostridium thermoaceticum which forms
CdS nanoparticles at the cell surface as well as in the extracellular solution.®® When
E. coli is incubated with cadmium chloride and sodium sulphide, intracellular formation of
CdS nanoparticles occurs following the uptake of Cd®* and S* ions.¥! These are just a few
examples of many. Bacteria are able to produce a huge variety of high-valued chemicals;
therefore, the direct coupling of photosensitisers to bacteria provides a novel approach to

the solar production of chemicals of interest.

The artificial photosynthetic systems discussed here (Figure 1.6) do not include: a
membrane which separates the oxidising and reducing reaction compartments; and/or a
transmembrane electron transport chain which allows electrical communication between

the compartments whilst acting as a reservoir for photoexcited electrons. By not including
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these components these systems miss out their benefits which could improve them. The
benefits of compartmentalision and transmembrane electron transfer, and how these can be

achieved are discussed in the following sections.

1.5 Compartmentalised Reaction Vessels

Section 1.2 shows how compartmentalisation of multiple enzymes and substrate molecules
brings advantages for natural photosynthesis. Such compartmentalisation of catalysts and
molecules within spatially separated, nano-scale environments enables a high level of
control over reactions and can selectively enhance them. The walls of these nanoreactors
serve as scaffolds to stabilise and precisely position numerous catalysts that work together
in successful multistep reaction cascades. In addition to facilitating efficient passage of
reaction intermediates, nanoreactor boundaries have a semi-permeable nature which
minimises opportunities for unwanted reactants to interfere, regulates the flux of molecules
in and out of the nanoenvironment, and controls internal conditions (pH, electrolyte
concentration, etc) and allows them to differ from external conditions. These
compartments can also protect the exterior environment from harmful intermediates or

protect the contents from highly reactive external conditions.

Compartmentalisation is crucial to all living cells and is even thought to be
instrumental in the origin of life.*”! Cells have a semi-permeable membrane that allows
nutrients to diffuse into the cell, where they are processed. Cells are essentially micro-sized
compartments where the cell membrane regulates external stimuli and allows correct
internal response. Multicompartmentalisation within cells allows for positional assembly
and spatial separation of molecules, enzymes and processes within different compartments.
This allows cells to perform many different metabolic reactions simultaneously in a

controllable manner, so they do not affect each other in an uncontrolled way.*!

Recently increased attention has been given to the elegant compartmentalisation
strategies found in Nature and mimicking these nanoreactors.”* 3! Additional benefits can
be envisioned for catalytic reactions performed in compartmentalised nanoreactors when
compared to those performed in bulk solutions. Compartmentalisation can simplify the
separation of the catalyst from the reaction mixture and thus improves the possibilities for
catalyst reuse. As reaction efficiency, selectivity and separation of products are improved
by compartmentalisation, reactant concentration need not be as high as those used in bulk
solutions. Compartment walls and internal volume provide both hydrophobic and

hydrophilic environments, respectively, removing the possible need for organic solvents.
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By developing artificial nanocompartments it is hoped the numerous benefits of
compartmentalisation can be utilised for compound encapsulation and/or novel
(bio-)chemical reactors for desired complex catalytic reactions. In order to mimic Nature’s
compartments, scientists have taken inspiration from natural systems to design a variety of
different nano- or micro-capsules, Figure 1.7.
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Figure 1.7. Overview of bio-inspired compartmentalised reaction vesicles.
Vesicles are not to scale. Grey areas represent internal aqueous compartments.

These bio-inspired reaction vesicles have been assembled from various components
but they share the common features of: i) an internal aqueous volume where the reaction
occurs; ii) a semi-permeable shell that allows only desired molecules to enter/exit but
prohibits the passage of other molecules; and iii) a catalyst for the desired reaction which is
selectively located either internally, externally or actually within the walls of the

compartments.

1.5.1 Compartments from Membranes, Proteins and Polymers

To prepare nanoreactors some have taken a top-down approach in which they directly
utilise Nature’s compartments and adapt them so they encapsulate selected compounds and
perform desired reactions. Bacteria are completely natural nanocompartments, Figure 1.7.
Bacteria are able to produce a huge variety of high-valued chemicals, e.g. proteins, amino
acids, organics, fuels, antibiotics, metabolites and promising chemical precursors for

industry and therapeutics.[*/ Therefore, the optimisation of such reaction pathways within
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bacteria is of interest to industry. Genetic engineering (inactivation, overexpression, redox
engineering, introduction, etc) informed by biochemical, genetic and regulatory studies
allows optimisation of existing, or introduction of new, cellular processes and reaction
pathways within target bacteria to achieve optimised desired compound production.t*¢!
Even though engineering is informed, it is vastly complex and sometimes gene

manipulation can result in unpredicted results which affect the cell viability.

Another approach to manipulating bacterial compartments involves outer
membrane vesicles (OMVs), Figure 1.7. OMVs are nano-sized spherical, phospholipid
bilayered structures that are produced during the growth of some gram-negative bacteria,
via parts of the outer membrane budding to entrap some periplasm before being extruded
from the cell surface.””! These vesicles have similar compositions to those of the outer
membranes, possessing phospholipids, lipopolysaccharides, and outer membrane
proteins.*”! Genetic fusion of a recombinant polypeptide with outer membrane proteins
already present allows new fusion partner proteins to be introduced to OMVs.H8 4]
Genetic engineering towards novel OMVs is even more complex than that of whole cells,
due to the more unpredictable influences that gene manipulation may have on the
production of OMVs. Purification of OMVs from bacterial cultures can be complex and
tricky. The inability to encapsulate any desired compound internally within OMVs, and

even whole cells, is a reason why some would avoid using these as nanoreactors.

Other naturally occurring nanocapsules include those consisting of a protein shell,
e.g. ferritins, viruses, etc. Ferritins are nano-sized icosahedral cages which naturally store
and transport iron ions as compact iron minerals, Figure 1.7. Iron ions, other metal ions,
metal complexes and small organic molecules pass into the ferritin interior via three-fold
channels within the protein shell.”® Unlike ferritin, viruses have a variety of shapes and
sizes and provide larger interior spaces for the natural storage of genomic materials such as
DNA/RNA, Figure 1.7.5% The size and shape of such robust protein cages, and the number
and nature of the functional groups on their surface, are precisely defined as they are gene
products.®**®! Natural cargos within these self-assembled protein cages can be replaced
with larger artificial cargos such as molecular catalysts, enzymes, and other interesting
chemicals.®** The proteins cages are conveniently disassembled and reassembled via
partial chemical protein denaturating by pH, salt concentration, etc.® The small pores
within the protein cages allow substrates and products to freely diffuse in and out of these
compartments making them ideal nanoreactors.’™ In addition, the surface of these

nanocompartments can be modified chemically or genetically via covalent linkers and/or
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site-specific modification to incorporate new surface functional groups or proteins.®* Prior

to using such compartments they have to be expressed in host cells and purified.

Another method of preparing nanoreactors is to take a bottom-up approach in
which purified or synthesised amphiphilic molecules self-assemble into compartments and

simultaneously encapsulate selected compounds for desired reactions.

Polymersomes are vesicles that have polymer membranes and have recently
attracted a lot of attention. When amphiphilic block copolymers come into contact with
water they spontaneously form bilayered vesicles, whilst encapsulating the aqueous
medium, Figure 1.7."®! This vesicle formation is similar to those of other amphiphilic
molecules but, due to the nature of polymers, forms vesicles that are more stable, less
permeable, easier to chemically modify surface functionality and can be tailor-made with
respect to size and shape.™ Due to long carbon chains of polymers, the thicker bilayers of
polymersomes consist of a large hydrophobic domain.®® The resulting low bilayer
permeability, even to water, is a drawback for nanoreactors relying on internally captured
catalysts, as transport of substrates and products across the polymer membrane would be
vastly hindered.™ %% The large chemical versatility possible in block copolymer synthesis
allows the properties of polymersomes to be selectively tuned.®” In some cases,
copolymers have been reported to form porous vesicles due to imperfect carbon chain
stacking within the bilayer, which allows diffusion of small molecules across the
membrane.** ** % In a majority of cases, membrane proteins have been inserted into the
polymeric bilayer to induce permeability and allow the diffusion of solvent and substrate
molecules.®® Y In contrast to polymers, the use of lipids to form vesicles is

long-established as discussed in the next sections.

1.5.2 Liposomes

The first, and most widely studied, nanocompartments consisted of a phospholipid bilayer,
which made their membranes rather similar to those of cells, Figure 1.7." These
liposomes may be more fragile than their polymersomes counterparts, but they have had
much interest since the first protein was incorporated in liposome membranes in 1970.[?
These lipid vesicles have the advantage that they are more likely to be compatible with
membrane proteins. Also reconstitution of purified proteins into liposomes, systems
hereafter referred to as proteoliposomes, allows the study of their biochemical and
biophysical properties in a model membrane environment, instead of within detergent

suspensions. The study of proteins biochemical and biophysical properties can be affected,
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complicated or unobservable within the natural cell environment due to the presence of

other proteins and chemicals. A detailed discussion of the properties of liposomes follows.

1.5.2.1 Phospholipids

Biological membranes may be complex, but the major component of any membrane is a
bilayer formed by phospholipids. These amphiphilic molecules self-assemble so their
polar, hydrophilic phosphate groups form two surfaces which interact with the surrounding
aqueous environment, while their hydrophobic acyl chains form a nonpolar region in
between the two layers.

All natural phospholipids are derived from sn-glycerol-3-phosphate, where acyl
chains are bound to C-1 and C-2 of the glycerol backbone via ester bonds, as illustrated in
Figure 1.8. Esterification of the phosphate group of phosphatidic acid (PA), the simplest
phospholipid, with various alcohols (choline, ethanolamine, serine, glycerol or inositol)
creates the other naturally occurring phospholipids: phosphatidylcholine (PC),
phosphatidylethanolamine (PE), phosphatidylserine (PS), phosphatidylglycerol (PG) and
phosphatidylinositol (P1). The major phospholipids found within mammalian and bacterial
membranes are PC and PE, respectively. At physiological pH these zwitterionic
phospholipids have an overall neutral charge which dilutes the negative charge caused by

the anionic phospholipids PS, PG and PI.

Fatty Glycerol
Acids  Backbone Phosphocholine
0]

CHs
B)
I
g g — vCHZ—C—C!H
C)
i
e ~_CHz—C—OH

— e S—

Figure 1.8. Structures of A) phosphatidylcholine, B) palmitoleic acid and C) oleic acid at pH 7.
Numeric labels for the glycerol carbons are included in purple. R; and R, represent the
different acyl side chains of PC.
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In addition to phospholipids being classified by their phosphate headgroup, they are
further identified and subcategorised via the length and saturation of their hydrophobic
acyl chains. Acyl chains are typically between 10 to 24 carbons long, with an even number
of carbons due to their biosynthesis, and are either saturated or contain one, or more,
carbon-carbon double bonds so that they are referred to as unsaturated. For many
membrane phospholipids frequently the R-1 acyl chain is saturated while R-2 is
unsaturated. The fatty acid common names are used when naming acyl chains as this
indicates their chain length and degree of saturation. For example palmitoyl is a saturated
16 carbon chain and oleoyl is a monounsaturated 18 carbon chain with a double bond
between carbons 9 and 10, as shown in Figure 1.8.

When it comes to (proteo)liposome preparation, the choice of phospholipid/s plays
a vital role in the membrane composition, introduction of unknown impurities, and
efficiencies of encapsulation and protein incorporation. It is therefore important to consider

which phospholipid/s would best suit the requirements of the (proteo)liposomes.

The best mimic of a cell membrane is achieved by utilising a total lipid cell extract,
as this would contain all components, at similar relative abundances, to those naturally
found within a lipid bilayer. For example, the major components within E. coli total lipid
extract (Avanti Polar Lipids Incorporation Product Number 100500) are PE (57.5 %),
PG (15.1 %), and the diphosphatidylgycerol cardiolipin (9.8 %), Figure 1.9. A relatively
large proportion of this extract is classified as unknown (17.6 %), indicating the presence
of other membrane components such as porin proteins and all inner membrane
components, including those of the quinone pool. Even though making bilayers from
natural membrane extracts would provide the closest comparison to cell membranes these
unknown components could interfere with the incorporation and study of a desired purified

protein.
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Figure 1.9. Structures of A) cardiolipin, B) phosphatidylglycerol (PG) and
C) phosphatidylethanolamine (PE) found within E. coli total lipid extract.
R: to Rg represent the acyl side chains of these phospholipids.

To remove this unknown, phospholipids can be selectively extracted and purified
from cell membranes. Acyl chain positions of phospholipids are unaffected upon
purification so final purified phospholipids should have a fatty acid distribution similar to
that of the natural membrane. For example, PC extracted from mammalian cell membranes
and purified by chromatography contains a composition of numerous fatty acids where the
major component is 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC), Table 1.1.
As POPC molecular length is ~ 2.5 nm, and POPC is the major component, it is assumed
bilayers prepared using PC would have a cross sectional length of ~ 5 nm.l®® POPC, and
other phospholipids with defined R; and R, groups, can also be chemically synthesised as
pure lipids, Figure 1.10. Synthetic phospholipids with specific polar head group, fatty acid
compositions are synthesised using acylation and enzyme catalysed reactions of

sn-glycerol-3-phosphocholine, obtained via deacylation of purified phospholipids.®*

Fatty Acid (R; and R;) | (Chain Length: Saturation Degree) | Distribution (%)
Myristic Acid (14:0) 0.2
Palmitic Acid (16:0) 32.7

Palmitoleic Acid (16:1) 1.1
Stearic Acid (18:0) 12.3

Oleic Acid (18:1) 32.0
Linoleic Acid (18:2) 17.1
Dihomo-y-linolenic Acid (20:2) 0.2
Mead Acid (20:3) 0.3
Arachidonic Acid (20: 4) 2.7
Docosahexaenoic Acid (22:6) 0.4
Unknown - 1.0

Table 1.1. Fatty acid distribution of chicken egg phosphatidylcholine.
Details from Avanti Polar Lipids Incorporation Product Number 840051.
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Figure 1.10. Synthesis of POPC from purified natural PC.

Firstly purified natural PC is deacylated to form sn-glycero-3-phosphocholine, which is
esterified with palmitic acid to yield dipalmitoylphosphatidylcholine. Selective hydrolysis of the
palmitic acid at position two of the glycerol backbone is then carried out enzymatically with
phospholipase A2 to form 1-palmitic-2-hydroxy-sn-glycero-3-phosphocholine. The hydroxyl
group can then be esterified with oleic acid.

Such choice in lipid and fatty acid variability allows for complete control in
defining the phospholipid composition of prepared membrane bilayers. Preparing an exact
mimic of a cell membrane with identical composition via the mixing of purified and
synthesised lipids would be extremely difficult; however, due to the vast number of

different components.

1.5.2.2 Formation of Liposomes

Aqueous phospholipid suspensions arrange themselves into bilayers, whose edges seal to

ensure hydrophobic acyl chains are not exposed to water. This leads to the formation of
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approximately-spherical liposomes, where a small aqueous internal environment is
enclosed and separated from the external environment during their formation, Figure 1.7.
Once formed, liposomes are quite stable and can be purified by dialysis, gel filtration or
centrifugation, which allows the external environment to be different to that of the internal
environment. These liposome systems closely resemble living cells, as materials such as
DNA, proteins, drugs, or other chemicals of interest can be encapsulated by the lipid
bilayer.®* %! Spontaneous formation of liposomes with defined membrane compositions
occurs upon hydration of lipids, which is advantageous as there is no need to include any
other reagents to make liposomes.

Liposomes can be classified by size and number of bilayers of which the membrane
is composed, which is highly dependent upon the preparation method used, Figure 1.11.1!
A liposome membrane composed of a single bilayer is unilamellar, while a membrane
composed of multiple concentric bilayers is multilamellar. Multilamellar vesicles (MLVs)
are usually formed upon rehydrating dried lipid films with aqueous solutions. MLVs are
highly polydisperse with relatively large radii that are greater than 500 nm, but small
encapsulated volumes due to their multilamellar structures. Similar to MLVs are
multivesicular vesicles where smaller vesicles are encapsulated within one larger vesicle.
Giant unilamellar vesicles (GUVs) are extremely fragile due to their relatively large radii
of 2.5 to 150 um. GUVs can be formed by slowly hydrating lipids at high lipid
concentrations, before eliminating MLVs via sedimentation through sucrose.®® Larger
vesicles can be converted into smaller unilamellar vesicles (SUVs) with radii less than
50 nm by extensive sonication, french pressing or extrusion through polycarbonate filters
with a defined pore size. Large unilamellar vesicles (LUVs) with radii from 50 to 2500 nm
can be made by the fusion of SUVs via freeze-thawing. LUVs have the advantage of
having larger encapsulated volumes, but are more fragile due to their larger size and more
heterogeneous in size due to freeze-thawing. Repeated extrusion through polycarbonate

filters of defined pore sizes provide more uniform LUV sizes.
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Figure 1.11. Cartoon of the common size and lamellar classification system of vesicles.

SUV represents small unilamellar vesicle; LUV represents large unilamellar vesicle; GUV
represents giant unilamellar vesicle; and MLV represents multilamellar vesicle. MLVs have
many membrane layers, and multivesicular vesicles encapsulate smaller vesicles. Sizes
represent radii of vesicles. Lipid bilayers (blue structures) and vesicles are not to scale. Internal
aqueous compartments (grey) can be different from external aqueous surroundings.

In addition to internal encapsulation of desirable reagents within liposomes of
known compositions and sizes, purified membrane proteins can be incorporated within the
membranes. Like liposomes, proteoliposomes are judged by the same criteria of
polydispersity, size and number of lamellae. Additional information about proteins within
liposome bilayers are useful for defining proteoliposome systems; such as reconstitution
efficiency, homogeneity of distribution, spread of biological activity, protein orientation

and whether this is homo- or heterogeneous.®®
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1.6 Light-Driven, Transmembrane Electron Transfer

Previous sections described how light-driven, transmembrane electron transfer is
advantageous for photosynthesis, as it offers better charge separations after photoexcitation
and improved efficiency for light-driven reactions. To date, externally located
photosensitisers have only been able to carry out transmembrane electron transfers to
nanoreactors via the use of soluble electron mediators that pass through the compartment
walls.1® 67681 Tg truly mimic and perhaps reap the full benefits seen within photosynthesis,
photosensitisers and nanoreactors have to electronically communicate via transmembrane

electron transfers by biological-nanowires like that of PSI.

1.6.1 Bacterial Transmembrane Electron Transfer

Some bacteria have evolved an ability to harness energy from their environment through
transmembrane electron-transfer-driven redox transformations of solid minerals on the
outsides of their cellular structures.®! Unlike other respiratory substrates such as oxygen
or nitrite, such metal (hydr)oxide minerals are highly insoluble at neutral pH and thus are
unable to freely diffuse into the bacterial cell to be reduced within. Metal oxide respiring
bacteria therefore have to overcome physical limitations associated with transporting
electrons generated during cytoplasmic metabolism across the cell envelope to
extracellular terminal electron acceptors, Figure 1.12. For electrons to cross the periplasm
and outer membrane to reach the cell surface there is distance of at least 300 A; a distance

that is too great to be covered by electron tunnelling alone which is limited to 14 A.["% ™
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Exterior

Periplasm
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Figure 1.12. Schematic to indicate structures and cellular locations of cytochromes and
electron transfers mechanisms key to S. oneidensis MR-1 mineral respiration.
High-resolution protein structures of S. oneidensis STC (PDB ID: 1M1Q), MtrC (4LM8) and
OmcA (4LMH). Structures of CymA and MtrA are unavailable so structures of their
homologues; NrfH (2J7A) and NrfB (20ZY); are included. Predicted structure and one possible
arrangement of proteins within the membrane spanning MtrCAB complex is shown as no
overall structure is available. Electrons from the oxidation of organic substrates pass through
the inner membrane to CymA. Electrons cross the periplasm to the outer membrane directly
or indirectly via periplasmic mediators like STC. MtrAB moves electrons across the outer
membrane, and are ultimately transferred from the cell surface by: i) flavin mediators (yellow
hexagons); ii) directly from extracellular cytochromes; iii) or via outer membrane appendages
called nanowires. Hemes as spheres (C, black; O, red; N, blue, Fe, orange). Decaheme disulfide
bond cysteines as spheres coloured for the corresponding domain. Blue arrows represent
electron transfers and black arrows represent flavin electron shuttling.

Shewanella oneidensis MR-1 is a highly versatile, Gram-negative, facultative,
anaerobic bacterium that can utilise metal oxide minerals containing Fe(ll1) and Mn(IV) as
extracellular respiratory electron acceptors, Figure 1.12."274 This bacterium is rich in
respiratory electron transport c-type cytochromes, that underpin electron transfer from the
inner membrane to the cell surface via a chain of heme ¢ cofactors.l”> ") Heme ¢ comprises

an iron ion coordinated in the centre of a large heterocyclic porphyrin ring via four pyrrole
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nitrogens, Figure 1.13. These redox centres are covalently attached to polypeptides via
thioether bonds between the heme c vinyl groups and the thiol groups of two cysteine
residues, located in the Cys-X-X-Cys-His binding motif. The planar heme structure allows
for tight packing of two or more heme groups within multiheme cytochromes. The heme
iron is axially coordinated by histidine located in the heme c binding motif and can be
coordinated by a second axial ligand, which is typically another histidine or methionine.
Such low-spin, hexa-coordinated hemes allow rapid electron transfers, as the iron can cycle
between oxidised Fe(lll) (ferric) and reduced Fe(ll) (ferrous) oxidation states. In contrast,
high-spin, penta-coordinated hemes have a vacant coordination site to which exogenous

substrates can bind for redox transformation in enzymes.
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Figure 1.13. Structure of heme c.

The network of multihneme cytochromes within S. oneidensis MR-1 provide the
structural and electrochemical means to mediate electron transfer from the quinone pool of
the inner membrane all the way to the extracellular terminal electron acceptors outside the
cell, Figure 1.12. At the cell surface, electrons can be transferred either: i) directly
following contact between the mineral and surface outer membrane cytochromes;
ii) indirectly through cell-secreted flavin shuttles; or iii) along extracellular appendages,
termed as nanowires, which are up to 100 A extensions of the outer membrane that contain
outer membrane decaheme cytochromes.!”® 881 There is currently a lot of debate which of
these, singly or combined, provide the true mechanism for microbe-to-mineral electron
transfer because there is firm evidence to support them all.®? However, general consensus
states that the outer membrane porin:cytochrome complex MtrCAB and the outer
membrane decaheme cytochrome MtrC, and the related homologues OmcA, MtrF and

UndA, are vital in microbe-to-mineral electron transfer mechanisms.

1.6.2 Outer Membrane-Associated Cytochromes

MtrCAB spans the ~ 40 A-wide outer membrane of S. oneidensis, providing a conduit

electron passage across an otherwise nonconductive barrier.® MtrCAB comprises of three
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proteins including a periplasm-exposed decaheme cytochrome (MtrA) and an
extracellular-associated decaheme cytochrome (MtrC), which are close enough to form a
heme wire insulated inside a A-barrel transmembrane porin (MtrB), Figure 1.12.5%!

MtrA (39 kDa) consists of two pentaheme domains which both share significant
sequence homology with the pentaheme cytochrome E. coli NrfB, shown in
Figure. 1.14.5 Sequence alignments of NrfB and the N-terminal half of MtrA suggests
positions and orientations of five heme cofactors in MtrA and many of the bishistidine
axial ligands are conserved despite the different arrangements of the polypeptide chains.®
The five hemes of NrfB are within 6 A of their nearest neighbour and therefore would
facilitate rapid electron transfer across this 4 nm molecular wire.®*! If MtrA consisted of an
end-to-end NrfB homodimer, this suggests the 10 hemes of MtrA would be close enough
to facilitate electron transfer across its entire length of ~ 104 A%l MtrA forms a tight
complex with MtrB (76 kDa), a predicted 28-strand g-barrel protein.®®! Comparisons with
the slightly smaller 22-stranded g-barrel protein, FepA, suggests MtrB would have a pore
size of at least 40 A and, as MtrA is approximately 25 A x 50 A at its largest cross-section,

it is proposed that MtrA would be partially inserted within the g-barrel of MtrB.[ &

%o«

Figure 1.14. Structure of NrfB, a MtrA homologue.

A) High-resolution structure of NrfB (PDB ID: 20ZY). B) Heme arrangement within NrfB, where
the distances between the heme iron ions are indicated (Angstréms). Hemes as spheres

(C, black; O, red; N, blue, Fe, orange).

MtrC (75 kDa) copurifies with MtrAB in a 1:1:1 ratio to form an extracellular
cytochrome terminus.®® It is thought the size of MtrC, approximately 80 A x 60 A x 30 A,
is too large to fit into the MtrB barrel and would mostly be exposed to the extracellular
environment.®”’ OmcA (86 kDa) is a bigger extracellular decaheme cytochrome,
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approximately 95 A x 60 A x 50 A, that is thought to bind and exchange electrons with

MtrC to support extracellular electron transfer.®®) MtrC and OmcA are homologous

decaheme cytochromes, as shown in Figure 1.15, that were found to have overlapping roles
[87-89]
n.

in mineral reductio

A)

Figure 1.15. Structures of MtrC and OmcA from S. oneidensis MR-1.

High-resolution structures of A) MtrC (PDB ID: 4LM8) and B) OmcA (4LMH), with their four
domains coloured red, blue, purple and cyan from the N termini to the C termini. Heme
arrangements within C) MtrC and D) OmcA, where the distances between the heme iron ions
are indicated (Angstroms). Hemes as spheres (C, black; O, red; N, blue, Fe, orange). Disulfide
bond cysteines as spheres coloured for the corresponding domain.

Both comprise four domains, two split B-barrel domains and two heme
domains.®®” 8 Domains 11 and IV coordinate ten bishistidine hemes in a significantly
conserved staggered cross formation, with each heme in sufficient proximity to its nearest
neighbour to facilitate rapid intramolecular electron transfer.®” % A disulfide bond is
located in domain 111 and for OmcA a second disulfide bond is in domain 1.%" 8 In vitro
reduction of these disulphides triggers tight binding of flavin mononucleotide (FMN) and
riboflavin (RF) to both proteins, which supports evidence from in vivo studies suggesting
MtrC and OmcA are flavocytochromes during anaerobic respiration.®” °@ The four

terminal points of the staggered heme cross are suggested to be possible sites for electron
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exchange between MtrA, each other and with soluble substrates or electron shuttles;
however, their relative orientations with each other and MtrAB is unknown. 8 911

Evidence supporting predictions of locations of MtrCAB, and orientation of MtrB,
with respect to the outer membrane is supported by proteinase K experiments revealing the
complete digestion of MtrC, followed by partial digestion of MtrB, from MtrCAB

embedded in liposomes or cell membranes.®"

1.6.3 Demonstration of Transmembrane Electron Transfer by MtrCAB in

Liposomes

Evidence supporting the role of MtrCAB in trans-outer membrane electron transfer comes
from the ability of this complex to support transmembrane electron transfer when
incorporated in a liposome.[® °> %! MtrCAB, purified from S. oneidensis MR-1, was
incorporated into preformed liposomes made from chicken egg PC via a mixed
reconstitution method that uses both freeze-thawing and slow, gentle removal of detergent
by adsorption to Biobeads.® %2 %1 The redox dye methyl viologen (MV) was encapsulated
within these liposomes. As shown in Figure 1.16, MV has three oxidation states: i) the
oxidised, colourless dication (MV?"): ii) the deeply blue coloured radical cation (MV™)
which has associated an absorbance peak at 606 nm; and iii) the very pale yellow doubly
reduced species (MV°).’Y From here onwards the oxidation state of methyl viologen will
only be included when it is specifically known and being discussed; and otherwise this
molecule will be described generally as MV. Only the first one-electron reduction of MV?*
is observable upon the addition of the membrane-impermeable reductant dithionite
(Em = -500 mV).?4 %]

MV2+ MV* MV°
_+N//\:\>_QN+_ —_— = ) \ N e ) \ N
= Y -0.45V — / -0.90V = Y

Figure 1.16. Methyl viologen redox reactions at pH 7
All reduction potentials are reported versus SHE."*!

Parallel dithionite additions made to MV?*-containing MtrCAB proteoliposomes
and liposomes demonstrated MtrCAB acts as a nanowire, allowing transmembrane
electron transfer to MV?*, Figure 1.17.18% % %1 |y the timescale of this experiment
reduction of MV?** to MV* was not observed in liposomes without MtrCAB incorporated,
as phospholipid membranes are nonconductive and MV?*, MV" and dithionite are

membrane-impermeable.®® % %1 Addition of externally located soluble and insoluble
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Fe(lll) to dithionite-reduced proteoliposomes showed MtrCAB supported bidirectional

transmembrane electron transfer as encapsulated MV* was reoxidised, in a similar manner

to that observed in vivo during mineral respiration.[® 4

Figure 1.17. Cartoons representing events following additions of dithionite to MV*'-
containing (proteo)liposomes.

A) Dithionite addition to MV**-containing proteoliposomes results in reduction of colourless
MV* to blue MV*. B) No reduction is observed in liposomes without MtrCAB incorporated.
Dithionite is represented by grey circles.

Physical characterisations of MitrCAB proteoliposomes were obtained by
transmission electron microscopy, dynamic light scattering and western blots with
MtrC-specific antibodies.®®) These showed MtrCAB proteoliposomes were large
unilamellar vesicles with an average radius of 250 nm, and between 0 to 200 MtrCAB
molecules per liposome.®® Solubilisation of reduced (proteo)liposomes with anaerobic
Triton X-100 released ~ 30 pM MV from 1 mg mL™ (proteo)liposome suspensions, of
which ~ 80 % was redox addressable in proteoliposomes.*®! Additionally, the topology of
MtrCAB within these proteoliposomes has been studied with proteinase K susceptibility
alongside hybridisation with gold-labelled MtrC and MtrA antibodies.®” These results
established that MtrCAB inserts into these liposome bilayers with MtrA facing the interior
and MtrC exposed on the outer surface of the phospholipid bilayer, which matches the

established in vivo orientation of MtrCAB.?

1.7 Aims of this Study

Due to increasing global energy demand and depletion of fossil fuels, scientists look
towards photosynthesis for inspiration in developing methods to capture and transform
abundant solar energy into high energy fuels and valued organic compounds. Artificial
photosynthetic systems mimic natural photosynthesis by having photosensitisers which
capture the energy from sunlight and deliver photoexcited electrons to electrocatalysts,

before they are regenerated by a SED. To date all artificial photosynthetic systems are
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unable to fully mimic and reap the full benefits of natural photosynthesis as they lack
spatially separating reaction compartments, and/or a compartment-linking transmembrane
electron transport chain. Artificial photosynthetic systems which include these
components, and thus completely mimic natural photosynthesis, are of great interest.

There are many different approaches to obtain nanoreaction compartments;
however, liposomes are the most studied and well established compartments within the
current literature. Liposomes are novel as they offer a phospholipid membrane which
self-assemble with desirable reagents internally encapsulated and proteins incorporated
into the membrane. Incorporation of MtrCAB in liposome bilayers allows an externally
located reductant to reduce internally encapsulated MV?*. The porin:cytochrome complex
MtrCAB is novel due to the transmembrane spanning heme constellation that is inserted
within a protein porin sheath. This property allows MtrCAB to act as an electrical wire
between the interior and exterior of membrane compartments. MtrCAB performs “dark”
electron transfers with cell-secreted flavins; however, flavins are able to act as
photosensitisers. This suggests that it may be possible to pass photoexcited electrons from
flavins to MtrCAB, where the twenty hemes could potentially act as a reservoir for
photoexcited electrons and thus provide longer charge separations that are desirable for

artificial photosynthetic systems.

In this study the potential for MtrCAB proteoliposomes to serve as nanoreaction
compartments for light-induced, transmembrane electron transfer driven redox reactions
was investigated in a stepwise manner, as summarised in Figure 1.18. A stepwise approach
to exploring photoreduction of MtrCAB proteoliposomes allowed the behaviour of a given
photosensitiser towards each component of the proteoliposome system to be explored.
Firstly photoreductions of the outer membrane proteins of S. oneidensis MR-1 in solution,
by a range of soluble photosensitisers, in the presence of TEOA as a SED, were
investigated to establish optimal conditions for photoreduction studies, Figure 1.18 A. The
photosensitisers chosen were flavin adenine dinucleotide, flavin mononucleotide,
riboflavin, eosinY, fluorescein, proflavin, tris(bipyridine) ruthenium(ll) and
bis(bipyridine) (bipyridine-4,4’-bisphosphonic acid) ruthenium(ll); and the basis for their
selection is described in Chapter 3. Chapter 3 also describes the process by which the
optimal conditions for outer membrane protein photoreduction were obtained and
establishes the effects that photosensitiser and protein identity had upon the rate and extent
of outer membrane cytochrome photoreduction. That chapter finishes by characterising the
identity of the SED(s) and the photoreduction mechanisms used by each of the investigated

photosensitisers.
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Figure 1.18. Cartoons representing the stepwise investigation into light-induced,
transmembrane electron transfer of MtrCAB proteoliposomes.

A) Photoreduction of outer membrane cytochromes in solution. B) Photoreduction of MV>*-
containing MtrCAB proteoliposomes. C) Photoreduction of MtrCAB in liposome bilayers.

D) Photoreduction of MtrCAB in liposome bilayers and subsequent reduction of redox dye,
reactive red 120 (RR120). See text for details. Photosensitisers are represented by orange
squares. Please note detergent molecules which solubilise MtrCAB are omitted for clarity.

As MtrCAB proteoliposomes containing MV?* are well-developed and thoroughly
characterised, the preparation methods previously reported were used to prepare MtrCAB
(proteo)liposomes to study light-driven, transmembrane electron transfers by the
investigated photosensitisers in the presence of TEOA, Figure 1.18 B. Chapter 4 describes
experiments which investigated whether presence of the chosen photosensitisers resulted in
changes to MtrCAB (proteo)liposomes. These assessments established if photosensitisers
associated with lipid membranes of (proteo)liposomes and/or caused leakage of internally
encapsulated MV. Additionally, the possibility for chosen photosensitisers to photoreduce
MV?* in aqueous solution and encapsulated in liposomes with no MtrCAB incorporated
was explored. This work established whether the chosen photosensitisers were able to

photoreduce encapsulated MV?* without the need of MtrCAB as an electron conduit.

These studies revealed unforeseen complications from use of MV?*-containing
(proteo)liposomes. As a consequence an alternative method of proteoliposome preparation
was selected for study as described in Chapter 5. With this method it proved possible to

incorporate sufficient MtrCAB into proteoliposomes to use spectroscopy of the heme
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cofactors as a direct probe of heme oxidation state. This made it possible to cleanly assess
the ability of the chosen photosensitisers to photoreduce MtrCAB within the liposome
bilayer and the mechanisms by which these occurred. That work identified flavins as
photosensitisers with desired properties of MtrCAB reduction without permeating, lysising
or associating with the liposome membrane, Figure 1.18 C.

Chapter 6 identified reactive red 120 (RR120) as a redox reporter that could be
encapsulated within a (proteo)liposome-based nanoreactor. Photoreductions of these
RR120-containing (proteo)liposomes performed by flavin photosensitisers, in the presence
of TEOA as a SED, demonstrated photoexcited flavin delivers electrons to internalised
RR120 via MtrCAB acting as a transmembrane electron nanowire, Figure 1.18 D. This
demonstrates that light capture and charge separation of externally located flavin
photosensitisers can be successfully coupled with reductive transformations within
proteoliposome nanoreactors by electron transfer through MtrCAB acting as a

bilayer-spanning electron conduct.

Chapter 7 discusses the future possibilities for MtrCAB proteoliposomes and
S. oneidensis as modular components within artificial photosynthetic systems. Discussion
of the other possibilities for MtrCAB proteoliposomes to be used to help determine the
structure of membrane-bound MtrCAB and understand nanowires of S. oneidensis is also

included.
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Chapter 2
Materials and Methods

2.1 General Reagent Preparations and Characterisations

Flavin mononucleotide (FMN, sodium salt), flavin adenine dinucleotide (FAD, disodium
salt  hydrate), riboflavin (RF), 2’4’5’ 7'-tetrabromofluorescein  (eosin Y),
3,6-diaminoacridine  (proflavin,  hemisulfate  salt), ruthenium-tris(2,2"-bipyridyl)
([Ru(bpy)s]**, dichloride salt), triethanolamine (TEOA), 1,1’-dimethyl-4,4’-bipyridinium
(methyl viologen, MV, dichloride salt), 4-(2-hydroxyethyl)piperazine-1-ethanesulfonic
acid (HEPES), Triton X-100 (100 % [v/v]), n-octylglucoside (OG), valinomycin
ready-made  solution, sodium D,L-lactate  solution syrup (60 %  [w/w]),
5,5',7,7"-indigotetrasulfonic acid (indigotetrasulfonic acid, tetrapotassium salt), resazurin
(sodium salt), reactive black 5 (RB5), amaranth and reactive red 120 (RR120) were all
from Sigma-Aldrich. Fluorescein was from Alfa Aesar. These purchased reagents were
used without further purification. [Ru(bpy)2(4,4’-(PO3H2).bpy)]Br. (RuP) was a kind gift
from Dr Manuela Gross, University of Cambridge, and prepared as previously

described.®® All other reagents were Analar quality or equivalent.

2.1.1 Preparation of Buffer, Photosensitiser and Lipid Stock Solutions

Aqueous solutions were prepared using Millipore water (18.2 MQ cm). The pH of all
solutions was measured using a pH meter, which was calibrated prior to each use using pH
standards (4.0, 7.0 and 9.2). When required, solutions were adjusted to the correct pH by
adding aliquots of concentrated NaOH or HCI.

Stock solutions of 2 mM photosensitisers and 50 mM TEOA were prepared by
dissolving appropriate masses or volume, respectively, in 50 mM HEPES, 2 mM CaCls,,
10 mM KCI, pH 7 or in 50 mM phosphate, pH 7. Photosensitiser solutions were stored in

the dark and their integrity confirmed by electronic absorbance spectroscopy prior to use.

Chicken egg phosphatidylcholine powder (PC, product number 840051P) and
E. coli total lipid extract dissolved in chloroform (25 mg mL™, product number 100500C)
were from Avanti Polar Lipids Incorporation. PC was stored frozen as supplied under a
N, atmosphere and used immediately upon exposure to air without further purification.

E. coli total lipid extract was stored frozen under a N, atmosphere after complete
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evaporation of the chloroform using a flow of N». E. coli total lipid extract was then used

immediately upon exposure to air without further purification.

Anaerobic buffer solutions were prepared by bubbling with N,. Other anaerobic
solutions were typically prepared by replacing container headspace with a N, atmosphere,
before  placement in N, filled, anaerobic chamber (Belle Technology,
atmospheric O, < 10 ppm) and overnight stirring to equilibrate with atmosphere.

2.1.2 Electronic Absorbance Spectroscopy

Ultraviolet-visible absorbance spectroscopy was performed using either a Jasco V650
UV-visible spectrophotometer for aerobic measurements or a Biochrom WPA Biowave Il
diode array spectrophotometer for anaerobic measurements made within a N filled,
anaerobic chamber. The Beer-Lambert Law relates light absorption by a sample to the
concentration of the light-absorbing chemical in the sample (Equation 2.1). Concentrations
of samples were calculated using the Beer-Lambert Law (Equation 2.1) where A is the
absorbance of light by the sample, c is the concentration, | is the sample path length, and ¢
is the molecular extinction coefficient. Absorbance is defined via the logarithm of the ratio
of the incident light intensity (o) to the transmitted light intensity (1) after it passes through
the sample (Equation 2.1).

longﬁ = A= zcl
(2.1)
Protein concentrations were calculated using electronic absorbance spectroscopy of
air-oxidised proteins at 410 nm alongside estimated extinction coefficients (mM™ cm™) of
1000, 1000 and 2000 for MtrC, OmcA and MtrCAB respectively. Concentrations of MV
were calculated using the extinction coefficient of 13.7 mM™ cm™ at 606 nm for the
one-electron reduced form.®”! Photosensitiser and other redox dye concentrations were

calculated using extinction coefficients given in Tables 3.1 to 3.3 and 5.1, respectively.

2.1.3 Cyclic Voltammetry

Cyclic voltammetry is an electrochemical technique where the current produced or used by
an electrochemical redox reaction is measured as a function of applied potential.
Electrochemical cells measure current as an applied potential is linearly cycled between
two chosen potentials, one oxidising and one reducing. A current-potential profile is

recorded when a constant scan-rate is applied, Figure 2.1 A. These cyclic voltammograms
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contain important information about the redox reaction. The reversibility of a redox couple
is reflected in the height similarity of the oxidative and reductive peaks, and the midpoint
reduction potential, Ey, is obtained from the mean of the oxidative and reduction peak
potentials, E,> and Epred respectively. Additionally the potential separation between these
peaks indicates the number of electrons involved in a redox reaction, where a separation of
approximately 59 mV is indicative of a one-electron process while a separation of 29 mV

is typical of a two-electron process.

Reference
A) j o B) Working  Electrode
! Electrode
Counter \,]/

Electrode

Current (pA)

fured Buffer/Sample
Potential vs SHE (V)

Luggin Capillary

Figure 2.1 A) Typical current-potential profile measured for a reversible redox process by
B) three electrode electrochemical cell setup.

The oxidative and reductive peak currents (i,” and i,”, respectively) are given by heights of
the peaks as represented with blue arrows.

Solution electrochemistry of redox dyes and photosensitisers was carried out in a
three electrode chemical cell configuration, as depicted in Figure 2.1 B. The working
electrode was a pyrolytic graphite edge electrode. The counter electrode was provided by a
platinum wire. The reference electrode was an Ag/AgCI Russell electrode saturated with
KCI solution, positioned in the reference side-arm filled with buffer. Potentials recorded by
the Ag/AgCI reference electrode were converted to SHE by the addition of 197 mV. All
potentials in this work are quoted versus SHE. Cyclic voltammograms reported within this
work are an average of five scans recorded at 20 °C in 50 mM HEPES, 2 mM CaCl,,
10 mM KCI, pH 7.0 using a scan rate of 20 mV s™.

The working electrode was prepared by polishing with 0.3 um aluminium oxide
slurry to reveal a fresh graphite layer and then sonication in Millipore water to remove
traces of alumina from the surface. This process was repeated thrice. The polished working
electrode was then immersed within buffer/sample solution within the electrochemical cell
so the electrode surface was level with the luggin capillary tip of the reference side arm.
The electrochemical cell was located inside a Faraday cage placed inside a N, filled,
anaerobic chamber (Belle Technology, atmospheric O, < 10 ppm). The three electrodes of
the electrochemical cell were linked to an Autolab PGSTAT 30 potentiostat controlled by

General Purpose Electrochemical System software.
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2.2 Characterisation and Purification of S. oneidensis MR-1 Outer Membrane

Cytochromes
2.2.1 SDS-PAGE Analysis

During purifications, the presence and purity of respective outer membrane cytochromes
were routinely assessed following resolution by sodium dodecyl sulphate polyacrylamide
gel electrophoresis (SDS-PAGE) analysis.!®®! SDS is an anionic detergent that denatures
the secondary, tertiary and quaternary structures of proteins whilst making them negatively
charged. Subsequent gel electrophoresis of SDS-treated samples causes proteins to
separate according to their mass. The predicted masses of mature proteins used in this
work, that are calculated from combined mass of the peptide and ten hemes where relevant,
are as follows: MtrA 38.6 kDa; MtrB 75.5 kDa; soluble MtrC 75.0 kDa; and soluble OmcA
82.8 kDa.

SDS-PAGE gels typically consisted of a resolving layer of 12.5 % acrylamide
(v/v), 1.5 M Tris-HCI, pH 8.8 and a stacking layer of 4 % acrylamide, 0.5 M Tris-HCI,
pH 6.8. In some cases TruPAGE precast SDS-PAGE gels from Sigma-Aldrich were used
that consisted of an acrylamide gradient of 4 - 20 %. Running buffer used contained
2.5 mM Tris-HCI, 19.2 mM glycine, 0.01 % SDS, pH 8.8. Protein samples were mixed in a
1:1 volume ratio with loading buffer containing 6 M urea, 5 % SDS (w/v), 0.1 % glycerol
(v/v) and 0.05 % bromophenol blue (w/v), and incubated at 80 °C for 20 mins. 10 - 15 uL
of protein sample was loaded alongside 8 pL of dual colour molecular weight marker
(BIO-RAD) which helped to estimate protein weights within the range of 10 - 250 kDa.

Gels were run at 30 mA for approximately 2 hrs prior to protein visualisation.

2.2.2 Protein Visualisation Following SDS-PAGE Analysis

SDS-PAGE gels were run as described above and proteins were subsequently visualised
using Coomassie and heme stains, and Western blot analysis. SDS-PAGE gels were
analysed for protein purity using Instant Blue Coomassie stain (Expendeon). This stain
visualises proteins by forming ionic interactions between positively charged groups in the
proteins and negatively charged sulphonic acid groups of the blue Coomassie dyes. Protein

bands developed after being immersed in staining solution for 1 hr.

As covalent bonds are left intact while proteins denature in SDS, SDS-PAGE gels

can be also used to specifically identify c-type cytochromes using a heme-associated
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peroxidase activity stain.!®®! After resolution by SDS-PAGE, gels were incubated in 70 mL
of 0.25 M sodium acetate, pH 5.0 for 15 mins, before addition of 30 mL of methanol
containing 1 mg mL? of 3,3%,5,5’-tetramethylbenzide dihydrochloride monohydrate
(TMB). Gels were incubated in this for 30 mins, to allow TMB to soak into the gel, before
300 pL of 30 % hydrogen peroxide (v/v) was added. TMB acts as the reductant in the
reduction of hydrogen peroxide which is catalysed by penta-coordinated c-type hemes,
Figure 2.2. The resulting semiquinone imine radical cation subsequently formed a dark
blue charge-transfer complex with the parent TMB, and revealed heme protein bands over
30 mins. The gel was developed in the dark as TMB is light sensitive.

A) O +.
H,0, H,0 |
Fe3* F|E4+
His His
HZO%\ +/H /H+,e
H*, e ﬁ
Fe**
His
CH; CHy
HN— )~ )—NH,
(:H3 CH, CH,4 CH,

CH, CH,
HoN O O NH <= ) )
2 -‘— 2‘-‘— CH3 CH3
O
Oxidised TMB HNHNH
CH, CH,

Blue Charge-Transfer
Complex

Figure 2.2 Reactions during heme staining.

A) Catalytic reduction of hydrogen peroxide to water by penta-coordinated c-type hemes. Grey
boxes represent the heme porphyrin ring."*” B) Redox reaction of TMB which acts as a
hydrogen donor during heme-associated peroxide reduction.™

When required, additional confirmation of the presence of MtrB in MtrCAB
samples was obtained by Western blot analysis using an antibody specific to MtrB
(residues 23 - 42) that was provided by Dr Matthew Marshall, Pacific Northwest National
Laboratory.™® Proteins resolved by SDS-PAGE were transferred to a polyvinylidene
difluoride membrane which was incubated overnight in 5 % skimmed milk (w/v) in TBST
(20 mM Tris-HCI, 140 mM NaCl, 0.1 % Tween 20 (v/v), pH 7.5). The membrane was
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incubated for 1 hr with 0.6 pg mL™ of MtrB specific, primary antibody in 1 % skimmed
milk in TBST. The membrane was then incubated for 1 hr with 0.15 pg mL™ of alkaline
phosphatase conjugated secondary antibody (anti-rabbit) in 1 % skimmed milk in TBST.
Excess antibodies were removed from the membrane via one wash with 1 % skimmed milk
in TBST and five washes with TBST. The membrane was then incubated for 1 hr with the
enzyme substrate 5-bromo-4-chloro-3'-indolyphosphate (BCIP) and nitroblue tetrazolium
(NBT) in 100 mM Tris-HCI, 100 mM NaCl, 5 mM MgCly, pH 9.5. During this time NBT
was reduced to an insoluble purple compound which develops as MtrB protein bands,
Figure 2.3. Incubations and washes were performed at 4 °C.

Alkaline
N Phosphatase N AR

)o T / =T
Br m Br Br Br

C 5-Bromo-4- 5,5’-Dibromo-4,4'-

BCIP chloro-indoxyl » dichloro-indigo
+ +

NO; NO, NO; NO-

N, . N. NH HN,
NN NN N N N N
\ I\’II \I‘\J ] \ Nrf \N I

) d b

,C-0 O-CH

NBT Insoluble Reduced NBT

Figure 2.3 Reactions of BCIP and NBT during Western blot analysis.
Alkaline phosphatase converts BCIP into an indoxyl intermediate which undergoes
dimerisation and oxidation and subsequently causes the reduction of NBT.

2.2.3 Outer Membrane Cytochrome Purification

Soluble forms of MtrC and OmcA from S. oneidensis MR-1, purified with minor
modifications of previously described procedures, were kindly provided by Miss Verity
Lyall or Dr Simone Payne, University of East Anglia.’®” 8 In brief, to obtain either soluble
MtrC or OmcA the respective encoding genes were amplified from S. oneidensis MR-1
and cloned into a pBAD 202 plasmid (Invitrogen). Solubilised proteins were achieved by
replacing the 25 amino acids of the N-terminal signal peptides and lipid anchor sites with
the N-terminal signal peptide of MtrB of S. oneidensis MR-1 and adding a 45 amino acid
C-terminal extension including a V5-epitope and a His-tag. S. oneidensis MR-1 strains
containing these plasmids were grown aerobically at 30 °C in Terrific broth media
containing 30 pg mL™ kanamycin. Protein expression was induced by addition of

1 mM L-arabinose at mid-log growth phase. Cells were grown overnight and removed by
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centrifugation. The media was concentrated using a stirred Amicon pressure cell (30 kDa
cutoff filter) before being dialysed into buffer containing 20mM HEPES, pH 7.8 to remove
the media components. The dialysed solution was centrifuged to remove any precipitate
before loading onto a DEAE-sepharose column pre-equilibrated with 20mM HEPES,
pH 7.8. The protein was eluted with a gradient of 0 - 500 mM NaCl over 4.5 column
volumes (CV). Fractions containing OmcA/MtrC were pooled and dialysed into
20 mM HEPES pH 7.8. Then, because both proteins were expected to contain a His-tag,
the samples were passed through a Ni-NTA column in 20 mM HEPES, 100 mM NacCl,
pH 7.6. Majority of protein in samples of MtrC and OmcA failed to bind to the column and
eluted in the void volume and these, after buffer exchange, was used for experiments

reported here.

Liquid chromatography—mass spectrometry, kindly performed by Dr Jessica van
Wonderen at the University of East Anglia, revealed molecular weights for the proteins
that were consistent with the absence of the His-tag; MtrC observed mass 75047 Da
(predicted 75047 Da without the C-terminal extension), OmcA observed mass 82847 Da
(predicted 86319 and 82279 Da, with and without the C-terminal extension). Absence of

the C-terminal extensions was most likely due to proteolytic cleavage.

Some samples of MtrCAB used within this study were also kindly provided by
Miss Verity Lyall or Dr Simone Payne. For MtrCAB purification, S. oneidensis MR-1 was
grown microaerobically at 30 °C as by previously published method.[”> %! Single
S. oneidensis MR-1 colonies were picked from lysogeny broth (LB) agar plates and used to
inoculate 10 mL sterilised LB media, which were incubated with shaking overnight.
50 mL of sterilised LB media were inoculated (1 %) with resulting cultures before being
incubated with shaking for ~ 6 hrs. Resulting cultures were used to inoculate (5 %) baffled
flasks containing 1 L of sterilised LB media supplemented with 20 mM ferric citrate and
50 mM sodium D,L-lactate (pH ~7.6). These were incubated with gentle shaking
overnight (~ 18 hrs). Resulting deep red coloured cells were harvested by centrifugation at

9000 g, 4 °C for 20 mins and stored as cell pellets at -80 °C until purification.

Cell pellets were resuspended in 20 mM HEPES, pH 7.6. DNase (100 mg L™?) was
added prior to cells being ruptured using a continuous French Press (1000 psi). Cell debris
was removed by centrifugation at 17000 g, 4 °C for 15 mins and the dark red supernatant
was ultracentrifuged at 138000 g, 4 °C for 2 hrs to pellet cell membranes. Membrane
pellets were resuspended in 20 mM HEPES, 5 % Triton X-100 (v/v), 100 mM NacCl,

pH 7.6 and were stirred overnight at 4 °C to solubilise membrane-bound proteins. Please
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note all percentages of Triton X-100 in this work are quoted as volume per volume (v/v).
Detergent insoluble material was collected by 2 hrs ultracentrifugation at 138000 g, 4 °C

and discarded.

The dark red supernatant containing Triton X-100-soluble membrane proteins were
loaded onto a DEAE-Sepharose column pre-equilibrated with 20 mM HEPES,
5 % Triton X-100, 100 mM NaCl, pH 7.6. Unbound and weakly bound proteins were
removed by washing the column with 2 CV of 20 mM HEPES, 5 % Triton X-100,
100 mM NaCl, pH 7.6. Proteins were eluted with a gradient of 100 - 600 mM NaCl over
6 CV. Elution of MtrCAB was assessed by SDS-PAGE analysis and occurred over NaCl
concentration of 200 - 270 mM. MtrCAB containing fractions were pooled and dialysed
into 20 mM HEPES, 2 % Triton X-100, 100 mM NaCl, pH 7.6 prior to being loaded onto a
Q-sepharose column. A buffer of 20 mM HEPES, 2 % Triton X-100, 100 mM NaCl,
pH 7.6 was used to pre-equilibrate and remove unbound or weakly bound proteins from the
column with 3 CV. A step 200 - 500 mM NaCl gradient, in 50 mM increments over 2 CV,
was applied to elute MtrCAB. Elution of MtrCAB occurred at 250 and 300 mM NacCl as
identified by SDS-PAGE analysis. MtrCAB fractions were pooled and concentrated using
a stirred Amicon pressure cell (30 kDa cutoff filter), prior to further resolution using a
HiPrep 26/60 Sephacryl S-300 HR gel filtration column eluted with 20 mM HEPES,
2 % Triton X-100, 100 mM NacCl, pH 7.6. Elution of MtrCAB occurred over a large

volume of ~ 100 mL; however, was confirmed to be pure by SDS-PAGE analysis.

Concentration and, if required, detergent exchange of MtrCAB purified in
Triton X-100 was performed using a HiTrap Q-sepharose column, pre-equilibrated with
100 mM NacCl in the desired buffer. Detergent exchanges were performed by washing the
column with 50 CV of 100 mM NacCl in the desired buffer. Concentrated MtrCAB was
eluted with 1 M NaCl in the desired buffer over 1 CV, before the salt concentration was
lowered to 100 MM NaCl in the desired buffer using a stirred Amicon pressure cell
(30 kDa cutoff filter).

The amount of Triton X-100 present within MtrCAB samples was assessed using
the absorbance peaks of Triton X-100 that are located within the UV spectral region,
Figure 2.4 A. A quantifiable relationship between Triton X-100 percentage and absorbance
at 245 nm was determined from UV-visible spectra of 5, 4, 3, 2, 1 and 0 % of Triton X-100
in 20 mM HEPES, 100 mM NaCl pH 7.6, Figure 2.4 B.
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Figure 2.4. Quantification of Triton X-100 in MtrCAB samples.

A) Spectra of 0 % (red line), 1 % (yellow line), 2 % (green line), 3 % (blue line), 4 % (purple line)
and 5 % (black line) Triton X-100 (v/v) in 20 mM HEPES, 100 mM NaCl, pH 7.6. Path length

1 mm. B) Percentage of Triton X-100 plotted against the corresponding absorbance at 245 nm.
The linear trendline has an equation of y = (x - 0.028) / 0.184 and a R* value of 0.999.

Within this percentage range absorbance was proportional to Triton X-100
percentage, which allowed percentages of Triton X-100 (v/v) present in samples of

MtrCAB to be calculated using Equation 2.2 where Ayqs is the absorbance at 245 nm.
Triton X-100 (v/v, %) = (Axs - 0.028) /0.184 (2.2)

Purified OmcA and MtrC were buffer exchanged using a stirred Amicon pressure
cell (30 kDa cutoff filter) into buffer of choice prior to use in the experiments reported

here. Purified proteins were stored at -80 °C after being flash frozen in liquid nitrogen.

SDS-PAGE analysis alongside protein visualisation by Coomassie and heme
staining shows the typical quality of samples used throughout this study, Figure 2.5.
Typically purified samples of OmcA, MtrC and MtrCAB were heme and protein pure.
Purified OmcA migrated as a single band at ~ 75 kDa that could be visualised by both
Coomassie and heme staining, Figure 2.5 lanes 1 and 7. Purified MtrC also migrated as a
single band at ~ 70 kDa that could be visualised by both Coomassie and heme staining,
Figure 2.5 lanes 2 and 8. Heme staining of purified MtrCAB showed the presence of two
dominant bands at ~ 70 kDa and ~ 32 kDa corresponding to MtrC and MtrA respectively,
Figure 2.5 lane 9. MtrB (~ 75 kDa) was only visualised during Coomassie staining due to

the absence of hemes in this protein, Figure 2.5 lanes 3 and 5.
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Figure 2.5. SDS-PAGE analysis of purified outer membrane cytochromes of

S. oneidensis MR-1.

Purified proteins were resolved using 4 - 20 % TruPAGE precast SDS-PAGE gels and were
subsequently visualised by Coomassie staining (lanes 1 - 6) and by heme staining (lanes 7 - 9).
Lanes 1and 7,~ 1 ug OmcA; lanes 2 and 8, ~ 1 ug MtrC; lanes 3and 9, ~ 1 ug MtrCAB
containing approximately 0.2 pg MtrA, 0.4 ug MtrB and 0.4 ug MtrC; lanes 4 and 6, protein
molecular weight markers of 100, 75, 50, 37, 25, 20, 15, and 10 kDa; lane 5, ~ 5 ug MtrCAB
containing approximately 1 ug MtrA, 2 ug MtrB and 2 pug MtrC.

2.3 Characterisation and Preparation of (Proteo)liposomes

2.3.1 Dynamic Light Scattering

Dynamic light scattering (DLS) is a technique where the intensity of light scattered by
molecules, and/or particles, in solution is measured over time. The intensity of scattered
light would be constant if molecules were stationary; however, Brownian motion caused
by random collisions with neighbouring molecules results in changes of intensity of
scattered light. By detecting these changes over time within a 10 - 15 uL sample held in a
quartz DLS cuvette, DLS essentially measures the speed of Brownian motion and
ultimately provides information regarding the average size and size distribution of
molecules in a sample. DLS measurements were performed at 20 °C using a
ProteinSolutions DynaPro-99-E-50 dynamic light scattering module with a TC-100-830

temperature control micro sampler.

The speed of Brownian motion is defined by the relevant diffusion coefficient and
is influenced by particle size, solvent viscosity and temperature. This is shown in the
Stokes-Einstein equation (Equation 2.3) where k is the Boltzmann’s constant, T is the
absolute temperature, D is the diffusion coefficient of the particle, n is the solvent

viscosity, and r is the hydrodynamic radius of the particle.
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If the temperature and solvent are constant and known, variations in the intensity of
scattered light is directly related to the hydrodynamic radius of particles. The
hydrodynamic radius is the radius of a hard sphere that diffuses at the same speed as the
species being measured; therefore determined hydrodynamic radii are averaged to account
for species not being perfect spheres.

Fluctuations in light intensity were quantified by the DYNAMICS software via a
second order, time autocorrelation function (Equation 2.4) where | is the intensity of
scattered light and t is time.

[1t=0) x 1(t)
g(t) = (m—) (2.4)

This correlation function is then modelled using an exponential equation
(Equation 2.5) which determines the diffusion coefficient (D); where B is the baseline of
the correlation function at an infinite time delay, A is the amplitude of the correlation

function at t = 0, q is the magnitude of the scattering vector, and t is time.

gt)=B+ALe 20Dt (2.5)

The determined diffusion coefficients and autocorrelation data were analysed by
the software in several ways to summarise the average hydrodynamic radii and spread of

radii of species within the sample.

Typically DLS software was used to obtain size distribution histograms, as
illustrated in Figure 2.6. Each peak within a size distribution histogram represents a
different species present and their average hydrodynamic radius and size distribution,
shown by the width of the peak. Histograms with one peak, and therefore one species
present, have a monomodal size distribution, Figure 2.6 A. Samples with multimodal size
distributions have multiple species present, and their histograms have more than one peak,
Figure 2.6 B. Polydispersity (Pd) describes the level of size homogeneity of a species as a
percentage. A species was considered homogenous in size when Pd was less than 15 %.
Otherwise the size distribution was considered to be polydisperse. Such terms and average

hydrodynamic radii are used to characterise (proteo)liposomes used within this work.
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Figure 2.6. Example size distribution histograms from DLS measurements.

Size distribution histograms of: A) a monomodal, homogenously sized sample; and B) a
multimodal sample containing different sized species, of which two are homogenous in size
with Pd less than 15 % and one has a highly polydisperse size distribution with Pd greater than
15 %. Intensity is based upon the number of contributions by each species. Average
hydrodynamic radii and polydispersity (Pd) of different species are included as labels.

2.3.2 Bright-Field Microscopy

Bright-field microscopy is the simplest of all optical microscopy illumination techniques.
When white light is shone upon a sample some light is absorbed by species and causes a
contrast in the bright field. Bright-field microscopy, performed in the lab of Prof. Moh
El-Naggar at the University of Southern California, was used to confirm the sizes and size
disruptions of (proteo)liposomes. Bright-field microscopy images were obtained using a
Nikon Eclipse Ti-E inverted microscope, equipped with NIS-Elements imaging software
and a drift correction unit (Nikon Perfect Focus System) for maintaining focus at the
coverslip-medium interface during time-lapse imaging. (Proteo)liposome samples were

placed on ethanol cleaned, 43 mm x 50 mm, No. 1 coverslips 30 mins prior to imagining.

2.3.3 Resolution of Proteoliposome Composition by SDS-PAGE Analysis

SDS-PAGE analysis was used to confirm the insertion and presence of MtrCAB within
proteoliposomes.®? Prior to SDS-PAGE analysis, (proteo)liposome samples were
incubated with ice-cold ethanol for 30 mins at -80 °C then centrifuged at 16000 g, 4 °C for
15 mins. The ethanol was removed and the precipitated protein dried before being analysed
by SDS-PAGE gels as described in Section 2.2.1. Proteins were subsequently visualised as

previously described in Section 2.2.2.

2.3.4 MtrCAB Incorporation into Preformed Liposomes

Mechanically mediated reconstitution of MtrCAB into preformed liposomes has previously

%] Ppreparations of (proteo)liposomes with and without MV?*

been reported.**
encapsulated, as illustrated in Figure 2.7, were performed by minor modifications of the

previously published method.®> ®*! DLS was used to monitor average hydrodynamic radii
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of lipid vesicles and their polydispersity, Figure 2.7. Proposals about the nature of lipid
vesicles structures have been made throughout by comparison of radii reported here with
observations from literature, as outlined in Section 1.5.2.2.

Dry Lipids Hydration
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Liposomes - 95 + 33 nm, 34.6 % Pd

Proteoliposomes - 227 £ 126 nm, 55.3 % Pd
2325+ 665 nm, 28.6 % Pd
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Figure 2.7 Summary of (proteo)liposome preparation via preformed liposomes, with average
hydrodynamic radii after key steps.

Average hydrodynamic radii and polydispersity (Pd) determined from DLS. Data are
representative of that from several preparations of (proteo)liposomes with and without MV?*
encapsulated. Orange circles represent MtrCAB. Structures of MLVs and LUVs indicated are
proposed from literature of similar systems, as described in Sections 1.5.2.2 and 1.6.3.1% 6%

Suspensions of 10 mg mL™ chicken egg PC (details in Table 1.1) were prepared via
vortexing in 50 mM HEPES, 2mM CaCl,, pH 7, with or without 10 mM MV?*,
Figure 2.7 A. The resulting highly polydisperse MLVs, with an average radius of
2300 + 600 nm, were extruded by 11 passes through polycarbonate membranes with a
defined pore size of 0.2 um to generate smaller LUVs with a more uniform radius of
88 £ 44 nm, Figure 2.7 B. Mini extruder, polycarbonate membranes and membrane
supports were supplied and used as instructed by Avanti Polar Lipids Incorporation.
Suspensions were slowly frozen at -80 °C, prior to being gradually thawed. These
suspensions were sonicated for 40 s three times to produce smaller LUVs with a radius of
66 + 25 nm, Figure 2.7 C.

At this point valinomycin (1 mg mL™ in dimethyl sulfoxide stock) was added to

give a final concentration of 100 nM, Figure 2.7 D. Valinomycin inserts in lipid bilayers,
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forming channels that can selectively transport potassium ions.*®! This, alongside the
presence of potassium ions included later, was demonstrated to be essential for extensive
transmembrane electron transfers into and out of MV-containing proteoliposomes as these
avoid the build up of charge differences across the membrane.®® When making
proteoliposomes purified MtrCAB in 20 mM HEPES, 100 mM NacCl, ~ 2 % Triton X-100,
pH 7 was added at this stage to give a MtrCAB concentration of ~ 10 nM. When making
liposomes an equivalent addition of 20 mM HEPES, 100 mM NacCl, ~ 2 % Triton X-100,
pH 7 was made.

Proteoliposome and liposome suspensions were both subjected to two further slow
freeze/thaw cycles, Figure 2.7 D. DLS showed resulting proteoliposomes and liposomes
had distinctly different radii of 225 £+ 43 and 120 £ 58 nm, respectively. This difference,
alongside minimal changes observed during the remainder of the preparations, suggests
that the freeze/thaw cycles are key to reconstitution of MtrCAB in liposomes to make
proteoliposomes. During these cycles ice crystals are likely to form cracks within the
bilayers that might allow for MtrCAB insertion, with the smaller MtrAB complex
(~ 40 A diameter pore size for MtrB) being the favourable smaller wedge point over the
larger MtrC (~ 80 A x 60 A x 30 A) MtrC, Section 1.6.2 - Figures 1.14 and 1.15.18%87 This
theory would help to explain why the orientation of MtrCAB in proteoliposomes prepared
in this manner is uniform with MtrC being located outside of proteoliposomes, and thus

adopting the orientation seen within S. oneidensis cells.*?

250 mg mL™ Biobeads SM-2 (BIO-RAD) were added to (proteo)liposome
suspensions that were gently shaken overnight at 4 °C to slowly remove detergent. The
duration of Biobead incubation with (proteo)liposome suspensions, which was originally
1 hr, was the only deliberate modification to the previously published protocol.®* *®! This
change was made to ensure sufficient time for complete detergent removal. Biobeads were
then allowed to settle before suspensions were removed and ultracentrifuged at 227000 g,
4°C for 40 mins. The resulting (proteo)liposome pellets were resuspended in
50 mM HEPES, 2 mM CaCl,, 10 mM KCI, 50 mM TEOA, pH 7 (Figure 2.7 E). This
ultracentrifugation was performed thrice to aim to ensure any non-encapsulated MV?* was
removed. The final (proteo)liposome suspensions were stored at 4 °C and used within

2 weeks.
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2.4 Light-Driven Photoreductions of Redox Dyes and Cytochromes

Irradiation was performed using a KL5125 cold light source (Kruss) fitted with a 150 W
(15 V) high-quality, UV-filter quartz halogen glass lamp (Osram). The spectral output
from this lamp was measured using a HR2000CG-UV-NIR series high-resolution fiber
optic spectrometer (Ocean Optics). The detector of this counted the number of photons
emitted from the lamp at each wavelength to provide the lamp spectral output,
Figure 2.8 A black line. The integration time was adjusted until the maximum intensity
was ~ 3500 counts. A comparative solar spectrum was obtained by performing similar
measurements after the detector was placed in direct sunlight, Figure 2.8 A grey line. The
spectral distribution of the lamp was similar to that of natural sunlight; however, relatively
more photons were emitted between the wavelengths of 550 - 800 nm and the UV-filter
only allowed the emission of visible light from the lamp, i.e. wavelengths greater than
350 nm.
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Figure 2.8. Spectral distribution and wavelengths emitted by lamp during photoreductions.
A) Spectral distributions of lamp used in this work (black line) and natural sunlight (grey line).
B) Wavelengths absorbed by acrylic plastic of the anaerobic chamber.

All photoreductions were performed with anaerobic samples within a N, filled,
anaerobic chamber (Belle Technology, atmospheric O, < 10 ppm). Light intensity at the
anaerobic samples was assessed using a SOLAR-100 amprobe solar power meter (sensor
wavelength 400 - 1100 nm) and adjusted to desired intensity by adjusting the distances
between light source and sample. As samples were irradiated with the lamp outside the

anaerobic chamber, the impact the clear acrylic plastic had upon the lamp spectral output
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was assessed by measuring the absorbance spectrum of the plastic using a Hitachi U4100
spectrophotometer. The resulting spectrum indicates that the plastic of the anaerobic
chamber absorbed and filtered any UV-light radiation produced by the halogen lamp,
Figure 2.8 B.

Solutions of photosensitisers and redox dyes or outer membrane cytochromes were
irradiated in stirred, 1 cm pathlength, reduced volume cuvettes. The high optical densities
and quantities of outer membrane cytochromes required for experiments with more than
100 uM total heme required the use of 1 mm path length cuvettes and were unstirred. All
cuvettes (Starna Scientific) were made from special optical glass with greater than 75 %

transmission above 320 nm.

Typically photoreductions were performed in 50 mM HEPES, 2 mM CaCl,,
10 mM KCI, 50 mM TEOA, pH 7. Experiments that investigated the identity of the SED(s)
and mechanism of OmcA photoreduction by soluble photosensitisers were performed at
pH 7 in solutions of three compositions: 50 mM phosphate; 50 mM phosphate,
50 mM TEOA; and 50 mM HEPES, 2 mM CaCl,, 10 mM KCI. After irradiations excess

anaerobic dithionite was added to cause full reduction of cytochrome or redox dye.

Photoreductions of (proteo)liposomes were performed in an identical manner to
those described above. Typically after photoreduction and addition of dithionite a further
addition of anaerobic Triton X-100 (~ 0.4 %) was made to (proteo)liposome suspensions,
which resulted in lysis of (proteo)liposomes and the release and reduction of any cargo due

to the presence of excess dithionite.

2.5 Assessing Changes in (Proteo)liposomes due to the Presence of

Photosensitisers

The changes, if any, caused to (proteo)liposomes by the presence of a photosensitiser
under dark and irradiation conditions were investigated by monitoring electronic
absorbance spectra of (proteo)liposomes before and after incubation with a soluble
photosensitiser. These were also compared with electronic absorbance spectra of sample
mixture after centrifugation and separation of (proteo)liposome from supernatant to
ascertain if the soluble photosensitisers remained in the external solutions or had associated

with the (proteo)liposomes.

Stirred, anaerobic incubations were carried out in 1 cm pathlength cuvettes
containing 1 mg mL™ (proteo)liposome suspensions in 50 mM HEPES, 2 mM CaCl,,
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10 mM KCI, 50 mM TEOA, pH 7, in the absence or presence of a photosensitiser. The
solution was incubated for 90 mins either in the dark or under irradiation, to investigate the
effects of the photosensitisers’ ground states and the photo-excited, -reduced and -oxidised
states upon (proteo)liposomes. After this time (proteo)liposome suspensions were collected
via ultracentrifugation at 227000 g, 4 °C for 40 mins. The supernatant was separated and
the (proteo)liposome pellet was resuspended in an identical volume of buffer which gave a
concentration of 1 mg mL™ lipid. The supernatant and the resuspended (proteo)liposomes
were placed in separate cuvettes to obtain their absorbance spectra.

When investigating whether the presence of a photosensitiser resulted in the release
of encapsulated MV from (proteo)liposomes, a few changes to this method was included.
These changes were included to avoid the production of the colourless redox-inactive
species which formed mostly after 30 mins photoreduction of MV?* with some of the
investigated photosensitisers. Stirred, anaerobic incubations were carried out in 1 cm
pathlength cuvettes containing 1 mg mL? lipid suspension of MV?*-containing
(proteo)liposomes in 50 mM HEPES, 2 mM CaCl,, 10 mM KCI, 50 mM TEOA, pH 7, in
the absence or presence of photosensitiser. The solution was incubated for 30 mins either
in the dark or under irradiation performed at 2 kW m™. After this time (proteo)liposome
suspensions were collected via centrifugation at 16000 g, 4 °C for 15 mins. This low speed
centrifugation caused a minor percentage of (proteo)liposomes to remain in the supernatant
but the majority were located in the pellet. The supernatant was separated and
(proteo)liposome pellet was resuspended in an identical volume of buffer which gave a
concentration of 1 mg mL™ lipid. The supernatant and the resuspended (proteo)liposomes
were placed in separate cuvettes to obtain their electronic absorbance spectra before and
after the addition of excess anaerobic dithionite to cause reduction of MV** in the external
solution. Further additions of anaerobic Triton X-100 (~ 0.4 %) resulted in complete lysis

of (proteo)liposomes and allowed the full reduction of MV#*.
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Chapter 3

Photoreduction of Outer Membrane Cytochromes from Shewanella

oneidensis MR-1 Using Organic & Inorganic Photosensitisers

3.1 Introduction to Coupling Photosensitisers to Metalloproteins

Many metalloproteins such as hydrogenases, carbon monoxide dehydrogenases, and
formate  dehydrogenases, have been previously electronically linked to
photosensitisers.% %! Such systems demonstrate the ability to trap photoexcited electrons
which can initiate light-driven redox reactions when the protein possesses an active site
that catalyses redox reactions. Various strategies have been employed to integrate
metalloproteins with light-harvesting compounds, including: 1) non-specific interaction
between protein and photosensitiser; ii) covalent attachment of photosensitiser to protein;
or iii) immobilisation of protein on photosemiconductor nanoparticles or electrodes.
Non-specific systems depend upon short-lived, diffusion-controlled encounters where the
orientations of photosensitiser and protein favour desired photoreactions, instead of

unfavourable recombination reactions.

This chapter describes the screening of various photosensitisers for their ability to
photoreduce outer membrane cytochromes of S. oneidensis MR-1 using visible light as the
stimulus. Even though alternative strategies would overcome diffusion limitations seen
with non-specific linkages, it was decided to investigate photosensitisers which would only
interact with the cytochromes via diffusion collisions. This strategy was chosen as the
structure for the entire MtrCAB complex, and how this would ultimately be positioned
within the membrane of proteoliposomes, is unknown and therefore inappropriate selection

of a linkage site may actually hinder the desired photoreductions.

Additionally within this chapter the SED(s) key for photoreductions of the outer
membrane cytochromes are identified and the optimal experimental conditions are
explored in detail within cytochrome solutions instead of within proteoliposome
suspensions. This initial and most simplified system allows investigations into how
photosensitiser identity directly impacts the reduction of the proteins and oxidation of the
SED(s), without the presence of other complexities and components required for

light-driven transmembrane electron transfers.
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3.2 Characteristics of Photosensitisers Chosen for this Study

Eight water-soluble photosensitisers, with electronic absorptions within the visible region
of the electromagnetic spectrum, were investigated to explore the possibility of
visible-light-driven reduction of S. oneidensis MR-1 outer membrane cytochromes. The
flavin molecules, flavin adenine dinucleotide (FAD), flavin mononucleotide (FMN) and
riboflavin (RF), were of particular interest to this study as they are photosensitisers which
are naturally produced by S. oneidensis MR-1, and the later two are involved in respiratory
extracellular electron transfer (EET).[’® ™ % Eosin Y, fluorescein and proflavin were
selected as well-studied, light-harvesting analogs of organic molecules that can stimulate
EET in microbial fuel cells.®® ™  The extensively studied inorganic
photosensitisers tris(bipyridine)  ruthenium(il)  ([Ru(bpy)s]**) and  bis(bipyridine)
(bipyridine-4,4’-bisphosphonic acid) ruthenium(ll) (RuP) were also chosen for this study
as they are employed within dye-sensitised titanium dioxide (TiO,) solar cells and for
visible-light-driven enzyme catalysis.***™** The structures, photoreduction mechanisms,
photodegradation reactions and spectral, electrochemical and photophysical properties of

these photosensitisers are discussed in the next sections.

3.2.1 Ruthenium Complexes

The transition metal complex [Ru(bpy)s]** consists of Ru(ll) bound by three
2,2’-bipyridine bidentate chelating ligands which facilitate the photochemistry chemistry
via metal to ligand charge transfers, Table 3.1. [Ru(bpy)s]** is an extensively studied
photosensitiser that possesses a unique combination of high chemical stability, relatively
long excited state lifetime and strong (photo)redox potentials for driving a variety of
photoredox reactions.'***! Modification of bipyridine ligands alters the spectral, redox and
photochemistry of the corresponding Ru(ll) dye; however, the beneficial photostability,
long lived-triplet excited state and photoredox mechanism associated with [Ru(bpy)s]**
(Table 3.1) remain.'*® As a consequence ligand substituted Ru(l1)-bipyridine dyes have
also been extensively studied. RuP is a diphosphonate-derivate of [Ru(bpy)s]**, Table 3.1.
The inclusion of the phosphate substituents, which are in the anionic form at neutral to
alkaline pH, allows RuP to strongly adsorb on TiO, nanoparticles and electrodes. 12 114 117]
RuP-sensitised TiO, benefits from being able to utilise visible light for photoexcitation,
which TiO, is normally unable to absorb.!*? 1 17 The covalent coupling allows
photoexcited RuP (RuP*) to inject electrons directly into the conduction band of TiO,

(Em=-700 mV at pH 7) where recombination of the electron to oxidised RuP is slow in
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€9

(Bis(bipyridine)
(bipyridine-4,4°-
bisphosphonic
acid)
ruthenium(I1))

Photosensitisers Structure Amax | €atAmax | E(PS*) | Em (PS*/PS®) | Em (PS*/PS*) | Em (PSYPS) | Em (PS*/PS)
(nm) | (mM*em™) | (V) (V) (V) (V) (V)
[Ru(bpy)s]** 452 144" 12 10T [ 41 26" -0.8411 -1.26*! +0.8411%
(Tris(bipyridine)
ruthenium(11))
RuP 455 10.2MM°1 1 2. 21T 41 26 -0.951% 1 -1.091%1 +1.12°

Table 3.1. Structural, spectroscopic and electrochemical properties of ruthenium photosensitisers at pH 7.

a. Calculated using Equation 1.2, see Section 1.3.1 for details. All (photo)reduction potentials are reported versus SHE.




comparison to regeneration of the ground state by phosphorescence.*? *?31 These
principles and benefits are utilised in dye-sensitised solar cells and dye-sensitised particles
with co-adsorbed proteins.

The relevant structures, spectral and electrochemical properties of [Ru(bpy)s]** and
RuP are summarised in Table 3.1 and Figure 3.1. The electronic absorption spectra of
[Ru(bpy)s]** and RuP in aqueous solution exhibit broad peaks centred at ~ 445 nm with
molar extinction coefficients of ~ 10 mM™ cm™, which are characteristic of metal to ligand

charge transfer associated with a d-n* transition.
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Figure 3.1. Electronic absorbance spectra of ruthenium photosensitisers.
Spectra of 10 pM of either [Ru(bpy)s]** (continuous line) or RuP (dashed line) in 50 mM HEPES,
2 mM CaCl2, 10 mM KCI, 50 mM TEOA, pH 7. Path length 1 cm.

Photoredox mechanisms, summarised for [Ru(bpy)s]** in Figure 3.2, follow the
simple photocatalytic cycle as presented previously in Figure 1.4. Blue light absorption
causes metal to ligand charge transfer, producing an excited singlet state which rapidly
produces an excited triplet state by ISC. [Ru(bpy)s]*" and RuP both exhibit a moderately
intense, broad fluorescence peak with maxima at 610 and 620 nm, respectively, which
corresponds to an approximate triplet state energy of 2.1 - 2.2 eV.[® 12?1 Oxidative or
reductive quenching of this excited triplet state can occur, in which both quenching
mechanisms ultimately result in the oxidation of a SED, the reduction of an electron
[24, 120]

accepting species and the regeneration of ruthenium complex ground state.

Photoreduction by either of these Ru(ll) complexes is driven by photoredox couples which
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have reductive potentials below -840 mV (Table 3.1.) irrespective of the mechanism,
i.e. oxidative or reductive,[*** 1181201
Reductive Oxidative

Quenching Quenching
"[Ru(bpy)s]**

*[Ru(bpy)s]*" EA

+0.84 V -0.84 EA_
452 nm
[Ru(bpy)s]” hv [Ru(bpy)s]**
EA -1.26 V +1.26 V,

_ [Ru(bpy)s]**
EA

Figure 3.2. Overview of [Ru(bpy)s;]** photochemistry and (photo)reduction potentials.

EA is the target electron acceptor. SED is the sacrificial electron donor. For simplicity only
those steps that positively contribute to photoreduction are shown.*® All (photo)reduction
potentials are reported versus SHE.

Even with their high chemical stability, it is favourable for Ru(ll) complex
photoreductions to be performed in anaerobic solutions as the corresponding long lived
excited triplet state is able to generate highly reactive singlet oxygen species upon reacting

with the triplet state of ground state oxygen.!**!

3.2.2 Organic Photosensitisers

The photochemistry of organic photosensitisers is often more complex than that of
ruthenium complexes. Organic photosensitisers contain highly conjugated ring systems and
the associated m-m* transitions facilitate their photoredox chemistry. In contrast to
Ru(l1)-dyes, the one-electron reduced and/or oxidised species formed upon quenching of
long-lived photoexcited states of organic dyes are highly reactive radicals. Consequently
organic photosensitisers do not always follow the simple descriptions of oxidative and

reductive quenching that have been presented so far.

In addition to photoredox reactions, photodegradation and associated
photobleaching of highly conjugated organic photosensitisers are often observed.™ %]
These lead to absorption bands and photoredox activity to decrease during prolonged
irradiation with an intense light source or under aerobic conditions.™® %! In aerobic

conditions, the excited triplet state of organic photosensitisers can collide with the triplet
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state of ground state oxygen to generate singlet oxygen which destroys conjugated systems
and with it their ability to absorb visible light.'™” Therefore, for photoredox reactions to
dominate those of photodegradation, it is favourable to use anaerobic conditions with
organic photosensitisers.

3.2.2.1 Eosin Y and Fluorescein

Eosin Y and fluorescein are both xanthene compounds with predominant dianionic forms
at pH 7, Table 3.2."%"1 The structures, spectral and electrochemical properties of eosin Y
and fluorescein are summarised in Table 3.2 and Figure 3.3.
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350 450 550 650
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Figure 3.3. Electronic absorbance spectra of eosin Y, fluorescein and proflavin.

Spectra of 10 uM eosin Y (continuous line), 12 uM fluorescein (dashed line), and

11 uM proflavin (dotted line) in 50 mM HEPES, 2 mM CaCl,, 10 mM KCI, 50 mM TEOA, pH 7.
Path length 1 cm.

Fluorescein is one of the most widely used dyes, employed in numerous fields as a
fluorescent probe, due to its high absorption and high fluorescent yield.'***! Eosin Y, a
tetrabromo-derivative of fluorescein, is most often used as a cell cytoplasm counterstain in
hematoxylin and eosin histological staining but has recently received a lot of attention as a

photosensitiser within organic synthesis.[*?* 12

The electronic absorption spectra of eosin Y and fluorescein in aqueous solution
both possess one peak with an absorbance maximum at 520 and 490 nm, respectively.
These peaks have large molar extinction coefficients which are characteristic of m-m*

transitions that originate from their tricyclic ring system. The absorbance peaks of eosin Y
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Photosensitisers Structure Amax gat hmax | E(PS*) | Em (PST/PSY) | Em (PS*/PS*) | Em(PS/IPS) | Em (PS*/PS)
(hm) | (mM™*em™) | (eV) (V) (V) (V) (V)
Eosin Y Br Br 520 80.4 1.89M271 +1.029 -0.87" -0.8291 +1.07™!
O. O 0 ‘ 0
Br Z Br
! COO
Fluorescein o 0 o 490 64.6 1.961271 +0.94" -1.020 -0.98™ +0.98"
(X X
O CcoO
Proflavin +|| 445 76.1 2,171 41 3711348 N/A -0.78!1%1 +1.391%°
H,N N NH,

LS

Table 3.2. Structural, spectroscopic and electrochemical properties of eosin Y, fluorescein and proflavin photosensitisers at pH 7.

Amax and € for these photosensitisers were determined from UV-visible spectra of 40, 20, 10, 5, 2.5 and 1.25 uM of dye in 50 mM HEPES, 2 mM CaCl, 10 mM KCI, pH 7
using the Beer-Lambert law. Within this concentration range absorbance was proportional to photosensitiser concentration. Above 40 uM spectra obtained showed

photosensitiser aggregation, and therefore data from these spectra were not included in calculations to determine molar extinction coefficients. See text for details.

All (photo)reduction potentials are reported versus SHE.



and fluorescein both have shoulders at approximately 490 and 460 nm, respectively, which
are attributed to dimers, Figure 3.3.%%% The aggregation state of these dyes depends on
their concentrations. Above dye concentrations of ~ 100 uM higher aggregates are formed
and this is accompanied by additional broad absorbance peaks at ~ 390 nm, which leads to
the absorbance spectra deviating from the simplest description of the Beer-Lambert law
(Equation 2.1).*% Photoexcitation of eosin Y and fluorescein aggregates is possible;
however, the geometry of the aggregate can affect the preferred transition from the ground
state to the excited state leading to blue or red shifts in absorption and excitation
spectra.l**"

The photochemistry of eosin Y and fluorescein both occur via the photocatalytic
cycles previously presented in Figure 3.2. Blue light absorption causes photoexcitation of
an electron to an excited singlet state which then relaxes by ISC into an excited triplet
state. Eosin Y and fluorescein both exhibit a strong broad fluorescence peak for their
monomer forms with maxima at 535 and 515 nm, respectively, which correspond to an
approximate triplet state energy of 1.9 eV.[™* Photoredox reactions then occur by either
reductive or oxidative quenching of the corresponding excited triplet state.l! Eosin Y and
fluorescein photoreductions are driven by redox couples which have reductive potentials
below -820 mV irrespective of the mechanism route untaken, Table 3.2.F
Photodegradations of eosin Y and fluorescein can occur but these reactions are not well

characterised.

3.2.2.2 Proflavin

Proflavin, the 3,6-diamino derivative of acridine, may be cytotoxic to many gram-positive
bacteria due to its ability to intercalate with DNA but it is also a highly stable
photosensitiser with a promising potential for solar hydrogen production from
water.3131 At physiological pH, the predominant form of proflavin is protonated at the

central nitrogen atom, Table 3.2.112% %]

The electronic absorption spectrum of proflavin in aqueous solution has one peak at
445 nm with a molar extinction coefficient of 76.1 mM™ cm™, which is characteristic of a
n-m* transition originating from the tricyclic ring system, as shown in Figure 3.3 and
Table 3.2. Proflavin aggregation is observed with concentrations greater than
approximately 100 pM, which leads to absorbance maximum shifts to shorter wavelengths

and its molar extinction coefficient to be concentration dependant.™**
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Proflavin photoredox mechanisms, summarised in Figure 3.4, are complex and
extend beyond the simple photocatalytic cycles presented so far. Absorption of blue light
excites an electron from the ground state (PFH™) to an excited singlet state (‘PFH"™*). 1SC
gives an excited triplet state (*PFH**) which is reductively quenched on acceptance of an
electron from a SED to vield a neutral proflavin radical.**®! Rapid deprotonation produces
an anionic proflavin radical (PF"), which can reduce a desired electron acceptor to
regenerate PFH" after protonation.*?® 12!

Reductive Oxidative
Quenching Quenching
'PFH

nhv

SPFH™  PFH™"+ e,

EA
+1.39V EA_
. 445 nm
PF hv PFH™%*
H+‘ EA -0.79 v +1.31V,
PFH®.

EA

Figure 3.4. Summary of proflavin photochemistry and (photo)reduction potentials.

EA is the target electron acceptor. SED is the sacrificial electron donor. For simplicity only steps
that positively contribute to photoreduction are shown."?® 2 13! Al (photo)reduction
potentials are reported versus SHE.

Oxidative quenching of proflavin occurs via photoionisation of *PFH** which
absorbs multiple photons to produce an oxidised dication proflavin radical (PFH*") and
solvated electrons which reduce a desired EA.?* 33 pEH* is then regenerated by SED
oxidation. Proflavin photoreduction via either mechanism likely has a high thermodynamic
driving force with reductive potentials below or equal to -780 mV, Figure 3.4 and
Table 3.2.1%

The irradiation of degassed solutions of proflavin in the presence of a SED can
result in two known photodegradation products: diacridine and leuco-proflavin.*?®!
Diacridine, formally known as 3,6,3”,6’-diaminobiacridine, possesses an absorbance peak
at 424 nm and is formed by dimerisation of two molecules of PFH*".'%8 The colourless
leuco-proflavin, 3,6,3’,6’-diaminobiacridane, is thought to be formed by a reaction
between PFH* and PF™.[*?®] Disproportionation of PF™~ molecules also allows the formation

of a fully, two-electron reduced version of proflavin.™*?®!

59



3.2.2.3 Flavins

Molecules containing the 7, 8-dimethyl-10-alkylisoalloxazine moiety are generally termed
flavins. These molecules are widely utilised in nature to shuttle electrons and act as
cofactors within flavoenzymes and photoreceptors. The structures and electrochemical
properties of the flavins used in this work are summarised in Table 3.3 and Figure 3.5. RF
is the biological precursor for all naturally occurring flavin compounds, including FMN
and FAD. Phosphorylation of the ribityl side chain located at the N-10 position on the
isoalloxazine ring system of RF results in the formation of FMN, and subsequent addition
of adenosine monophosphate produces FAD.
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Figure 3.5. Flavin redox reactions at pH 7.
Numeric labels for the flavin moiety carbons are shown on the oxidised state. R is the flavin
ribityl side chain. See Table 3.3 for details.

Nitrogen atoms within the tricyclic isoalloxazine ring system facilitate the redox
chemistry of flavin compounds, which are able to participate in both one- and two-electron
transfers as shown in Figure 3.5. This result in flavins being able to exist in three possible
oxidation states: oxidised (quinone), one-electron reduced (semiquinone radical) or

two-electron reduced (hydroquinone).

In free solution, the positions of equilibrium linking different flavin species and the
preferred electron transfer mechanisms are pH-dependent.*® **1 The two-electron
reduction, with a reduction potential of about -220 mV, is favoured at neutral pH as the
flavin semiquinone is highly unstable with only ~ 5 % being present in an equimolar
mixture of oxidised and reduced flavin.*®" %8 At this pH the flavin moiety is
predominately found in the neutral form and the phosphate groups of FMN and FAD are
all fully deprotonated.*”? Upon binding to a protein, the reduction potential(s) and the pKa
values describing a flavin can change drastically.'*® As it is the flavin moiety which
determines spectral, electrochemical and photochemical reactions of FAD, FMN, and RF

which only differ by their ribityl side chain, the following points apply to all three.
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Photosensitisers Structure Amax € at Amax E (PS*) | Em(PS/PS") | Em (PS*/PS’)
(m) | (mM*em™) | (eV) (V) (V)
FAD o1 450 | 113" 207 022 +1.85
CLT X @70
(Flavin Adenine (R
Dinucleotide) “‘;\L’\OH
9
e
0o =N
O 4N NH;
FMN 1 445 1255 [ 2,079 [ 0,220 1 +1.85
LY @0
(Flavin U o °
Mononucleotide) t[lLOH
HOY
0
O;f‘o'
RF g 445 | 1255 120701 0,21 +1.86
LT @10)
(Riboflavin) N=UNE 0
AOH
OH

19

Table 3.3. Structural, spectroscopic and electrochemical properties of flavin photosensitisers at pH 7.
All (photo)reduction potentials are reported versus SHE.



As shown in Figure 3.6, the electronic absorption spectrum of a flavin in aqueous
solution exhibits two broad peaks centred at ~ 445 and 370 nm. These peaks exhibit strong
absorbances with molar extinction coefficients greater than 10 mM™ cm™, which are
characteristic of m-n* transitions. These transitions originating from the isoalloxazine ring
system gives the characteristic yellow colour to oxidised flavin, which is in contrast to the

colourless fully reduced flavin form.4%
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Figure 3.6. Electronic absorbance spectra of flavin photosensitisers.
Spectra of 10 uM of either FAD (continuous line), FMN (dashed line) or RF (dotted line) in
50 mM HEPES, 2 mM CaCl,, 10 mM KCl, 50 mM TEOA, pH 7. Path length 1 cm.

Flavins can be reduced via a chemical reductant or via visible-light irradiation.
Reduction of flavins via visible light, as summarised in Figure 3.7, begins upon absorption
of a blue photon. This causes excitation of an electron from the ground state (F) to an
excited singlet state (*F*) which then relaxes by ISC to populate an excited triplet
state (*F*). Flavin photoreduction is thought to proceed via *F* being reductively quenched
by semiquinone (FH") formation and subsequent fast FH" disproportionation leading to
hydroquinone (FH,) formation.!*“®! In the presence of a SED, an electron is donated to *F*
from that donor to generate an anionic semiquinone which is protonated below pH 8.% In
the absence of a SED, the N-10 ribityl side chain of flavins can act as a hydrogen donor for
semiquinone formation.[? 4 31 |n support of the ribityl chain being able to assist in
intramolecular photoreduction, no photoreduction is observed in phosphate buffer for
lumiflavin where identity of the N-10 side chain is a methyl group.*?! Ultimately, in both
cases, FH" then undergoes a radical disproportionation to form fully reduced flavin (FH,).
The photoreduced flavin can then in turn reduce a target EA via a two-electron reduction

(Em = -220 mV) to regenerate the oxidised flavin.?% 140 141
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Figure 3.7. Summary of flavin photochemistry and (photo)reduction potentials.

EA is the target electron acceptor. SED is the sacrificial electron donor. For simplicity only steps
that positively contribute to photoreduction are shown.!*?® > **I pashed line represents
reductive quenching in absence of a SED. (Photo)reduction potentials are reported versus SHE.

When the ribityl side chain serves as a SED for flavin photoreduction the resulting
molecule is unstable and can undergo photodegradation reactions to produce several
photoproducts, as illustrated in Figure 3.8. Intermolecular photoaddition of solvent
molecules to C-6 or C-9 positions of the flavin group results in the formation of hydroxyl-
or alkoxy-dihydroflavins. Intramolecular addition occurs between a ribityl side chain
hydroxyl group and the flavin C-9 position to yield a cyclodehydroflavin, where the
formation of a 6 membered ring is favourable.™* Photodehydrogenation involves the
abstraction of a hydrogen atom leading to the ultimate formation of a ketone within the
ribityl chain.**”! When photoreduction of the flavin moiety precedes this side chain
oxidation then formation of formylmethylflavin (FMF) occurs, where subsequent

photolysis within the ribityl side chain yields lumichrome (LC) and lumiflavin (LF).[48 24!

R

Cyclodehydroflavin

Figure 3.8. Structures of flavin photodegradation products.
R is the flavin ribityl side chain. See Table 3.3 for details.

The rates and magnitudes of these photodegradation reactions depend upon the

identity and SED concentration of and on the light intensity and wavelengths of
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irradiation.™ In aerobic conditions, in the absence of SEDs, photodegradation of flavins

dominates over their photoreduction.***!

3.3 Initial Screening of Photosensitisers for Visible-Light-Driven Reduction of

MtrCAB Suspensions

Initial experiments involving MtrCAB, the key transmembrane cytochrome complex, and
the eight photosensitisers described above were performed to explore the possibility of
visible-light-driven reduction of S. oneidensis outer membrane cytochromes. The
absorbance spectrum of oxidised MtrCAB exhibits an intense absorption in the Soret
region with a maximum at 410 nm and a broad lower-intensity feature in the o/B-region
between 500 and 600 nm, Figure 3.9 continuous black line. These spectral features are
characteristic of fully oxidised, low-spin, ferric heme c-containing proteins, including
MtrC and OmcA." %21 Addition of the reductant sodium dithionite (Eq = -500 mV)
causes the Soret band to intensify and shift to 420 nm, and the appearance of sharp peaks at
523 and 552 nm in accordance with complete reduction to form ferrous hemes, Figure 3.9
dotted line.™™ By following changes in intensity at 552 nm, or 420 nm, the oxidation state
of cytochromes can be monitored. Assuming that each heme of MtrCAB, OmcA and MtrC
equally contributes to the total absorbance change, extent of (photo)reduction can be

determined with reference to absorbance of oxidised and dithionite-reduced samples.
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Figure 3.9. No reduction of MtrCAB during irradiations with photosensitisers absent.

0.45 uM MtrCAB (continuous black line) was Irradiated for 5, 15, 30, 60 and 90 mins at

2 kW m™ (grey lines) prior to the addition of dithionite (dotted line). Stirred anaerobic sample
in 50 mM HEPES, 2 mM CaCl,, 10 mM KCI, 50 mM TEOA, pH 7 in the presence of

~0.06 % Triton X-100 (v/v) at 20 °C. Path length 1 cm.
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Initial irradiations of anaerobic solutions of ~ 0.5 uM MtrCAB were carried out in
the presence of excess TEOA over 90 mins (Kriiss KL5125 cold light source fitted with a
150 W halogen lamp, A > 390 nm, power ~ 2 kW m?, see Section 2.4 for details) and
electronic absorbance spectroscopy was used to monitor the oxidation state of MtrCAB.
Use of this light source was chosen over single-wavelength light source(s) to mimic natural
visible-light and avoid photosensitiser excitation bias by selecting one particular
wavelength, Figure 2.8 A. Solutions of ~ 0.5 uM MtrCAB after additions of ~ 10 uM of
one of the above photosensitisers displayed spectral features that were typical of fully
oxidised MtrCAB, Figure 3.10 continuous black lines. Irradiation of these solutions
resulted in the appearance of peaks with maxima at 523 nm and 552 nm, as well as a Soret
shift to higher wavelengths, indicative of ferrous hemes formation, Figure 3.10 grey lines.
The amplitude of these peaks arising from heme reduction increased over the course of the
90 min irradiations, Figure 3.10. Similar irradiation of MtrCAB in the absence of any of
the above mentioned photosensitisers provided no indication of heme reduction,
Figure 3.9. Thus it can be concluded that all eight photosensitisers are effective at
visible-light-driven reduction of hemes within MtrCAB.
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Figure 3.10. MtrCAB photoreduction is observed with all chosen photosensitisers.

A) 0.55 uM MtrCAB and 20 uM FAD. B) 0.45 uM MtrCAB and 40 uM FMN. C) 0.40 uM MtrCAB
and 10 uM RF. D) 0.35 pM MtrCAB and 20 puM [Ru(bpy)s]**. E) 0.55 uM MtrCAB and

1 uMeosinY. F) 0.45 uM MtrCAB and 1 uM fluorescein. G) 0.50 uM MtrCAB and

10 uM proflavin. H) 0.35 uM MtrCAB and 30 puM RuP. As prepared samples (continuous black
lines) were irradiated for 5, 15, 30, 60 and 90 mins at 2 kW m™ (grey lines) prior to addition of
excess dithionite (dotted lines). Inserts show extent of MtrCAB reduction during Irradiation,
monitored via 552 nm absorbance for all except eosin Y (420 nm), for MtrCAB:PS ratios of
~1:20 (red diamonds, ~ 10 uM PS), 1:2 (green triangles, ~ 1 uM PS) and 1:0.2 (open circles,

~ 0.1 uM PS) with ~ 0.5 uM MtrCAB. Stirred samples in anaerobic 50 mM HEPES, 2 mM CacCl,,
10 mM KCl, 50 mM TEOA, pH 7 in presence of ~ 0.06 % Triton X-100 at 20 °C. Path length 1 cm.
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At the approximate MtrCAB:PS ratio of 1:20 where photosensitisers are in excess
over MtrCAB, most of the photosensitisers’ spectral features overlapped significantly with
the Soret peak of MtrCAB, with the exception of eosin Y. However, there were negligible
changes to the o/p-region, again with exception of eosin Y. Eosin’Y possesses an
absorbance peak at 520 nm which significantly overlaps with the o/pB-region of a heme
spectrum but has less spectral impact on the Soret peak, Figure 3.10 E. By adding an
excess of dithionite after 90 mins irradiation, the extents of heme photoreduction could be
calculated and followed by the 552 nm peak for all photosensitisers aside from eosin Y
which was monitored at 420 nm, Figure 3.10 inserts. Inspection of the spectral changes
during irradiation confirmed they were dominated by contributions from MtrCAB

photoreduction with minimal photosensitiser contributions.

Further experiments were performed with approximate MtrCAB:PS ratios of 1:2
and 1:0.2, Figure 3.10 inserts. Detailed inspection of data with flavins showed that after
5 mins irradiation the flavin spectral features had decreased, in accordance with the
production of fully reduced flavin species, and mostly heme spectral contributions
remained.™? There were no further detectable changes to the MtrCAB spectra during the
remaining 90 mins irradiation at all of the MtrCAB:flavin ratios except the catalytic ratio
of 1:0.2, where FAD and RF caused very little MtrCAB reduction. Variable extents of
MtrCAB reduction were produced with different MtrCAB:flavin ratios.

Inspection of the xanthenes and proflavin experiments showed that after 15 mins
irradiation for the MtrCAB:PS ratio of 1:20, MtrCAB had become fully photoreduced. No
further detectable changes occurred to the MtrCAB spectra during the remaining 90 mins
for fluorescein and proflavin, but eosin Y timecourse data shows the Soret peak began to
decrease after 15 mins in accordance with heme reoxidation. Heme reoxidation would
generally only be expected when samples were introduced to air or an oxidant, or gradually
after irradiation was stopped. It was also notable that catalytic photosensitiser
concentrations caused minimal heme reduction over 90 mins irradiation, even though they
are meant to effectively carry out catalytic photoreduction. Closer inspection of
photosensitiser spectral peaks showed photobleaching occurred during irradiation. This
was most striking for eosin Y where the 90 min irradiated spectrum only exhibits heme
spectral contributions, Figure 3.10 E. These observations suggest that photosensitiser
photodegradation reactions dominate over the desired photoreduction reaction under these

strong visible-light irradiations, especially at lower photosensitiser concentrations. During
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irradiation, sample condensation was also observed on the sides of the cuvettes suggesting
sample temperature increased due to the high irradiation power.

When MtrCAB was irradiated in the presence of the ruthenium complexes,
photoreduction gradually occurred over the course of 90 mins irradiation. During
irradiation all spectral changes are associated with heme reduction with negligible changes
in the ruthenium complex spectral features, confirming their high photochemical stability.
Ruthenium complexes were only trialled in excess over protein as complete photoreduction

was not observed under these conditions, Figure 3.10 D and H.

These experimental initial results illustrate that all eight chosen photosensitisers can
photoreduce MtrCAB. However, the data indicated that experimental conditions needed to
be carefully chosen to minimise sample heating, photodegradation and photobleaching
during irradiation and identify conditions in which reproducible and catalytic
photoreductions could successfully occur. These conditions were established using the

experiments described below.

3.4 Optimising Conditions for Photoreduction Studies

In experiments to explore optimal conditions for photoreductions it was decided to use
MtrC as the terminal electron acceptor instead of MtrCAB to see if there was any obvious
difference that was caused by Triton X-100 that is required to solubilise MtrCAB.

To explore why variable extents of MtrCAB photoreduction were observed by
different MtrCAB:flavin ratios, it was decided to trial MtrC photoreduction at varying
ratios of MtrC:flavin when the MtrC concentration was constant and then when the flavin
concentration was kept constant. FMN was chosen as the flavin representative to perform

these reactions, as described in Section 3.4.1.

Initial photoreduction experiments showed eosin Y was a promising but
problematic photosensitiser as: i) fast, full reduction of the MtrCAB hemes was followed
by their slow reoxidation during irradiation; ii) eosin Y was unable to perform catalytic
photoreduction; and iii) eosin Y suffered from photobleaching the most out of all
photosensitisers. To explore if these observations were caused by intense visible-light
irradiations, and in turn if photodegradation dominated photoreduction, it was decided to
trial eosin Y photoreduction of MtrC at a fixed MtrC:eosin Y ratio with varying lamp

powers, as described in Section 3.42.
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3.4.1 Optimisation of Protein:Photosensitiser Ratios via FMN Photoreduction

of MtrC

Solutions of ~ 0.5 uM MtrC were prepared to contain approximate MtrC:FMN ratios

spanning from 1:2000 to 1:0.2 in the presence of excess TEOA. These samples were then

irradiated with visible light at a power of 1 kW m™ over 90 mins with spectra collected

periodically, Figure 3.11. Prior to FMN additions all spectra were typical of fully oxidised

MtrC and there were negligible changes to the 552 nm peak upon all FMN additions,

Figure 3.11 continuous black lines. The only exception to this is the ratio of 1:2000 where

the high flavin concentration causes the 552 nm peak to sit on the shoulder of the flavin

absorbance feature at 445 nm. Extent of MtrC photoreduction was monitored via 552 nm

absorbance at all ratios, Figure 3.11 E.
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Figure 3.11. Maximum extent of MtrC photoreduction depends on FMN concentration.
0.5 £ 0.05 uM MtrC with 100 uM (A), 10 uM (B), 1 uM (C), and 0.1 uM FMN (D). As prepared

T :
650 350 450 550 650
Wavelength (nm)

-
o
o

o MtrC Reduction (%)

0

. .
30 60 90
Time (mins)

samples (continuous black lines) were irradiated for 5, 15, 30, 60 and 90 mins at 1 kW m™ (grey

lines) prior to addition of excess dithionite (dotted lines). E) Extent of MtrC reduction during
irradiation, monitored via 552 nm absorbance, for MtrC:FMN ratios of approximately 1:200
(blue squares, 100 uM FMN), 1:20 (red diamonds, 10 uM FMN), 1:2 (green triangles,

1 uM FMN) and 1:0.2 (open circles, 0.1 uM FMN), with ~ 0.5 uM MtrC. Extent of reduction; and

max and min observed values; represent the average of two independent, stirred experiments
performed in anaerobic 50 mM HEPES, 2 mM CaCl,, 10 mM KCl, 50 mM TEOA, pH 7 at 20 °C.

Path length 1 cm.

After 5 mins irradiation, the FMN spectral features mostly disappeared due to the

formation of fully reduced FMN and the maximum extent of photoreduction by each of

these ratios was achieved with no further detectable increases in the 552 nm peak during

the remainder of the irradiation, Figure 3.11 E. After irradiation an excess of dithionite was
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added to all samples to completely reduce MtrC, Figure 3.11 dotted lines. Inspection of the
spectral changes confirmed that the absorbance changes at 552 nm were dominated by
contributions from MtrC photoreduction with minimal FMN spectral interference with all
ratios of MtrC:FMN, except 1:2000. At the latter ratio the highly intense 445 nm spectral
feature of 1000 uM FMN, which constantly decreased during the course of irradiation,
interfered too much with the absorbance at 552 nm. This MtrC:FMN ratio resulted in
unreliable quantisation of extents of reduction and ultimately it was decided to not include

a 1:2000 ratio of any protein:PS combination in any future part of this study.

Figure 3.11 E shows the maximum extent of MtrC photoreduction is dependent
upon the initial FMN concentration, with the largest extent of reduction (77 £ 1 %) being
achieved by the MtrC:FMN ratio of 1:200. Experiments carried out with catalytic and near
stoichiometric FMN concentrations caused lesser extents of photoreduction and had greater
associated errors, 48 + 10 % and 22 + 11 % respectively. This observation of
irreproducibility between experiments at lower initial FMN concentrations suggested that
the variable extents of protein photoreduction seen at different protein:flavin ratios may be
due to different levels of flavin photodegradation. The behaviour noted here confirmed that

observed in previous study with MtrCAB, Figure 3.10.

Similar experiments to those described above were performed with 5 and
36 uM MtrC in the presence of 10 uM FMN, Figure 3.12. This fixed 10 uM concentration
of FMN was chosen as it was the lowest FMN concentration that achieved an extent of

reduction with a small associated error (66 = 1 %) in the previous set of experiments.
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Figure 3.12. Maximum possible MtrC photoreduction is independent of MtrC:FMN ratio.

A) 5 uM MtrC and 10 uM FMN, stirred in a 1 cm cuvette. B) 36 uM MtrC and 10 uM FMN,
unstirred in a 1 mm cuvette. As prepared samples (continuous black lines), were irradiated for
5,15, 30, 60 and 90 mins at 1 kW m™ (grey lines) prior to addition of excess dithionite (dotted
lines). C) Extent of MtrC reduction during irradiation, monitored via 552 nm absorbance, for
MtrC:FMN ratios of 0.05:1 (red diamonds, 0.5 uM MtrC), 0.5:1 (green triangles, 5 uM MtrC)
and 3.6:1 (open circles, 36 uM MtrC), with 10 uM FMN. Experiments performed in anaerobic
50 mM HEPES, 2 mM CacCl,, 10 mM KCl, 50 mM TEOA, pH 7 at 20 °C.
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Prior to and following FMN additions spectra in the o/B-region were typical of fully
oxidised MtrC, Figure 3.12 continuous black lines. Due to the high MtrC concentrations
used here the Soret region of the heme spectra swamped any FMN spectral contributions
and was above the detection limit of the spectrometer; therefore it has not been mentioned
any further in this discussion. Furthermore the highest MtrC concentration required the use
of an unstirred, 1 mm pathlength cuvette to resolve the o/p-region. The 552 nm absorbance

feature was used to follow photoreduction of MtrC, Figure 3.12 C.

With the stirred solution of 5 uM MtrC with 10 uM FMN (1 cm pathlength), the
maximum extent of MtrC photoreduction was achieved after 5 mins irradiation with no
further detectable changes in the heme spectra during the remaining 90 mins of irradiation.
The 552 nm absorbance of the unstirred solution of 36 uM MtrC with 10 uM FMN
continuously increased during the 90 mins irradiation, quickly at first but then slowly over
the final hour of irradiation. Even though the final extent of photoreduction can be
compared, timecourses cannot be directly compared to that of other experiments as this

reaction could not be stirred.

Figure 3.12 C compares timecourses of MtrC photoreductions performed in the
presence of 10 uM FMN, and highlights similar final extents of reduction were achieved
across the different MtrC:FMN ratios. The maximum extents of photoreduction achieved
when FMN was in catalytic and near stoichiometric amounts to MtrC, 63 + 1 % and
72 £ 1 % respectively, were similar to the 66 + 1 % reduction that was achieved with
excess FMN. Maximum extents of MtrC photoreduction at different ratios of MtrC:FMN,

prepared using different concentrations of MtrC and FMN are compared in Figure 3.13.
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Figure 3.13. Extent of MtrC photoreduction versus ratio of MtrC:FMN.

Blue circles represent the extent of ~ 0.5 uM MtrC photoreduction achieved using varying FMN
concentrations, as shown in Figure 3.11. Red squares represent the extent of MtrC
photoreduction achieved by 10 uM FMN, as shown in Figure 3.12. Extent of reduction; and
max and min observed values; are based upon an average of three readings taken at 30, 60
and 90 mins for each experiment.

This summary highlights that when different MtrC:FMN ratios were prepared using
an initial FMN concentration equal to or greater than 10 uM, the maximum extent of MtrC
photoreduction achieved was greater than 60 % in all cases. Deviations from this
maximum percentage of MtrC photoreduction by FMN were only seen when the initial
FMN concentration was less than 10 uM. Although fast initial MtrC photoreductions were
obtained by FMN concentrations below 10 uM, Figure 3.11, flavin photodegradation
reactions subsequently caused these photoreductions to fall short of their maximum

possible extents of reduction.

Because flavin photodegradation is more favourable than flavin photoreduction
when low initial FMN concentrations are used, it was decided to use only initial
photosensitiser concentrations of 10 pM or greater in further work. As a consequence,
protein concentrations were varied in order to obtain near stoichiometric and catalytic
concentration of photosensitiser in relation to that of protein. These considerations should
help to ensure protein photoreduction dominates over any photosensitiser photodegradation

reactions occurring during irradiation.
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3.4.2 Optimisation of Lamp Power via Eosin Y Photoreduction of MtrC

To investigate optimal lamp powers for photoreduction experiments, solutions containing
~ 0.5 uM MtrC and 1 uM eosin Y, in the presence of excess TEOA, were prepared. These
were then exposed for 90 mins to visible light with a power of 1, 0.5, 0.4 or 0.1 kW m?,
before an excess of dithionite was added to obtain fully reduced samples, Figure 3.14.
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Figure 3.14. MtrC photoreduction by eosin Y at different lamp powers.

Samples of ~ 0.5 uM MtrC and 1 pM eosin Y (continuous black lines) irradiated at 1 kW m™ (A),
0.5 kW m™(B), 0.4 kW m™(C) or 0.1 kW m™ (D) with spectra recorded at 5, 15, 30, 60 and 90
mins (grey lines) prior to addition of excess dithionite (dotted lines). Stirred in anaerobic

50 mM HEPES, 2 mM CaCl,, 10 mM KCl, 50 mM TEOA, pH 7 at 20 °C. Path length 1 cm.

An eosin Y concentration of 1 uM was chosen for these experiments as this
concentration had minimal spectral overlap with o/p-region of MtrC and allowed the
552 nm peak to be used to monitor the oxidation state of MtrC during the course of
irradiation, Figure 3.15 A. The eosin Y absorbance peak at 520 nm was also monitored
during irradiations and compared with the absorbance prior to irradiation to assess the
extent of eosin'Y photobleaching, Figure 3.15 B. Inspection of the spectral changes
confirmed that the absorbance changes at 520 and 552 nm were dominated by

contributions from eosin Y photobleaching and photoreduction of MtrC, respectively.
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Figure 3.15. Affect of lamp power on MtrC photoreduction and eosin Y photobleaching.

A) Extent of MtrC reduction during irradiation with different lamp powers, monitored via
552 nm absorbance. B) Eosin Y photobleaching, determined by differences between
absorbances at 520 nm at x mins and 0 mins irradiation, at different lamp powers. This
comparison is representative of samples of ~ 0.5 uM MtrC and 1 uM eosin Y irradiated with
1 kW m™ (red squares), 0.5 kW m™ (crosses), 0.4 kW m™ (green triangles) or 0.1 kW m™ (blue
circles), as shown in Figure 3.14.

When irradiated at the highest power of 1 kW m?, MtrC was fully photoreduced
and the eosin Y absorbance peak had mostly become photobleached after 5 mins
irradiation. Further irradiation resulted in heme reoxidation associated with decrease in
absorbance at the 552 nm and the loss of the remaining eosin Y spectral feature,
Figures 3.14 A and 3.15red squares. This MtrC heme reoxidation could possibly be
explained by the loss of a reducing environment provided by eosin Y, or by the generation

of photodegradation products acting as oxidising agents.

Figures 3.14 B and 3.15 crosses, and Figures 3.14 C and 3.15 green triangles
respectively show that irradiation at 0.5 and 0.4 kW m? were both able to fully reduce
MtrC within 15 mins of irradiation, as evidenced by an absorbance increase at 520 nm due
to the appearance of the sharp reduced heme peak at 523 nm. The onset of eosin Y
photobleaching occurred in both cases after 15 mins. The rate of photobleaching was
however much greater for 0.5 kW m™ irradiation where the eosin Y spectral feature was
completely lost within 60 mins irradiation. The eosin Y absorbance feature decreased over
the remainder of the course of the 0.4 kW m™ irradiation but the dithionite spectra still
contained some contributions from eosin Y, Figure 3.14 C dotted line. In comparison using
a light power of 0.1 kW m™ caused a slow, steady photoreduction of MtrC, achieving
~ 50 % reduction after 90 mins irradiation, and produced no detectable photobleaching of

eosin Y, Figure 3.14 D and 3.15 blue circles.

The temperatures of these solutions were also recorded before and after irradiation
with the different lamp powers. In the case of 1 kW m™, condensation and a temperature
change of 5 °C was seen during 90 mins irradiation. For other lamp powers, temperature

changes were minimal (< 1 °C) and no condensation was observed.
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These observations suggest rates of photoreduction initially exceed those of
eosin' Y photodegradation reactions, thus reduction of MtrC occurred prior to any
photobleaching of eosin Y. It appears that once the electron accepter of MtrC had been
fully utilised, photobleaching occurred as long-lived, high-energy electrons of
photoexcited eosin Y were then more likely to be accepted by the conjugated ring system
of eosin Y. The radicals formed would then cause photodegradation of eosin Y. This
investigation into an optimal experimental lamp power confirmed eosin Y photobleaching
occurs at high lamp powers, even if protein photoreduction is initially more favourable.
This investigation also highlighted that irradiation using a low lamp power caused minimal
photobleaching but affected the rate of protein photoreduction. It was therefore decided
that future photoreductions would be performed at a power of 0.4 kW m?. This power
provided fast protein photoreduction alongside minimal temperature change and
photosensitiser photobleaching, and associated photodegradation, during 90 mins
visible-light irradiation.

3.4.3 Conditions Selected for Detailed Studies of Cytochrome Photoreduction

Experiments above used FMN and eosin Y, photosensitisers prone to photodamage, to
establish conditions for photoreduction with minimal contribution from unwanted
photodegradation reactions. These conditions were then used for side by side comparison

of photoreduction by various combinations of photosensitisers and proteins.

Experiments were performed with anaerobic samples in a N,-filled chamber and
irradiated by an external light source (. > 390 nm) at a power of 0.4 kW m for 90 mins,
or until photoreduction was complete. All samples contained 50 mM HEPES, 2 mM CaCl,,
10 mM KCI, 50 mM TEOA, pH 7. This ensured minimal photodamage and temperature
change, in a well buffered system with an excess of SED. MtrCAB photoreductions were

performed with Triton X-100 present to ensure this membrane protein remains soluble.

Cytochrome photoreductions were performed across a range of heme:PS ratios
spanning from 1:20 (5 uM heme: 100 uM PS) to ~ 1:0.02 (~ 500 uM heme: 10 uM PS). In
exception to this, photoreductions by ruthenium complexes were only carried out in excess
(1:20) because complete photoreduction was not observed when using a higher lamp
power, Figure 3.10 D and H. For heme:PS ratios between 1:2 to ~ 1:0.02, solutions of
10 uM PS with different protein concentrations were prepared. To give comparable data,

protein concentrations were checked prior to photosensitiser additions, which were also
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checked, using electronic absorbance spectroscopy. Due to high optical densities and
quantities of proteins required, catalytic cytochrome photoreduction (~ 1:0.02) required the
use of a 1 mm pathlength cuvette to monitor heme oxidation state. Due to the inability to
stir in such a cuvette, it was decided that these reactions were only performed once to
confirm that the photosensitisers could perform catalytic photoreductions of cytochromes.
All other photoreductions were performed in duplicate, whilst being stirred in 1 cm
pathlength cuvettes.

3.5 Visible-Light-Driven Reduction of MtrC

Photoreduction of MtrC by all photosensitisers under the conditions described above is
presented by photosensitiser groups within the following sections. This is followed by a

comparison of the photoreduction behaviours in Section 3.5.4.

3.5.1 Flavins

Irradiations of MtrC in the presence of FMN were performed using MtrC:FMN ratios
spanning from 1:200 to ~ 1:0.33, with MtrC concentration of 0.5, 5, or 32 uM as
appropriate, Figure 3.16. There were negligible spectral changes in the o/B-region upon
addition of FMN to the solutions of MtrC, except when 100 uM FMN was added to a
solution of 0.5 uM MtrC, Figure 3.16 A. With FMN in such excess, MtrC was prone to
ambient light photoreduction prior to irradiation which consequently prevented
quantitative analysis of MtrC photoreduction, Figure 3.16 A. Nevertheless irradiation of all
MtrC:FMN ratios resulted in the red shift of the Soret peak and the appearance of peaks
with maxima at 523 and 552 nm in accordance with the formation of ferrous hemes. Thus,
FMN was confirmed as effective at driving visible light reduction of MtrC under these
conditions. Inspection of the spectral changes confirmed the absorbance changes at 552 nm
were dominated by contributions from MtrC photoreduction and with minimal FMN
spectral changes. The spectral features of oxidised FMN decreased during the irradiations

in accordance with the formation of fully reduced FMN.
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Figure 3.16. MtrC photoreduction with FMN at MtrC:FMN ratios of 1:200 (A), 1:20 (B), 1:2 (C)
and ~ 1:0.33 (D).

A) 0.5 pM MtrC and 100 uM FMN. B) 0.5 uM MtrC and 10 pM FMN. C) 5 pM MtrC and

10 uM FMN. D) 32 uM MtrC and 10 uM FMN, unstirred in a 1 mm cuvette (Soret region
absorbance above detection limit). As prepared samples (continuous black lines) were
irradiated for 5, 15, 30, 60 and 90 mins at 0.4 kW m™ (grey lines) prior to addition of excess of
dithionite (dotted lines). Inserts show extent of MtrC reduction during irradiation, monitored
via 552 nm absorbance. For experiments containing 0.5 uM MtrC extent of reduction; and max
and min observed values; represent average of two independent experiments. Grey symbols
show biased extents of reductions - see text for details. Samples in anaerobic 50 mM HEPES,

2 mM CacCl,, 10 mM KCl, 50 mM TEOA, pH 7 at 20 °C.

For MtrC:FMN ratios of 1:20 and 1:2 the maximum extent of photoreduction was
achieved after 30 mins irradiation, with no further detectable increases in the 552 nm peak
after this. Irradiation of the catalytic ratio of ~ 1:0.33 tended towards, but did not reach, a
plateau during 90 mins irradiation, Figure 3.16 D. The extent of photoreduction achieved
was independent of whether FMN was present in excess or in sub-stoichiometric amounts
with respect to MtrC, with an average photoreduction extent of 61 + 3 % being observed. It
is notable that the extents of photoreduction achieved under these irradiation conditions
were similar to those achieved when a lamp power of 1 kW m™ was used, as discussed in
Section 3.4.1. Very similar results were obtained in parallel experiments performed with
FAD or RF in place of FMN, Appendix 1 and 2 respectively. Identical analysis showed
extents of photoreduction achieved by FAD and RF were independent to the ratio of

MtrC:flavin used, 62 + 3 % and 60 * 6 % respectively.

3.5.2 Eosin Y, Fluorescein and Proflavin

Irradiations of MtrC in the presence of eosin Y were performed using MtrC:eosin Y ratios
spanning from 1:200 to 1:0.5, with MtrC concentration of 0.5 or 26 uM as appropriate,

Figure 3.17. With eosin Y in high excess, MtrC was prone to ambient light photoreduction
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prior to irradiation which consequently prevented confident quantitative analysis of MtrC
photoreduction, Figure 3.17 A. Nevertheless irradiation of all MtrC:eosin Y ratios resulted
in the red shift of the Soret peak and the appearance of a peak with maxima at 552 nm,
confirming that eosin Y was effective at reducing MtrC with visible light under these
experimental conditions. Inspection of the spectral changes confirmed the absorbance
changes at 420 nm, or 552 nm (1:0.5), were dominated by contributions from MtrC

photoreduction, with minimal eosin Y spectral changes.
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Figure 3.17. MtrC photoreduction with eosin Y at MtrC:eosin Y ratios of 1:200 (A), 1:20 (B)
and 1:0.5 (C).

A) 0.5 uM MtrC and 100 uM eosin Y. B) 0.5 uM MtrC and 10 puM eosin Y. C) 26 uM MtrC and
14 uMeosin Y, unstirred within a 1 mm cuvette (Soret region absorbance above detection
limit). As prepared samples (continuous black lines) were irradiated for 5, 15, 30, 60 and

90 mins at 0.4 kW m™ (grey lines) prior to addition of excess of dithionite (dotted lines).

D) Extent of MtrC reduction during irradiation, monitored via 420 nm absorbance for all except
1:0.5 (552 nm), for MtrC:eosin Y ratios of 1:200 (blue squares, 0.5 uM MtrC), 1:20 (red
diamonds, 0.5 uM MtrC) and 1:0.5 (open circles, 26 uM MtrC). For experiments containing
0.5 uM MtrC extent of reduction; and max and min observed values; represent the average of
two independent experiments. Stirred samples in anaerobic 50 mM HEPES, 2 mM CacCl,,

10 mM KCl, 50 mM TEOA, pH 7 at 20 °C.

Complete and rapid photoreductions of MtrC were induced by eosin Y during these
experiments independent of whether eosin Y was present in excess or in catalytic amounts
with respect to MtrC. It is key to note that even though photobleaching and photodamage
of eosin Y were observed during these irradiations, reoxidation of MtrC hemes was not
observed. Complete and catalytic photoreductions of MtrC were observed in similar
experiments performed with fluorescein or proflavin in place of eosin Y, as shown in
Appendix 3 and 4 respectively. Identical analysis showed fluorescein or proflavin also
produced essentially 100 % photoreductions irrespective to the MtrC:PS ratio used. It is
also notable that photobleaching of fluorescein and proflavin were observed during these
irradiations; however, these spectral decreases were not as striking as those of eosin Y and

none caused heme reoxidation.
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3.5.3 Ruthenium Complexes

Irradiations of MtrC in the presence of ruthenium complexes were performed using an
excess of ruthenium complex to give a MtrC:PS ratio of ~ 1:200, Figure 3.18. The
absorbance in the a/B-region increased upon addition of either ~ 100 pM [Ru(bpy)s]** or
RuP to a solution of 0.5 puM MtrC due the spectral features associated with these
photosensitisers. Formation of ferrous MtrC occurred slowly over the course of 5 hrs
irradiations. All spectral changes were associated with heme redox transformations with no

changes in the spectral features of the ruthenium complexes.
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Figure 3.18. Irradiation of MtrC in the presence of [Ru(bpy):]** (A), RuP (B) and absence of
photosensitisers (C).

0.5 pM MtrC with either 110 pM [Ru(bpy)s]** (A), 140 uM RuP (B) or no photosensitiser (PS) (C).
As prepared samples (continuous black lines) were irradiated for 5, 15, 30 mins and every
subsequent 30 mins for the remainder of 5 hrs at 0.4 kW m™ (grey lines) prior to addition of
excess of dithionite (dotted lines). Inserts show extent of MtrC reduction during irradiation,
monitored via 552 nm absorbance. Extent of reduction; and max and min observed values;
represent the average of two independent experiments. Stirred samples in anaerobic

50 mM HEPES, 2 mM CaCl,, 10 mM KCl, 50 mM TEOA, pH 7 at 20 °C. Path length 1 cm.

After 5 hrs of irradiation, [Ru(bpy)s]** was able to achieve 27 + 3 % photoreduction
of MtrC, whereas RuP was able to photoreduce 15 + 1 % of MtrC. Neither of these

photoreductions plateaued during the 5 hr irradiations or upon any further irradiation.

To confirm that these slow gradual photoreductions were caused by the presence of
the ruthenium photosensitisers and were not due to self photoreduction of MtrC,
irradiations of 0.5 pM MtrC were performed, Figure 3.18 C. In the absence of any
photosensitisers there was no change to the MtrC spectrum during 5 hrs irradiation, and
thus no indication of heme reduction. This confirms that the ruthenium complexes are able

to perform slow, reproducible photoreductions of MtrC under these conditions.
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3.5.4 Summary of Visible-Light-Driven Reduction of MtrC

Detailed photoreductions of MtrC were performed to initialise exploration into the
visible-light-driven photoreductions of S. oneidensis MR-1 outer membrane cytochromes.
These experiments produced successful, reproducible photoreductions of MtrC by all eight
photosensitisers using the photoreduction conditions selected from experiments described
in Section 3.4.3. Using these conditions catalytic photoreductions of MtrC were obtained
from all organic photosensitisers.

The extents of MtrC photoreduction that were achieved from these photosensitisers,
as summarised in Table 3.4, can be explained by comparing their (photo)reduction
potentials to those of the protein and SED, Figure 3.19. The redox chemistry of MtrC has
been resolved by protein film cyclic voltammetry and potentiometric titrations monitored
by the electronic absorbance spectra of the hemes.® 153 134 MtrC hemes display reduction
potentials that are reasonably well distributed across a broad, electrochemical potential
window spanning ~ 500 mV, from +50 to -450 mV vs SHE at pH 7.5 153 154 Neither
technique was able to resolve the contribution from individual heme reduction potentials as
this broad potential range of MtrC is indicative of multiple reversible redox centers with
overlapping redox potentials. Comparison of the relevant photosensitiser (photo)reduction
potentials with the reduction potential window of MtrC show all eight photosensitisers are

thermodynamically able to carry out heme photoreduction, Figure 3.19.

Extent of MtrC
Photosensitiser Reduction (%)
RF 60+6
FMNE! 61+3
FAD 62+3
Fluorescein 100+ 2
Proflavin 100 £ 2
Eosin Y 100 £ 2
[Ru(bpy)s]*™ N.D.
RuP™ N.D.
No Photosensitiser N.D.

Table 3.4. Extent of 0.5 uM MtrC photoreduction achieved with photosensitisers at 90 mins
irradiation.

Values represent the average of at least two independent experiments performed in anaerobic
50 mM HEPES, 2 mM CaCl,, 10 mM KCl, 50 mM TEOA, pH 7 at 20 °C with 90 mins of irradiation
at 0.4 kW m™. N.D. denotes where no photoreduction is detected after this time. * Results are
obtained from experiments performed in the presence of 10 uM and 100 uM photosensitiser,
except for FMN and ruthenium complexes where values are only obtained from experiments
performed in the presence of 10 uM or 100 uM photosensitiser, respectively. See text for
details.
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Figure 3.19 Overview of relevant (photo)reduction potentials for MtrC photoreduction.
(Photo)reduction potentials relevant to photoreduction of MtrC by eosin Y (EY),

fluorescein (Fl), proflavin (PF), RF, FMN, FAD, [Ru(bpy)s]**, and RuP at pH 7. Thick vertical lines
relate to processes of reductive quenching, where PS* relates to the potential at which PS*
accepts a sacrificial electron from HEPES and/or TEOA to form PS™ and PS”" relates to the
potential at which PS reduces the electron acceptor, MtrC. Thin vertical lines relates to
processes of oxidative quenching, where PS™° relates to the potential at which PS* accepts a
sacrificial electron from HEPES and/or TEOA to form PS° and PS* relates to the potential at
which PS* reduces MtrC. Only reductive quenching of eosin Y and fluorescein are included as
photoreduction operates by this mechanism alone, described in Section 3.7. Potentials
relevant to oxidation of HEPES and TEOA are indicated, together with the window spanned by
the reduction potentials of MtrC, OmcA and MtrCAB. See text for details.

As previously described in Section 3.2.2.3, flavin photoreductions proceed via the
reductive quenching of the relevant triplet photoexcited state, and are thus driven by the
flavin two-electron reduction couple of -220 mV.I%% 140 1411 Ag this midpoint reduction
potential is located within the broad redox potential window of MtrC, the observed flavin
photoreduction extent of ~ 60 % can be understood, Table 3.4. As described in Sections
3.2.2.1 and 3.2.2.2, irrespective of the photoreduction mechanism undertook by eosin Y,
fluorescein or proflavin, these processes are driven by (photo)redox couples with reductive

1291 Consequently these photosensitisers possess the

potentials below -780 mV.*
thermodynamic driving force to provide the full photoreduction of MtrC that is observed

during irradiations, Table 3.4.
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Photoreduction by [Ru(bpy)s]** and RuP can occur via reductive and oxidative
quenching mechanisms, as described in Section 3.2.1. Irrespective of the mechanistic
route, photoreductions by these photosensitisers are driven by processes with reductive
potentials below -840 mV.1*!? 181201 These photoreduction potentials are sufficient to
provide thermodynamic driving forces for MtrC photoreduction on a par to those of
eosin Y, fluorescein and proflavin. Consequently it is striking that neither of the ruthenium
complexes were able to achieve greater than 30 % photoreduction of MtrC despite being in
large excess and being irradiated for much longer times in comparison to the other
photosensitisers. A comparison of the timecourses of MtrC photoreductions provided by all

photosensitisers has been made in Figure 3.20.
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Figure 3.20. Timecourse of MtrC photoreduction as a function of photosensitiser identity.
Reduction of 0.5 M MtrC over 90 mins irradiation at 0.4 kW m™ with eosin Y (black
diamonds), proflavin (green diamonds), fluorescein (open circles), FAD (blue circles), FMN
(black triangles), or RF (open triangles) at MtrC:PS ratios of 1:20 (10 uM PS), and with
[Ru(bpy)s]** (red squares) and RuP (open squares) both at MtrC:PS ratios greater than 1:200
(above 100 uM PS). Extent of reduction monitored via change in 552 nm absorbance for all
except eosin Y (420 nm). Extent of reduction; and max and min observed values; represent the
average of two independent experiments. Stirred, anaerobic samples in 50 mM HEPES,

2 mM CacCl,, 10 mM KCl, 50 mM TEOA, pH 7 at 20 °C. Path length 1 cm.

The rate and success of any photoreduction is not only determined by
thermodynamics, but also the competing rates of relevant electron transfer events and the
relative stabilities of photosensitiser photoexcited, reduced and oxidised states, as
described in Section 1.3.1.* 21 Thus, the photoreduction of MtrC performed by the

ruthenium complexes would be hindered if i) the lifetime of the triplet excited state was
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very short, resulting in fast recombinations back to the ground state; ii) the rate of back
electron transfer from successfully reduced MtrC to oxidised ruthenium complex was
faster than that of the sacrificial electron donation of TEOA; or iii) the lifetime of the of
the reduced or oxidised ruthenium complexes were relatively short lived. Despite this, it
would be expected that 100 % MtrC photoreductions would be observed with the
ruthenium complexes if irradiations were carried out for longer times, or at higher lamp
powers. A detailed study into the kinetics associated with the mechanistic steps involved in

these ruthenium photoreductions was beyond the scope of this study.

The timecourse profiles for flavin photoreductions of MtrC were similar,
Figure 3.20. Rapid initial photoreductions in the first 5 mins irradiation was followed by
slower approaches towards the maximum possible photoreduction. There is no evidence
that the different ribityl chains interact with MtrC or have any impact on the photocatalytic
cycles and kinetics behind the flavin photoreduction, which is not too surprising when it is
the flavin moiety that is key to the (photo)electrochemistry.

Very rapid and complete photoreduction of MtrC was obtained within the first
5 mins of irradiations when eosin Y or proflavin was present, Figure 3.20. A slower
photoreduction rate was observed with fluorescein, where full photoreduction of MtrC is
obtained within 60 mins under these conditions. This is a striking contrast between the
xanthenes, considering fluorescein possesses photoreduction potentials (En = -1020 and
-980 mV) that are more favourable for photoreduction in comparison to those of eosin Y
(Em = -820 and -870 mV).®! It has been previously commented that fluorescein is less
reactive than eosin Y due to the lack of halogen substituents which help to facilitate ISC
and thus provide longer lived triplet excited states.”®) This would result in faster,
unproductive recombination of the triplet excited state being observed during irradiations

when fluorescein was present in comparison to when eosin Y was present.

Results from photoreductions involving MtrC with the eight photosensitisers
showed varying extents and rates could be achieved depending upon the identity of
photosensitiser chosen. OmcA and MtrCAB photoreductions under equivalent conditions
are discussed next. Comparisons between extents and rates of photoreduction observed for

these S. oneidensis outer membrane cytochromes are made throughout.
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3.6 Photoreduction of OmcA and MtrCAB and Comparison to MtrC

Visible-light-driven photoreductions of OmcA and MtrCAB were performed in an
identical manner to those of MtrC, as described in Section 3.5. The only exceptions to this
were the presence of Triton X-100 that was included to keep MtrCAB solubilised and, due
to MtrCAB possessing twice the number of hemes of MtrC, solutions of MtrCAB were
prepared with half the respective concentrations of OmcA and MtrC to give comparative
heme concentrations. Upon irradiation of all samples the Soret peak red shifted and peaks
appeared at 523 and 552 nm, indicative of ferrous heme formation. Thus, similarly to
MtrC, all photosensitisers can provide visible-light-driven reductions of OmcA and
MtrCAB under the chosen experimental conditions. Spectral analysis was as described for
MtrC (Section 3.5) to take account of spectral contributions from photosensitisers.
Table 3.5 summarises of the extents of OmcA and MtrCAB photoreduction achieved by

the eight photosensitisers after 90 mins irradiation under comparable conditions.

Extent of Heme Reduction (%0)
MtrC OmcA MtrCAB
RF 60+ 6 63+5 62+6
FMNE! 61+3 59 + 4 58 + 4
FAD 62+ 3 66 +8 61+4
Fluorescein 100 £ 2 100+ 2 100+ 2
Proflavin 100 £ 2 100+ 2 100+ 2
EosinY 100 + 2 100 + 2 100 + 2
[Ru(bpy)s]**™ N.D. 14 + 6 N.D.
RupPt N.D. N.D. N.D.
No Photosensitiser N.D. N.D. 32

Table 3.5. Extent of 5 uM heme photoreduction achieved with photosensitisers at 90 mins
irradiation.

Values represent the average of at least two independent experiments performed in anaerobic
50 mM HEPES, 2 mM CaCl,, 10 mM KCl, 50 mM TEOA, pH 7 at 20 °C with 90 mins of irradiation
at 0.4 kW m™. Triton X-100, ~ 0.06 % (v/v), was included for MtrCAB samples. N.D. denotes
where no photoreduction is detected after this time. ' Results are obtained from experiments
performed in the presence of 10 uM and 100 uM photosensitiser, except for FMN and
ruthenium complexes where values are only obtained from experiments performed in the
presence of 10 uM or 100 uM photosensitiser, respectively. See text for details.

OmcA and MtrCAB photoreduction by FMN, FAD or RF showed that the
maximum extent of photoreduction was ~ 60 %, shown in Appendix 5, 6 and 7
respectively. The extent of OmcA or MtrCAB photoreduction achieved by all flavins was
independent to the heme:flavin ratio used. Photoreductions of either OmcA or MtrCAB

with eosin Y, proflavin or fluorescein achieved essentially 100 % photoreduction
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independent on whether photosensitiser was present in excessive or sub-stoichiometric

amounts in comparison to protein, Appendix 8, 9 and 10 respectively.

Irradiations of OmcA and MtrCAB in the presence of either [Ru(bpy)s]** or RuP, at
heme:PS ratios greater than 1:20, saw slow and gradual formations of ferrous heme over
the course of 5 hrs, Figure 3.21. After 5 hrs of irradiation [Ru(bpy)s]** was able to achieve
31 + 4 % OmcA photoreduction and 15 = 1 % MtrCAB photoreduction, whereas RuP was
able to photoreduce 9 + 1 % of OmcA and 25 + 9 % of MtrCAB. None of these
photoreductions plateaued during the 5 hr irradiations or upon any further irradiation, and
only complete heme reduction occurred upon addition of excess dithionite. It would be
expected that 100 % cytochrome photoreduction would be achieved with the ruthenium
complexes if irradiations were carried out for longer times, or at higher lamp powers. In
agreement with this proposal, irradiations of MtrCAB in presence of these ruthenium
complexes at higher lamp powers of 2 kW m™ achieved greater than 40 % photoreduction
within 90 mins, Figure 3.10.
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Figure 3.21. OmcA and MtrCAB photoreduction with ruthenium complexes at heme:PS ratios
greater than 1:20.

A) 0.5 pM OmcA and 110 pM [Ru(bpy)s]**. B) 0.5 uM OmcA and 160 uM RuP.

C) 0.25 uM MtrCAB and 150 pM [Ru(bpy)s]*. D) 0.25 uM MtrCAB and 180 uM RuP. As
prepared samples (continuous black lines) were irradiated at 5, 15, 30 mins and every
subsequent 30 mins for the remainder of 5 hrs at 0.4 kW m™ (grey lines) prior to addition of
excess of dithionite (dotted lines). Inserts show extent of heme reduction during irradiation,
monitored via 552 nm absorbance. Extent of reduction; and max and min observed values;
represent the average of two independent experiments. Stirred samples in anaerobic

50 mM HEPES, 2 mM CaCl,, 10 mM KCI, 50 mM TEOA, pH 7 at 20 °C. ~ 0.06 % Triton X-100 (v/v)
was included for MtrCAB samples. Path length 1 cm.

OmcA and MtrCAB photoreductions occurred to similar extents as those of MtrC,
Table 3.5. Protein film cyclic voltammetry and potentiometric titration experiments have

shown that MtrCAB and OmcA both demonstrate similar envelopes of electrochemical
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response to those of MtrC, where the hemes of these cytochromes are reversibly reduced
and oxidised within +50 to -450 mV vs SHE at neutral pH.[® *** %1 |t s therefore not

surprising that similar extents of photoreduction were observed, as the intrinsic

thermodynamic driving forces behind the photoreductions does not drastically vary

between these cytochromes.

A comparison of the timecourses of photoreduction by the organic photosensitisers
is presented in Figure 3.22 for both OmcA (A) and MtrCAB (B). These comparisons

highlight that flavin, eosin Y and proflavin at 10 uM can perform rapid complete OmcA

and MtrCAB photoreductions of 5 pM heme. Fluorescein provided similar rapid complete

MtrCAB photoreduction but OmcA photoreduction was slower, as similarly observed

during MtrC photoreduction, Section 3.5.4 and Figure 3.20.
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Figure 3.22. Timecourse of photoreduction for OmcA and MtrCAB as a function of

photosensitiser identity.

Reduction of 0.5 uM OmcA (A) and 0.25 uM MtrCAB in ~ 0.06 % (v/v) Triton X-100 (B) over

90 mins irradiation at 0.4 kW m™ with eosin Y (black diamonds), proflavin (green diamonds),

fluorescein (open circles), FAD (blue circles), FMN (black triangles), or RF (open triangles) at
heme:PS ratios of 1:2 (10 uM PS). Extent of reduction monitored via change in 552 nm
absorbance for all except eosin Y (420 nm). Extent of reduction; and max and min observed

values; represent the average of two independent experiments. Stirred samples in anaerobic

50 mM HEPES, 2 mM CaCl,, 10 mM KCl, 50 mM TEOA, pH 7 at 20 °C. Path length 1 cm.

The extents and rates of OmcA and MtrCAB photoreduction were dependent upon

the identity of photosensitiser. Direct comparisons between the photoreduction rate for the

three different cytochromes achieved by the same photosensitiser were performed but

provided no definite insight into whether the cytochrome identity had an effect upon the
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rate of photoreduction achieved. These comparisons were complicated by most
photosensitisers being able to reach their maximum possible extent of cytochrome
photoreduction before the first spectra was recorded when present in similar or excessive
concentrations compared to that of the cytochrome. Transient absorbance spectroscopy
measures changes in absorbance as a function of time after excitation by a flash of light.
Rapid electron transfers in such systems have been studied by transient absorbance
spectroscopy, and this technique might be able to reveal any effect cytochrome identity has
upon the rate of photoreduction.™" > Comparisons between photoreductions performed
here with the photosensitisers in catalytic amounts were also unreliable with respect to rate
due to the lack of stirring under these conditions.

3.7 ldentification of the Sacrificial Electron Donor(s) and Favourable

Photoreduction Mechanisms

In addition to exploring and understanding the effects of photosensitiser and protein
identity on photoreductions of S. oneidensis MR-1 outer membrane cytochromes it was of
interest to identify the SED(s) operating in these experiments. As MtrCAB, MtrC and
OmcA have very similar redox potential windows and photochemical behaviours, as

shown in Section 3.6, it was decided to restrict these studies to just OmcA.

All photoreductions described above were performed in solutions of 50 mM TEOA,
50 mM HEPES, 2 mM CaCl,, 10 mM KCI, pH 7 because TEOA is a well described SED
and the remaining buffer components are those used in preparation of MV?*-containing
MtrCAB (proteo)liposomes. Like TEOA, the buffer component HEPES contains tertiary
amines that could be a sacrificial electron source. The potentials relevant to the tertiary
amine oxidation of TEOA (En = +1000 mV) and HEPES (En, = +800 mV) are very
positive for reductants but they are effective in comparison to relevant potentials in the

photosensitiser redox cycles, Figure 3.19 and Tables 3.1, 3.2 and 3.3.[223:1%7]

To identify the contributions made by TEOA and HEPES, photoreductions of
0.5uM OmcA were performed in HEPES buffer lacking TEOA as well as in
50 mM phosphate, pH 7 with and without 50 mM TEOA present. Phosphate (Pi) is a buffer
which is unable to act as a SED. Irradiations were carried out over 5 hrs following the
addition of 10 uM photosensitiser. No indication of OmcA reduction was observed in any

of these four buffers during irradiation in the absence of photosensitisers, Appendix 11.
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Figure 3.23 shows spectra gathered from OmcA photoreductions performed in the
presence of eosin Y or fluorescein with different possible SED(S). Figure 3.24 shows a
comparison of timecourses for these experiments. Eosin Y and fluorescein with TEOA, or
HEPES, supported 100 % photoreduction of OmcA. However, no photoreduction or
photodegradation was observed in Pi buffer during 5 hrs irradiation. Addition of TEOA
with brief irradiation allowed complete photoreduction of OmcA to occur with both
eosin Y and fluorescein. These observations suggest that eosin Y and fluorescein needs a
SED present to perform cytochrome photoreductions. Thus, xanthene photoreductions

must proceed via reductive quenching of PS* by the SED.
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Figure 3.23. OmcA photoreduction, by eosin Y and fluorescein, in the presence and absence
of the probable electron donors TEOA and HEPES.

0.5 uM OmcA with 10 uM of either eosin Y (A, B and C) or fluorescein (D, E and F), in

50 mM HEPES, 2 mM CacCl,, 10 mM KClI, pH 7 (A and D), 50 mM Pi, 50 mM TEOA, pH 7 (B and E)
or 50 mM Pi, pH 7 (C and F). As prepared samples (continuous black lines) were irradiated for
5,15, 30 mins and every subsequent 30 mins for the remainder of 5 hrs at 0.4 kW m™ (grey
lines) prior to addition of excess dithionite (dotted lines). For experiments lacking TEOA, prior
to the addition of dithionite, excess TEOA was added before 15 mins irradiation at 0.4 kW m™
was performed (red dashed lines). Inserts show magnified spectra between the wavelengths of
525 - 575 nm. Stirred samples in anaerobic buffers at 20 °C. Path length 1 cm.
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Figure 3.24. OmcA photoreduction by eosin Y or fluorescein requires a SED.

Extent of reduction of 0.5 uM OmcA by 10 uM of either eosin Y (diamonds) or fluorescein
(squares) during irradiation at 0.4 kW m™ over 5 hrs in 50 mM HEPES, 2 mM CaCl,, 10 mM KCl,
pH 7 (open), 50 mM Pi, 50 mM TEOA, pH 7 (black) or 50 mM Pi, pH 7 (blue). Extent of
reduction by eosin Y and fluorescein was monitored via change in 420 and 552 nm
absorbances, respectively. Extent of reduction; and max and min observed values; represent
the average of two independent experiments. Stirred samples in anaerobic buffers at 20 °C.
Path length 1 cm.

It is noteworthy that during irradiation with eosin Y in Pi buffer there was a
decrease in the Soret peak which is indicative of cytochrome denaturing, Figure 3.23 C.
This denaturing of OmcA was thought to be a result of the high energy of the long lived
eosin Y triplet state which cannot be quenched in the absence of a SED. OmcA denaturing
was not observed with fluorescein as the recombination of the triplet state is more

favourable with this xanthene.!?)

Omission of either TEOA or HEPES caused no impact on the extent of OmcA
reduction achieved by eosin Y and fluorescein, with full heme reduction being observed
within 5 hrs of irradiation. However, the rates of photosensitiser photodegradation and
OmcA photoreduction by fluorescein were dependent on identity of the SED
(TEOA > HEPES > NO SED).

Figure 3.25 and Appendix 12 show spectra gathered from OmcA photoreductions
performed in the presence of proflavin or flavins with different possible SED(S).

Figure 3.26 shows a comparison of timecourses for these experiments.
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Figure 3.25. OmcA photoreduction, by FMN and proflavin, in the presence and absence of
the probable electron donors TEOA and HEPES.

0.5 uM OmcA with 10 uM of either FMN (A, B and C) or proflavin (D, E and F), in 50 mM HEPES,
2 mM CaCl,, 10 mM KClI, pH 7 (A and D), 50 mM Pi, 50 mM TEOA, pH 7 (B and E) or 50 mM Pi,
pH 7 (C and F). As prepared samples (continuous black lines) were irradiated for 5, 15 30 mins
and every subsequent 30 mins for the remainder of 5 hrs at 0.4 kW m™ (grey lines) prior to
addition of excess dithionite (dotted lines). For proflavin experiments lacking TEOA, prior to
the addition of dithionite, excess TEOA was added before 15 mins irradiation at 0.4 kW m™ was
performed (red dashed lines). Inserts show magnified spectra between the wavelengths of

500 - 575 nm. Stirred samples in anaerobic buffers at 20 °C. Path length 1 cm.
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Figure 3.26. Complete OmcA photoreduction by flavin photosensitisers or proflavin depends
upon the presence of electron donor.

Extent of reduction of 0.5 uM OmcA by 10 uM of either proflavin (diamonds), FAD (circles),
FMN (crosses), or RF (triangles) during irradiation at 0.4 kW m™ over 90 mins in 50 mM HEPES,
2 mM CaCl,, 10 mM KCI, 50 mM TEOQA, pH 7 (A) or over 5 hrs in 50 mM HEPES, 2 mM CaCl,,

10 mM KCl, pH 7 (B), 50 mM Pi, 50 mM TEOA, pH 7 (C) or 50 mM Pi, pH 7 (D). Extent of
reduction was monitored via change in 552 nm absorbance. Extent of reduction; and max and
min observed values; represent the average of two independent experiments. Stirred samples
in anaerobic buffers at 20 °C. Path length 1 cm.
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Omission of TEOA from the HEPES buffer caused minimal impact on the extent of
OmcA reduction achieved by flavins and proflavin; however, photobleaching and
photoreduction by proflavin occurred more slowly. Flavins and proflavin photoreductions
of OmcA performed in 50 mM Pi, 50 mM TEOA, pH 7 obtained very similar results to
those performed in 50 mM HEPES, 50 mM TEOA, 2 mM CaCl,, 10 mM KCI, pH 7.

However, proflavin and flavins strikingly were only able to achieve ~ 40 %
photoreduction of OmcA during 5 hrs irradiation when both TEOA and HEPES were
absent. Flavin photoreduction of OmcA in the absence of a SED was expected as the ribityl
side chain can reductively quench the corresponding PS* to form flavin hydroquinone, as
described in Section 3.2.2.3.142 244 1] A the initial flavin concentrations were similar to
the total heme concentration present, and as other competing photodegradations involving
the ribityl group can occur, the hindered extent of OmcA photoreduction without a SED
can be rationalised. Flavin photodegradation was confirmed upon completion of
irradiations performed with RF and FAD via additional irradiation performed upon
addition of TEOA which caused no heme photoreduction, Appendix 12. The rates of flavin
self photoreduction and subsequent OmcA photoreduction varied with identity of flavin
(RF > FMN > FAD), could be explained by the size of the ribityl side chains which are key
to self photoreduction, Table 3.3. The bigger the ribityl chain the greater the protection

around the intra-molecular SED site.

Addition of TEOA with brief irradiation allowed photobleaching and OmcA
photoreduction by proflavin in Pi buffer, Figure 3.25 F. It is unclear how ~ 40 % OmcA
reduction by proflavin was achieved in the absence of photosensitiser damage or SED. It is
possible this photoreduction occurred via oxidative quenching and produces solvated
electrons (Figure 3.4); however, it would then be assumed that 100 % photoreduction

would be achievable as proflavin was in a similar concentration to the total heme present.

OmcA photoreductions by ruthenium complexes in the presence and absence of
different electron donors are shown in Appendix 13. It was not possible to conclusively
identify differences that would indicate preferential use of oxidative or reductive

quenching pathways.

During this section the effect that the presence and identity of SED had upon
OmcA photoreduction was explored. In addition to confirming that TEOA and HEPES can
both act as electron donors during photoreductions, it was seen that cytochrome
photoreductions were hindered or completely unsuccessful in the absence of SED(s). In the
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absence of SED(s), the flavins and proflavin acted as both photosensitiser and SED, but
xanthenes were unable to do this. These experiments also highlighted xanthene
photoreductions must undergo via reductive quenching mechanisms. Photoreductions of
OmcA performed in the presence of TEOA were faster than those performed in the
presence of HEPES alone.

3.8 Discussion

Within this work, the rates of photoreduction by the organic photosensitisers were
generally too fast under stirred, comparable conditions for any definitive conclusions to be
made with respect to difference in rates caused by the cytochrome identity. A
cytochrome-dependent difference in the rate of photoreduction was only clearly
distinguished with fluorescein in the presence of TEOA, when heme and photosensitiser
concentrations of 5 uM and 10 uM, respectively, were used. Under these conditions
MtrCAB reduced more rapidly than MtrC, and the rate of MtrC reduction slightly
exceeded that of OmcA (MtrCAB >>> MtrC > OmcA). Under comparable conditions,
photoreductions by [Ru(bpy)s]** and RuP were strikingly much slower than those by the
organic photosensitisers. This discussion tries to account for these differences in
photoreduction rates, and predicts the locations of transient binding sites for
photosensitisers, by considering the structures of the outer membrane cytochromes in
detail. Additionally, methods to accelerate photoreductions by ruthenium complexes and
the contributions that MtrC and OmcA flavocytochromes have within these

photoreductions are discussed.

As discussed in Section 1.6.2, MtrC and OmcA are structural homologues
composed of two split B-barrel domains and two heme domains which coordinate their ten
hemes.®” 88 The hemes of MtrC and OmcA are highly solvent-exposed, Figure 3.27. Eight
of the ten hemes in MtrC and OmcA are solvent-accessible. Only hemes 3 and 8 are
completely buried inside the protein which makes them highly unlikely interaction sites for
photosensitisers and other electron shuttles, Figure 3.27. The terminal hemes of the
octaheme chain (hemes 10 and 5) are the most solvent-exposed and are thus proposed as
the electron entrance and exit sites during EET.™ The terminal hemes of the tetraheme
chain (hemes 2 and 7) are also highly solvent-exposed and have been proposed as potential
flavin-binding sites due to their proximity to domains I and Il which contain extended

Greek key split-barrel structures, a common flavin-binding motif.®* Based upon
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accessibility alone, it is predicted that photosensitisers would have more favourable
interactions with these four terminal hemes than with the more buried hemes 1, 4, 6 and 9.

MtrC ‘Front’

5 OmcA ‘Front’

MtrC ‘Back’

Figure 3.27. Comparison of the solvent-exposed hemes of MtrC and OmcA.

The structures of MtrC (A and C, PDB ID: 4LM8) and OmcA (B and D, 4LMH) represented with
the surfaces of their four domains coloured red, blue, purple and cyan from the N termini to
the C termini. Opposite surfaces to those shown in A and B are shown in C and D, respectively.
Numbers denote the hemes, which are represented as spheres (C, black; O, red; N, blue,

Fe, olive). Disulfide bond cysteines as spheres coloured for the corresponding domain.

The high level of heme-solvent exposure results in an overall electronegative
charged surface, which is localised around the staggered heme cross of MtrC and OmcA,
Figure 3.28. These electronegative densities are contributed to solvent-exposed, negatively
charged propionate groups of hemes and the lack of positively charged residues located
near the protein surface.®™ **® Positively charged regions in domains I and 111, which
surround the terminal hemes of the tetraheme chain (hemes 2 and 7), are thought to be
present to decrease the observed charge on the surface that is induced by the
solvent-exposed hemes.™® These positively charged regions could attract and favour
electron exchange between negatively charged photosensitisers; such as flavins, eosin Y,
fluorescein and the anionic proflavin radical. Negatively charged regions around hemes 5
and 10 would favour interactions between positively charged photosensitisers like the

Ru(l1) complexes.
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MtrC ‘Front’ OmcA ‘Front’

Figure 3.28. Comparison of the electrostatic surface potential of MtrC and OmcA.

The structures of MtrC (A and C, PDB ID: 4LM8) and OmcA (B and D, 4LMH) represented as
electrostatic surface maps. Maps coloured using APBS with potentials scaled from -25 mV (red,
negatively charged) to +25 mV (blue, positively charged). Opposite surfaces to those shown in
A and B are shown in C and D, respectively.

Comparisons of solvent-exposed hemes, shown in Figure 3.27, reveal the hemes of
OmcA are less accessible to solvent, and presumably photosensitisers, than those of MtrC.
As OmcA is heavier than MtrC, and as the heme staggered cross is highly conserved, it
would be expected that the presence of an extra 11 kDa of peptide would affect solvent
accessibility to the hemes. This difference alone might explain why the photoreduction of
OmcA by fluorescein was slower than that of MtrC. By having more limited
heme-accessibility, transient interactions and successful electron transfers between
photosensitisers and hemes would be less frequent. The lower level of heme-solvent
exposure also alters the overall electronegative surface potential of OmcA by neutralising
some of the negatively charged heme propionate groups, Figure 3.28.1%8 This could also

have a substantial impact on the way that these proteins interact with photosensitisers.

As there is no structure currently available for MtrCAB, reasoning why cytochrome
photoreduction by fluorescein was faster for MtrCAB in comparison to OmcA and MtrC is
more difficult and more open to suggestion. MtrA, or the interface between MtrC and
MtrA, could offer a preferable docking site for fluorescein, which brings fluorescein closer
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to a heme than is possible when MtrC is alone. The fluorescein triplet excited state could
be stabilised when in the presence of Triton X-100 which would lead to less unproductive
recombinations of photoexcited electrons and more successful electron transfers to
MtrCAB. Fluorescein could bind to Triton X-100 micelles and the resulting binding
product could encourage interactions that are longer-lived and/or closer to hemes of
MtrCAB. Photoreductions, similar to those described in this chapter, with soluble MtrA,
Triton X-100-solubilised MtrAB, and MtrC or OmcA in the presence of Triton X-100
would help to distinguish these possible reasons for the faster photoreduction of MtrCAB
observed by fluorescein.

For the other organic photosensitisers the rates of photoreduction were too fast
under stirred, comparable conditions for any definitive conclusions to be made with respect
to difference in rates caused by the cytochrome identity. To definitively prove whether
cytochrome identity has any effect upon the rate of photoreduction a different method
would be required to study these rapid electron transfers. Possible different techniques that
could be used to study these rapid electron transfers and reveal if cytochrome identity has
any effect upon the rate of photoreduction include transient absorbance spectroscopy,
pump-probe spectroscopy, time-correlated single photon counting, and protein film

(photo)electrochemistry.

Strikingly under comparable conditions, photoreductions by [Ru(bpy)s]** and RuP
were much slower than those by the organic photosensitisers. Since the thermodynamic
drive generated by the quenching of the photoexcited states of the ruthenium complexes
would be stronger than those seen with the organic photosensitisers, the effectiveness of
the ruthenium complexes as photosensitisers relative to the organic dyes must be
compromised by less favourable kinetics. This kinetic limitation could be a result of slow
net electron exchange with cytochromes and SED(s) and/or rapid charge recombination of
the photoexcited state and/or fast regeneration of the ruthenium complex by photoreduced
cytochrome. As the triple state lifetimes of ruthenium complexes (< 0.7 ps) are much
shorter than those of the organic photosensitisers (4 - 24 ps), it is most likely that rapid
charge recombinations of the photoexcited ruthenium complexes is the underlying reason

to the comparatively slow photoreductions by ruthenium complexes, 126 129: 143 159, 160]

The addition of an electron relay is often used to accelerate the photoexcited
electron transfer from ruthenium complexes to target electron acceptors.[?% 2% 1611 A

previous study reported that direct transfer of photoexcited electrons was not observed
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between a ruthenium photosensitiser and a hydrogenase in solution when in the presence of
a SED alone.*®" This was also true for when the photosensitiser and catalysts were
covalently linked together. However, the addition of the redox mediator MV** allowed
light-driven hydrogen production to successfully occur in both solution and covalently
linked systems. MV?" efficiently enhances the charge separation by quenching the
photoexcited ruthenium complex and subsequently readily mediating the reducing
equivalents to the hydrogenase. It is probable that the covalently linked ruthenium complex
was not within adequate distance to transfer electrons to the catalytic site of the
hydrogenase and therefore still required MV?* to act as an electron mediator.

As previously mentioned in Section 3.2.1, rapid charge separation can be also
achieved by covalently coupling ruthenium complexes to metal oxide semiconductor like
TiO,. A previous study reported transfer of photoexcited electron from RuP to a molecular
cobalt catalyst in the presence of a SED was negligible unless the dye and the catalyst were
co-adsorbed on TiO; nanoparticles, which in turn allowed successful light-driven
production of hydrogen.!**! Co-adsorption of the photosensitiser and the catalyst on TiO,
nanoparticles enhanced charge separation from photoexcited RuP through rapid injection
of photoexcited electrons into the conduction band of TiO, which were then readily

transferred to the catalyst.

As the conduction band of TiO; has a reductive potential of -700 mV at pH 7, RuP
sensitised TiO; particles should possess the thermodynamic driving force to provide the
complete photoreduction of outer membrane cytochromes.™ 22 Consequently it was
attractive to establish whether MtrC or OmcA would adsorb on RuP:TiO; particles in an
electroactive configuration which would allow more rapid cytochrome photoreduction in
comparison to that achieved with RuP alone. Work performed by Dr Colin Lockwood at
the University of East Anglia showed MtrC and OmcA could be successfully adsorbed on
RuP sensitised TiO, particles in the presence of 150 mM the SED
2-(N-morpholino)ethanesulfonic acid at pH 6. The use of an integrating sphere
spectrometer mitigated against the loss of incident light due to scattering by the particles
which allowed the resolution of spectral features from the adsorbed oxidised cytochromes.
Subsequent irradiations with a lamp power of 0.4 kW m? (A > 390 nm) resulted in clear
and substantial cytochrome photoreductions within 10 mins. These experiments show the
transfer of photoexcited electrons from ruthenium complexes to MtrC/OmcA can be

greatly accelerated by their co-adsorption on TiO- particles.!**?
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Given flavins were used as photosensitisers during this study, alongside
suggestions that MtrC and OmcA can undergo tight flavin binding to form
flavocytochromes, it was of interest to characterise the response of such flavocytochromes
when irradiated by visible-light.®” °*@ The following experiment was performed by
Dr Gaye White at the University of East Anglia.'*? Flavocytochromes comprised of FMN
tightly bound to MtrC were prepared as previously described by anaerobic incubation with
glutathione and FMN followed by gel filtration to separate the flavocytochrome from free
FMN.B! Electronic absorbance spectroscopy established that the hemes and FMN
remained oxidised during this preparation, which was performed in the dark, and also
during 90 mins irradiation.”**” The fluorescence of FMN is partially quenched on binding
to the glutathione reduced MtrC and is only recovered when FMN is released by oxidation
of the flavocytochrome.'®"! This fluorescence quenching most likely occurs through Férster
Resonance energy transfer from the photoexcited FMN to a close proximity heme, where
the energy is subsequently dissipated as heat energy via molecular vibrations.

These observations suggest that bound FMN is unable to support photoreduction of
the flavocytochrome because the photoexcited FMN is quenched more rapidly by energy
transfer than by electron transfer. Therefore the photoreductions of outer membrane
cytochromes by flavins as shown in this chapter is proposed to occur via electron transfer
at a site other than that occupied by the flavin in the flavocytochrome. Molecular dynamics
simulations of MtrC have suggested that the flavin binding site of the flavocytochromes is
in the vicinity of heme 4 and is formed after a major conformational change which is

caused by the cleavage of the disulphide bond.!*®*!

3.9 Conclusions

At pH 7 with a lamp power of 0.4kWm? (A > 390 nm) and a photosensitiser
concentration of 10 uM, it was possible to perform quantitative comparison of the ability
of the chosen photosensitisers to photoreduce outer membrane cytochromes of
S. oneidensis MR-1, MtrC, OmcA and MtrCAB.™ In the presence of TEOA and/or
HEPES as SED(s) the photosensitisers eosin Y, fluorescein and proflavin coupled
reductive quenching of the respective photoexcited states to achieve complete reduction of
the cytochromes. With TEOA and/or HEPES as SED(s) the flavin photosensitisers could
only achieve ~ 60 % cytochrome photoreduction in accordance the lower thermodynamic

driving force available for heme reduction by these photosensitisers. When reactions were
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left for sufficiently long times, the maximum extent of cytochrome photoreduction
achieved was independent on whether the concentration of organic photosensitiser was in
excessive or catalytic amounts with respect to that of the protein.

Generally, the rates of photoreduction by the organic photosensitisers were too
rapid under stirred, comparable conditions for any definitive conclusions to be made about
the impact that the cytochrome identity had upon the rate of photoreduction. The rate of
photoreduction by fluorescein was the only that was influenced by cytochrome identity
(MtrCAB >>> MtrC > OmcA). The slower photoreduction of OmcA by fluorescein was
attributed to the limited heme-accessibility due to the presence of an extra 15 % peptide
than that within MtrC. Under identical conditions, photoreductions by [Ru(bpy)s]** and
RuP were strikingly much slower than those by the organic photosensitisers, and was only
comparable when RuP and MtrC/OmcA was co-absorbed on TiO, particles.*®?

Comparisons of the solvent-exposed hemes and the electrostatic surface potentials
of MtrC and OmcA were able to suggest probable photosensitiser transient binding sites.
As hemes 1, 3, 4, 6, 8 and 9 are significantly buried within the protein it was decided that
these were unlikely interaction sites for photosensitisers. The terminal hemes of the
staggered cross formation are highly solvent exposed and therefore provide ideal
interaction sites for photosensitisers. The negatively charged regions around hemes 5 and
10 were suggested to favour interactions between positively charged ruthenium
photosensitisers, whereas the positively charged regions around heme 2 and 7 would
favour interactions with negatively charged, organic photosensitiser. When FMN was
bound to MtrC as a flavocytochrome no photoreduction was observed, therefore
photoreduction of outer membrane cytochromes by flavins must occur at a site other than

that occupied by the flavin in the flavocytochrome. %%

Experimental conditions where photoreduction of outer membrane cytochromes
occurred with eight selected photosensitisers were identified within this chapter. These
conditions provide the basis for investigation of light-driven transmembrane electron
transfer by MtrCAB. Proteoliposomes, unlike S. oneidensis MR-1 cells, provide a clean
system in which only MtrCAB photoreduction and subsequent transmembrane electron
transfers would be observed. The next chapter of this study describes the production of
MV?% -containing MtrCAB (proteo)liposomes which are initially used to explore

interactions and reactions between the photosensitisers and (proteo)liposomes.
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Chapter 4

Exploration of Interactions Between Photosensitisers and Methyl
Viologen-Containing (Proteo)liposomes: MtrCAB Incorporation in

Preformed Liposomes

4.1 Possible Interactions Between Photosensitisers and (Proteo)liposomes

To be able to study light-driven transmembrane electron transfers by MtrCAB two key
components are required: i) a membrane-enclosed redox indicator which can monitor
light-driven transmembrane electron transfers; and ii) a method that discriminates between

electron transfer through MtrCAB and alternative electron transfer pathways.

MtrCAB proteoliposomes containing a cargo of MV?* offer both of these required
components. As previously discussed in Section 1.5.2, liposomes are spherical vesicles that
have at least one lipid bilayer which encapsulates and isolates an internal aqueous volume.
Proteoliposomes differ from liposomes by having one or more proteins inserted into the
lipid bilayer. Insertion of MtrCAB into the lipid bilayer of liposomes has been shown to
facilitate transmembrane electron transfers driven by chemical reductant/oxidants which
are otherwise not possible, as discussed in Section 1.6.3. These MtrCAB proteoliposomes
contained a redox indicator cargo of MV/?2*.[83 929 The redox reactions of MV, as shown
in Figure 1.16, are ideal for studying transmembrane electron transfers via MtrCAB. The
absorbance peak at 606 nm associated with blue MV™ can be clearly monitored and
distinguished from the essentially colourless MV?* and MV?; and both MV?** and MV" are

membrane-impermeable. 83 9294

Light-driven one-electron reduction of MV** has been previously demonstrated by
eosin Y, fluorescein, proflavin, fluorescein, [Ru(bpy)s]** and RuP in the presence of SEDs,
including TEOA.133: 1641831 | ight-driven reduction of MtrCAB in the presence of TEOA
was demonstrated by these and other similar photosensitisers in Chapter 3. With these
considerations in mind and as MtrCAB proteoliposomes containing MV?" had been
previously thoroughly characterised and developed, it was envisioned that these
proteoliposomes could be adopted for the study of light-driven transmembrane electron

transfers to MV/?* driven by photosensitisers in the presence of TEOA as a SED. 183 92 %
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It can be envisioned that when MV?*-containing proteoliposomes are irradiated in
the presence of photosensitisers and TEOA, MtrCAB photoreduction would occur prior to
MtrCAB facilitating transmembrane electron transfer to compartmentalised MV2* which
would then in turn be reduced, Figure 4.1 A. This ideal scenario for studying light-driven
transmembrane electron transfer relies on photosensitisers: i) being externally located,;
i) only interacting with external portions of MtrCAB; and iii) having no interaction with,
or effect upon, the phospholipid bilayer that changes its permeability with respect to MV
or photosensitisers. However, other possible scenarios can be envisioned which would also
ultimately result in MV?* photoreduction, Figure 4.1 B-F. These include photosensitisers:
i) binding to, but not structurally affecting, the proteoliposome membrane within electron
transfer distance of MtrCAB and/or MV?* (Figure 4.1 B-C); ii) crossing the membrane to
directly photoreduce MV?" internally (Figure 4.1 D); iii) partially disrupting the
membrane, either by binding to or crossing it, and allowing the release of cargo and
subsequent direct photoreduction of MV?* (Figure 4.1 E); or iv) causing complete lysis of
the membrane and ultimately allowing direct photoreduction of MV (Figure 4.1 F).
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Figure 4.1. Possible interactions between MV>*-containing MtrCAB proteoliposomes and
photosensitisers which could result in MV>* photoreduction.

These possible scenarios range from A) the most ideal scenario for studying light-driven
transmembrane electron transfer where photosensitisers photoreduce MV*" via MtrCAB, to
F) the least ideal scenario where photosensitiser presence leads to complete proteoliposome
lysis. See text for details. Possible interactions illustrated here could occur between
proteoliposomes and any photosensitiser state (i.e. ground state or light-induced
-photoexcited, -oxidised, or -reduced states) represented by orange squares.
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Irradiation of photosensitisers and liposomes that do not contain MtrCAB would
help to distinguish if any MV/?* photoreduction observed with proteoliposomes suspensions
occurred via the MtrCAB complex (i.e. Figure 4.1 A-B) or via other mechanisms
(i.e. Figure 4.1 C-F). Characterisation of (proteo)liposomes collected by centrifugation
after incubations with photosensitisers would allow conclusions to be made with regard to
whether photosensitisers bind to or cross liposome membranes (i.e. Figure 4.1.B-E) or
whether they remain externally (i.e. Figure 4.1 A and F). As photosensitisers go through a
series of different states during their photocatalytic cycles; i.e. ground, photoexcited,
oxidised and reduced as shown in Figure 1.4; it is possible that one or more of these states
could interact with or have an effect upon liposome membranes. Therefore characterisation
of (proteo)liposomes after performing light and dark incubations with photosensitisers
would provide insight into the effects, if any, that different photosensitiser states have upon

the liposome membranes.

This chapter describes such experiments for the eight previously discussed
photosensitisers. MtrCAB (proteo)liposomes without a redox indicator cargo were used for
insight into the effects, if any, of photosensitisers on the liposome membranes without
complications that could arise from the additional presence of MV, in Section 4.3. These
observations were then further built upon using MV?*-containing (proteo)liposomes, as
described in Section 4.4. First the preparation and characterisation of MtrCAB

(proteo)liposomes, with and without encapsulated MV?*, is briefly described below.

4.2 Preparation and Characterisation of (Proteo)liposomes via MtrCAB

Incorporation into Preformed Liposomes

The method used to incorporate MtrCAB into preformed liposomes is thoroughly
described in Section 2.3.4. This method, which includes minor changes to the previously
published method, was used to prepare (proteo)liposomes with and without MV%*

encapsulated for experiments that are discussed within this chapter.®% %!

As the only deliberate modification to the (proteo)liposome protocol was the
duration of Biobead incubation, which is a non-intrusive step, it was assumed the
orientation, topology and incorporation heterogeneity of MtrCAB in proteoliposomes were
identical to those previously reported.”> %! During the course of this work it was
discovered that MtrCAB incorporation and proteoliposome formation was highly

dependent upon the concentration of Triton X-100 in the proteoliposome sample. This
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varied from preparation to preparation due to concentration of Triton X-100 during the
purification of the protein. During buffer exchange and protein concentration within a
stirred Amicon pressure cell (30 kDa cutoff filter) Triton X-100 was also concentrated, due
to having a large average micelle size of 80 kDa and a very slow monomer/micelle
exchange rate. Therefore additions which ensured the same amount of MtrCAB resulted in
different amounts of Triton X-100 to be included in proteoliposome preparations. The
amount of Triton X-100 present within MtrCAB samples was assessed using the
absorbance of Triton X-100, as described in Section 2.2.3, and was found to vary from 1 to
20 %. It was found that MtrCAB samples in ~ 2% Triton X-100 provided optimal
MtrCAB incorporation and proteoliposome formation and that larger amounts resulted in

liposome lysis and smaller amounts hindered protein incorporation.

Physical characterisations of these (proteo)liposomes were performed after each
individual preparation. DLS measurements showed the hydrodynamic radii of
proteoliposomes and liposomes to be on par with those previously reported, 227 + 126 nm
and 95 + 33 nm respectively, Figure 2.7.1% Bright-field microscopy was used to confirm
the larger sizes and greater size diversity of proteoliposomes in comparison to liposomes,

Figure 4.2.

Liposomes Proteoliposomes

Figure 4.2. Bright-field images of (proteo)liposomes.

Bright-field microscopy images of 10 mg mL™ lipid suspensions of liposomes (A) and
proteoliposomes (B) prepared without MV** encapsulated. White scale bars represent
5000 nm.

Additional experiments demonstrated MtrCAB supported transmembrane electron
transfer from the chemical reductant dithionite to MV?* as previously reported,
Section 1.6.3 and shown in Figure 1.17.13% 92 %1 Apsorbance spectra of (proteo)liposomes
show the apparent absorbance becomes greater towards shorter wavelengths, Figure 4.3
continuous black lines. This behaviour is typical of that caused by Rayleigh scattering. As
(proteo)liposomes are smaller than the wavelengths of incoming light, this light is scattered
instead of being detected by the spectrometer, which then interprets this as light absorbed
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by the sample. The magnitude of absorbance due to this behaviour provides an indicator of

(proteo)liposomes concentration in each sample.

It is noteworthy that the absorbance spectrum of proteoliposomes are identical to
those of liposomes, with no heme spectral features being observed, compare Figure 4.3
continuous black lines to Figure 3.9 continuous black line of 0.45 uM MtrCAB. Assuming
complete protein incorporation occurs during their preparation, it is expected that
~ 1 nM MtrCAB would be present within a 1 mg mL™ lipid suspension of proteoliposomes
and subsequent heme spectral contributions would be miniscule and masked by scattering
contributions. Upon addition of a small excess of dithionite to anaerobic 1 mg mL™ lipid
suspensions of MV?%*-containing liposomes there were negligible changes to their
electronic absorbance spectra over 10 mins, Figure 4.3 A dotted black line. However, a
parallel addition of dithionite to proteoliposomes caused the appearance of a broad feature
at 606 nm in accordance with MtrCAB allowing transmembrane electron transfer to
perform the one-electron reduction of MV?* to MV", Figure 4.3 B dotted black line.
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Figure 4.3. MtrCAB supports transmembrane electron transfer from chemical reductant to
MV?** encapsulated within liposomes.

1 mg mL™ lipid suspensions of MV**-containing (proteo)liposomes prepared without
incorporation of MtrCAB (A) or with MtrCAB (B). As prepared samples (continuous black lines)
were irradiated for 5, 15, 30, 60 and 90 mins at 2 kW m™ (continuous grey lines) prior to
addition of excess dithionite and subsequent 10 mins incubation (dotted black lines). Addition
of excess Triton X-100 to dithionite incubated samples (dotted grey lines) showed

~ 22 UM MV* was present after being released from (proteo)liposomes. Stirred samples in
anaerobic 50 mM HEPES, 2 mM CaCl,, 10 mM KCl, 50 mM TEOA, pH 7 at 20 °C. Path

length 1 cm.

Concentration of MV?* reduced inside proteoliposomes was determined to be

~ 9 UM using an extinction coefficient of 11.5 mM™ cm™ at 606 nm, which accounted for
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light scattering caused by liposomes, Figure 4.3 B dotted black line.*? Solubilisation of
(proteo)liposomes with Triton X-100, as evidenced by loss of scattering contributions to
spectra, released encapsulated MV. This resulted in the appearance of a broad feature at
606 nm and a sharp peak at 410 nm confirming the release and subsequent reduction of all
MV?*, Figure 4.3 dotted grey lines. Utilising the extinction coefficient of 13.7 mM™*cm™ at
606 nm, the concentration of MV™ after the release from (proteo)liposomes was
determined to be ~ 22 uM in 1 mg mL™ (proteo)liposome suspensions, Figure 4.3 dotted
grey lines.!®® °1 These calculations demonstrated that ~ 41 % of MV?*" was redox
addressable in these proteoliposomes over the timecourse of this experiment which is
comparable to that previously reported.®®! Even though the extent of MV?" reduction
increases during dithionite incubation, it is not expected that all encapsulated MV?* would
be addressable in a proteoliposome suspension due to the uneven incorporation of MtrCAB

across a sample with 0 to 200 MtrCAB molecules per liposome.!

Similar timecourses and extents of MV?* reduction were observed for
(proteo)liposomes suspensions that had and had not been firstly irradiated for 90 mins
using a lamp power of 2 kW m? Figure 4.3. Irradiations within this chapter were
performed prior to experiments which established an optimal lamp power, as discussed in
Section 3.4.2. As a consequence light incubations were carried out using a lamp power of
2 kW m?and it is expected that the observations and conclusions drawn throughout would

be valid at lower lamp powers.

4.3 Assessment of Photosensitiser Association with (Proteo)liposomes

Initial experiments with (proteo)liposomes with no MV?" encapsulated and the eight
chosen photosensitisers were performed to investigate whether photosensitisers affected or
bound to the liposome membranes, Figure 4.1 B-F. To firstly assess whether
photosensitisers associated with (proteo)liposomes, spectra of (proteo)liposome
suspensions (1 mg mL™ lipid) and photosensitisers were monitored during anaerobic
incubations performed in darkness or under irradiation in the presence of excess TEOA. It
would be expected that if bilayer stability was compromised during these incubations the
scattering contributions of (proteo)liposome absorbance spectra would be affected, as seen
upon addition of Triton X-100 which lyses (proteo)liposomes and causes their scattering
contributions to be lost, Figure 4.3 dotted grey lines. Dark incubations of

(proteo)liposomes in the absence of any photosensitisers resulted in negligible changes in
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their spectra, Figure 4.4. The overlaying spectra therefore suggest these (proteo)liposomes
are stable during these dark incubations, Figure 4.4 continuous lines. Negligible spectral
changes were also observed during 2 kW m? irradiations of liposomes in the absence of
any photosensitisers which suggests these liposomes are also stable during irradiation,
Appendix 14.
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Figure 4.4. (Proteo)liposome absorbance spectra remain unaffected upon dark incubation in
the absence of photosensitisers.

1 mg mL™ lipid suspensions of (proteo)liposomes without MV** encapsulated (continuous black
lines). Dark incubations of liposomes (A) and proteoliposomes (B) were performed for 5, 15,
30, 60 and 90 mins (continuous grey lines). Incubations were followed by ultracentrifugation to
separate supernatants (dashed grey lines) from (proteo)liposome pellets that were
resuspended in buffer (dashed black lines). Stirred samples in anaerobic 50 mM HEPES,

2 mM CacCl,, 10 mM KCl, 50 mM TEOA, pH 7 at 20 °C. Path length 1 cm.

Absorbance spectra of supernatants and resuspended (proteo)liposome pellets that
were collected by ultracentrifugation after these incubations confirmed ultracentrifugation
was efficient at separating and allowing recovery of (proteo)liposomes from their external
aqueous solutions, Figure 4.4 and Appendix 14 dashed lines. Consequently absorbance
spectra of resuspended (proteo)liposome pellets and their external solutions collected via
ultracentrifugation can be used to ascertain whether the photosensitisers remained in the

external solutions or had associated with (proteo)liposomes.

Addition of ~ 10 uM photosensitisers to suspensions of (proteo)liposomes
(1mg mL? lipid) produced spectra in which scattering contributions from
(proteo)liposomes were overlaid with spectral features of photosensitisers. Small variations
in photosensitiser concentrations and RF spectra seen in these data sets were due to

inadequate checks for concentration and photosensitiser photodamage after individual
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sample preparation at the early stages of this work. However, these variations do not affect
the conclusions drawn from these experiments. No detectable spectral changes were
observed during dark incubations of (proteo)liposomes in the presence of flavins,
Figure 4.5 continuous grey lines. Similar incubations performed under irradiation also
showed negligible changes in scattering contributions from liposomes but showed some
decrease in the flavin spectral features, due to the production of fully reduced flavin
species, Appendix 15 A-C continuous grey lines. Once these samples were ultracentrifuged
the yellow flavin colour remained with the supernatants, as confirmed by their absorbance
spectra, Figure 4.5 and Appendix 15 A-C dashed grey lines. Scattering contributions were
only exhibited within the absorbance spectra of the resuspended (proteo)liposomes. These
results indicate that the flavin photosensitisers do not disrupt or associate with

(proteo)liposome membranes.
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Figure 4.5. Dark incubations of flavins with (proteo)liposomes show no
photosensitiser-membrane interactions.

Liposomes with 10 uM FMN (A), 4 uM FAD (C) or 9 uM RF (E). Proteoliposomes with

8 UM FMN (B), 11 pM FAD (D) or 6 uM RF (F). 1 mg mL™ lipid suspensions of (proteo)liposomes
without MV?** encapsulated (continuous black lines). After photosensitiser additions (dotted
lines), sample incubations in the dark for 5, 15, 30, 60 and 90 mins (continuous grey lines) were
performed and subsequently were followed by ultracentrifugation to separate supernatants
(dashed grey lines) from (proteo)liposome pellets that were resuspended in buffer (dashed
black lines). Stirred samples in anaerobic 50 mM HEPES, 2 mM CaCl,, 10 mM KCI, 50 mM TEOA,
pH 7 at 20 °C. Path length 1 cm.
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Strikingly different results were observed when similar dark incubations of
(proteo)liposomes were performed in the presence of eosin Y, fluorescein or proflavin,
Figure 4.6. There were negligible spectral changes when fluorescein or proflavin was
incubated in the dark with (proteo)liposomes, Figure 4.6 C-F continuous grey lines. When
eosin 'Y was incubated with (proteo)liposomes there were negligible changes to the
scattering contributions of the absorbance spectra, but a red shift in the eosin Y absorbance
maximum from 518 nm to 523 nm was observed, Figure 4.6 A-B continuous grey lines. It
has been previously shown that the absorbance maxima of eosin Y shifts to higher
wavelengths when it is in the presence of neutral and cationic detergent micelles or
solvents with lower polarities.'®® %) These perturbations in the absorbance spectra of
eosin Y are due to hydrogen bonding with solvent, interactions with hydrophobic regions

of neutral detergent micelles, or ionic interactions with cationic detergents. 566
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Figure 4.6. Dark Incubations of eosin Y, fluorescein and proflavin with (proteo)liposomes
show photosensitiser-membrane interactions.

Liposomes with 8 uM eosin Y (A), 1 uM fluorescein (C) or 3 uM proflavin (E). Proteoliposomes
with 10 uM eosin Y (B), 3 uM fluorescein (D) or 2 uM proflavin (F). 1 mg mL" lipid suspensions
of (proteo)liposomes without MV?** encapsulated (continuous black lines). After
photosensitiser additions (dotted lines), sample incubations in the dark for 5, 15, 30, 60 and
90 mins (continuous grey lines) were performed and subsequently were followed by
ultracentrifugation to separate supernatants (dashed grey lines) from (proteo)liposome pellets
that were resuspended in buffer (dashed black lines). Resuspended proteoliposome
suspensions from incubations with eosin Y and proflavin were ultracentrifuged a second time
to again separate supernatants (red lines) from proteoliposome pellets that were resuspended
in buffer (blue lines). Stirred samples in anaerobic 50 mM HEPES, 2 mM CaCl,, 10 mM KCl,

50 mM TEOA, pH 7 at 20 °C. Path length 1 cm.
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The absorbance spectra of the resuspended (proteo)liposome pellets and
supernatants gathered after ultracentrifugation of these samples showed some eosin Y and
proflavin associated with the lipid pellets, even if most remained in the supernatants,
Figure 4.6 dashed lines. Additional ultracentrifugation and resuspension of these
proteoliposomes were performed. This extra step proved that proflavin was only weakly
associated with proteoliposomes as it was only located in the supernatant, whereas eosin Y
was strongly associated and remained with lipid pellets, Figure 4.6 F and B respectively.
The spectra of the resuspended (proteo)liposomes after incubations with fluorescein
showed negligible fluorescein spectral features, indicating that it remained soluble within
the supernatant.

The results from these three photosensitisers suggest that they do not disrupt
liposome bilayers as there are negligible changes in scattering contributions of sample
spectra during incubations. However; they do associate with these membranes in the
binding strength order of eosin Y > proflavin > fluorescein. As these are charged
photosensitisers (Table 3.2) and PC, which the (proteo)liposomes are made from, is a
neutrally charged, zwitterionic phospholipid (Figure 1.8), it is thought that these
photosensitisers could associate with hydrophobic regions of the bilayer. Such interactions
would mimic interactions with the hydrophobic regions of neutral detergent micelles,

which would be coupled with a similar red shift in the eosin Y absorbance maxima.¢-2¢®!

The ability of soluble organic compounds to partition from an aqueous phase into a
more hydrophobic, organic phase can be quantified by partition coefficients. Partition
coefficients are defined as the ratio of solute concentrations within two immiscible phases
once at equilibrium, and can be obtained by mixing water containing a known solute
concentration with appropriate volumes of octanol. Once equilibrium is reached the
octanol can be separated and removed before the compound concentration remaining
within the aqueous phase is calculated from spectroscopic measurements. Previous studies
have compared partition coefficients of eosin Y and fluorescein under various
experimental conditions at physiological pHs."*"® ™1 These studies showed the dianionic
xanthene species that predominates at pH 7 is the most hydrophilic species, and the
majority of eosin Y and fluorescein is found within aqueous phase with only some partition

into cell membranes and organic matter.l*% 171!

It is thought xanthenes would be unable to
cross a membrane (Figure 4.1 D) but would associate with the outer monolayer of a lipid
membrane (Figure 4.1 B, C and E).'"?) This is due to their bulky tricyclic systems

associating with the hydrophobic region of the bilayer but the anionic hydrophilic groups
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remaining associated with the aqueous solution via hydrogen bonding. Proflavin is also an
amphiphilic molecule with a bulky hydrophobic ring system and a cationic group,
therefore it is likely to have a similar bilayer partitioning behaviour.

Extreme photobleaching of eosin Y, fluorescein and proflavin was observed during
irradiations in the presence of liposomes which interfered with determining if these
photosensitisers associated with liposomes under these conditions, Appendix 15 E-G.
There were however no detectable changes in the liposome scattering during these
incubations which suggestions that upon irradiation these photosensitisers do not perturb
the liposome bilayer, Appendix 14 E-G grey continuous lines.

Negligible spectral changes were observed when samples containing
(proteo)liposomes and ruthenium complexes were left in the dark or irradiated, Figure 4.7
and Appendix 15 D and H grey continuous lines. Once these samples were
ultracentrifuged, the spectral features associated with the ruthenium complexes remained
with the supernatant, and the spectra of the resuspended (proteo)liposomes only exhibited
scattering associated with lipid vesicles, Figure 4.7 and Appendix 15 D and H dashed lines.
These results show the ruthenium complexes do not disrupt or associate with the

(proteo)liposome membrane.
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Figure 4.7. Dark incubations of ruthenium complexes with (proteo)liposomes show no
photosensitiser-membrane interactions.

Liposomes with 5 uM [Ru(bpy)s]** (A) or 6 uM RuP (C). Proteoliposomes with

7 uM [Ru(bpy)s]** (B) or 139 pM RuP (D). 1 mg mL™ lipid suspensions of (proteo)liposomes
without MV?** encapsulated (continuous black lines). After photosensitiser additions (dotted
lines), sample incubations in the dark for 5, 15, 30, 60 and 90 mins (continuous grey lines) were
performed and subsequently were followed by ultracentrifugation to separate supernatants
(dashed grey lines) from (proteo)liposome pellets that were resuspended in buffer (dashed
black lines). Stirred samples in anaerobic 50 mM HEPES, 2 mM CaCl,, 10 mM KCI, 50 mM TEOA,
pH 7 at 20 °C. Path length 1 cm.
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These experiments indicated that (proteo)liposomes did not burst during
irradiations or dark incubations with any of the studied photosensitisers. This was
supported by DLS measurements that showed there were minimal variations in the average
hydrodynamic radii of liposomes after dark incubations with or without photosensitisers,
Table 4.1. Thus there is no evidence for the scenario of Figure 4.1 F for any of the studied
photosensitisers. Ultracentrifugations proved that flavins and ruthenium complexes did not
associate with (proteo)liposomes. However, eosin Y, proflavin and possibly fluorescein did
associate with (proteo)liposomes, probably by partitioning into the hydrophobic region of
the lipid bilayer, as illustrated schematically in Figure 4.1 B, C and E.

Liposome Average
Hydrodynamic Radius
(nm)
RF 66 + 13
FMN 73124
FAD 12 +24
Fluorescein 69 + 16
Proflavin 67 £ 16
EosinY 69 + 15
[Ru(bpy)s]** 72 £25
RuP 69 + 23
No Photosensitiser 68 + 23

Table 4.1. Liposome radii are unaffected by the presence of photosensitisers.
Average hydrodynamic radii gathered from DLS measurements of liposomes without
encapsulated MV*" after dark 90 mins incubation with or without photosensitisers.

The experiments described above provided information upon the photosensitisers’
location and the subsequent liposome membrane stability. However, no information was
obtained on whether: i) exchange occurred between the external and internal aqueous
environments, Figure 4.1 E; or ii) if photosensitisers that associated with the membrane
were within electron transfer distance of MtrCAB and/or the internal aqueous volume,
Figure 4.1 B-C. It was decided to perform similar irradiations using liposomes containing
MV?%" to ascertain whether the photosensitiser presence caused undesirable interactions
with internally encapsulated MV?*. The reasoning behind this and results from the

corresponding experiments are discussed below.

4.4 Methyl Viologen as a Probe of Liposome Permeability

As MV is a membrane-impermeable redox indicator, encapsulated MV?* can be used as a
probe of liposome permeability in the presence of external chemicals. Ideally if MV?* is

only located internally and the liposome bilayer is impermeable to photoexcited electrons
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and photosensitisers then no photoreduction of encapsulated MV?* should be detected with
external photosensitisers and TEOA. Eosin Y, fluorescein, proflavin, [Ru(bpy)s]** and RuP
all have photoreduction couples that are sufficiently negative to photoreduce MV?* to
My [ 112, 118-120.1291 By hariments have previously demonstrated that these photosensitisers
can perform light-driven, one-electron reductions of MV?*, when in the presence of
SEDs.[1% 164 18] £or FMN, FAD and RF we are not aware there is an experimental
precedent of MV?** photoreduction. The flavin photoreduction potential (Er = -220 mV) is
thermodynamically unfavourable to carry out photoreduction of MV?* (En = -450 mV);
however, thermodynamic considerations using the Nernst equation suggest there is a
possibility that flavins could carry out partial MV?*photoreduction. ! 4 140 1411

The Nernst equation (Equation 4.1) relates the equilibrium potential, E, to the
standard midpoint potential of a reduction couple, En,, and the concentrations of the
oxidised and reduced species, [Ox] and [Red] respectively; where R is the gas constant, T
is the temperature, n is the number of electrons involved in the reduction and F is the
Faraday constant. By rearranging the Nernst equation it is possible to predict the
percentage of reduction that would be achieved when at any applied potential.

E = En + (RT/NF)In([OX]/[Red]) (4.1)

Constant irradiation of flavins causes the percentage of the reduced species present
to become essentially 100 %, which then makes the actual acting photoreduction potential
more reducing than that of the midpoint potential of -220 mV.% 40 141 The Nernst
equation plot for the two-electron reduction of flavins shows that under this scenario the
effective flavin photoreduction potential could be approximately -360 mV, Figure 4.8
dotted line. The Nernst equation plot for the one-electron reduction of MV?* shows that
when this potential is applied approximately 22 % photoreduction of MV?* would be
achieved, Figure 4.8 continuous lines. It can therefore be concluded that all flavins have

the potential to carry out partial photoreduction of MV?".
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Figure 4.8. Comparison of Nernst equations of one-electron reduction of MV** (continuous
line, E,, = -440 mV) and two-electron reduction of flavin (dotted line, E,, = -220 mV).
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Within the following sections, the propensity of MV?* for photoreduction by
chosen photosensitisers under the experimental conditions described above is discussed
prior to subsequent comparison to the behaviours seen when liposomes containing MV?*
were irradiated in the presence of these photosensitisers. To finalise, MVV?* leakage from
liposomes during incubations in the presence or absence of photosensitisers is discussed.

4.4.1 Propensity of Methyl Viologen for Light-Driven Reduction

To assess the speed and extent of MV/?* photoreduction by photosensitisers selected for
this study, irradiations of anaerobic solutions of 50 pM MV?* were carried out in the
presence of 50 mM TEOA and ~ 10 uM photosensitiser over 90 mins. Spectra obtained
after additions of one of the eight photosensitisers were typical of MV?*. Subsequent
addition of the chemical reductant sodium dithionite (En, = -500 mV) causes the
appearance of peaks at 410 and 606 nm in accordance with the one-electron reduction of
MV?* to MV*, Figure 4.3 B dotted grey line.®® By following changes in intensity at
606 nm the photoreduction of MV?* can be monitored. MV* present can be determined
using the extinction coefficient of 13.7 mM™ cm™ at 606 nm, and subsequently the extent
of photoreduction can be calculated with reference to the total 50 uM of MV present.
Irradiations of MV?* by all photosensitisers under the conditions described above are

presented within the following subsections.
4.4.1.1 Ruthenium Complexes

Irradiations of 50 pM MV?* in the presence of ~ 10 pM ruthenium complexes resulted in
the gradual increase of maxima at 410 and 606 nm which correlated to the photoreduction
of MV, Figure 4.9. Both ruthenium complexes possess photoreduction couples below
-840 mV which should be able to achieve full photoreduction of MV*,
Table 3.3.112 1181200 However, as previously stated in Section 3.9, it is not uncommon for
systems with favourable thermodynamics to be hindered by the relative kinetics associated
with electron transfers and non-productive, competitive processes involving
recombinations and futile redox cycles. Faster MV?* photoreduction to greater maximum
extents were observed during irradiations when MV?* was present in 500 uM excess of
10 uM ruthenium complexes, Figure 4.9 inserts. This confirms that the Kinetic limitation
seen during slow MV?* photoreductions by ruthenium complexes was most likely due to

rapid charge recombinations of the photoexcited ruthenium complex.
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Figure 4.9. MV** photoreduction by ruthenium complexes.

50 uM MV?* with either 11 pM [Ru(bpy)s]** (A) or 18 uM RuP (B). As prepared samples
(continuous black lines) were irradiated or 5, 15, 30, 60 and 90 mins at 2 kW m™ (continuous
grey lines) prior to addition of excess of dithionite (dotted lines). Inserts show amount of MV
reduced to MV’, calculated using MV extinction coefficient of 13.7 mM™ cm™ at 606 nm, for
MV?*:PS ratios of 50:1 (squares, 500 pM MV*"), 5:1 (diamonds, 50 uM MV?*) and

0.5:1 (triangles, 5 uM MV**) with ~ 10 pM ruthenium complex. Stirred samples in anaerobic
50 mM HEPES, 2 mM CaCl,, 10 mM KCI, 50 mM TEOA, pH 7 at 20 °C. Path length 1 cm.

2+

4.4.1.2 Flavins

Figure 4.10 shows spectra obtained during irradiations of 50 pM MV?* in the presence of
10 uM flavins. The spectral features of oxidised flavin decreased during irradiations
indicating that fully reduced flavin was formed; however, only with RF was any MV?*
reduction observed. Inspection of these spectral changes confirmed that absorbance
changes at 606 nm were dominated by contributions from the MV?* photoreduction with
no influence from flavin spectral changes. The maximum extent of MV?* photoreduction
achieved by RF was calculated to be ~ 20 %, whereas the extent of MV** photoreduction
did not exceed 2 % for either FMN or FAD, Figure 4.10 inserts. This extent of MV**
photoreduction achieved by RF confirms thermodynamic predictions that flavins do have
the potential to carry out partial MV/?* photoreductions during irradiations, as described in

Section 4.4.
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Figure 4.10. MV** photoreduction by flavin photosensitisers.

50 uM MV?* with ~ 10 uM of either FAD (A), FMN (B) or RF (C). As prepared samples
(continuous black lines) were irradiated for 5, 15, 30, 60 and 90 mins at 2 kW m™ (continuous
grey lines) prior to addition of excess dithionite (dotted lines). Inserts show amount of MV**
reduced to MV’, calculated using MV extinction coefficient of 13.7 mM™ cm™ at 606 nm.
Stirred samples in anaerobic 50 mM HEPES, 2 mM CaCl,, 10 mM KCI, 50 mM TEOA, pH 7 at
20 °C. Path length 1 cm.

More detailed inspection of spectra obtained during irradiation of FMN and MV?*
showed the gradual appearance of the 410 nm peak associated with formation of MV",
which was absent during irradiation of FAD with MV/?*, Figure 4.10 B and A respectively.
The rates of flavin photoreduction and subsequent MV?* photoreduction that varied with
flavin identity (RF > FMN > FAD) could possibly be explained by the size of the ribityl
side chains, with the bigger the ribityl chain hindering photoreduction of MV%. It is
thought however that all flavins would be able to reach ~ 20 % MV?" photoreduction if

irradiated for longer time periods.

4.4.1.3 Eosin Y, Fluorescein and Proflavin

Figure 4.11 shows spectra obtained during irradiations of 50 pM MV?* in the presence of
10 pM of eosin Y, fluorescein or proflavin. Irradiations of MV/2* with eosin Y or proflavin
resulted in the increase of peaks with maxima at 410 and 606 nm which correlated to the
complete photoreduction of 50 uM MV?* within 30 mins, Figure 4.11 A and C. During the
remaining 60 mins of irradiation the absorbance at 606 nm did however decrease and then

completely disappear, indicative of the loss of MV", Figure 4.11 inserts. Similar results
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were observed during irradiations of MV** in the presence of excess fluorescein; however,
when MV?* was present in excess only partial MV?* photoreduction was observed without
the subsequent loss of MV", Figure 4.11.B.
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Figure 4.11. MV?** photoreduction by eosin Y, fluorescein and proflavin.

50 uM MV?* with either 10 pM eosin Y (A), 2 uM fluorescein (B) or 6 uM proflavin (C). As
prepared samples (continuous black lines) were irradiated for 5, 15, 30, 60 and 90 mins at

2 kW m™ (continuous grey lines) prior to addition of excess dithionite (dotted black lines).
Inserts show amount of MV** reduced to MV", calculated using MV" extinction coefficient of
13.7 mM™* cm™ at 606 nm, for MV>*:PS ratios of 50:1 (squares, 500 uM MV?*), 5:1 (diamonds,
50 uM MV?*) and 0.5:1 (triangles, 5 pM MV*) with ~ 10 uM photosensitiser. Stirred samples in
anaerobic 50 mM HEPES, 2 mM CaCl,, 10 mM KCI, 50 mM TEOA, pH 7 at 20 °C. Path

length 1 cm.

Addition of dithionite to each of these photosensitiser-MV solutions following
irradiation did not result in the appearance of 606 nm peak that is associated with MV™,
Figure 4.11 dotted black lines. As a consequence it was considered that formation and
subsequent disappearance of MV" during these irradiations could be due to the complete
reduction of MV? to form the essentially colourless MV° species. Complete
photoreduction of MV?* during these irradiations was thermodynamically possible as
eosin Y, fluorescein and proflavin all possess photoreduction potentials similar to or more
negative than that of the MV*/MV° redox couple (En = -900 mV), Table 3.2.1° % % Tg
assess redox properties of these photosensitiser-MV solutions before and after irradiation

they were characterised by cyclic voltammetry.

Cyclic voltammograms were separately obtained in ambient light for 200 uM of

MV?#*, eosin Y, fluorescein, or proflavin to provide information on reduction and oxidation
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of their ground states. The cyclic voltammogram obtained for MV?* had two reversible
redox pairs with mid-point potentials of -430 and -740 mV, which are similar to those
reported previously for the MVZ/MV* and MV'/MV® redox couples respectively,
Figure 4.12 A.P4 The cyclic voltammograms obtained for eosin Y and fluorescein were
very similar to each other with both possessing an asymmetric negative peak associated
with the semi-reversible one-electron reduction of these xanthenes, Figure 4.12 B and D.
The cyclic voltammogram obtained for proflavin showed widely separated peaks for
reduction (negative peak) and oxidation (positive peak) due to the one-electron, one proton
transfer between the PFH" and PF™ species, Figure 4.12 F.

Current (pA)
~

-1.2 -1 -0.8 -0.6 -0.4 -0.2 0
Potential vs SHE (V)
MV, Eosin Y

Current (uA)

Current (UA)

Proflavin

Current (pA)

-6 T T T T T T T T T
-1.2 -1 -0.8 -0.6 -0.4 -0.2 0 -1.2 -1 -0.8 -0.6 -0.4 -0.2 0
Potential vs SHE (V) Potential vs SHE (V)

Figure 4.12. Irradiation of MV*" in presence of eosin Y, fluorescein or proflavin, affects their
electrochemistry.

Cyclic voltammograms of MV** (A); eosin Y (B); MV** and eosin Y (C); fluorescein (D); MV** and
fluorescein (E); proflavin (F); and MV** and proflavin (G). All species present at 200 M.
Baselines (dashed lines) were recorded prior to as prepared sample cyclic voltammograms
(continuous black lines). Similar solutions of MV** with photosensitiser were prepared for
irradiation at 2 kW m™ until blue colour of MV* was obtained and subsequently lost, Appendix
16. Cyclic voltammograms of these irradiated samples were then recorded (dotted black lines).
Anaerobic samples in 50 mM HEPES, 2 mM CaCl,, 10 mM KCl, 50 mM TEOA, pH 7. Recorded at
20mVs™, 20°C.
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Cyclic voltammograms of 200 puM MV® in the presence of
200 uM photosensitisers were obtained before and after irradiations similar to those
described above, Figure 4.12. Cyclic voltammograms of MV?* with either eosin Y,
fluorescein or proflavin prior to irradiation were essentially combinations of the individual
cyclic voltammogram features of MV?* and the corresponding photosensitiser, Figure 4.12
C, E and G continuous lines. Formation and subsequent disappearance of MV™ in the
solutions was monitored via the 606 nm absorbance peak and irradiations were only
stopped once this peak had completely disappeared, Appendix 16. The cyclic
voltammograms of these solutions after irradiation were strikingly different to those
obtained prior to irradiation, with photosensitiser redox peaks being severely demonised
and peaks associated with the MV redox couples having completely disappeared,
Figure 4.12 C, E and G dotted lines.

These results show that these photosensitisers and MV are both being consumed
during these irradiations and must react to form colourless, redox-inactive molecules. As
the blue colour of the MV" species was observed during these irradiations, MV* must be
formed prior to the formation of these redox-inactive molecules. The MV and
photosensitiser species which actually react to form this redox-inactive molecule, and the

mechanism by which this happens, is unknown and was beyond the scope of this work.

4.4.2 Irradiation of Liposomes Containing Methyl Viologen

To assess if photoreduction of MV?* encapsulated with liposomes was possible without
MtrCAB acting as an electron conduit, irradiations of 1 mg mL™ lipid suspensions of
liposomes containing ~ 20 pM MV?* were carried out in the presence of 50 mM TEOA
and ~ 10 uM photosensitiser over 90 mins. Spectra obtained after additions of one of the
eight photosensitisers were typical to that of liposomes containing MV?*. Subsequent
additions of the chemical reductant sodium dithionite (En =~ -500 mV) and Triton X-100
caused the appearance of peaks at 410 and 606 nm in accordance with the one-electron
reduction of MV?* to MV", Figure 4.3 B dotted grey line.’® The concentration of MV*
present was determined after liposome solubilisation using the extinction coefficient of
13.7 mM™ cm™ at 606 nm. By following changes in intensity at 606 nm the photoreduction
of MV?" can be monitored. The MV" present during irradiation, prior to liposome
solubilisation, was determined using the extinction coefficient of 11.5 mM™*cm™ at

606 nm, and subsequently the extent of photoreduction can be calculated with reference to
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this and the total concentration of MV* present after liposome solubilisation. Irradiations
of liposomes containing MV by all photosensitisers under the conditions described above
are presented within the following subsections.

To ensure the liposome membrane was stable and encapsulated MV?* was not
released into the external solution during irradiation, an addition of dithionite to a liposome
suspension was made after 90 mins irradiation, Figure 4.3 A. Spectra recorded after
irradiation and dithionite addition showed minimal changes in accordance with membrane
stability, Figure 4.3 A grey lines and dotted black line respectively.

4.4.2.1 Ruthenium Complexes

Irradiations of liposomes containing MV?* in the presence of Ru(ll) dyes resulted in no
detectable spectral changes which related to MV?* photoreduction or loss of liposome
membrane stability, Figure 4.13. Bearing in mind Ru(ll) dyes were able to photoreduce
MV?* in solution under identical conditions, these results imply that ruthenium complexes

do not disrupt liposome membranes to carryout photoreduction of MV?* in liposomes.
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Figure 4.13. No photoreduction of MV>* within liposomes by Ru(ll) complexes.

1 mg mL™ lipid suspensions of MV**-containing liposomes with either 14 uM [Ru(bpy)s]** (A) or
29 uM RuP (B). As prepared samples (continuous black lines) were irradiated or 5, 15, 30, 60
and 90 mins at 2 kW m™ (continuous grey lines) prior to addition of excess dithionite (dotted
black lines). Addition of excess Triton X-100 to dithionite incubated samples (dotted grey lines)
showed ~ 22 uM MV" was present after being released from liposomes. Inserts show extent of
MV?" reduction during irradiation, monitored via 606 nm absorbance. See text for calculation
details. Stirred samples in anaerobic 50 mM HEPES, 2 mM CaCl,, 10 mM KCl, 50 mM TEOA,

pH 7 at 20 °C. Path length 1 cm.
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4.4.2.2 Flavins

Figure 4.14 shows spectra obtained during irradiations of MV?*-containing liposomes in
the presence of ~ 10 uM flavins. The spectral features of oxidised flavin decreased during
irradiations indicating that fully reduced flavin was formed; however, there were no
detectable spectral changes which related to MV?* photoreduction or loss of liposome
membrane stability, Figure 4.14. Bearing in mind that RF was able to carry out partial
photoreduction of MV?*, it is noteworthy that loss of liposome stability and photoreduction
of MV* was not observed during irradiations of MV?*-containing liposomes in the
presence of RF. This implies that RF does not disrupt the liposome bilayer to allow the
photoreduction of internally compartmentalised MV?* within liposomes. From these
experiments we can conclude that FMN and FAD do not disrupt the liposome membrane;
however, as no significant photoreduction of MV?* was observed in solution it can only be

assumed that these behave like RF and cannot photoreduce liposome encapsulated MV,
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Figure 4.14. No photoreduction of MV>* within liposomes by flavin photosensitisers.

1 mg mL™ lipid suspensions of MV**-containing liposomes with ~ 10 uM of either FAD (A),

FMN (B) or RF (C). As prepared samples (continuous black lines) were irradiated for 5, 15, 30,
60 and 90 mins at 2 kW m™ (continuous grey lines) prior to addition of excess dithionite
(dotted black lines). Addition of excess Triton X-100 to dithionite incubated samples (dotted
grey lines) showed ~ 22 uM MV* was present after being released from liposomes. Inserts show
extent of MV?* reduction during irradiation, monitored via 606 nm absorbance. See text for

calculation details. Stirred samples in anaerobic 50 mM HEPES, 2 mM CaCl,, 10 mM KCl,
50 mM TEOA, pH 7 at 20 °C. Path length 1 cm.
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4.4.2.3 Eosin Y, Fluorescein and Proflavin

Irradiations of MV**-containing liposomes in the presence of eosin Y, fluorescein or
proflavin resulted in the photoreduction of encapsulated MV?* prior to the subsequent
disappearance of MV®, Figure 4.15. These disappearances of MV™ is presumably
associated with the formation of the colourless redox indicative molecules like those seen
when solutions of MV?* in the presence of eosin Y, fluorescein and proflavin were
irradiated, as described in Section 4.4.1.3.
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Figure 4.15. Photoreduction of MV?* and subsequent photosensitiser-MV complex formation
observed during irradiations of liposomes with eosin Y, fluorescein and proflavin.

1 mg mL™ lipid suspensions of MV**-containing liposomes with either 9 uM eosin Y (A),

2 uM fluorescein (B) or 8 uM proflavin (C). As prepared samples (continuous black lines) were
irradiated for 5, 15, 30, 60 and 90 mins at 2 kW m™ (continuous grey lines) prior to addition of
excess dithionite (dotted black lines). Addition of excess Triton X-100 to dithionite incubated
samples (dotted grey lines) showed ~ 22 uM MV" was present after being released from
(proteo)liposomes. Inserts show extent of MV?* reduction during irradiation, monitored via
606 nm absorbance. See text for calculation details. Stirred samples in anaerobic

50 mM HEPES, 2 mM CaCl,, 10 mM KCl, 50 mM TEOA, pH 7 at 20 °C. Path length 1 cm.

Taken together the results indicate that eosin Y, fluorescein and proflavin are able
to photoreduce MV?* encapsulated within liposomes without the need of MtrCAB being
present. These photosensitisers can bind to but not cross liposome membranes, therefore
the possible mechanisms which would allow the complete photoreduction of
compartmentalised MV?* include: i) photosensitisers being within electron transfer

distance to photoreduce compartmentalised MV?* (Figure 4.1 C); ii) photosensitisers
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causing partial disruption of liposome membrane to allow the release of and subsequent
direct photoreduction of MV?* (Figure 4.1 E); or iii) a new theory where any minuscule
amount of MV?* remaining within the external solution after liposome preparation reacts
with these photosensitisers to form a membrane-impermeable species which assists in
reducing internal MV*. This new theory comes from the possibility that non-encapsulated
MV?Z* could form the membrane-impermeable MV° or redox-inactive MV-photosensitiser
complexes that are probably membrane-impermeable themselves. These experiments do
show that liposomes containing MV?* do not burst during irradiations with eosin Y,

fluorescein or proflavin, which rules out a mechanism like that envisioned in Figure 4.1 F.

4.4.3 Assessment of Methyl Viologen Leakage from Liposomes in Presence of

Photosensitisers

In light of the results presented above it was of interest to obtain an independent
assessment of the location of MV?* following incubations of MV/2*-containing liposomes
with photosensitisers. It was expected that this would confirm MV?* was confined to the
interior of liposomes when in the presence of externally located flavins and ruthenium
complexes. For eosin Y, proflavin and fluorescein, confinement of MV?* within liposomes
would indicate photosensitiser incorporation into the liposome bilayer allows internalised
reduction of MV?*, as envisioned in Figure 4.1 C. However, the presence of MV?" in the
external solution would indicate change in permeability of the liposome bilayer to MV

such that photoreduction may occur outside the liposome, as envisioned in Figure 4.1 E.

Experiments in which dark and light incubations of liposomes containing MV?* in
the absence or presence of photosensitisers were performed to assess whether the presence
of the photosensitisers resulted in the leakage or exchange of compartmentalised MV with
external solutions, Figure 4.1 E. Anaerobic incubations of MV?*-containing liposomes
suspensions (1 mg mL™ lipid) were carried out in the presence of excess TEOA and
~ 10 uM photosensitiser over 30 mins either in darkness or under 2 kW m? irradiation.
This time duration was chosen to avoid the light-driven formation of MV-photosensitiser
complexes. After incubations were complete, samples were centrifuged to separate
solutions from pelleted liposomes which were subsequently resuspended in an identical
buffer volume. Additions of an excess of dithionite were added to both of these fractions to
reduce any non-encapsulated MV/?* before complete reduction of all MV?* was achieved

via additions of excess anaerobic Triton X-100. Before photosensitiser additions the
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absorbance scattering spectra were typical of to those of liposomes containing fully

oxidised MV?*, and dithionite additions gave absorbance peaks associated with MV*.

Detailed inspection of spectra obtained following dark incubations of liposomes in

the presence or absence of photosensitisers typically showed some non-encapsulated MV?*

in both the supernatants and resuspended liposome pellets of all samples, Figures 4.16 and

4.17. This detectable level of non-encapsulated MV?* was most likely to be induced by the

centrifugation of these samples. The total amounts of MVV** observed in these samples after

the additions of Triton X-100 were independent to the photosensitiser present.
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Figure 4.16. MV** leakage from liposomes after dark or light incubation, in presence of

flavins or ruthenium complexes.

1 mg mL™ lipid suspensions of MV**-containing liposomes in the presence of ~ 10 uM of

FAD (A and E), FMN (B and F), [Ru(bpy)s]** (C and G) or RuP (D and H). As prepared samples
were incubated for 30 mins under either dark (A, B, C and D) or light conditions (E, F, G and H).
Irradiations were performed at 2 kW m™. Incubations were followed by centrifugation to
separate supernatants (dashed grey lines) from liposome pellets that were resuspended in
buffer (dashed black lines). Additions of excess dithionite to supernatants (dotted grey lines)
and resuspended liposome pellets (black dotted lines) were followed by addition of excess
Triton X-100 to dithionite incubated samples (continuous grey and black lines respectively).
Samples in anaerobic 50 mM HEPES, 2 mM CaCl,, 10 mM KCl, 50 mM TEOA, pH 7 at 20 °C. Path
length 1 cm.
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Figure 4.17. MV** leakage from liposomes after dark or light incubation, in presence of
xanthene or proflavin, or their absence.

1 mg mL™ lipid suspensions of MV**-containing liposomes in the absence of photosensitiser (A
and E) or in the presence of ~ 10 uM of eosin Y (B and F), fluorescein (C and G) or proflavin (D
and H). As prepared samples were incubated for 30 mins under either dark (A, B, C and D) or
light conditions (E, F, G and H). Irradiations were performed at 2 kW m™. Incubations were
followed by centrifugation to separate supernatants (dashed grey lines) from liposome pellets
that were resuspended in buffer (dashed black lines). Additions of excess dithionite to
supernatants (dotted grey lines) and resuspended liposome pellets (dotted black lines) were
followed by additions of excess Triton X-100 to dithionite incubated samples (continuous grey
and black lines respectively). Samples in anaerobic 50 mM HEPES, 2 mM CacCl,, 10 mM KCl,

50 mM TEOA, pH 7 at 20 °C. Path length 1 cm.

Similar amounts of non-encapsulated MV?* and total MV?** associated with the
liposomes and the supernatants were detected when MV?*-containing liposomes were
irradiated in absence of a photosensitiser or in the presence of a flavin or a ruthenium
complex, Figure 4.16 E-H and Figure 4.17 E. A striking difference was seen when
MV?*-containing liposomes were irradiated in the presence of eosin Y, fluorescein or
proflavin, Figure 4.17 F-H. In these experiments greater levels of MVV?* were observed in

their respective supernatants.

The percentages of the total dithionite accessible MV?* seen within these mixtures
mirror these observations, Figure 4.18. These experiments generally saw 32 + 6 % of the
total MV?* within these liposome suspensions was non-encapsulated after sample
centrifugation. Dramatically increased percentages of non-encapsulated MV?* were
however observed when MV%*-containing liposomes were irradiated in the presence of
eosin Y, fluorescein or proflavin, with 65 %, 45 % and 50 % of MV?" being dithionite

accessible respectively.
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Figure 4.18. Summary of MV** leakage from liposomes after dark (blue) or light (red)
incubations performed in the absence or presence of photosensitisers.
This comparison is representative of experiments shown in Figures 4.16 and 4.17. Percentage
of non-encapsulated MV>* was calculated via comparing concentrations of MV* present after
addition of excess dithionite to supernatants and resuspened liposomes (Figures 4.16 and 4.17,
dotted lines) to the total concentration of MV* present after addition of Triton X-100 to
supernatants and resuspended liposomes (Figures 4.16 and 4.17, continuous lines).
Concentrations of MV in aqueous solutions and within liposomes suspensions were calculated
using extinction coefficients of 13.7 and 11.5 mM™ cm™, respectively, at 606 nm. Stirred
samples in anaerobic 50 mM HEPES, 2 mM CaCl,, 10 mM KCI, 50 mM TEOA, pH 7 at 20 °C.
These results show that upon irradiation eosin Y, fluorescein and proflavin lead to
the leakage of compartmentalised MV?* from liposomes, as presented in Figure 4.1 E. The
extent of MV?* that is released into the external solution by these photosensitisers goes in
the order of eosin Y > proflavin > fluorescein; however, the mechanism by which these
photosensitisers allow this exchange between the internal and external solutions is
unknown. These results do however show that upon irradiation flavin and ruthenium
complexes do not lead to the leakage of compartmentalised MV?* encapsulated within
liposomes, unlike in Figure 4.1.E. The relatively high percentage of non-encapsulated
MV?* detected after sample centrifugation during these experiments does not detract from

the main conclusions drawn here.
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4.5 Discussion

During the course of this work there were a number of complications which hindered
obtaining repeatable results. This discussion describes these complications, their possible
origins and the attempts to overcome them.

During this work it was discovered that the concentration of Triton X-100 present
during proteoliposome preparation had a major impact on MtrCAB incorporation and
proteoliposome formation, Section 4.2. It was found that the presence of too much
Triton X-100 resulted in liposome lysis and too little would hinder protein incorporation.
To control this variation the percentage of Triton X-100 in MtrCAB samples was assessed
and adjusted accordingly to ~ 2 % prior to proteoliposome preparations.

It was also discovered that complete removal of non-encapsulated MV?* was not
always achieved and the amount of non-encapsulated MV?* varied between
proteoliposomes and liposomes originating from the same preparation. A variety of
different methods was tried to ensure complete removal of non-encapsulated MV?* after
(proteo)liposomes preparation, including: extra ultracentrifugations; incubations with
Biobeads to remove hydrophobic MV?*; separations via columns; and incubations with
chelex beads to remove charged MV?*. All of these methods however resulted in some
non-encapsulated MV?* remaining or in the lysis of (proteo)liposomes and subsequent
increase in non-encapsulated MV?*. MV/?* has been previously reported to bind to the
surface of lipid vesicles, including those made of PC.[** ¥ This binding was suggested to
be driven by hydrophobic interactions between the viologen alkyl chains and the
hydrophobic region of the lipid membrane.2™ It is therefore entirely possible that
complete removal of external MV?" from (proteo)liposomes suspensions would be
impossible. The presence of any non-encapsulated MV?* could account for formation of
redox-inactive molecules and complete reduction of compartmentalised MV?* within

liposomes during irradiations in the presence of eosin Y, fluorescein and proflavin.

4.6 Conclusions

Within this chapter a number of conclusions have been made about interactions between
photosensitisers and (proteo)liposomes with and without encapsulated MV?, as
summarised in Table 4.2. (Proteo)liposomes are not burst during irradiation or dark

incubations with any of the photosensitisers present, Figure 4.1.F. Flavins and ruthenium
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complexes do not associate with or perturb liposome membranes to cause leakage of MV?*
from the liposome interior. Even though partial photoreduction of MV?" in aqueous
solution can occur via irradiations with flavins or ruthenium complexes, no
photoreductions of MV?* within liposomes were observed under the same conditions. As
flavin and ruthenium complexes are also able to perform photoreduction of MtrCAB in
detergent suspensions we can conclude these should be ideal photosensitisers to study
light-driven transmembrane electron transfers via MtrCAB to redox indicator cargos within

proteoliposomes as desired, Figure 4.1.A.

Membrane- | Membrane-
MtrCAB | Bound PS | Bound PS
Electron |but MtrCAB| and Direct
Transfer | Electron Electron
Fig. 4.1 A| Transfer Transfer
Fig.4.1B Fig. 4.1 C

PS Permeability
Crossing | of Liposome |Liposome
Liposome | Membrane | Lysis

Membrane| to MV Fig4.1F
Fig.4.1D | Fig4.1E

Flavins Yes No No No No No
Fluorescein Yes Yes Yes No Yes No
Proflavin Yes Yes Yes No Yes No
EosinY Yes Yes Yes No Yes No
Ru(l1) Dyes Yes No No No No No
Dithionite Yes No No No No No

Table 4.2. Summary of possible interaction mechanisms between MV**-containing MtrCAB
proteoliposomes and photosensitisers which result in MV?** photoreduction.

Conclusions drawn from this chapter where Yes indicates a possible interaction mechanism
and No indicates an interaction mechanism that was not detected.

Eosin Y, proflavin and fluorescein were shown to associate with phospholipid
membranes probably via partitioning within the hydrophobic region of the outer lipid
monolayer. It is has been shown that these photosensitisers can perform photoreductions of
MV?#* to form MV prior to subsequent undesirable photoreductions and/or photoreactions
which form colourless redox-inactive MV-photosensitiser complexes. Upon irradiation
these photosensitisers initiated unwanted mechanisms for electrons to access encapsulated
MV?%  within liposomes without MtrCAB being present, like those suggested in
Figure 4.1 C and E. It could however be possible that redox-inactive molecules formed
between these photosensitisers and MV are membrane-impermeable and lead to leakage
and complete reduction of MV encapsulated within liposomes. It is therefore possible that
eosin Y, proflavin and fluorescein may be able to perform light-driven transmembrane
electron transfer via MtrCAB if a redox indicator lacking such complications was

encapsulated with proteoliposomes, Figure 4.1 A and B.

In view of these findings it was decided to explore other (proteo)liposome
preparation methods which may more controllably allow: i) the amount of MtrCAB added
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to be independent of the concentration of the detergent used to assist proteoliposome
formation; ii) the encapsulation of redox indicators which do not associate with lipid
bilayers, as found with MV?*; or iii) the encapsulation of redox indicators which form
undesirable membrane-impermeable products, as found with MV?". The next chapter
discusses the development of a (proteo)liposome preparation to address point i). This
method was found to allow greater MtrCAB incorporation within proteoliposome bilayers,
such that the heme spectra of MtrCAB can be used as a redox indicator as described in
Chapter 3. The next chapter also explores interactions and photoreductions observed
between the eight photosensitisers and these (proteo)liposomes. Chapter 6 then describes
results of experiments that aimed to identify redox indicators that could replace MV?* in
proteoliposomes studies.
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Chapter 5

Photoreduction of MtrCAB in Liposome Bilayers: Proteoliposomes

Formed by Simultaneous Protein Incorporation and Liposome Assembly

5.1 Overview of Strategies for Proteoliposome Formation

Despite the extensive use and diverse applications of proteoliposomes, the mechanisms of
their formation and protein insertion are poorly understood and there is no one
reconstitution method that works equally as well for all membrane proteins.®®
Nevertheless, protein reconstitution methods used can be grouped into three categories:
i) organic solvent-mediated reconstitutions via reverse-phase evaporation or rehydration of
lipid-protein films, which is uncommon due to protein denaturing; ii) mechanical-mediated
reconstitutions via sonication, french pressing or freeze-thawing of preformed vesicles; or
iii) detergent-mediated reconstitutions of detergent-protein micelles by direct
incorporation, or excess detergent removal via dialysis, dilution or adsorption to
polystyrene beads.!®®! Each reconstitution method comes with its own pros and cons, but
these also vary depending upon the identity and amount of the protein needing to be
reconstituted, the composition of the membrane, the liposome size and relative membrane

curvature, and the materials being encapsulated within proteoliposomes.*®!

The previous chapter described the formation of MtrCAB proteoliposomes in
which MtrCAB was incorporated into preformed liposomes via a combination of
mechanical- and detergent-meditated reconstitution methods.* % ! |t was likely that the
mechanical freeze-thaw steps within this method were key to MtrCAB incorporation, but
variation in the MtrCAB:Triton X-100 ratio in samples from different purifications
affected the reproducibility of protein insertion. It also proved difficult to reliably remove
MV?* from the exterior of (proteo)liposomes prepared by this method. With the aim of
avoiding these variations, and specifically to allow greater levels of MtrCAB to be
incorporated, it was decided to develop a proteoliposome preparation which relied upon

only one of the reconstitution strategies.

As previously stated, each method of protein reconstitution has its own pros and
cons.'®® Organic solvent-mediated reconstitution of MtrCAB was not explored due to the
possibility of protein denaturing upon exposure to organic solvents. Mechanical-mediated
reconstitutions were not explored either due to the irreproducibility, protein inactivation
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and aggregation which can be introduced via sonication, french pressing or freeze-thawing
within these preparations.!®® It was instead decided to focus upon a detergent-mediated
reconstitution as this is the most straightforward, successful, reproducible, and frequently

used strategy for proteoliposome preparation_[% 175]

During such reconstitutions,
detergent-protein micelles are mixed with either detergent-treated liposomes or
detergent-lipid micelles before removal of detergent molecules to allow progressive
incorporation of protein in the lipid bilayers. Prior to explaining how detergent-mediated

reconstitutions work, some basic information on detergents is required.

5.1.1 Detergents and Detergent-Mediated (Proteo)liposome Formation

Detergents are amphiphilic molecules which are more water-soluble than lipids and thus
are extremely effective in membrane solubilisation. Detergent molecules self-assemble into
a roughly spherical arrangement where their hydrophobic carbon tails are sequestered and
their hydrophilic head groups are exposed to aqueous solution. These detergent micelles
spontaneously form at a defined detergent concentration, known as the critical micellar
concentration (CMC).'"® When detergent concentrations are below the CMC all the
detergent molecules are present as monomers. As the concentration increases beyond the
CMC, the monomer concentration remains constant while the micelle concentration
increases.'"® As micelle formation is dynamic there is constant interchange between
detergent present as monomers and in micelles. Detergent micelles are classified by their
size which can be described either by the average number of molecules per micelle, known

as the aggregation number, or by the average micelle weight.

The mechanisms of detergent solubilisation of liposomes, subsequent liposome
reformation upon detergent removal, and the understanding of detergent-lipid interactions
are well described.®® 1" There is a three stage profile to liposome solubilisation, where
three scenarios can be envisioned for constant lipid concentration with detergent
concentrations going from zero/low to high, Figure 5.1.°°) At low detergent
concentrations, detergent monomers partition into the bilayer whilst not disrupting them,
Figure 5.1 1. The membrane partitioning ability of detergents depends upon how the
detergent interacts with the phospholipids. As the detergent concentration increases
towards the CMC, the monomer concentration and the amount of detergent located in the
bilayer increases until the bilayer becomes detergent-saturated. At detergent concentrations

higher than the CMC, the liposome bilayers are disrupted and the released lipids form
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micelles containing both lipid and detergent, Figure 5.1 1l. This transition between
liposomes and lipid-detergent micelles is dynamic and there is a detergent concentration
range in which both species coexist. When detergent concentrations are even greater lipids
are completely solubilised within detergent-lipid micelles, Figure 5.1 11I.

Scattering Solubilisation

[Detergent]

Figure 5.1. Idealised three-stage profile of the solubilisation of liposomes by increasing
detergent concentrations.

A) Cartoon of liposome solubilisation. B) Changes in scattering contribution (dotted line)
observed at different stages of liposome solubilisation (continuous line). The regions labelled |,
Il and 11l correspond respectively to ranges of detergents where liposomes only, liposomes and
micelles or micelles only are present. Purple structures represent detergent molecules.

The precise conditions that induce transitions between the three situations described
above depend upon the size of liposomes and the nature of the lipids and detergents.
Progression through stages I, 1l and 111 as detergent is added to a liposome suspension can
be followed by using electronic absorbance spectroscopy to monitor light scattering due to
the presence of liposomes, Figure 5.1 B.[%® 1" |nitially, in the simplest case, the intensity
of the light scattered due to liposomes remains essentially unchanged as detergent
molecules partition into the membrane, Figure 5.1 I. In practice detergents partitioning into
the membrane can also cause the size of liposomes, and scattered light, to increase during

this stage. As detergent concentration increases, liposomes are progressively solubilised
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and the light scattering decreases (Figure 5.1 II), until complete solubilisation occurs and
the scattering contribution is completely lost, Figure 5.1 11I.

The concept for liposome formation from lipid-detergent micelles, via decreasing
the detergent concentration, is based upon the reserve of liposome solubilisation and
involves similar intermediates, Figure 5.1.1% *7*1 When the detergent concentration within
a lipid-detergent micelle solution (Figure 5.1 I11) is decreased towards and below the CMC
a liposome bilayer should assemble in a sequence of events that is opposite to those seen
during liposome solubilisation, i.e. going from Il1 to Il, Figure 5.1. If a membrane protein
is present within a protein-detergent micelle during this process it will be simultaneously
incorporated into the assembled bilayer. Insertion of membrane proteins can occur also
when detergent concentration is decreased within a mixture of detergent-saturated
liposomes (Figure 5.1 I/II) and protein-detergent micelles. This can occur as there is
dynamic transition between detergent-saturated liposomes and protein-detergent micelles

which results in proteoliposomes.

There are various detergent removal methods which are chosen based upon the
detergent properties and the desired rate of removal.[®® Biobeads are effective at removing
most detergents but can also absorb other hydrophobic molecules like proteins. Dialysis is
slow but effective in removing detergents with high CMCs and small sizes. Gel filtration is
relatively slow but effective at separating detergent micelles and lipid-protein-detergent
micelles with large size differences. Another procedure for obtaining proteoliposomes
from lipid-protein-detergent micelles consists of rapidly diluting the reconstitution mixture
so detergent concentration falls below the CMC. This results in the loss of detergent
micelles, and protein and lipid monomers to quickly form proteoliposomes which can be

collected via ultracentrifugation.

Proteoliposome formation via rapid dilution of lipid-protein-detergent micelles is a
well-controlled process and the procedure can be optimised for greater protein
incorporation or more homogenous protein orientation as desired.’®® *"*! Rapid dilutions
can either be performed on mixtures containing: i) lipid-protein-detergent micelles where
liposomes are completely solubilised; ii) detergent-saturated liposomes and
detergent-protein micelles; or iii) a mixture of the latter two.!® ¥ It is thought the extent
of liposome solubilisation impacts the amount and orientation of the protein incorporated
after rapid dilution.®® Rapid dilution of a mixture of detergent-liposomes (i.e. Figure 5.1 1)

and detergent-protein micelles results in homogenous, unidirectional protein orientation
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but lower levels of protein incorporation.’®® Rapid dilution of fully solubilised protein-lipid
mixtures (i.e. Figure 5.1 I11) however results in random protein orientation but maximum

possible protein incorporation.®®!

It was therefore decided to try to prepare MtrCAB proteoliposomes via rapid
dilution of MtrCAB-detergent and lipid-detergent micelles as this method should allow
greater MtrCAB incorporation within liposome bilayers. This method was also tried as it
provides more control over the amount of detergent present and which should help
reproducibility across different (proteo)liposome preparations. It also decided that
MtrCAB, purified in Triton X-100, should be buffer exchanged into a different detergent
with a smaller micelle size. N,N-dimethyl-n-dodecylamine N-oxide (LDAQO) was selected
as this detergent has a low CMC, which is similar to that of Triton X-100, but a
significantly smaller micelle size, Table 5.1. It was decided to use n-octylglucoside (OG)
as the detergent to solubilise liposomes because of the high CMC it possesses, Table 5.1.
The preparation and characterisation of such (proteo)liposomes from rapid dilution of
MtrCAB-detergent and lipid-detergent micelles is described next. Sections of this work
were performed in collaboration with Dr Ee Taek Hwang and Dr Lars Jeuken at the

University of Leeds.

Detergent Structure Monomer |CMC Average |Aggregation
RMM (mM) | Micelle Size| Number
(gmol™) (gmol™)
oG HO IO S| 2024 20-25 25,000 84
. HOY “hom
(n-octylglucoside) A
LDAO \N{O_ 229.4 1-2 17,000 76
(N,N-dimethyl-n-
dodecylamine
N-oxide)
Triton X-100 O+/\ }H ~ 625 0.2 80,000 100-155
0
(n=910) WO

Table 5.1. Properties of detergents used in this study.
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5.2 Preparation and Characterisation of MtrCAB Proteoliposomes from Rapid

Dilution of MtrCAB-Detergent and Lipid-Detergent Micelles

The protocol for the preparation of (proteo)liposomes from rapid dilution of lipid-detergent
micelles, with or without MtrCAB-detergent micelles present, is generalised in Figure 5.2.
DLS was used to monitor the average hydrodynamic radii of lipid vesicles made during the
formation of (proteo)liposomes. Proposals for the nature of the lipid vesicle structures have
been made by comparison of radii reported here with observations from literature, as

H H : 63, 66
outlined in Section 1.5.2.2.16% 6]
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Figure 5.2. Summary of the preparation of (proteo)liposomes from rapid dilution of
lipid-detergent micelles, with or without MtrCAB-detergent micelles, with average
hydrodynamic radii after key steps.

Average hydrodynamic radii and polydispersity (Pd) determined from DLS measurements. Data
are representative of that from several preparations of (proteo)liposomes. Orange circles
represent MtrCAB. Purple structures represent detergent molecules. Structures of MLVs and
LUVs indicated are deduced from literature of similar systems, as described in Section 1.5.2.2.

Suspensions of 10.3 mg mL™ chicken egg PC (details in Table 1.1) were prepared
via vortexing in 50 mM HEPES, 2 mM CaCl,, pH 7, Figure 5.2 A. To these highly
polydisperse MLVs, with an average radius of 2900 + 600 nm, 282 pL of 250 mM OG in
50 mM HEPES, 2 mM CaCl,, pH 7 was added to give final lipid and OG concentrations of
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8 mg mL™ and 55 mM respectively. This addition caused the cloudy liposome suspension
to completely solubilise, resulting in a clear solution of lipid-detergent micelles with a
small hydrodynamic radius of ~ 10 nm, Figure 5.2 B. The OG concentration that was
required to completely solubilise the liposome suspensions in this step was determined in
separate experiments where sequential addition of OG were made to similar liposome
suspensions whilst electronic absorbance spectroscopy was used to monitor their
absorbance at 540 nm, Figure 5.3.A.

24
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Absorbance at 540 nm
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Figure 5.3. Solubilisation of liposomes upon sequential addition of OG or LDAO.

Liposomes suspensions (4 mg mL™ lipid) prepared by hydrating powdered PC in 50 mM HEPES,
2 mM CaCl,, 10 mM KCI, 50 mM TEOA, pH 7. Additions of OG (A) or LDAO (B) were made to
samples. Extent of liposome solubilisation was monitored via 540 nm. Liposomes were fully
solubilised once an absorbance of essentially 0 was obtained.

After 20 mins equilibration time, 32 pL of 4 uM MtrCAB in 5 mM LDAO,
20 mM HEPES, pH 7 was added to give a MtrCAB concentration of ~ 130 nM, which
corresponds to ~ 0.3 % (w/w) protein to lipid. This addition resulted in a LDAO
concentration of 160 uM which is below that of the CMC of LDAO (Table 5.1), such that
the LDAO concentration has no further influence upon proteoliposome formation in
subsequent steps, Figure 5.3 B. When making liposomes no equivalent addition of LDAO

was made.

The mixed micellar solution, containing a mixture of lipid-detergent micelles with
or without MtrCAB-detergent micelles present, were subsequently subjected to ~ 10 fold
dilutions, Figure 5.2 C. This dilution caused the OG concentration to decrease below the
OG CMC, Table 5.1 and Figure 5.3 A, to ~5.2mM which results in spontaneous
(proteo)liposomes formation. As the lipids are completely solubilised and then rapidly
diluted it is predicted that MtrCAB will probably orientate with 50 % of MtrCAB with

MtrC being associated with the exterior solution and 50 % having the opposite orientation.

After 15 mins the sample was subjected to ultracentrifugation at 195000 g, 4 °C for
1 hr 40 mins to recover any (proteo)liposomes that had formed during rapid dilution,
Figure 5.2 C. It was notable that the pink proteoliposome pellet was found on top of a

darker red pellet, Figure 5.4 A. Resulting (proteo)liposome pellets were resuspended in
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50 mM HEPES, 2 mM CaCl,, 10 mM KCI, 50 mM TEOA, pH 7 to give liposome and
proteoliposome suspensions. It was notable that the proteoliposome suspension contained a
red precipitate which was thought to be unincorporated MtrCAB which was not soluble in
the absence of detergent. DLS showed the hydrodynamic radii of liposomes and
proteoliposomes suspensions to be 80 + 29 and 155 + 104 nm respectively, where size
differences was presumably due to the presence of precipitated MtrCAB in
proteoliposomes suspensions. These suspensions were extruded by 11 passes through
polycarbonate membranes with a defined pore size of 0.2 um to generate LUVs with a
more uniform radius around 80 nm, Figure 5.2 D. After extrusion, the normally-white
polycarbonate membrane and resulting proteoliposome suspension showed evidence of the
removal of the previously mentioned red precipitate from proteoliposome suspensions,
Figure 5.4 B. The removal of the precipitate was confirmed by the similar radii obtained
for liposome and proteoliposome suspensions after extrusion, 82 + 33 and 73 =35 nm
respectively. The presence of unincorporated precipitated MtrCAB suggests that this
proteoliposome preparation achieves the highest possible incorporation of MtrCAB within
PC liposome membranes in 50 mM HEPES, 2 mM CaCl,, 10 mM KCI, 50 mM TEOA,
pH 7 to completely saturate the membrane with MtrCAB.

Figure 5.4. Evidence of MtrCAB saturation of liposome bilayers being achieved during
preparation of proteoliposomes from rapid dilution of MtrCAB-detergent and lipid-detergent
micelles.

Pellets formed from ultracentrifugation of 50 mg lipid after rapid dilution in the presence of
MtrCAB (A). Extrusion membrane dyed with excess MtrCAB (B). See text for details.

In addition to using DLS, physical characteristics of these (proteo)liposomes were
obtained from UV-vis spectroscopy, SDS-PAGE analysis, and bright-field microscopy.
Figure 5.5 shows the spectra of 1 mg mL™ lipid suspensions of these (proteo)liposomes.
Comparisons of the absorbance at 400 nm shows 1 mg mL™ lipid suspensions of these
(proteo)liposomes (Abssonm = 0.07) exhibit at least a 8-fold smaller light scattering
contribution than those of 1 mg mL™ lipid suspensions of (proteo)liposomes prepared by
the previous method (AbSsoonm = 0.54 to 0.72), Figures 4.3 and 4.4. This 8-fold decrease in
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light scattering is due to the smaller radii of (proteo)liposomes prepared by the rapid
dilution method in comparison to the larger radii of those prepared by the original reported

method.
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Figure 5.5. Proteoliposome absorbance spectra show a detectable presence of MtrCAB in
liposome bilayers.

1 mg mL™ lipid suspensions of (proteo)liposomes prepared via rapid dilution method with
either no protein (A) or with MtrCAB (B). As prepared samples (continuous black lines) were
irradiated for 5, 15, 30, 60 and 90 mins at 0.4 kW m™ (continuous grey lines) prior to addition
of excess dithionite to proteoliposomes (dotted black line). Addition of excess Triton X-100 to
reduced proteoliposomes and subsequent air oxidation (dotted grey line) showed
approximately 60 nM MtrCAB was present. Stirred samples in anaerobic 50 mM HEPES,

2 mM CacCl,, 10 mM KCl, 50 mM TEOA, pH 7 at 20 °C. Path length 1 cm.

The absorbance spectrum of proteoliposomes exhibits an intense absorption in the
Soret region with a maximum at 410 nm and a broad lower-intensity feature in the
a/B-region between 500 and 600 nm, Figure 5.5 B continuous black line. These spectral
features are associated with the detectable presence of heme within these proteoliposomes
whereas no such features were seen with proteoliposomes prepared via the original method
(Figures 4.3.B and 4.4.B continuous black lines). This comparison reveals that MtrCAB
incorporation achieved by this new method was greater than that achieved in the original
reported method.® % *31 Addition of dithionite to proteoliposomes caused the Soret band
to intensify and shift to 420 nm and the appearance of sharp peaks at 523 and 552 nm,
which are spectral changes that are typically seen upon full heme reduction, Figure 5.5 B
dotted black line. Solubilisation of proteoliposomes with Triton X-100 isolated the heme
spectrum by removal of the liposome scattering contribution and, by using the extinction
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coefficient of oxidised MtrCAB, the total MtrCAB concentration was determined to be
~ 60 nM for a1 mg mL™ lipid suspension.

Assuming proteoliposomes are unilamellar with a cross sectional length of ~ 5 nm
and the lipid density is 1 g cm™, the average radii in nm, r, can be used to calculate the
volume (Equation 5.1) and mass of lipid bilayer of a single vesicle.

Bilayer volume = Gmr®) - Gr(r-5)?) (5.1)

This mass can then be used to calculate the number of proteoliposomes present
within a 1 mg mL™ lipid suspension. By assuming a uniform distribution of MtrCAB, the
number of MtrCAB molecules per proteoliposome can be predicted with knowledge of the
numbers of proteoliposomes and MtrCAB molecules present. If it is assumed all MtrCAB
was incorporated in the original published method, it would be predicted that there would
only be 1-2 MtrCAB molecules per lipid vesicle. In contrast, it is predicted that
proteoliposomes prepared via rapid dilution method would have 12 MtrCAB molecules per
lipid vesicle, and subsequently there is ~ 10-fold increase in MtrCAB incorporation.

SDS-PAGE analysis was used to resolve and visualise proteins within
proteoliposomes prepared by this new method, Figure 5.6. As a comparison, purified
MtrCAB was included on the gel as a measure of the expected protein composition,
Figure 5.6. This analysis revealed that both samples possessed two protein bands that
stained for heme-dependent peroxidase activity which were MtrC (~ 75 kDa) and MtrA
(~ 32 kDa), and an additional band running slightly higher than MtrC at ~ 80 kDa was
visualised on gels stained with Coomassie blue. This was confirmed to be MtrB via
western blotting using MtrB-specific antibodies. The relative intensities of the protein
bands seen for proteoliposomes are similar to those of the purified MtrCAB, which

suggests that MtrCAB s inserted into membranes as the intact complex.
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Figure 5.6. SDS-PAGE analysis of MtrCAB in aqueous solution and within proteoliposomes.
Three replica samples were resolved using 12.5 % (w/v) SDS-PAGE and were subsequently
visualised by Coomassie staining, heme staining or via western blotting using MtrB-specific
antibodies. Lane 1, molecular weight markers of 250, 150, 100, 75, 50, and 37 kDa (M);

lane 2, MtrCAB in LDAO; lane 3, MtrCAB proteoliposomes. MtrCAB proteoliposomes were
prepared for SDS-PAGE analysis via ice-cold ethanol precipitation, prior to centrifugation
collecting the precipitated protein which was separated from ethanol and air dried.

Microscopy techniques were used to confirm sizes, polydispersity and structures of
(proteo)liposomes prepared via this new method. Bright-field microscopy was unable
visualise these (proteo)liposomes due to their smaller sizes and size diversity, which
generally confirms these (proteo)liposomes to be smaller and more homogenous in

comparison to (proteo)liposomes prepared by the original method, Figure 4.2.

5.3 Possible Interactions Between Photosensitisers and (Proteo)liposomes with

Greater MtrCAB Incorporation

Both proteoliposomes and liposomes prepared by rapid dilution of lipid-detergent
with/without MtrCAB-detergent micelles were shown to have homogenous sizes around
80 nm, and proteoliposomes prepared by this method were able to incorporate greater
amounts of MtrCAB, most likely, up until the point of membrane saturation. Consequently
absorbance spectra of these proteoliposomes contain spectral features that are typical of the
hemes of MtrCAB. Addition of dithionite caused these spectral features to transform in

agreement with all the hemes being redox addressable by the externally located reductant.

Light-driven reduction of MtrCAB in detergent suspensions in presence of TEOA
by the eight chosen photosensitisers was demonstrated in Chapter 3. These MtrCAB
photoreductions likely occurred via random collisions between photosensitisers and

multiple points on the surfaces of the MtrCAB complex that lie in proximity to the hemes.
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Productive, i.e. electrons transfer competent, collisions between photosensitisers and
MtrCAB located within liposome membranes could however be more limited due to the
photosensitiser location. Photoreduction of MtrCAB within liposome membranes can be
envisioned to occur by a number of different scenarios, which are similar to those
summarised in Figure 4.1 A-B, D and F. It is key to remember that even though the
possible scenarios of photosensitiser-proteoliposome interactions and the components of
proteoliposomes are independent of the proteoliposome preparation method used, it is
possible that the greater extent of MtrCAB incorporation seen via the rapid dilution
method could result in membrane permeability to photosensitisers to be different to those
seen in Chapter 4. This could, therefore, mean that the interaction mechanisms between
proteoliposomes, with greater MtrCAB incorporated, and photosensitisers are different to
those summarised in Table 4.2. Therefore characterisation of liposomes collected by
ultracentrifugation after dark incubations with photosensitisers, similar to those performed
in Section 4.3, were performed to allow conclusions to be made with regard to whether
photosensitisers interact with liposomes prepared via this new method. The following
section describes such experiments for the eight previously discussed photosensitisers. The
results of this work are extended in Section 5.5 to assess whether photoreduction of
MtrCAB within membranes could be achieved upon irradiation in the presence of any of

these photosensitisers and TEOA.

5.4 Assessment of Photosensitiser Association with Liposomes

Experiments with liposomes, prepared via rapid dilution of lipid-detergent micelles, and
the eight chosen photosensitisers, similar to those performed in Section 4.3, were
performed to investigate whether photosensitisers affected membrane stability or bound to
the liposome membranes, Figure 4.1 B and F. Unlike in experiments performed in
Section 4.3, photosensitiser additions were made so their absorbance maxima were above
an absorbance reading of 1 to ensure conclusions on photosensitiser associations were not
influenced by different extinction coefficients, Figure 5.7 continuous black lines. To assess
whether photosensitisers associates with or lyse liposomes, spectra of liposomes and
photosensitisers were monitored during dark incubations. It would be expected that if
bilayer stability was compromised the scattering contributions of the liposome spectra
would be affected, as seen upon addition of Triton X-100 which lyses liposomes and
causes scattering contributions to be lost, Figure 4.3 dotted grey lines. To ascertain whether

the photosensitisers remained in the external solutions or had associated with liposome
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membranes, ultracentrifugations were performed after incubations to separate liposomes
from their external solutions. Electronic absorbance spectroscopy was then used to identify
whether photosensitisers were located in the external solutions or with the liposome pellet.
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Figure 5.7. Photosensitisers’ interactions with liposomes are independent to the liposome
preparation used.

1 mg mL™ lipid suspensions of liposomes, prepared via rapid dilution method, with either

94 uM FAD (A), 75 uM FMN (B), 100 uM RF (C), 68 uM [Ru(bpy)s]** (D), 16 uM eosin Y (E),

16 uM fluorescein (F), 15 uM proflavin (G) or 101 uM RuP (F). As prepared samples
(continuous black lines) were incubated in the dark for 5, 15, 30, 60 and 90 mins (continuous
grey lines) prior to being ultracentrifuged to separate supernatants (dashed grey lines) from
liposome pellets that were resuspended in buffer (dashed black lines). Resuspended liposomes
were ultracentrifuged a second time to again separate supernatants (red lines) from liposome
suspensions that were resuspended in buffer (blue lines). Stirred samples in anaerobic

50 mM HEPES, 2 mM CaCl,, 10 mM KCI, 50 mM TEOA, pH 7 at 20 °C. Path length 1 cm.

The results from photosensitiser incubations with liposomes prepared via the new
method were identical to results previously seen with (proteo)liposomes prepared via the
previous method, Section 4.3. Therefore photosensitisers’ interactions with PC bilayers are

independent to the (proteo)liposome preparation used.

5.5 Visible-Light-Driven Reduction of Proteoliposome Incorporated MtrCAB

and Comparison with that for MtrCAB in Detergent Suspensions

To assess if photoreduction of MtrCAB within liposome bilayers was possible, irradiations
of 1 mg mL™ lipid suspensions of proteoliposomes, prepared via rapid dilution of
lipid-detergent and MtrCAB-detergent micelles, were performed in the presence of
50 mM TEOA and ~ 10 uM photosensitiser for 90 mins. A lamp power of 0.4 kW m™ was

used to avoid photosensitiser photobleaching. As approximately 60 nM MtrCAB is present
139



within a 1 mg mL™ lipid suspension of proteoliposomes, these irradiations were performed
using heme:PS ratio of ~ 1:10 (~ 1 uM heme: ~ 10 uM PS). These irradiations of
proteoliposomes were performed in an identical manner to those of MtrCAB in aqueous
solution, as described in Section 3.6. The only exception to this was Triton X-100 was not
required as MtrCAB here was located within membranes.

Spectra obtained after additions of one of the eight photosensitisers were typical of
proteoliposomes containing fully oxidised MtrCAB, Figure 5.8 and 5.9 black continuous
lines. Irradiation of proteoliposomes in the absence of photosensitisers provided no
indication of heme reduction, Figure 5.5 B grey lines. Subsequent addition of the chemical
reductant sodium dithionite caused the Soret band to intensify and shift to 420 nm, and the
appearance of sharp peaks at 523 and 552 nm in accordance with complete reduction to
form ferrous hemes, Figure 5.5 B dotted black line. By assuming that each heme of
MtrCAB equally contributes to the total absorbance change and by following changes in
intensity at 552 nm or 420 nm, the extent of photoreduction can be determined with

reference to relevant absorbance of oxidised and dithionite-reduced samples.
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Figure 5.8. Flavin photoreduction of MtrCAB within proteoliposomes.

1 mg mL™ lipid suspensions of proteoliposomes, prepared via rapid dilution method, with
either 11 uM FAD (A), 10 uM FMN (B), 14 uM RF (C) or 16 uM [Ru(bpy)s]** (D). Bottom panels
are respective spectra of those above, focused on the heme a/B-region. As prepared samples
(continuous black lines) were irradiated for 5, 15, 30, 60 and 90 mins at 0.4 kW m™ (continuous
grey lines) prior to addition of excess dithionite (dotted lines). Inserts show extent of MtrCAB
reduction during irradiation, monitored via 552 nm absorbance. Extent of reduction; and max
and min observed values; represent the average of two independent, stirred experiments
performed in anaerobic 50 mM HEPES, 2 mM CaCl,, 10 mM KCl, 50 mM TEOA, pH 7 at 20 °C.
Path length 1 cm.
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Figure 5.9. Xanthene and proflavin photoreduction of MtrCAB within proteoliposomes.

1 mg mL™ lipid suspensions of proteoliposomes, prepared via rapid dilution method, with
either 10 uM eosin Y (A), 8 uM fluorescein (B), 9 uM proflavin (C) or 11 uM RuP (D). Bottom
panels are respective spectra of those above, focused on the heme a/B-region for all except
eosin Y (Soret peak). As prepared samples (continuous black lines) were irradiated for 5, 15,
30, 60 and 90 mins at 0.4 kW m™ (continuous grey lines) prior to addition of excess dithionite
(dotted lines). Inserts show extent of MtrCAB reduction during irradiation, monitored via
552 nm absorbance for all except eosin Y (420 nm). Extent of reduction; and max and min
observed values; represent the average of two independent, stirred experiments performed in
anaerobic 50 mM HEPES, 2 mM CaCl,, 10 mM KCl, 50 mM TEOA, pH 7 at 20 °C. Path

length 1 cm.

Irradiations of these proteoliposome suspensions in the presence of organic
photosensitisers resulted in the appearance of peaks with maxima at 523 and 552 nm, as
well as a Soret shift to higher wavelengths, indicative of heme photoreduction,
Figure 5.8 A-C and 5.9 A-C grey lines. These photosensitisers were able to achieve extents
of MtrCAB photoreduction that were similar to those achieved when MtrCAB was in
aqueous solution; with flavins achieving rapid partial MtrCAB photoreduction to ~ 55 %j;

and xanthenes and proflavin achieving rapid full heme reductions.

Due to the ability of eosin Y, proflavin and fluorescein to associate with
(proteo)liposome membranes, it was of interest to confirm whether it was possible for
these membrane-associated photosensitisers to photoreduce MtrCAB within lipid bilayers.
Consequently proteoliposome samples with eosin Y, fluorescein and proflavin associated
to the lipid bilayer were prepared by incubating liposome suspensions (1 mg mL™ lipid)
with ~ 10 pM of the respective photosensitiser in the dark in the presence of excess TEOA
for 90 mins, Figure 5.10 A-C continuous lines. To ensure only membrane-associated

photosensitisers remained in these samples, they were subsequently ultracentrifuged to
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pellet and separate proteoliposomes from their external solutions before being resuspended
in an identical buffer volume. The absorbance spectra of resuspended proteoliposome
pellets showed 2 uM eosin Y and less than 0.6 uM of proflavin and fluorescein had
associated with the proteoliposome membranes, Figure 5.10 A-C dashed black lines. To
assess if photoreduction of MtrCAB within liposome bilayers was possible, these samples
were irradiated in an identical manner as described above, Figure 5.10 D-F.
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Figure 5.10. Preparation and subsequent irradiation of MtrCAB proteoliposomes with
eosin Y, fluorescein or proflavin associated to the lipid bilayers.

A-C) 1 mg mL™ lipid suspensions of proteoliposomes, prepared via rapid dilution method, with
13 uM of either eosin Y (A), fluorescein (B) or proflavin (C). As prepared samples (continuous
black lines) were incubated in the dark for 5, 15, 30, 60 and 90 mins (continuous grey lines)
prior to being ultracentrifuged to separate supernatants (dashed grey lines) from
proteoliposome pellets that were resuspended in buffer (dashed black lines).

D-F) Resuspended proteoliposomes (dashed black lines) were irradiated for 5, 15, 30, 60 and
90 mins at 0.4 kW m™ (continuous grey lines) prior to addition of excess dithionite (dotted
lines). G-1) Extent of MtrCAB reduction during irradiation, monitored via 552 nm absorbance
for all except eosin Y (420 nm). Extent of reduction; and max and min observed values;
represent the average of two independent, stirred experiments performed in anaerobic

50 mM HEPES, 2 mM CaCl,, 10 mM KCl, 50 mM TEOA, pH 7 at 20 °C. Path length 1 cm.

Inspection of experiments performed with eosin Y bound to the proteoliposome
membrane showed that after 5 mins irradiation, MtrCAB within the membrane had become
~ 65 % photoreduced, Figure 5.10 D and G. During the remaining 90 mins irradiation both

the percentage of reduced heme and Soret peak decreased in accordance with heme
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reoxidation, Figure 5.10 D and G. Closer inspection of the eosin Y spectral peak showed
photobleaching occurred during irradiation. This photosensitiser photodamage is not
surprising as only 2 uM eosin Y was present within these experiments. With proflavin
associated to the proteoliposome membrane slow and gradual MtrCAB photoreduction
during irradiation which reached ~ 55 % reduced after 90 mins. Irradiation of fluorescein
that was associated to the proteoliposome membrane provided no detectable heme
reduction within 90 mins. This was probably due to the low concentration of fluorescein
that was associated to the membrane. Taken together these results indicate that even
though MtrCAB photoreduction can be initiated by these membrane-bound
photosensitisers, the photoreduction they can achieve is limited due to the small amounts
of photosensitiser that is associated with the membrane. Therefore the rapid, complete
photoreduction of MtrCAB proteoliposomes seen with eosin Y, fluorescein and proflavin
must be contributed to random collisions between photosensitisers in the external aqueous

solution and the external portions of MtrCAB, Figure 4.1 A.

Irradiations of these proteoliposomes in the presence of either ruthenium complex
were not able to achieve any detectable heme photoreduction within 90 mins of irradiation,
Figure 5.8 D and 59 D. It was expected that photoreduction of MtrCAB in
proteoliposomes would be achieved with the ruthenium complexes if irradiations were
carried out at higher lamp powers; however, similar experiments performed at a higher
lamp power of 2 kW m™ were also unable to detect any photoreduction of MtrCAB within
90 mins, Appendix 17. It is most likely that rapid charge recombination within the
photoexcited ruthenium complexes dominate in these experiments and that rapid charge

separation must be imposed if MtrCAB photoreduction is to occur at a measurable rate.

In light of this, it was attractive to establish whether MtrCAB within
proteoliposomes would adsorb on RuP:TiO, particles to allow photoreduction of MtrCAB
as the transfer of photoexcited electrons from RuP to MtrC/OmcA was greatly accelerated
by co-adsorption of these proteins on TiO, particles, Section 3.9. Work was performed
alongside Dr Colin Lockwood, University of East Anglia, to prove if MtrCAB could be
photoreduced by RuP sensitised TiO, particles in the presence of 150 mM of the SED
2-(N-morpholino)ethanesulfonic acid at pH 6. Heme spectral features were recorded with
an integrating sphere spectrometer which mitigated against the loss of incident light due to
light scattering by the TiO, particles in addition to the proteoliposomes. Subsequent
irradiations with a lamp power of 0.4 kW m? (L >390 nm) resulted in cytochrome

photoreductions over 60 mins, Figure 5.11. These experiments show the transfer of
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photoexcited electrons from ruthenium complexes to MtrCAB within lipid bilayers were
more effective and rapid when ruthenium complexes were adsorbed on TiO; particles. The
mechanism of transfer of photoexcited electrons between RuP and MtrCAB, whether it is
through collisional encounters with RuP:TiO, particles or via direct transfer from
RuP:TiO, particles being adsorbed on MtrCAB of proteoliposomes, still remains to be
established. To distinguish these possibilities, experiments could be performed where
proteoliposome suspensions are irradiated in the presence of RuP:TiO, particles which are
completely saturated with RuP and would then be unable to co-adsorb MtrCAB. In this
case photoreduction of MtrCAB proteoliposomes would have to rely upon random
collisions between RuP:TiO, particles in solution.
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Figure 5.11. Photoreduction of MtrCAB within proteoliposomes by irradiation with
RuP-sensitised TiO, particles.

1 mg mL™ lipid suspension of proteoliposomes, prepared via rapid dilution method, with

0.05 mg of RuP:TiO,. As prepared samples (continuous black line) were irradiated for 5, 15, 30
and 60 mins at 0.4 kW m™ (continuous grey lines) prior to addition of excess dithionite (dotted
black line). Stirred samples in anaerobic 150 mM 2-(N-morpholino)ethanesulfonic acid, pH 6 at
20 °C. Path length 1 cm.

As the extent of MtrCAB photoreduction was independent of whether MtrCAB was
located in membranes or within detergent micelles it is likely the mechanisms,
thermodynamics and kinetics behind these photoreductions are all identical regardless of
location of MtrCAB. This highlights that irrespective of the probable 50:50 orientation of
MtrCAB within the proteoliposome bilayers that all the hemes must be redox accessible
irrespective of orientation, and therefore the orientation should not have an effect upon

light-driven transmembrane electron transfers to internal redox indicators.
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5.6 Conclusions

Within this chapter a new method of MtrCAB (proteo)liposome preparation has been
described that incorporates greater levels of MtrCAB than previously reported.[® %
This allowed the heme spectra to be used to monitor photoreduction of MtrCAB, and it
was established that these (proteo)liposomes do not burst during irradiation or dark

incubations with any of the photosensitisers used in this work, as presented in Figure 4.1 F.

Flavins and ruthenium complexes do not associate with liposome membranes. As
flavins were also able to photoreduce MtrCAB within proteoliposomes, we can confirm
that flavins have all the desirable qualities required of photosensitisers to study light-driven
transmembrane electron transfer via MtrCAB to redox indicator cargos within
proteoliposomes, as idealised in Figure 4.1 A. Ruthenium complexes may also be ideal
photosensitisers to study such electron transfer; however, photoreductions of MtrCAB
within lipid bilayers by these photosensitisers did not occur under the experimental
conditions used within this study, Figures 5.8 D and 5.9 D. Ruthenium complexes are
therefore not investigated any further or discussed within Chapter 6.

Eosin Y, proflavin and fluorescein were shown to associate with phospholipid
membranes. This association probably occurs via semi-partitioning within the hydrophobic
region of the outer lipid monolayer and not via crossing the membrane to be located in the
aqueous interior of liposome (i.e. Figure 4.1 D). Upon irradiation these photosensitisers
initiated photoreduction of MtrCAB within the bilayers of liposomes, which was majorly
driven by photosensitisers in the external aqueous solution instead of membrane-associated
photosensitisers. Therefore it is possible that these photosensitisers may be able to imitate
light-driven transmembrane electron transfer via MtrCAB to redox indicator cargos within

proteoliposomes, scenarios of Figure 4.1 A and B.

Extents of MtrCAB photoreduction observed within liposome membranes were
very similar to those obtained for MtrCAB in detergent suspensions. The new MtrCAB
proteoliposome preparation has therefore shown that electrons can be passed from the
external facing heme to the internal facing heme of MtrCAB within lipid bilayers. The next
requirement for the study of light-driven transmembrane electron transfer via MtrCAB in
these new proteoliposomes is the selection of a suitable redox indicator. Such a redox
indicator encapsulated within these new proteoliposomes will be able to establish

conclusively that photoexcited electrons can be passed through MtrCAB to the internal
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aqueous compartment. The next chapter of this study describes the characterisation of
redox indicators that could replace MV?* in proteoliposomes and the demonstration of
light-driven MtrCAB supported transmembrane electron transfer to one of these redox
indicators, namely reactive red 120.
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Chapter 6

Encapsulation of Redox Indicators within (Proteo)liposomes to

Demonstrate Visible-Light-Driven Transmembrane Electron Transfer

6.1 Properties Ideal for Redox Indicators within (Proteo)liposomes

The previous chapter described a new method of MtrCAB (proteo)liposome preparation
that incorporated greater levels of MtrCAB than previously reported, which allowed the
heme spectra to be used to monitor photoreduction of MtrCAB within the lipid bilayer of
proteoliposomes.’®® % %1 However; these (proteo)liposomes were unable to provide
information regarding light-driven transmembrane electron transfer supported by MtrCAB
due to the lack of an internally encapsulated redox indicator. Properties that are required
from such a redox indicator which can monitor light-driven transmembrane electron
transfer include: i) membrane-impermeable oxidised and reduced states which do not
disrupt liposome membranes; ii) a reduction potential that is more positive than those of
the hemes in MtrCAB; iii) high encapsulation; iv) appropriate change in extinction
coefficient with redox state to allow colour change to be monitored during irradiation; and

v) no undesirable reactions with photosensitisers.

Given enough time, virtually any molecule will diffuse across a lipid bilayer via its
concentration gradient. The rate at which a molecule diffuses across a lipid bilayer does
depend on the size of the molecule, but mostly depends on its relative hydrophobicity.
Hydrophobic molecules readily partition into a lipid bilayer and from there can rapidly
diffuse across a lipid bilayer. In contrast, lipid bilayers are highly impermeable to charged
hydrophilic molecules due to their charge and high degree of hydration which prevents the
molecules from entering the hydrophobic region of the bilayer. In finding an alternative to
MV?* as a redox indicator that could be internalised and studied alongside MtrCAB it was
decided to focus upon redox molecules with numerous charged groups for their ability to
be encapsulated in MtrCAB (proteo)liposomes. This chapter initially describes
characterisation of a range of such redox indicators and the subsequent screening for their
ability to be encapsulated in (proteo)liposomes, which would then be used to study
visible-light-driven transmembrane electron transfer by MtrCAB. This section of work was

performed alongside Dr Ee Taek Hwang at the University of Leeds.
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6.2 Characterisation of Redox Indicators Chosen for Encapsulation within

(Proteo)liposomes

Five water-soluble redox indicators, containing multiple charged groups, were investigated
to explore the possibility of their encapsulation within (proteo)liposomes to study
visible-light-driven transmembrane electron transfer supported by MtrCAB. The structures,
redox reactions, and spectral and electrochemical properties of these redox indicators are
discussed in the next sections and are summarised in Table 6.1. Where no or limited
information has been previously reported, assessment of the electrochemical and spectral
properties was carried out. To assess electrochemical properties, solutions containing
200 uM redox indicator were characterised by cyclic voltammetry. To assess spectral
properties, electronic absorbance spectra were obtained for 50 uM redox indicator as
prepared, after reduction with the chemical reductant dithionite and after being

subsequently air-oxidised.

Redox Indicators Structure Mmax < E. Epred
(m) [(mM*em™ (V) | (V)
Resazurin 5 608™T| ~39.0T [ 0.070"°T | N/A

N
S/CE?C\LO -0.0917®
Indigotetrasulfonic s e H $0s 591 24.1 -0.01 | N/A
Acid ,
“058 Ao 5

Amaranth HO, 8Os 520 24.7 N/A -0.35
_O3SN:N O
O O
SO;
RB5 osoomon i Yo sor | 998 | 231 N/A [-0.13
0]
(Reactive black 5) HHS 8 -0.35
o 2
’03SOCHZCH2—g@N:N 503 057
RR120 | ;C’b dﬁ';_ | 511 32.0 N/A -0.47
(Reactive red 120) ¢ N & " & -0.58
i O NH{’N:‘(N N>:N\>—NH Q ]

Table 6.1. Structural, spectroscopic and electrochemical properties of resazurin,
indigotetrasulfonic acid, amaranth, RB5 and RR120 at pH 7.

Amax and € for indigotetrasulfonic acid, amaranth, RB5 and RR120 were determined from
UV-visible spectra of 100, 50, 25, 10 and 5 uM dye using the Beer-Lambert law. Within this
concentration range absorbance was proportional to dye concentration. £, and Eper for
indigotetrasulfonic acid, amaranth, RB5 and RR120 were determined from cyclic voltammetry
of 200 uM dye, shown in Figures 6.3 and 6.5. All potentials are reported versus SHE. Samples in
50 mM HEPES, 2 mM CaCl, 10 mM KCI, pH 7.
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6.2.1 Resazurin

Resazurin is a phenoxazin-3-one dye with a cyclic nitrone functional group which is
widely used in measuring cell viability, metabolic activity and microbial activity in
sediments.'"® Reduction of resazurin in aqueous solution occurs in two two-electron
processes, as shown in Figure 6.1.7® The species and the details of electron transfer
mechanisms are pH-dependent.’’® At neutral pH, the anionic form of resazurin
predominates and undergoes an irreversible two-electron reduction, with a reduction
potential of 70 mV, to form of anionic resorufin, Figure 6.1.781 A reversible two-electron,
three-proton process, with a reduction potential of -90 mV, then leads to the formation of
hydroresorufin, Figure 6.1.'"® Photoreduction of resazurin to resorufin has been
previously reported with TiO,.H" 17!

©
? H
+ +
N - N - N
AN 2H', 2¢ N . no 3.2
© ©
0 07 0 0 07 0 HO 0 ~ “OH
Resazurin Resorufin Hydroresorufin

Figure 6.1. Resazurin redox reactions at pH 7.™®

The electronic absorption spectrum of resazurin in aqueous solution exhibits a peak
with an absorbance maximum at 608 nm with a molar extinction coefficient of
~39.0 mM™ cm™, which is characteristic of m-n* transitions originating from the tricyclic
ring system, as shown in Table 6.1."" ¥ Reduction of resazurin to resorufin provides
colour changes from purple to pink caused by the absorbance band shift to 580 nm, and
further reduction results in the loss of spectral contribution due to formation of colourless

hydroresorufin.[*’" 17!

6.2.2 Indigotetrasulfonic Acid

Indigotetrasulfonic acid is a redox indicator with a tetraanionic form at pH 7, Table 6.1.
Indigotetrasulfonic acid contains a quinone moiety which is thought to give this molecule
its redox properties, Table 6.1 and Figure 6.2. Quinones, like flavins, are able to participate
in both one- and two-electron transfers and are therefore able to exist as either an oxidised
quinone, an one-electron reduced semiquinone radical or a two-electron reduced

hydroquinone, as shown in Figure 6.2.
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Figure 6.2. Indigotetrasulfonic acid redox reactions are based on those of quinones at pH 7.

The electronic absorption spectrum of indigotetrasulfonic acid possesses one peak
with an absorbance maximum at 591 nm, Figure 6.3 A continuous line. This peak has a
molar extinction coefficient of 24.1 mM™ cm™ due to m-n* transitions originating from its
large conjugate ring system. Addition of excess dithionite caused this band to disappear
whilst a new broad peak appeared at 390 nm, Figure 6.3 A dotted lines. Subsequent air
oxidation of this sample saw the gradual reappearance of the peak at 591 nm and
disappearance of the peak at 390 nm, Figure 6.3 A dashed line, suggesting that air
oxidation of dithionite-reduced indigotetrasulfonic acid is slow.
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Figure 6.3. Spectroscopic and electrochemical characterisation of indigotetrasulfonic acid.
A) Electronic absorbance spectra of 50 uM indigotetrasulfonic acid (continuous line) prior to
addition of excess dithionite (dotted line). Stirred sample was then air oxidised (dashed line).
Path length 1 cm. B) Cyclic voltammogram of 200 uM indigotetrasulfonic acid, recorded at
20 mV s, 20 °C. Baseline (dashed line) was recorded prior to cyclic voltammogram of
indigotetrasulfonic acid was recorded (continuous line). Sample in anaerobic 50 mM HEPES,
2 mM CaCl,, 10 mM KClI, pH 7.
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The cyclic voltammogram obtained for indigotetrasulfonic acid had a single pair of
peaks corresponding to reversible oxidation and reduction occurring at a mid-point
potential of -10 mV, Figure 6.3 B. As addition of excess dithionite (En ~ -500 mV) causes
the complete reduction of indigotetrasulfonic acid from its quinone form to its
hydroquinone form, this reversible peak is most likely due to a two-electron reduction
process.®™ The peak separation of this reversible peak is larger than expected due to
Kinetic complications, slow interfacial electron transfer or proton couple electron transfer,
Figure 6.3 B.

6.2.3 Azo Dyes

Azo dyes are compounds which contain a single or multiple azo groups ¢N=N-), Table 6.1
and Figure 6.4. Aryl azo compounds are generally, water-soluble anionic compounds
which have vivid colours due to m-n* transitions originating from their conjugated ring
systems. These properties make aryl azo compounds ideal for use as dyes in textile
industries where anionic groups, such as sulphonate groups, are capable of forming
covalent bonds with amino groups present within the textiles.*®! The irreversible
reduction of azo groups to amines involves the transfer of four electrons and occurs in two

two-electron reductions, as shown in Figure 6.4.

2e7, 2H" 2e, 2H"
—_— —_—

R—N=N—R' R—NH-NH—R' R—NH, + H,N—R'

Figure 6.4. Reduction reactions of azo groups.
R and R’ represents different organic side chains.

Amaranth, reactive black 5 (RB5) and reactive red 120 (RR120) are commonly
used azo dyes with tri-, tetra- and hexa-anionic forms respectively at pH 7, Table 6.1. The
structures, spectral and electrochemical properties of amaranth, RB5 and RR120 are
summarised in Table 6.1 and Figure 6.5. These three chosen azo dyes were investigated to
explore the possibility of their encapsulation within MtrCAB (proteo)liposomes due to
their relatively large structures, multiple anionic charged groups, and because their
reductions produces anionic amines which should be membrane-impermeable. Amaranth
contains one azo group, and RB5 and RR120 both contain two azo groups, Table 6.1. The
electronic absorption spectra of amaranth, RB5 and RR120 in aqueous solution all possess
one predominately broad peak with an absorbance maximum at 520, 595 and 511 nm,
respectively. Addition of excess dithionite caused these peaks to disappear due to the

reduction of the azo groups of these molecules and the cleavage their large conjugated ring
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systems, Figure 6.5 dotted lines. Subsequent air exposure of these dithionite incubated
samples produced no further spectral changes, Figure 6.5 dashed black lines. These
observations confirm reductions of these azo dyes are irreversible and that they produce

essentially colourless amines.
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Figure 6.5. Spectroscopic and electrochemical characterisation of amaranth, RB5 and RR120.
Electronic absorbance spectra of 50 UM of either amaranth (A), RB5 (C) or RR120 (E). As
prepared samples (continuous lines) were reduced by addition of excess dithionite (dotted
lines). Stirred samples were then air exposed (dashed lines). Path length 1 cm. Cyclic
voltammograms of 200 uM of either amaranth (B), RB5 (D) or RR120 (F), recorded at 20 mV s,
20 °C. Baselines (dashed lines) were recorded prior to cyclic voltammograms of the azo dyes
were recorded (continuous lines). Samples in anaerobic 50 mM HEPES, 2 mM CaCl,,

10 mM KCl, pH 7.

The cyclic voltammogram obtained for amaranth had a single reductive peak with a
potential of -350 mV, which is attributed to the irreversible reduction of the azo group to
amines in a single step, Figure 6.5 B. The cyclic voltammogram obtained for RB5 had
three reductive peaks with potentials of -130, -350 and -570 mV, which are similar to those
reported previously for the irreversible reduction of the two azo groups within this
molecule, Figure 6.5 D.'®% The cyclic voltammogram obtained for RR120 had two
reductive peaks with potentials of -470 and -580 mV, which are associated with the
irreversible reduction of the two azo groups of RR120, Figure 6.5 F. The lack of oxidative
contribution to these cyclic voltammograms is consistent with irreversible reduction of azo

groups in each case.
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6.3 Redox Indicator Encapsulation within (Proteo)liposomes

Initial experiments involving the five redox indicators described above were performed to
assess the ability of these molecules to be encapsulated within MtrCAB (proteo)liposomes
prepared by the rapid dilution of lipid-detergent micelles with/without MtrCAB-detergent
micelles, as described in Chapter 5. To allow the encapsulation of these redox indicators to
(proteo)liposomes, 10 mM of redox indicator was added to the detergent solubilised lipid
suspension after 20 mins incubation with 55 mM OG, Figure 5.2 B. To recover any
(proteo)liposomes that had formed during rapid dilution, samples were subjected to
ultracentrifugation and were then resuspended in buffer to give liposome and
proteoliposome suspensions which were subsequently extruded by 11 passes through
polycarbonate membranes with a defined pore size of 0.2 um, as described in Section 5.2.
If any of these redox indicators significantly compromised the bilayer stability and
consequently the formation of (proteo)liposomes it would be expected that
ultracentrifugation would be unable to recover any (proteo)liposomes. These preparations
and subsequent experiments were performed in a buffer of 20 mM MOPS, 30 mM Na,SOs,
pH 7.4, which is a buffer that is optimised for cyclic voltammetry of MtrC adsorbed on
self-assembled monolayers-modified gold electrodes.™ It is expected that observations
and conclusions drawn throughout this section would be valid in a buffer of
50 mM HEPES, 2 mM CaCl,, 10 mM KCI, pH 7 that has been used throughout this thesis.

Characterisations of the (proteo)liposome samples that potentially contained the
redox indicators introduced above were performed by UV-vis spectroscopy. Parallel
dithionite additions to these MtrCAB proteoliposomes and liposomes were used to assess:
i) whether these redox indicators had been successfully encapsulated within liposomes in
high amounts; ii) whether these redox indicators had associated with the lipid membrane,
as previously seen for MV?"; and iii) if MtrCAB supported transmembrane electron
transfer to the encapsulated redox indicator. By assuming the extinction coefficients of the
redox indicators (Table 6.1) were unaffected by their location within liposomes,
estimations of the concentrations of redox indicator present within (proteo)liposome
suspensions were made. If it is assumed no transmembrane electron transfer occurred with
the liposomes, any spectral changes observed upon dithionite addition to these samples
would be due to the reduction of non-encapsulated/membrane-associated redox indicator.

The results from such experiments are discussed below.
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6.3.1 Redox Indicator Encapsulation within (Proteo)liposomes Prepared from

Phosphatidylcholine

Ultracentrifugations performed after the rapid dilution of lipid-detergent micelles
with/without MtrCAB-detergent micelles in the presence of 10 mM of either resazurin,
RB5 or RR120 were unable to recover any (proteo)liposome pellets, which suggests these
redox indicators interfere with (proteo)liposome formation. Ultracentrifugations performed
after the rapid dilution of lipid-detergent micelles with/without MtrCAB-detergent micelles
in the presence of 10 mM of either indigotetrasulfonic acid or amaranth recovered blue and
red coloured (proteo)liposome pellets, respectively. Figure 6.6 shows the spectra of
1 mg mL™ lipid suspensions of these (proteo)liposomes after completion of their respective
preparations. Table 6.2 summarises of the encapsulated and total (encapsulated and
non-encapsulated) concentrations of indigotetrasulfonic acid and amaranth present within

these (proteo)liposomes suspensions.
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Figure 6.6. Encapsulation of indigotetrasulfonic acid and amaranth within (proteo)liposomes
prepared from phosphatidylcholine.

1 mg mL™ lipid suspensions of liposomes (A and C) and proteoliposomes (B and D) prepared via
rapid dilution method using PC lipid in the presence of 10 mM of either indigotetrasulfonic
acid (A and B) or amaranth (C and D). As prepared samples (continuous lines) prior to addition
of excess dithionite and subsequent 1 min incubation (dotted lines). Stirred samples in
anaerobic 20 mM MOPS, 30 mM Na,S0,, pH 7.4 at 20 °C. Path length 1 cm.
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Total Encapsulated
Concentration|Concentration
(nM) (nM)
Indigotetrasulfonic | Liposomes 9 4.5
acid Proteoliposomes 2 1
Liposomes 15 5
Amaranth Proteoliposomes 3 1

Table 6.2. Total and encapsulated concentrations of indigotetrasulfonic acid and amaranth
within 1 mg mL" lipid suspensions of (proteo)liposomes prepared from phosphatidyicholine.

The absorbance spectrum of liposomes containing indigotetrasulfonic acid showed
a peak with an absorbance maxima at 591 nm which corresponds to
~ 9 uM indigotetrasulfonic acid being present within the 1 mg mL™ liposome suspension,
Figure 6.6 A continuous line. Addition of dithionite caused the intensity of this peak to
decrease due the reduction of non-encapsulated indigotetrasulfonic acid and showed only
~ 4.5 uM indigotetrasulfonic acid was encapsulated within liposomes, Figure 6.6 A dotted
line. The absorbance spectrum of proteoliposomes containing indigotetrasulfonic acid
exhibits an intense absorption in the Soret region with a maximum at 410 nm that is
associated with the heme present; however, the o/B-region was obscured by spectral
contributions from ~ 2 pM indigotetrasulfonic acid present within the 1 mg mL™
proteoliposome suspension, Figure 6.6 B continuous line. Addition of dithionite to these
proteoliposomes caused spectral changes which are associated with the complete reduction
of MtrCAB and indigotetrasulfonic acid, Figure 6.6 B dotted line.

The absorbance spectrum of liposomes containing amaranth showed a broad peak
with an absorbance maxima at 520 nm which corresponds to ~ 15 uM amaranth being
present within the 1 mg mL™ liposome suspension, Figure 6.6 C continuous line. Addition
of dithionite caused the intensity of this peak to decrease and revealed that
~5 uM amaranth was encapsulated within liposomes, Figure 6.6 C dotted line. The
absorbance spectrum of proteoliposomes containing amaranth exhibits an intense
absorption in the Soret region with a maximum at 410 nm that is associated with heme
being present; however, the o/B-region was obscured by the 520 nm peak associated with
~ 3 uM amaranth present within the proteoliposome suspension, Figure 6.6 D continuous
line. Addition of dithionite to these proteoliposomes resulted in spectral changes which are

associated with the complete reduction of MtrCAB and amaranth, Figure 6.6 D dotted line.

These experiments indicated that both indigotetrasulfonic acid and amaranth could
both be successfully encapsulated within MtrCAB (proteo)liposomes prepared via the

rapid dilution method. Addition of dithionite to these liposomes suspensions revealed that
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50 % of indigotetrasulfonic acid and 66 % of amaranth was dithionite accessible and was
therefore non-encapsulated. This revealed only ~ 5 uM of these redox indicators was
encapsulated within their respective 1 mg mL™ liposome suspensions. As MtrCAB should
support dithionite induced transmembrane electron transfer, redox indicators within
MtrCAB proteoliposome suspensions should be completely dithionite accessible. This
makes distinguishing the concentrations of encapsulated and non-encapsulated redox
indicators present within proteoliposome suspensions via dithionite additions impossible.
However, by assuming similar percentages of non-encapsulated redox indicator are present
in samples of liposomes and proteoliposomes prepared in parallel, it was estimated that
only ~ 1 uM of indigotetrasulfonic acid and of amaranth was encapsulated within their
respective proteoliposome suspensions. The difference between the concentration of
encapsulated redox indicator found within liposomes and proteoliposomes is not surprising
as these would have approximately the same size but the internal aqueous volume within
proteoliposomes would be smaller due to portions of MtrCAB extending into this aqueous
volume. The low encapsulation of indigotetrasulfonic acid and amaranth within
proteoliposomes and the high percentages of non-encapsulation are not ideal for

monitoring spectral changes due to light-induced transmembrane electron transfers.

The encapsulation of the five chosen redox indicators within (proteo)liposomes
prepared via rapid dilution was mostly unsuccessful, with the presence of resazurin, RB5
and RR120 hindering (proteo)liposome formation. The exact mechanism by which these
redox indicators interfered with (proteo)liposome formation was beyond the scope of this
study; however, it is possible that ionic interactions occur between the anionic groups of
these redox indicators (Table 6.1) and the positively charged group found within the lipid
PC, Figure 1.8. Consequently it was decided to trial encapsulation of these redox indicators
within MtrCAB (proteo)liposomes prepared with a different lipid composition which
would provide an overall negative charge to limit these possible interactions. As described
previously in Section 1.5.2.1 and Figure 1.9, E. coli total lipid extract contains the anionic
phospholipid PG which provides the membranes of E. coli microbes an overall negative
charge. Therefore the ability of the chosen redox indicators to be encapsulated within
(proteo)liposomes composed from E. coli lipids and prepared by the rapid dilution of
lipid-detergent micelles with/without MtrCAB-detergent micelles was assessed. Other than
the lipid identity the preparation method protocol, as described in Section 5.2, and the
experiments to carry out these assessments were identical to those previously described in

this section. The results from such experiments are discussed below.
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6.3.2 Redox Indicator Encapsulation within (Proteo)liposomes Prepared from

E. coli Total Lipid Extract

Ultracentrifugations performed after the rapid dilution of E. coli lipid-detergent micelles
with/without MtrCAB-detergent micelles in the presence of 10 mM RB5 were unable to
recover significant (proteo)liposome pellets, suggesting that RB5 interferes with this
(proteo)liposome formation. Ultracentrifugations performed after the rapid dilution of
E. coli lipid-detergent micelles with/without MtrCAB-detergent micelles in the presence of
10 mM indigotetrasulfonic acid or resazurin recovered blue (proteo)liposome pellets, while
those in the presence of 10 mM amaranth or RR120 recovered red pellets. Figure 6.7
shows the spectra of 1 mg mL™ lipid suspensions of (proteo)liposomes containing either
indigotetrasulfonic acid, resazurin or amaranth after completion of their preparations.
Table 6.3 summarises of the encapsulated and total concentrations of indigotetrasulfonic

acid, reazurin and amaranth present within these (proteo)liposomes suspensions.
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Figure 6.7. Encapsulation of indigotetrasulfonic acid, resazurin and amaranth within
(proteo)liposomes prepared from E. coli total lipid extract.

1 mg mL™ lipid suspensions of liposomes (A, C and E) and proteoliposomes (B and D) prepared
via rapid dilution of E. coli lipid-detergent micelles with/without MtrCAB-detergent micelles in
the presence of 10 mM of either indigotetrasulfonic acid (A and B), resazurin (C and D), or
amaranth (E). As prepared samples (continuous lines) prior to addition of excess dithionite and
subsequent 1 min incubation (dotted black lines). Addition of excess Triton X-100 to dithionite
incubated proteoliposomes thought to contain resazurin (dotted grey lines). Stirred samples in
anaerobic 20 mM MOPS, 30 mM Na,S0., pH 7.4 at 20 °C. Path length 1 cm.

157



Total Encapsulated
Concentration|Concentration
(nM) (nM)
Indigotetrasulfonic | Liposomes 13 4
acid Proteoliposomes 9 3
Liposomes 1-2 N/A
Resazurin Proteoliposomes 1-2 N/A
Amaranth Liposomes 12 N/A
Liposomes 16 10
RR120 Proteoliposomes 25 16

Table 6.3. Total and encapsulated concentrations of indigotetrasulfonic acid, resazurin,
amaranth and RR120 within 1 mg mL™ lipid suspensions of (proteo)liposomes prepared from
E. coli total lipid extract.

The absorbance spectra of liposomes containing indigotetrasulfonic acid showed
~ 13 uM indigotetrasulfonic acid was present within the 1 mg mL™ liposome suspension,
Figure 6.7 A continuous line. Addition of dithionite caused the intensity of this peak to
decrease due the reduction of non-encapsulated indigotetrasulfonic acid. This showed that
only ~ 30 % of the indigotetrasulfonic acid (~ 4 uM) was encapsulated within liposomes,
Figure 6.7 A dotted line. The absorbance spectrum of proteoliposomes containing
indigotetrasulfonic acid exhibits an intense absorption in the Soret region with a maximum
at 410 nm typical of oxidised MtrCAB, Figure 6.7 B continuous line. This confirms
MtrCAB incorporation in proteoliposomes prepared via rapid dilution of
MtrCAB-detergent and lipid-detergent micelles is independent of the lipid identity. The
a/B-region was obscured by spectral contributions from indigotetrasulfonic acid,
Figure 6.7 B continuous line. The absorbance at 591 nm corresponded to
~ 9 uM indigotetrasulfonic acid being present within the 1 mg mL™ proteoliposome
suspension, and subsequent addition of dithionite to these proteoliposomes caused spectral
changes which are associated with the complete reduction of MtrCAB and
indigotetrasulfonic acid, Figure 6.7 B dotted black line. Assuming a similar percentage of
non-encapsulated indigotetrasulfonic acid is present in these liposomes and
proteoliposomes that were prepared in parallel, it would be estimated that only ~ 3 uM of
this indigotetrasulfonic acid was encapsulated within this proteoliposome suspensions. The
high percentage of non-encapsulation within these proteoliposomes would make
distinguishing reductions of external indigotetrasulfonic acid from those of internal
indigotetrasulfonic acid difficult, and therefore these were not suitable for studying

light-induced transmembrane electron transfers.

The absorbance spectra of (proteo)liposomes containing resazurin exhibits a low

intensity, broad peak at ~ 600 nm, which corresponds to 1-2 uM resazurin being present
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within these 1 mg mL™ (proteo)liposomes suspensions, Figure 6.7 C and D continuous
lines. Parallel additions of dithionite to these suspensions caused this absorbance peak to
shift to 580 nm in accordance with the reduction of resazurin to resorufin, Figure 6.7 C and
D dotted black lines. Complete reduction of resazurin to hydroresorufin was only observed
upon the solubilisation of proteoliposomes with Triton X-100, as evidenced by the loss of
scattering contributions to the spectra, Figure 6.7 D dotted grey lines. It is likely that
complete reduction of resazurin within proteoliposomes is not observed due to the build up
of charge differences across the membrane, as previously reported with MtrCAB
proteoliposomes containing MV?".*! Due to this complication, and low encapsulation
seen, it was decided that resazurin (proteo)liposomes should not be used to study

light-driven transmembrane electron transfers.

The absorbance spectrum of liposomes containing amaranth showed a broad peak
with an absorbance maxima at 520 nm which corresponds to ~ 12 uM amaranth being
present within the 1 mg mL™ liposome suspension, Figure 6.7 E continuous line. Addition
of dithionite caused the intensity of both this peak and the scattering contribution from
liposomes to decrease, Figure 6.7 E dotted black line. As addition of dithionite to other
similarly prepared liposomes does not result in any loss of scattering contribution, this later
observation suggests reduction of amaranth compromises the stability of the E. coli lipid
bilayer. This thus makes amaranth an unsuitable redox indicator for encapsulation within

(proteo)liposomes composed of E. coli lipids.

Figure 6.8 shows the spectra of 1 mg mL™ lipid suspensions of (proteo)liposomes
containing RR120 after completion of their preparations. The absorbance spectrum of
liposomes containing RR120 showed a high intensity, broad peak with an absorbance
maxima at 511 nm which corresponds to approximately 16 uM RR120 being present
within the 1 mg mL™ liposome suspension, Figure 6.8 A continuous line. Addition of
dithionite caused the intensity of this peak to decrease due the reduction of
non-encapsulated RR120 and revealed that more than 60 % of this RR120 (~ 10 uM) was
encapsulated within liposomes, Figure 6.8 A dotted line. No further loss in this absorbance
was observed over longer time periods. The absorbance spectrum of proteoliposomes
containing RR120 exhibits an absorption in the Soret region with a maximum at 410 nm
that is typical of oxidised MtrCAB, Figure 6.8 B continuous line. The o/p-region was
dominated by spectral contributions from the approximate 25 uM RR120 that was present
within the 1 mg mL™ proteoliposome suspension, Figure 6.8 B continuous line. Addition

of dithionite to these proteoliposomes caused spectral changes which are associated with
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the complete reduction of MtrCAB and, significantly, also of RR120, Figure 6.8 B dotted
line. Assuming a similar percentage of non-encapsulated RR120 for the liposomes and
proteoliposomes that were prepared in parallel, it was estimated that

approximately 16 uM RR120 was encapsulated within this proteoliposome suspensions.
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Figure 6.8. Encapsulation of RR120 in (proteo)liposomes comprised of E. coli lipids.

1 mg mL™ lipid suspensions of liposomes (A) and proteoliposomes (B) prepared via rapid
dilution of E. coli lipid-detergent micelles with/without MtrCAB-detergent micelles in the
presence of 10 mM RR120. As prepared samples (continuous lines) prior to addition of excess
dithionite and subsequent 1 min incubation (dotted lines). Stirred samples in anaerobic 20 mM
MOPS, 30 MM Na,SO,, pH 7.4 at 20 °C. Path length 1 cm.

The colour changes that occurred after parallel dithionite additions to the
proteoliposomes and liposomes containing RR120 was clearly followed by eye, Figure 6.9,
and demonstrates that MtrCAB acts as a nanowire, allowing transmembrane electron
transfer to RR120. These results show that RR120-containing (proteo)liposomes, prepared
by the rapid dilution of E. coli lipid-detergent micelles with/without MtrCAB-detergent
micelles, have potential for being used to study of light-driven transmembrane electron
transfer via MtrCAB. The characterisation of (proteo)liposomes containing RR120 is

described next.
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Figure 6.9. RR120 reduction within (proteo)liposomes prepared from E. coli lipids.

1 mg mL™ lipid suspensions of liposomes (A) and proteoliposomes (B) prepared via rapid
dilution method of E. coli lipid-detergent micelles with/without MtrCAB-detergent micelles in
the presence of 10 mM RR120. As prepared samples prior to addition of excess dithionite (0
mins) and after 15, 30 and 60 mins as noted. Samples in anaerobic 20 mM MOPS,

30 mM Na,S0,, pH 7.4 at 20 °C.

6.4 Preparation and Characterisation of RR120-Containing (Proteo)liposomes

Prepared from E. coli Total Lipid Extract

The protocol for preparation of (proteo)liposomes containing RR120 from rapid dilution of
E. coli lipid-detergent micelles with/without MtrCAB-detergent micelles is outlined in
Figure 6.10. The details of this protocol are outlined in Section 5.2 with the differences
being that E. coli total lipid extract was used instead of PC, Figure 6.10 A, and the addition
of 10 MM RR120 to the completely solubilised lipid suspension after 20 mins incubation
with 55 mM OG, Figure 6.10 B. It should be noted that these preparations and subsequent
experiments were performed in a buffer of 50 mM HEPES, 2 mM CaCl,, 10 mM KCl,
pH 7. At the end of their preparations, (proteo)liposome suspensions were incubated for
1 hour with Biobeads (0.1 g per 1 mg of lipid in 5 mg mL™ lipid suspension) to remove
non-capsulated hydrophobic RR120. Even with these modifications to the
(proteo)liposome protocol, it was assumed the orientation, topology and incorporation

heterogeneity of MtrCAB in proteoliposomes are identical to those described in Chapter 5.
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Dry E. coli Lipids Hydration in 50 mM HEPES,
2mM CaCl,, pH 7
(10.3 mg mL" lipid)

A)
992 £ 608 nm, 61.3 % Pd
Detergent Solubilisation (55 mM OG)
B) RR120 inclusion (10 mM)
(~130 nM MtrCAB)
CQ C
Liposomes - 120 + 61 nm, 50.8 % Pd
Proteoliposomes - 90 + 31 nm, 34.4 % Pd
5+1nm,20.0% Pd
D) Q)
Extrusion A
Rapid Dilution (10 fold)
Ultracentrifuge

Liposomes - 104 + 33 nm, 31.7 % Pd
Proteoliposomes - 87 + 18 nm, 20.7 % Pd

Figure 6.10. Summary of the preparation of (proteo)liposomes containing RR120 from rapid
dilution of E. coli lipid-detergent micelles with/without MtrCAB-detergent micelles, with
average hydrodynamic radii after key steps.

Average hydrodynamic radii and polydispersity (Pd) determined from DLS measurements. Data
are representative of that from several preparations of (proteo)liposomes. Orange circles
represent MtrCAB. Purple structures represent detergent molecules. Structures of MLVs and
LUVs indicated are deduced from literature of similar systems, as described in Section 1.5.2.2.

DLS measurements showed the hydrodynamic radii of RR120-containing
proteoliposomes and liposomes to be 90 + 31 and 120 + 61 nm, respectively. Cryo-TEM,
performed by Miss Anna Stikane and Dr Rebecca Thompson at the University of Leeds,
was used to obtain information on the structure and classification of these (proteo)liposome
vesicles, Figure 6.11. Cryo-TEM images were able to distinguish the leaflets of lipid
bilayers, and confirmed that these (proteo)liposomes containing RR120 had radii below
100 nm and proteoliposomes were more homogeneous in size than those prepared via the
incorporation of MtrCAB into preformed liposomes, Section 4.2. These images also
showed the (proteo)liposome suspensions consisted mostly of large unilamellar vesicles,
Figure 6.11.
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Liposomes Proteoliposomes

Figure 6.11. Cryo-TEM images of (proteo)liposomes containing RR120.
Cryo-TEM images of liposomes (A) and proteoliposomes (B) prepared via rapid dilution
method. Black scale bars represent 100 nm. Images courtesy of Miss Anna Stikane.

Figure 6.12 shows the spectra of 1 mg mL™ lipid suspensions of (proteo)liposomes
containing RR120 in a buffer of 50 mM HEPES, 2 mM CaCl,, 10 mM KCI, pH 7 exhibits
a broad peak with an absorbance maximum at 511 nm due to the RR120. The absorbance
spectrum of the proteoliposome sample also exhibits a Soret band with a maximum at
410 nm which is typical of oxidised MtrCAB, Figure 6.12 B continuous line. By using the
extinction coefficient of RR120 (Table 6.1), the RR120 concentration within these

proteoliposome and liposome samples was determined to be 6 and 9 uM, respectively.
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Figure 6.12. Absorbance spectra of (proteo)liposomes containing RR120.
1 mg mL™ lipid suspensions of liposomes (A) and proteoliposomes (B) prepared via rapid
dilution of E. coli lipid-detergent micelles with/without MtrCAB-detergent micelles in the
presence of 10 mM RR120. As prepared samples (continuous lines) prior to additions of excess
dithionite and subsequent 1 min incubation (dotted black lines) and of excess Triton X-100
(dotted grey line). Stirred samples in anaerobic 50 mM HEPES, 2 mM CaCl,, 10 mM KCI, pH 7 at
20 °C. Path length 1 cm.
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Parallel dithionite additions made to RR120-containing MtrCAB proteoliposomes
and liposomes clearly demonstrated transmembrane electron transfer from dithionite to
RR120 is dependent on the presence of MtrCAB, Figure 6.12. Addition of dithionite to
liposomes caused the intensity of the peak at 511 nm to slightly decrease, Figure 6.12 A
dotted black line, due the reduction of ~ 0.5 uM RR120 that is not encapsulated within the
liposomes. Complete dithionite-reduction of RR120 was only observed after solubilisation
of liposomes with Triton X-100, Figure 6.12 A dotted grey lines. By contrast to the lack of
spectral change induced by addition of dithionite to the intact RR120 liposomes, addition
of dithionite to proteoliposomes caused the Soret band to intensify and shift to 420 nm, the
complete disappearance of the broad peak at 511 nm, and the appearance of sharp peaks at
523 and 552 nm, Figure 6.12 B dotted black line. These spectral changes are associated
with the complete reduction of both MtrCAB and RR120. Solubilisation of
proteoliposomes with Triton X-100 isolated the reduced heme spectrum by removal of the
liposome scattering contribution, Figure 6.12 C dotted grey line. By using the extinction
coefficient of MtrCAB, the total MtrCAB concentration was determined to be ~ 60 nM for
a 1 mg mL™ lipid suspension. By using Equation 5.1 and calculating the number of
proteoliposomes present within a 1 mg mL™ lipid suspension, it is predicted that these

proteoliposomes would have an average of 13 MtrCAB per lipid vesicle.

This experiment is essentially the same as previously shown in Figure 6.8, with the
major difference being the buffer that was used in preparations and experiments;
with 50 mM HEPES, 2 mM CaCl,, 10 mM KCI, pH 7 being used here instead of
20 mM MOPS, 30 mM Na,SO,, pH 7.4. It is possible that the smaller amounts of RR120
that is encapsulated in these (proteo)liposome samples in comparison to previous samples
(Figure 6.8) is due to these differences in buffer and electrolyte, but this may also just be
due to preparation to preparation variability. It is notable that significantly less reduction of
RR120 in liposome suspensions was observed upon addition of dithionite (~ 8 %) than
previously seen in Figure 6.8 (~ 37 %). This indicates that the incubation of liposome
samples with Biobeads was effective at removing non-encapsulated RR120, which would
presumably also be true for proteoliposome samples. With consideration that very little
RR120 is located outside liposomes, and presumably outside proteoliposomes, these
(proteo)liposomes offer a good alternative to MV/?* as an internalised redox indicator. The
complete removal of MV?* from liposomes was presumed to be impossible due to
hydrophobic interactions between the viologen alkyl chains and hydrophobic portion of the

lipid membrane.*™ Due to the presence of the multiple anionic groups of RR120
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(Table 6.1), such hydrophobic interactions and inability to completely remove

non-encapsulated RR120 are not expected.

In agreement with this hypothesis we are not aware of any previous reports which
demonstrate RR120 binding to the surface of lipid membranes. It was still of interest to us
to determine whether RR120 could bind to lipid membranes composed of E. coli lipids and
whether complete removal of non-encapsulated RR120 was possible. Consequently
liposomes without encapsulated RR120 were prepared in an identical manner to those
described above before 24 uM RR120 was added to a 1 mg mL™ lipid suspension of these
liposomes and subsequently incubated in the dark, in the presence of TEOA for 90 mins,
Figure 6.13 continuous lines. Minimal spectral changes were observed during incubations
of liposomes with external RR120, Figure 6.13 continuous grey lines, confirming RR120
does not affect the stability of liposome membranes composed of E. coli lipids. After
90 min incubation was complete, ultracentrifugation pelleted the liposomes which were
separated from the supernatant before being resuspended in an identical buffer volume.
After ultracentrifugation, the spectral features associated with RR120 were completely
located within the supernatant, and the spectra of the resuspended liposomes only exhibited
scattering contributions associated with liposomes, Figure 6.13 dashed lines. Thus the
external RR120 remained externally located and did not associate with liposome
membranes composed of E. coli lipids, therefore it is entirely possible that complete

removal of external RR120 from (proteo)liposomes could be achieved.
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Figure 6.13. RR120 interactions with liposomes comprised of E. coli lipids.
1 mg mL™ lipid suspension of liposomes, prepared via rapid dilution of E. coli lipid-detergent
micelles, with 24 uM RR120 (continuous black line) was incubated in the dark for 5, 15, 30, 60
and 90 mins (continuous grey lines) prior to being ultracentrifuged to separate supernatants
(dashed grey line) from liposome pellets that were resuspended in buffer (dashed black line).
Stirred sample in anaerobic 50 mM HEPES, 2 mM CaCl,, 10 mM KCI, 50 mM TEOA, pH 7 at
20 °C. Path length 1 cm.
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6.5 Possible Interactions Between Photosensitisers and RR120-Containing

(Proteo)liposomes Prepared from E. coli Total Lipid Extract

Light-driven reduction of MtrCAB within liposome membranes composed of PC in
presence of TEOA by FMN, FAD, RF, eosin Y, fluorescein and proflavin was described in
Chapter 5. Eosin Y, fluorescein and proflavin were shown to associate with PC membranes
but their photoreductions of MtrCAB proteoliposomes were mainly due to random
collisions between photosensitisers in the external solution and the external surface of the
MtrCAB complex in proximity to the hemes.

Photoreduction of MtrCAB within liposome membranes and subsequent
transmembrane electron transfer to internal encapsulated RR120 can be envisioned to be
induced by these photosensitisers. However, a number of different scenarios which result
in the photoreduction of RR120 within proteoliposomes can be envisioned, which are
similar to those summarised in Figure 4.1. It is possible that by changing the membrane
lipid composition from PC to E. coli total lipid extract and by encapsulating RR120 within
(proteo)liposomes, the interactions between photosensitisers and (proteo)liposomes could
be different to those seen in Chapter 5. Therefore characterisation of liposomes containing
RR120 collected by ultracentrifugation after dark incubations with photosensitisers, similar
to those performed in Section 5.4, were performed to allow conclusions to be made with
regard to whether photosensitisers interact with these liposomes. The following section
describes such experiments for the flavins, xanthenes and proflavin photosensitisers. These
observations were then further built upon using RR120-containing (proteo)liposomes, as

described in Section 6.8.

6.6 Assessment of Photosensitiser Association with Liposomes

Experiments with liposomes containing RR120, prepared via rapid dilution of E. coli
lipid-detergent micelles, and the six chosen photosensitisers were performed to investigate
whether photosensitisers affected membrane stability or bound to the liposome
membranes, Figure 4.1 B, C and F. To assess whether photosensitisers associate with or
lyse liposomes containing RR120, incubations of liposomes in the presence of
photosensitisers were performed in an identical manner to those described in Section 5.4,

as shown in Figure 6.14.
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Figure 6.14. Photosensitiser interactions with RR120-containing liposomes.

1 mg mL™ lipid suspensions of liposomes containing RR120, prepared via rapid dilution of

E. coli lipid-detergent micelles, with either 94 uM FAD (A), 81 uM FMN (B), 84 uM RF (C),

10 uM eosin Y (D), 14 uM fluorescein (E) or 11 uM proflavin (F). As prepared samples
(continuous black lines) were incubated in the dark for 5, 15, 30, 60 and 90 mins (continuous
grey lines) prior to being ultracentrifuged to separate supernatants (dashed grey lines) from
liposome pellets that were resuspended in buffer (dashed black lines). Stirred samples in
anaerobic 50 mM HEPES, 2 mM CaCl,, 10 mM KCI, 50 mM TEOA, pH 7 at 20 °C. Path

length 1 cm.

Minimal spectral changes were observed during incubations of liposomes with
photosensitisers, Figure 6.14 continuous grey lines. This indicates the liposome
membranes composed of E. coli lipids were stable and did not burst in the presence of any
of the photosensitisers; therefore there is no evidence for the scenario of Figure 4.1 F for
any of the studied photosensitisers. After incubations were complete, ultracentrifugation

pelleted the liposomes which were subsequently resuspended in an identical buffer volume.

Once liposomes containing RR120 incubated with flavins had been pelleted by
ultracentrifugation, the spectral features associated with flavins were completely located
within the supernatant, and the spectra of the resuspended liposomes only exhibited
spectral features associated with liposomes containing RR120, Figure 6.14 A-C dashed
lines. Thus flavins remained externally located and did not associate with liposomes
containing RR120. The absorbance spectra of resuspended RR120-containing liposome
pellets gathered after ultracentrifugation of liposomes that had been incubated with
xanthenes or proflavin showed less than 0.1 uM or 1uM of these respective
photosensitisers associated within these liposome membranes, Figure 6.14 D-F dashed
black lines. Within previous chapters it has been proposed that these photosensitisers
associate with the outer membrane of PC lipid membranes with the conjugated rings
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associating with the hydrophobic region and the charged hydrophilic groups associating
with the external solution. It is likely that eosin Y and fluorescein associate with the outer
membrane of these E. coli lipid membranes in a similar manner; however, the presence of
negatively charged PG lipids causes their association to be less than that is seen with PC
lipid membranes. There is an increase in the amount of proflavin associated with
membranes composed of E. coli lipids in comparison to those composed of PC lipid which
is probably due to the additional presence of ionic binding between negatively charged PG

lipid and this cationic photosensitiser.

6.7 RR120 as a Probe of Liposome Permeability

As RR120 is membrane-impermeable, encapsulated RR120 can be used as a probe of
liposome permeability in the presence of external chemicals. Ideally if RR120 is only
located internally and the liposome bilayer is impermeable to photoexcited electrons and
photosensitisers then no photoreduction of encapsulated RR120 should be detected with
external photosensitisers and TEOA. It is also possible that membrane-associated eosin Y,
fluorescein and proflavin could also be within electron transfer distance of internal RR120,

as presented in Figure 4.1 C.

We are not aware of any previous reports which demonstrate the photoreduction of
RR120. Eosin Y, fluorescein and proflavin all have photoreduction potentials below
-780 mV (Table 3.2) which are sufficiently negative to carry out complete photoreduction
of RR120 (Table 6.1). The flavin photoreduction potential (En, = -220 mV) is more positive
than the peak potentials in cyclic voltammogram for reduction of RR120 (Epred = -470 and
-580 mV). Under constant irradiation, the percentage of reduced flavin becomes essentially
100 % such that the effective flavin photoreduction potential would be ~-360 mV,
Figure 4.8 dotted line. The cyclic voltammogram obtained for RR120 reports reductive
currents starting at potential of -300 mV, Figure 6.5 F. It can therefore be concluded that

flavins have the potential to carry out photoreduction of RR120.

Within the following sections, the propensity of RR120 for photoreduction by
flavins, xanthenes and proflavin is discussed prior to subsequent comparison to the
behaviours seen when liposomes containing RR120 were irradiated in the presence of these

photosensitisers.
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6.7.1 Propensity of RR120 for Light-Driven Reduction

To assess the speed and extent of RR120 photoreduction by organic photosensitisers used
in this study, irradiations of anaerobic solutions of 10 uM RR120 were carried out in the
presence of 50 mM TEOA and 10 uM photosensitiser. A lamp power of 0.4 kW m? was
used to avoid photosensitiser photobleaching. Irradiation of RR120 in the absence of
photosensitisers provided no indication of azo reduction, Figure 6.15 grey lines. Spectra
obtained after additions of one of the six organic photosensitisers were essentially
combinations of the spectral features of 10 uM of both RR120 and the corresponding
photosensitiser. Subsequent addition of dithionite resulted in disappearance of the broad
peaks at 511 nm in accordance with the reduction of RR120, Figure 6.15 dotted line. By
following changes in intensity at 511 nm, or 550 nm, the photoreduction of RR120 can be
monitored and the extent of photoreduction can be determined with reference to
absorbance of oxidised and dithionite-reduced samples. Irradiations of RR120 by all
organic photosensitisers under the conditions described above are presented within the

following subsections.
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Figure 6.15. Irradiation of RR120 with no photosensitisers.

10 uM RR120 (continuous black line) was irradiated for 1, 2, 3, 4, 5, 15, 30, 60 and 90 mins at
0.4 kW m™ (grey lines) prior to addition of dithionite (dotted line). Stirred sample in anaerobic
50 mM HEPES, 2 mM CaCl,, 10 mM KCl, 50 mM TEOA, pH 7 at 20 °C. Path length 1 cm.
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6.7.1.1 Eosin Y, Fluorescein and Proflavin

Figure 6.16 shows spectra obtained during irradiations of 10 pM RR120 in the presence of
10 uM of eosin Y, fluorescein or proflavin. The spectral features of proflavin did not
significantly overlap with the absorbance peak of RR120; however, eosin Y possesses an
absorbance peak at 520 nm which significantly overlap with this absorbance peak,
Figure 6.16 A and C. Therefore the extents of RR120 reduction by eosin Y could not be
monitored by following the absorbance at a single wavelength. Fluorescein possesses an
absorbance peak at 490 nm which significantly overlap with the 510 nm region of a RR120
spectrum but has less spectral impact on the 550 nm region, Figure 6.16 B, therefore
RR120 photoreduction by fluorescein had to be followed by the absorbance at 550 nm.
Irradiations of RR120 with eosin Y, fluorescein or proflavin resulted in the decrease of the
broad peak with maxima at 511 nm to leave spectral features of the corresponding
photosensitiser, Figure 6.16. This correlated with the complete photoreduction of
10 uM RR120 which occurred within 30 mins for eosin Y and proflavin and 90 mins for

fluorescein, Figure 6.16.
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Figure 6.16. RR120 photoreduction by eosin Y, fluorescein and proflavin.

10 uM RR120 with 10 uM of either eosin Y (A), fluorescein (B) or proflavin (C). As prepared
samples (continuous black lines) were irradiated for 1, 2, 3, 4, 5, 15, and 30 mins; and 60 and
90 mins for fluorescein; at 0.4 kW m™ (grey lines) prior to addition of excess dithionite (dotted
lines). Inserts show extent of RR120 reduction during irradiation, monitored via 511 nm or
550 nm absorbance for proflavin and fluorescein, respectively. Extent of reduction; and max
and min observed values; represent the average of two independent, stirred experiments
performed in anaerobic 50 mM HEPES, 2 mM CaCl,, 10 mM KCl, 50 mM TEOA, pH 7 at 20 °C.
Path length 1 cm.

6.7.1.2 Flavins

Figure 6.17 shows spectra obtained during irradiations of 10 uM RR120 in the presence of
10 uM flavins. The spectral features of oxidised flavin and RR120 both decreased during
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irradiations indicating that fully reduced flavin was formed and subsequently RR120
photoreduction occurred, Figure 6.17. Inspection of these spectral changes confirmed that
absorbance changes at 511 nm were dominated by contributions from RR120
photoreduction with no influence from flavin spectral changes. Complete photoreduction
of RR120 by RF occurred within 60 mins; however, FMN and FAD were only able to
achieve 90 % and 60 % RR120 photoreduction within the same time, Figure 6.17 inserts.
The rate of RR120 photoreduction observed here varied with flavin identity
(RF > FMN > FAD). The complete RR120 photoreduction achieved by RF confirms
thermodynamic predictions that flavins can carry out complete RR120 photoreductions

during irradiations, as described in Section 6.7.
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Figure 6.17. RR120 photoreduction by flavin photosensitisers.

10 uM RR120 with 10 uM of either FAD (A), FMN (B) or RF (C). As prepared samples
(continuous black lines) were irradiated for 1, 2, 3, 4, 5, 15, 30 and 60 mins; and 90 mins for
FAD; at 0.4 kW m™ (grey lines) prior to addition of excess dithionite (dotted lines). Inserts show
extent of RR120 reduction during irradiation, monitored via 511 nm absorbance. Extent of
reduction; and max and min observed values; represent the average of two independent,
stirred experiments performed in anaerobic 50 mM HEPES, 2 mM CaCl,, 10 mM KCl,

50 mM TEOA, pH 7 at 20 °C. Path length 1 cm.

6.7.2 Irradiation of Liposomes Containing RR120

To assess if photoreduction of RR120 encapsulated within liposomes was possible without
MtrCAB acting as an electron conduit, irradiations of 1 mg mL™ lipid suspensions of
liposomes containing ~ 5 UM RR120 were carried out in the presence of 50 mM TEOA
and 10 pM photosensitiser, using a lamp power of 0.4 kW m?. Spectra recorded after
irradiation and dithionite addition showed minimal changes in accordance with membrane
stability. Subsequent additions of Triton X-100 caused the disappearance of the broad
peaks at 511 nm in accordance with the reduction of RR120, Figure 6.12 A dotted lines.
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By following changes in intensity at 511 nm, or 550 nm, the photoreduction of RR120
within liposomes can be monitored and the extent of photoreduction can be determined
with reference to absorbance of oxidised and dithionite-reduced samples. Irradiations of
liposomes containing RR120 by all organic photosensitisers under the conditions described

above are presented next.

6.7.2.1 Eosin Y, Fluorescein and Proflavin

Irradiations of RR120-containing liposomes in the presence of eosin Y, fluorescein or
proflavin resulted in the decrease of the broad peak with maxima at 511 nm to leave the
scattering contribution of the liposomes and the spectral features of the corresponding
photosensitiser, Figure 6.18. This correlated with the complete photoreduction of RR120
within liposome suspensions which occurred within 30 mins for eosin Y and proflavin and

60 mins for fluorescein, Figure 6.18.
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Figure 6.18. Irradiations of liposomes containing RR120 in the presence of eosin Y,
fluorescein and proflavin.

1 mg mL™ lipid suspensions of RR120-containing liposomes with 10 uM of either eosin Y (A),
fluorescein (B) or proflavin (C). As prepared samples (continuous black lines) were irradiated
for1,2,3,4,5,15, and 30 mins; and 60 mins for fluorescein; at 0.4 kW m™ (continuous grey
lines) prior to additions of excess dithionite and subsequent 1 min incubation (dotted black
lines) and of excess Triton X-100 (dotted grey lines). Inserts show extent of RR120 reduction
during irradiation, monitored via 511 nm or 550 nm absorbance for proflavin and fluorescein,
respectively. Extent of reduction; and max and min observed values; represent the average of
two independent, stirred experiments performed in anaerobic 50 mM HEPES, 2 mM CaCl,,
10 mM KCl, 50 mM TEOA, pH 7 at 20 °C. Path length 1 cm.

These results demonstrate that eosin Y, proflavin and fluorescein are able to carry
out the complete photoreduction of RR120 encapsulated within liposomes without the need
of MtrCAB being present to act as a transmembrane electron conduit. These

photosensitisers have been shown to partition into the hydrophobic region of the outer lipid
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monolayer of membranes and not cross them. As loss of liposome stability was not
observed during these irradiations, it is most likely that photoreductions of RR120 within
liposomes by eosin Y, fluorescein and proflavin occurs via membrane-associated
photosensitisers being within electron transfer distance to internal RR120, Figure 4.1 C.
Therefore these photosensitisers are not ideal for studying light-driven transmembrane

electron transfer via MtrCAB.

6.7.2.2 Flavins

Figure 6.19 shows spectra obtained during irradiations of RR120-containing liposomes in
the presence of 10 uM flavins. The spectral features of oxidised flavin decreased during
irradiations indicating that fully reduced flavin was formed, Figure 6.19. The spectral
features of RR120 also decreased during these irradiations in accordance with flavins being

able to partially photoreduce RR120 within the liposome suspensions Figure 6.19.
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Figure 6.19. Irradiations of liposomes containing RR120 in the presence of flavins.

1 mg mL™ lipid suspensions of RR120-containing liposomes with 10 uM of either FAD (A),

FMN (B) or RF (C). As prepared samples (continuous black lines) were irradiated for 1, 2, 3, 4, 5,
15, and 30 mins at 0.4 kW m™ (continuous grey lines) prior to additions of excess dithionite
and subsequent 1 min incubation (dotted black lines) and of excess Triton X-100 (dotted grey
lines). Inserts show extent of RR120 reduction during irradiated, monitored via 511 nm
absorbance. Extent of reduction; and max and min observed values; represent the average of
two independent, stirred experiments performed in anaerobic 50 mM HEPES, 2 mM CaCl,,

10 mM KCl, 50 mM TEOA, pH 7 at 20 °C. Path length 1 cm.

Within 30 mins FAD, FMN and RF were only able to achieve ~ 4 %, 14 % and
18 % photoreduction of the ~ 5 uM RR120 contained in these liposome suspensions,
Figure 6.19 inserts. Much greater extents of RR120 photoreduction were observed under
similar conditions with 10 uM RR120 in aqueous solution, Figure 6.17 inserts. Additions

of dithionite caused further reduction of RR120, but complete reduction was only observed
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upon the addition of Triton X-100, Figure 6.19 dotted lines. With these considerations in
mind, and as there was no loss of liposome stability observed during these irradiations, it is
likely that the RR120 photoreduction observed in these experiments was due to the

reduction of non-encapsulated RR120 in the liposome suspensions only.

Due to the slow and steady rates of photoreduction observed during these
timecourses, linear trendlines could be used to determine and compare the initial rates of
RR120 photoreduction by flavins within aqueous solution and liposome suspensions. The
initial photoreduction rates of RR120 in aqueous solution that was achieved by RF, FMN
and FAD were determined to be 4.0, 2.0 and 0.9 % min™, respectively. The initial
photoreduction rates of RR120 in liposome suspensions achieved by RF and FMN were
similar to those observed in aqueous solution, 3.1 and 2.1 % min™ respectively. This
similarity supports the theory that only non-encapsulated RR120 was photoreduced within
liposomes suspensions, as it would be expected that initial rate would be hindered if
external flavins had to pass photoexcited electrons to internally encapsulated RR120.

From these experiments we can conclude that RF, FMN and FAD do not disrupt
the liposome membrane to allow the photoreduction of internally compartmentalised
RR120 within liposomes. As flavins are able to photoreduce RR120 in aqueous solution
and MtrCAB within the membrane of proteoliposomes, flavins alongside MtrCAB
proteoliposomes containing RR120 have all the desirable qualities required to study
light-driven transmembrane electron transfer via MtrCAB, as idealised in Figure 4.1 A.
The results from experiments performed to assess whether chosen flavins could perform

the photoreduction of proteoliposomes containing RR120 via MtrCAB are discussed next.

6.8 Flavin-Dependent Photoreduction of RR120 inside MtrCAB

Proteoliposomes by Transmembrane Electron Transfer

To assess if photoreduction of MtrCAB, within liposome bilayers composed of E. coli
lipids, and internally compartmentalised RR120 by flavins was possible, irradiations of
1 mg mL™ lipid suspensions of proteoliposomes containing RR120 were performed in the

presence of 50 mM TEOA and ~ 10 uM flavin using a lamp power of 0.4 kW m.

Spectra obtained after additions of one of the three flavins were essentially
combinations of the spectral features of oxidised MtrCAB proteoliposomes containing

RR120 and 10 uM of the corresponding flavin, Figure 6.20 continuous black lines.
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Irradiations of suspensions of these proteoliposomes containing RR120 in the presence of
flavins caused: i) the spectral features of oxidised flavin to decrease indicating that fully
reduced flavin was formed; ii) the Soret peak of oxidised MtrCAB to shift to a higher
wavelength of 419 nm, which is indicative of partial photoreduction of the hemes of
MtrCAB; iii) the spectral features from RR120 to decrease due to photoreduction of
RR120 within the proteoliposome suspensions; and iv) the appearance of peaks with
maxima at 523 and 552 nm due to heme photoreduction. Inspection of these spectral
changes confirmed that absorbance changes at 511 nm were dominated by contributions
from RR120 photoreduction with no or negligible influence from flavin or MtrCAB
spectral changes, respectively. By following changes in intensity at 511 nm the
photoreduction of RR120 within proteoliposomes can be monitored and the extent of
photoreduction can be determined with reference to absorbance at 511 nm of oxidised and
dithionite-reduced samples. Due to the overlapping spectral features of RR120 and flavins
the changes in intensity at 552 nm or 420 nm cannot be used to determine the extent of
MtrCAB photoreduction achieved during these irradiations.
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Figure 6.20. Irradiations of MtrCAB proteoliposomes containing RR120 in the presence of
flavin photosensitisers.

1 mg mL™ lipid suspensions of RR120-containing proteoliposomes with 10 uM of either

FAD (A), FMN (B) or RF (C). As prepared samples (continuous black lines) were irradiated for 1,
2,3,4,5, 15, 30, 60 (continuous grey lines) and 90 mins at 0.4 kW m™ (blue lines) prior to
additions of excess dithionite and subsequent 1 min incubation (dotted black lines) and of
excess Triton X-100 (dotted grey lines). Inserts show extent of RR120 reduction during
irradiation, monitored via 511 nm absorbance. Extent of reduction; and max and min observed
values; represent the average of two independent, stirred experiments performed in
anaerobic 50 mM HEPES, 2 mM CaCl,, 10 mM KCl, 50 mM TEOA, pH 7 at 20 °C. Path

length 1 cm.

Within 90 mins irradiations, near complete photoreduction of RR120 within

suspensions of proteoliposomes containing RR120 was observed by RF and FMN, 91 %
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and 90 % respectively, Figure 6.20 inserts. Similar irradiations performed with FAD were
only able to achieve 55 % RR120 photoreduction within the same time, Figure 6.20 inserts.
The initial rates of RR120 photoreduction that was achieved by RF, FMN and FAD were
determined to be 1.9, 2.0 and 0.9 % min™, respectively. These observations confirm the
complete photoreduction of RR120 within MtrCAB proteoliposomes can be induced by
irradiation in the presence of flavin photosensitisers. Considering that similar irradiations
of RR120 liposomes, i.e., without MtrCAB present were unable to achieve significant
photoreduction of RR120 (Figure 6.19), the photoreduction of RR120 within
proteoliposomes must occur via transmembrane electron transfer facilitated by the
MtrCAB complex.

6.9 Discussion

The following discussion considers the initial rates of RR120 photoreduction that was
achieved by RF, FMN and FAD in aqueous solution and (proteo)liposome suspensions and
tries to account for their differences. Prior to this, the discussion describes the attempts to
completely remove non-encapsulated RR120 from (proteo)liposome suspensions and the

impact this has on the conclusions of this work.

The complete removal of non-encapsulated RR120 was not always achieved and
the amount of non-encapsulated RR120 varied between different preparations of
(proteo)liposomes. A variety of different methods was tried to ensure complete removal of
non-encapsulated RR120 after preparation of (proteo)liposomes, including: extra
ultracentrifugations; separations via columns; and incubations of different time durations
with Biobeads to remove hydrophobic RR120. All of these methods resulted in some
non-encapsulated RR120 remaining or in the lysis of (proteo)liposomes and subsequent
increased levels of non-encapsulated RR120. Currently the most successful method of
removing non-encapsulated RR120 from (proteo)liposome suspensions has been found to

be 1 hour incubation with Biobeads (0.1 g per 1 mg of lipid in 5 mg mL™ lipid suspension).

It has been shown that RR120 does not bind to these liposome membranes,
therefore it is entirely possible that the complete removal of external RR120 from
(proteo)liposomes suspensions could be achieved. It is hoped that future work may reveal
an optimised method for removing non-encapsulated RR120 after the preparation of
(proteo)liposomes containing RR120; however, the presence of some non-encapsulated

RR120 does not detract from the main conclusions drawn from this work.
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The initial rates of RR120 photoreduction achieved by RF, FMN and FAD within
this work, as summarised in Table 6.4, varied with flavin identity. Within aqueous
solution, the rates of RR120 photoreduction varied with flavin identity, as shown in
Table 6.4 to be RF > FMN > FAD. This difference in rates could possibly be explained by
the size of the ribityl side chains, with the bigger the ribityl chain hindering photoreduction
of RR120. This pattern and effect that flavin identity has upon RR120 photoreduction has
been previously observed in MV?* photoreduction (Section4.4.1.2) and in OmcA
photoreduction (Section 3.7). This pattern caused by flavin identity was also observed for
the initial photoreduction rate of RR120 within liposome suspension, which is thought to
be observed due to the present of non-encapsulated RR120 within liposome suspensions.

Initial Rate of RR120 Photoreduction
(% min™)

Aqueous | Liposome |Proteoliposome

Solution | Suspension | Suspension

RF 4.0 3.1 1.9
FMN 2.0 2.1 2.0
FAD 0.9 N.D. 0.9

Table 6.4. Initial rate of RR120 photoreduction achieved by flavins.

Values gained from linear trendlines from the average of at least two independent
experiments performed in anaerobic 50 mM HEPES, 2 mM CaCl,, 10 mM KCI, 50 mM TEOA,
pH 7 at 20 °C, with irradiation at 0.4 kW m™ in the presence of 10 uM of either FAD, FMN or
RF. N.D. denotes where no initial photoreduction is detected. See text for details.

The initial photoreduction rates of RR120 within proteoliposomes achieved by
FMN and FAD were nearly identical to those observed when RR120 was in aqueous
solution, as shown in Table 6.4. As the complete photoreduction of RR120 within
proteoliposomes would have to be facilitated by transfer membrane electron transfer along
the MtrCAB complex, the initial rate of RR120 photoreduction could be limited either by
MtrCAB transmembrane electron transfer or by electron transfer between the flavins and
MtrCAB. As the initial rates of RR120 photoreduction achieved by FMN and FAD were
independent of the location of RR120, i.e. in aqueous solution or encapsulated within
proteoliposomes, it is likely that these initial rates are limited by electron transfer between
the photoreduced flavins and MtrCAB. In contrast the initial rates of photoreduction of
RR120 within proteoliposomes initiated by RF and FMN are similar to each other
(~ 2.0 % min™) but half the rate achieved with RF when RR120 was in agueous solution
(4.0% min™). This suggests that the initial rates of RR120 photoreduction within
proteoliposome suspensions by RF was limited by the rate of transmembrane electron
transfer along MtrCAB.
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Even though the extent of MtrCAB photoreduction achieved during these
irradiations could not be monitored due to the spectral overlaps from the spectral features
of RR120 and flavins the absorbance maxima of the Soret peak could be followed.
Addition of dithionite causes the absorbance maximum of the Soret peak to shift to 420 nm
in accordance with complete reduction of the hemes of MtrCAB, Figure 6.12 B dotted
line.!®! During these irradiations the absorbance maxima of the Soret only reached 419 nm
which highlights that MtrCAB was not completely photoreduced by flavins. This partial
photoreduction of MtrCAB is due to the photoreduction potential of flavins being located
in the middle of the MtrCAB heme potential window. This is the likely reason why
photoreduction of RR120 proteoliposomes by RF and FMN is limited by the rate of
transmembrane electron transfer along MtrCAB. It is possible that using different
photosensitisers with more negative photoreduction potentials would allow a
thermodynamically downhill reduction cascade that would improve the rate of RR120

photoreduction with proteoliposomes suspension.

6.10 Conclusions

Within this chapter a range of redox indicators were characterised and screened for their
ability to be encapsulated in MtrCAB (proteo)liposomes. The encapsulation of these redox
indicators in (proteo)liposomes composed of PC lipids was mostly unsuccessful, with
either (proteo)liposome formation being hindered or low encapsulation being observed.
The encapsulation of these redox indicators in (proteo)liposomes composed of E. coli
lipids was more successful due to the presence of anionic phospholipid PG that provides an
overall negative charge to the proteoliposome membrane which repels the negatively
charged redox indicators. (Proteo)liposomes containing RR120 showed high
encapsulations and low percentages of non encapsulated RR120. Parallel dithionite
additions made to RR120-containing MtrCAB proteoliposomes and liposomes
demonstrated MtrCAB acts as a nanowire by facilitating transmembrane electron transfer
to allow the complete reduction of encapsulated RR120 in proteoliposomes. The heme
spectra and the broad absorbance peak with an absorbance maxima at 511 nm spectra
associated with these proteoliposomes can be used to monitor the photoreduction of
MtrCAB and RR120, respectively.

It was established that these (proteo)liposomes containing RR120 do not burst

during irradiation or dark incubations with any of the organic photosensitisers used in this
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work, as presented in Figure 4.1 F. Eosin Y, proflavin and fluorescein were shown to
associate with liposome membranes composed of E. coli lipids. This association probably
occurs via semi-partitioning within the hydrophobic region of the outer lipid monolayer
(i.e. Figure 4.1 B-C) and not via crossing the membrane to be located in the aqueous
interior of liposome (i.e. Figure 4.1 D). Upon irradiation these photosensitisers initiated
complete photoreduction of RR120 encapsulated within liposomes without the need of
MtrCAB being present to act as a transmembrane electron wire. As loss of liposome
stability was not observed, it is most likely that photoreductions of RR120 within
liposomes occurred by these membrane-associating photosensitisers being within electron
transfer distance to compartmentalised RR120, Figure 4.1 C. Eosin Y, fluorescein and
proflavin were therefore not investigated any further as they were unsuitable for studying
light-driven transmembrane electron transfers via MtrCAB.

FMN, FAD and RF were shown to not associate with liposomes membrane
composed of E. coli lipids. Upon irradiation these flavin photosensitisers initiated slow
steady photoreduction of 10 uM RR120 in aqueous solution until completion. Irradiation
with flavins initiated partial photoreduction of RR120 in suspensions of liposomes which
was associated with the reduction of non-encapsulated RR120 that was present in the
external solution. Irradiations of MtrCAB proteoliposomes containing RR120 in the
presence of flavins resulted in the partial photoreduction of MtrCAB and the complete
photoreduction of RR120, both non-encapsulated and encapsulated. All this evidence
combined demonstrates that the photoreduction of RR120 within proteoliposomes must
occur via transmembrane electron transfer facilitated by the MtrCAB complex, and thus
that MtrCAB in proteoliposome bilayers has the ability to transfer photoexcited electrons

to internalised redox molecules.

Within aqueous solution, the rates of RR120 photoreduction varied with flavin
identity (RF > FMN > FAD). The initial rates of RR120 photoreduction achieved by FMN
and FAD were independent of the location of RR120, i.e. in aqueous solution or
encapsulated within proteoliposomes, therefore it was thought that these initial rates were
limited by electron transfer between the photoreduced flavins and MtrCAB. In contrast the
initial rate of RR120 photoreduction by RF was hindered by ~ 50% when RR120 was
located within proteoliposomes instead of agueous solution. This suggested that the initial
rates of RR120 photoreduction within proteoliposome suspensions by RF was limited by

the rate of transmembrane electron transfer along MtrCAB.

179



The next chapter of this work discusses the future possibilities for different
chemical reactions to be contained within MtrCAB proteoliposomes and other possibilities
for MtrCAB proteoliposomes to be used to help determine the structure of
membrane-bound MtrCAB and understand nanowires of S. oneidensis. This discussion
also includes how the photosensitisers used within this work have initiated reactions within
cultures of S. oneidensis when they were irradiated.
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Chapter 7

Summary and Future Perspectives

Incorporation of the transmembrane spanning porin:cytochrome complex, MtrCAB, in
non-conductive membranes of liposomes was previously shown to allow transmembrane
electron transfer from an external chemical reductant to an internalised electron acceptor,
MV?*, that would otherwise not be observed.®® % %I |n this study the possibility of
extending this property of MtrCAB to allow transfer of photoexcited electrons from
external photosensitisers to internalised redox indicators was explored. It is envisaged that
this advance would pave the way to using MtrCAB proteoliposomes with appropriate
cargos as nanoreaction compartments where light-driven chemistry would be catalysed.

The research in this study used a stepwise approach to explore this potential by
identifying if MtrCAB could accept photoexcited electrons from externally located
photosensitisers and transfer these across a liposome bilayer to drive internal reductive
transformations. Eight soluble photosensitisers, i.e. FAD, FMN, RF, eosin Y, fluorescein,
proflavin, [Ru(bpy)s]* and RuP, were assessed for their ability to photoreduce
S. oneidensis outer membrane cytochromes and MtrCAB proteoliposomes, in the presence
of TEOA as the SED. The previously reported method used for preparing MtrCAB
proteoliposomes containing MV?* proved unsuitable to investigate light-induced,
transmembrane electron transfer due to irreproducibility of MtrCAB incorporation and
inability to completely remove MV?* bound to their exterior surface.®® % %I Therefore a
new method of preparing proteoliposomes was developed which allowed greater MtrCAB
incorporation within proteoliposome bilayers, such that MtrCAB could be used as an

independent redox indicator in addition to internally compartmentalised redox indicators.

Ruthenium complexes did not associate with the membranes of (proteo)liposomes;
however, no photoreduction of MtrCAB within proteoliposomes was observed under
experimental conditions used within this study due to the rapid charge recombination of
their photoexcited states. By contrast eosin Y, fluorescein and proflavin photoreduced
MtrCAB completely but partitioned within lipid bilayers such that they transferred of
photoexcited electrons to compartmentalised redox molecules in the absence of MtrCAB.
The flavin photosensitisers, FMN, FAD and RF, showed the desired properties of not
associating with (proteo)liposome membranes and being able to photoreduce MtrCAB
such that electrons were transferred through the protein complex to the internalised redox

indicator RR120. This demonstrates that, in conjunction with appropriate photosensitisers
181



and SEDs, MtrCAB in proteoliposome bilayers will transfer photoexcited electrons to

internalised redox molecules.

Future work could use MtrCAB proteoliposomes with internalised RR120 to assess
the ability of other photosensitisers to drive the desired transmembrane electron transfer.
Such photosensitisers may offer more negative photoreduction potentials than those of
flavins which may increase the rate of photoreduction. One photosensitiser of particular
interest is the RuP:TiO, nanoparticle system which has been shown to photoreduce
extracellular cytochromes of S. oneidensis (Chapter 3) and is not expected to associate with
lipid membranes. Other SEDs could also be screened for their ability to improve the rates
of photosensitiser regeneration and subsequently MtrCAB (proteo)liposome

photoreduction.

This work has demonstrated that different soluble redox indicators can be
compartmentalised within MtrCAB proteoliposomes. Additionally, Dr Matt Lawes of the
University of East Anglia previously demonstrated that a soluble electron transfer protein,
cytochrome ¢, could be compartmentalised within MtrCAB proteoliposomes and could
receive electrons from externally located dithionite.!*®?! It can therefore be envisioned that
MtrCAB proteoliposomes could be developed to contain other interesting soluble enzymes
which would be able to harness light to drive reductive transformations within their
internal volumes. Enzymatic transformations which could be compartmentalised within
MtrCAB proteoliposomes include: i) reduction of protons to hydrogen by hydrogenases;
ii) reduction of carbon dioxide to formate by formate dehydrogenases; and iii) reduction of
nitrous oxide to N, by nitrous oxide reductases. These selected transformations are of
interest to artificial photosynthetic systems due to their ability to produce high energy fuels
and/or remove potent greenhouse gases via the utilisation of solar energy alone.[ > 20 18]
In addition to enzyme transformations, it can be envisioned that other reductive
transformations can be compartmentalised and performed within MtrCAB
proteoliposomes; such as the formation of hydrogen by platinum nanoparticles or
molecular mimics of hydrogenases and the formation of gold nanoparticles by the
reduction of internalised gold (I11). The later transformation are attractive due to the ability
to controllably form gold nanoparticles with a desired size and a narrow size distribution

arising from the growth restriction within the nanocompartment. 84

In addition to exploring the different photosensitisers, SEDs and internalised

reductive transformations that are available, the identity of the transmembrane electron

182



protein or the compartment wall could also be individually varied to form other
light-driven nanocompartment systems similar to MtrCAB proteoliposomes but with
different properties of interest. The incorporation of active PSI complex within the
membranes of liposomes is attractive as it would facilitate the photoreduction of
internalised chemicals without the need of an additional external photosensitiser.*®® This
system would also allow the direct study of the light-driven mechanisms of electron
transfer by PSI, without the complication of the presence of other chemicals and proteins
that are found in the host cell. Within this work it has been shown that the membrane
composition of MtrCAB (proteo)liposomes can be modified to allow greater encapsulation
of internalised redox indicators and limit undesired interactions with external
photosensitisers. The incorporation of MtrCAB within the polymer membranes of
polymersomes may offer vesicles which are more chemically robust and versatile in

comparison to those of proteoliposomes.

The photoreductions of S. oneidensis outer membrane cytochromes and the study of
photosensitiser interactions with PC lipid membranes demonstrated within this thesis
provide a framework to inform the development strategies to achieve -catalytic
transformations within S. oneidensis. This would remove the need for proteoliposome
preparation and protein purification of both MtrCAB and any compartmentalised enzymes.
The growth of S. oneidensis cultures are inexpensive, comparatively easy, and scalable in
comparison to MtrCAB proteoliposome preparations; and offer the additional benefits of
cell-secretion of flavin photosensitisers and enzyme self-repair and regeneration if the
microbes have the energy available to do so.B*! Additionally, the diverse metabolic
pathways of S. oneidensis offer numerous possible reductive transformations which could
synthesise high energy and/or high value chemicals of hydrogen, formate, lactate and
succinate.™®® 81 Electrosynthesis of succinate by S. oneidensis is driven by electron
transfer from MtrCAB to periplasmic fumarate reductases via CymA and the quinone pool
of the inner membrane, En(fumarate/succinate) ~ 30 mV at pH 7. The light-driven
synthesis of succinate; and formate or hydrogen by periplasmic formate dehydrogenases or
hydrogenases, respectively; can be envisioned to occur in a similar manner. The
light-driven production of these products and additional productions could be enhanced
and induced through genetic engineering of natural metabolic pathways of S. oneidensis.
Experiments that explore the possibilities of employing the photosensitisers described here
for artificial photosynthesis of these products, and others, by S. oneidensis are ongoing in
our laboratories.
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The proteoliposomes with greater amounts of MtrCAB incorporated within the
membranes that were developed within this work provides new opportunities to help
determine the structure of MtrCAB within lipid membranes. Even though considerable
success has been made in solving the crystal structures of the extracellular outer membrane
cytochromes of S. oneidensis, the crystal structure of the membrane-associated MtrCAB
complex is still unknown.[®" 8:°% 181 Crystallographic structures of membrane proteins are
difficult to obtain due to their hydrophobic nature and the need for detergent to be present
during crystallisation.'*” Cryo-TEM can also be used to rapidly and reliably solve the
structures of proteins at near-atomic resolutions.****®! In addition to the structures of
soluble protein, cryo-TEM methods have been able to obtain images of membrane proteins
in their lipid environments.!*** 1% Single-particle reconstructions of membrane proteins
can be obtained from hundreds of side view images of the proteins in spherical

liposomes.[*%2 199

The spherical shape of liposomes allows the lipid membrane
contribution to each image to be computationally removed and also aids in the
determination of the orientation of each protein with respect to the centre of the
liposome.[**® 3D structures of the membrane protein can then be determined using image
processing in combination with the orientations of the proteins.** % Given the higher
density of MtrCAB within proteoliposomes developed as a result of this work, MtrCAB
proteoliposomes could allow successful cryo-TEM imaging of MtrCAB within lipid

membranes and which could subsequently allow a structure of MtrCAB to be obtained.

Beyond the immediate motivation for this work, the work presented in this thesis
has the capacity to benefit studies of structural and functional properties of MtrCAB.
MtrCAB proteoliposomes can also be used to help understand nanowires of S. oneidensis.
Recently it was discovered by the group of Prof. Moh EIl-Naggar at the University of
Southern California that the extracellular nanowires of S. oneidensis were up to 10 nm
extensions of the periplasm and outer membrane, and that MtrCAB was located within
these outer membrane extensions.!”® ® 8 Unpublished work in collaboration with this
group has been able to demonstrate that spherical MtrCAB (proteo)liposomes can be
manipulated using sheer force to form nanowire like structures which can span up to
100 pum, Figure 7.1. The sheer force that is required to achieve such tubular like structures
is achieved by applying a laminar pump flow to samples of (proteo)liposomes that were
placed on ethanol cleaned, 43 mm x 50 mm, No. 1 coverslips 30 mins prior to imagining.

Being able to prepare such tubular MtrCAB (proteo)liposome structures allows the

184



properties nanowires, such as their conductance, to be investigated without the hindrance

of other chemicals that are required from the in vivo growth of nanowires.

Proteoliposomes

Nanowire like Structures Nanowire like Structures

Figure 7.1. Bright-field images of proteoliposomes before and after the application of sheer
force which allows nanowire like structures to be formed.

A) Bright-field microscopy image of 10 mg mL™ lipid suspension of proteoliposomes, where the
white scale bar represents 5000 nm. B and C) Bright-field microscopy images of as prepared
sample after the application of sheer force, achieved by running a laminar pump flow across
the sample, which allowed the formation of tubular liposomes. White scale bars represent

10000 nm.
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Appendix 1. MtrC photoreduction with FAD at MtrC:FAD ratios of 1:200 (A), 1:20 (B) and
~1:0.25 (C).

A) 0.5 uM MtrC and 100 uM FAD. B) 0.5 uM MtrC and 10 uM FAD. C) 39 uM MtrC and

9 UM FAD, unstirred in a 1 mm cuvette (Soret region absorbance above detection limit). As
prepared samples (continuous black lines) were irradiated for 5, 15, 30, 60 and 90 mins or
longer at 0.4 kW m™ (grey lines) prior to addition of excess of dithionite (dotted lines). Inserts
show extent of MtrC reduction during irradiation, monitored via 552 nm absorbance. For
experiments containing 0.5 uM MtrC, extent of reduction; and max and min observed values;
represent average of two independent experiments. Grey symbols show biased extents of
reductions - see text for details. Stirred samples in anaerobic 50 mM HEPES, 2 mM CaCl,,

10 mM KCI, 50 mM TEOA, pH 7 at 20 °C.
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Appendix 2. MtrC photoreduction with RF at MtrC:RF ratios of 1:200 (A), 1:20 (B), 1:2 (C) and
~1:0.5 (D).

A) 0.5 uM MtrC and 100 puM RF. B) 0.5 uM MtrC and 10 uM RF. C) 5 uM MtrC and 10 uM RF.

D) 43 uM MtrC and 20 uM RF, unstirred in a 1 mm cuvette (Soret region absorbance above
detection limit). As prepared samples (continuous black lines) were irradiated for 5, 15, 30, 60
and 90 mins or longer at 0.4 kW m™ (grey lines) prior to addition of excess of dithionite (dotted
lines). Inserts show extent of MtrC reduction during irradiation, monitored via 552 nm
absorbance. For experiments containing 0.5 uM MtrC, extent of reduction; and max and min
observed values; represent the average of two independent experiments. Grey symbols show
biased extents of reductions - see text for details. Stirred samples in anaerobic 50 mM HEPES,
2 mM CaCl,, 10 mM KCl, 50 mM TEOA, pH 7 at 20 °C.
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Appendix 3. MtrC photoreduction with fluorescein at MtrC:fluorescein ratios of 1:200 (A),
1:20 (B) and 1:0.25 (C).

A) 0.5 uM MtrC and 100 uM fluorescein. B) 0.5 uM MtrC and 10 uM fluorescein. C) 55 uM MtrC
and 17 uM fluorescein, unstirred within a 1 mm cuvette (Soret region absorbance above
detection limit). As prepared samples (continuous black lines) were irradiated for 5, 15, 30, 60
and 90 mins or longer at 0.4 kW m™ (grey lines) prior to addition of excess of dithionite (dotted
lines). Inserts show extent of MtrC reduction during irradiation, monitored via 552 nm
absorbance. For experiments containing 0.5 UM MtrC, extent of reduction; and max and min
observed values; represent the average of two independent experiments. Stirred samples in
anaerobic 50 mM HEPES, 2 mM CaCl,, 10 mM KCI, 50 mM TEOA, pH 7 at 20 °C.
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Appendix 4. MtrC photoreduction with proflavin at MtrC:proflavin ratios of 1:200 (A),

1:20 (B) and 1:0.25 (C).

A) 0.5 uM MtrC and 100 uM proflavin. B) 0.5 uM MtrC and 10 uM proflavin. C) 40 uM MtrC and
10 uM proflavin, unstirred within a 1 mm cuvette (Soret region absorbance above detection
limit). As prepared samples (continuous black lines) were irradiated for 5, 15, 30, 60 and

90 mins or longer at 0.4 kW m™ (grey lines) prior to addition of excess of dithionite (dotted
lines). Inserts show extent of MtrC reduction during irradiation, monitored via 552 nm
absorbance. For experiments containing 0.5 uM MtrC, extent of reduction; and max and min
values; represent the average of two independent experiments. Stirred samples in

50 mM HEPES, 2 mM CaCl,, 10 mM KCI, 50 mM TEOA, pH 7 at 20 °C.
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Appendix 5. OmcA and MtrCAB photoreduction with different heme:FMN ratios.

A) 0.5 uM OmcA and 100 uM FMN. B) 0.25 uM MtrCAB and 100 uM FMN. C) 0.5 uM OmcA and
10 uM FMN. D) 0.25 uM MtrCAB and 10 uM FMN. E) 42 uM OmcA and 28 uM FMN, unstirred
ina 1 mm cuvette (Soret region absorbance above detection limit). F) 13 uM MtrCAB and

13 uM FMN, unstirred in a 1 mm cuvette (Soret region absorbance above detection limit). As
prepared samples (continuous black lines) were irradiated at 0.4 kW m™ for 90 mins or longer
(grey lines) prior to addition of excess dithionite (dotted lines). Inserts show extent of heme
reduction during irradiation, monitored via 552 nm absorbance. For experiments containing
5 UM heme, extent of reduction; and max and min values; represent the average of two
independent experiments. Grey symbols show biased extents of reductions - see text for
details. Stirred samples in anaerobic 50 mM HEPES, 2 mM CaCl,, 10 mM KCI, 50 mM TEOA,
pH 7 at 20 °C. ~ 0.06 % Triton X-100 (v/v) was included for MtrCAB samples.

207



Heme:FAD OmcA MtrCAB
: 100 100
A) g B) s
C |lgm m ® ", =t
8 Qo
@ 5 i S
g0 E 3
1:20 _(-5 & &
2 0 0
204 0 30 60 90 b 0 30 60 90|
Time (mins) Time (mins)
o )
08 100 . 100
Q; = D): =
i I i r
1 S ] $
8 it E }{ .
E} s
s g { 3
1:2 204 o } 4 o
2 0 0
2 0 30 60 90 0 30 60 90|
Time (mins) Time (mins)
0 T T T T

350 450 550 650 350 450 550 650
Wavelength (nm)

1.2 4 E)
[5)
Q
Sos |
~1:0.02 c
o B,
3 " 0 150300
<04 4 : 2\ Time (mins)
0 e,
475 575

Wavelength (nm)

Appendix 6. OmcA and MtrCAB photoreduction with different heme:FAD ratios.

A) 0.5 uM OmcA and 100 uM FAD. B) 0.25 uM MtrCAB and 100 uM FAD. C) 0.5 uM OmcA and
10 uM FAD. D) 0.25 uM MtrCAB and 10 uM FAD. E) 62 uM OmcA and 12 uM FAD, unstirred in a
1 mm cuvette (Soret region absorbance above detection limit). As prepared samples
(continuous black lines) were irradiated for 5, 15, 30, 60 and 90 mins or longer at 0.4 kW m™
(grey lines) prior to addition of excess dithionite (dotted lines). Inserts show extent of heme
reduction during irradiation, monitored via 552 nm absorbance. For experiments containing
5 UM heme, extent of reduction; and max and min values; represent the average of two
independent experiments. Stirred samples in anaerobic 50 mM HEPES, 2 mM CacCl,,

10 mM KCl, 50 mM TEOA, pH 7 at 20 °C. Triton X-100, ~ 0.06 % (v/v), was included for MtrCAB
samples.
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Appendix 7. OmcA and MtrCAB photoreduction with different heme:RF ratios.

A) 0.5 uM OmcA and 100 uM RF. B) 0.25 uM MtrCAB and 100 uM RF. C) 0.5 uM OmcA and
10 uMRF. D) 0.25 uM MtrCAB and 10 uM RF. E) 44 uM OmcA and 10 UM RF, unstirred in a

1 mm cuvette (Soret region absorbance above detection limit). As prepared samples
(continuous black lines) were irradiated for 5, 15, 30, 60 and 90 mins or longer at 0.4 kW m™
(grey lines) prior to addition of excess dithionite (dotted lines). Inserts show extent of heme
reduction during irradiation, monitored via 552 nm absorbance. For experiments containing
5 UM heme, extent of reduction; and max and min values; represent the average of two
independent experiments. Stirred samples in anaerobic 50 mM HEPES, 2 mM CacCl,,

10 mM KCl, 50 mM TEOA, pH 7 at 20 °C. Triton X-100, ~ 0.06 % (v/v), was included for MtrCAB
samples.
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Appendix 8. OmcA and MtrCAB photoreduction with different heme:eosin Y ratios.

A) 0.5 uM OmcA and 100 uM eosin Y. B) 0.25 puM MtrCAB and 100 uM eosin Y. C) 0.5 uM OmcA
and 10 uM eosin Y. D) 0.25 uM MtrCAB and 10 pM eosin Y. E) 45 uM OmcA and 16 uM eosin Y,
unstirred in a 1 mm cuvette (Soret region absorbance above detection limit). F) 14 uM MtrCAB
and 12 uM eosin Y, unstirred in a 1 mm cuvette (Soret region absorbance above detection
limit). As prepared samples (continuous black lines) were irradiated for 5, 15, 30, 60 and

90 mins or longer at 0.4 kW m™ (grey lines) prior to addition of excess dithionite (dotted lines).
Inserts show extent of heme reduction during irradiation, monitored via 420 nm absorbance
for all except heme:eosin Y ratio of ~ 1:0.05 (552 nm). For experiments containing 5 UM heme,
extent of reduction; and max and min values; represent the average of two independent
experiments. Samples in 50 mM HEPES, 2 mM CaCl,, 10 mM KCl, 50 mM TEOA, pH 7 at 20 °C.
~0.06 % Triton X-100 (v/v) was included for MtrCAB samples.
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Appendix 9. OmcA and MtrCAB photoreduction at different heme:proflavin ratios.

A) 0.5 uM OmcA and 100 uM proflavin. B) 0.25 uM MtrCAB and 100 uM proflavin.

C) 0.5 uM OmcA and 10 uM proflavin. D) 0.25 uM MtrCAB and 10 uM proflavin.

E) 42 uM OmcA and 8 uM proflavin, unstirred in a 1 mm cuvette (Soret region absorbance
above detection limit). F) 12 uM MtrCAB and 3 uM proflavin, unstirred in a 1 mm cuvette
(Soret region absorbance above detection limit). As prepared samples (continuous black lines),
were irradiated for 5, 15, 30, 60 and 90 mins or longer at 0.4 kW m™ (grey lines) prior to
addition of excess dithionite (dotted lines). Inserts show extent of heme reduction during
irradiation, monitored via 552 nm absorbance. For experiments containing 5 UM heme, extent
of reduction; and max and min values; represent the average of two independent experiments.
Stirred samples in anaerobic 50 mM HEPES, 2 mM CaCl,, 10 mM KCI, 50 mM TEOA, pH 7 at

20 °C. Triton X-100, ~ 0.06 % (v/v), was included for MtrCAB samples.
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Appendix 10. OmcA and MtrCAB photoreduction at different heme:fluorescein ratios.

A) 0.5 uM OmcA and 100 uM fluorescein. B) 0.25 uM MtrCAB and 100 uM fluorescein.

C) 0.5 uM OmcA and 10 uM fluorescein. D) 0.25 uM MtrCAB and 10 uM fluorescein.

E) 41 uM OmcA and 9 uM fluorescein, unstirred in a 1 mm cuvette (Soret region absorbance
above detection limit). As prepared samples (continuous black lines) were irradiated for 5, 15,
30, 60 and 90 mins or longer at 0.4 kW m™ (grey lines) prior to addition of excess dithionite
(dotted lines). Inserts show extent of heme reduction during irradiation, monitored via 552 nm
absorbance. For experiments containing 5 UM heme, extent of reduction; and max and min
values; represent the average of two independent experiments. Stirred samples in anaerobic
50 mM HEPES, 2 mM CaCl,, 10 mM KCl, 50 mM TEOA, pH 7 at 20 °C. Triton X-100, ~ 0.06 %
(v/v), was included for MtrCAB samples.
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Appendix 11. OmcA spectra remains unchanged after irradiation in the absence of
photosensitisers.

0.5 uM OmcA in 50 mM HEPES, 2 mM CaCl,, 10 mM KCI, 50 mM TEOA, pH 7 (A), 50 mM HEPES,
2 mM CaCl,, 10 mM KClI, pH 7 (B), 50 mM phosphate, 50 mM TEOA, pH 7 (C) or

50 mM phosphate, pH 7 (D). As prepared samples (continuous black lines) were stirred, at

20 °C, whilst being irradiated at 0.4 kW m™ over 5 hrs (grey lines) prior to addition of excess
dithionite (dotted lines). Path length 1 cm.
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Appendix 12. OmcA photoreduction, by FAD and RF, in the presence and absence the
probable electron donors TEOA and HEPES.

0.5 uM OmcA with 10 uM of FAD (A, B, C and D) or RF (E, F, G and H), in 50 mM HEPES,

2 mM CaCl,, 10 mM KCI, 50 mM TEOQA, pH 7 (A and E), 50 mM HEPES, 2 mM CacCl,, 10 mM KCl,
pH 7 (B and F), 50 mM phosphate, 50 mM TEOA, pH 7 (C and G) or 50 mM phosphate, pH 7

(D and H). As prepared samples (continuous black lines) were irradiated for 5, 15, 30, 60 and
90 mins or longer at 0.4 kW m™ (grey lines) prior to addition of excess dithionite (dotted lines).
For experiments lacking TEOA, prior to the addition of dithionite, excess TEOA was added
before 15 mins irradiation at 0.4 kW m™ was performed (dashed lines). Inserts show extent of
heme reduction during irradiation, monitored via 552 nm absorbance. The extent of reduction;
and max and min values; represent the average of two independent experiments. Stirred
samples in anaerobic buffers at 20 °C. Path length 1 cm.
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Appendix 13. OmcA photoreduction, by [Ru(bpy)s]** and RuP, in the presence and absence
the probable electron donors TEOA and HEPES.

0.5 pM OmcA with 100 uM of [Ru(bpy)s]** (A, B, C and D) or RuP (E, F, G and H), in

50 mM HEPES, 2 mM CaCl,, 10 mM KCI, 50 mM TEOA, pH 7 (A and E), 50 mM HEPES,

2 mM CaCl,, 10 mM KCl, pH 7 (B and F), 50 mM phosphate, 50 mM TEOA, pH 7 (C and G) or
50 mM phosphate, pH 7 (D and H). As prepared samples (continuous black lines) were
irradiated at 0.4 kW m™ over 5 hrs (grey lines) prior to addition of excess dithionite (dotted
lines). Inserts show extent of heme reduction during irradiation, monitored via 552 nm
absorbance. The extent of reduction; and max and min values; represent the average of two
independent experiments. Stirred samples in anaerobic buffers at 20 °C. Path length 1 cm.
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Appendix 14. Liposome absorbance spectra remains unaffected upon light incubation in the
absence of photosensitisers.

1 mg mL™ lipid suspension of liposomes without MV>" encapsulated (continuous black line)
was irradiated for 5, 15, 30, 60 and 90 mins (continuous grey lines) 2 kW m™. Irradiation was
followed by ultracentrifugation to separate supernatants (dashed grey line) from liposome
pellet that was resuspended in buffer (dashed black line). Stirred samples in anaerobic

50 mM HEPES, 2 mM CacCl,, 10 mM KCl, 50 mM TEOA, pH 7 at 20 °C. Path length 1 cm.
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Appendix 15. Photobleaching interferes with study of interactions between liposomes and
photosensitisers after irradiation.

1 mg mL™ lipid suspensions of liposomes without MV** encapsulated (continuous black lines),
with either 11 uM FAD (A), 5 uM FMN (B), 9 uM RF (C), 7 uM [Ru(bpy)s]** (D), 8 uM eosin Y (E),
1 uM fluorescein (F), 3 uM proflavin (G) or 57 uM RuP (F). As prepared samples (dotted line)
were irradiated for 5, 15, 30, 60 and 90 mins at 2 kW m™ (continuous grey lines) prior to
ultracentrifugation to separate supernatants (grey dashed lines) from liposome suspensions
that were buffer resuspended (black dashed lines). Stirred samples in anaerobic 50 mM HEPES,
2 mM CacCl,, 10 mM KCl, 50 mM TEOA, pH 7 at 20 °C. Path length 1 cm.
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Appendix 16. Irradiation of methyl viologen in presence of eosin Y, fluorescein or proflavin,

550 650
Wavelength (nm)

750

for cyclic voltammetry of colourless redox-inactive products.

200 pM MV?* solutions in the presence of 200 uM of either eosin Y (A), fluorescein (B) or
proflavin (C). As prepared samples (black lines), were irradiated at 2 kW m™ until blue colour of
MV* was obtained and subsequently lost. Spectra that followed this was recorded at 5 (red
lines), 15 (green lines), 30 (blue lines), 60 (purple lines), 90 (grey lines), 120 (orange lines), 150
(pink lines) and 180 mins (cyan lines). Inserts show extent of MV>* reduction during irradiation,
monitored via 606 nhm absorbance. Concentration of MV* was calculated using extinction
coefficient of 13.7 mM™* ecm™. Samples in 50 mM HEPES, 2 mM CaCl,, 10 mM KCI, 50 mM TEOA,

pH 7 at 20 °C. Path length 1 cm.
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Appendix 17. Irradiation of proteoliposomes with Ru(ll) dyes at higher lamp powers.

1 mg mL™ lipid suspensions of proteoliposomes, prepared via rapid dilution method, with
either 12 uM [Ru(bpy)s]** or 16 uM RuP (D). As prepared samples (continuous black lines) were
irradiated for 5, 15, 30, 60 and 90 mins at 2 kW m™ (continuous grey lines) prior to addition of
excess dithionite (dotted lines). Stirred samples in anaerobic 50 mM HEPES, 2 mM CacCl,,

10 mM KCl, 50 mM TEOA, pH 7 at 20 °C. Path length 1 cm.
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