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Abstract

Using sunlight to drive chemical reactions has long been one of the goals in
developing sustainable processes. Previous research has focused on solar fuel production in
the form of Ho, but this thesis demonstrates that solar-to-chemicals processes can be
constructed to produce more complex compounds, using hybrid systems composed of

enzymes and inorganic materials.

Tetrachloroethene reductive dehalogenase (PceA), an enzyme that catalyzes the
conversion of tetrachloroethene (PCE) to trichloroethene (TCE) and subsequently to cis-
dichloroethene (cDCE), was shown to accept electrons from both graphite and TiO>
electrodes. Irradiation by UV light onto PceA-adsorbed TiO> particles led to the selective

production of TCE and cDCE, which was not possible without PceA as a catalyst.

Ferredoxin-NADP™ reductase (FNR) is a key enzyme in photosynthesis, as it
receives energetic electrons from Photosystem | and produces NADPH as an energy carrier
for downstream ‘Dark’ reactions involving CO2 assimilation. This thesis presents the
discovery of FNR activity on indium tin oxide (ITO) electrodes which led to direct
electrochemical investigation of the properties of FNR, both in the absence and presence of
its substrate, NADP*. The FNR-adsorbed electrode, termed ‘the electrochemical leaf’,
rapidly interconverts NADP*/NADPH, and this was coupled to a downstream NADPH-
dependent enzyme, thus demonstrating a new approach to cofactor regeneration for enzyme-
catalyzed organic synthesis. The NADP* reduction by FNR was also driven by light using a

photoanode made of visible-light responsive semiconductors.
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Chapter 1. Introduction

1.1 Natural and artificial photosynthesis

1.1.1 Natural photosynthesis

Energy conversion is central to all life, since the primary source of all energetic
processes on Earth is the sun. Solar energy in the form of photons must therefore be
converted to chemical energy for it to be of use in biological systems. This process, namely
photosynthesis, is composed of two parts (Figure 1.1): first, light absorption by chlorophyll
pigment molecules and generation of energy carriers (ATP and NADPH), and second, usage
of these energy carriers by COz-assimilation enzymes in the Calvin cycle to produce

precursors of sugars and more complex carbohydrates.*

I‘Light’ reactions | | ‘Dark’ reactions |

NADP* NADP

ATP
H ADP NADPH, ATP
NADP*, ADP Glyceraldehyde
3- phosphate
|

+
H0 0, Sugar, carbohydrates

Figure 1.1 Diagram of the photosynthetic processes

In the ‘Light’ reactions, excited electrons are generated from light absorption by
chlorophylls in Photosystems | and Il, and these electrons transfer efficiently to nearby
acceptors, resulting in charge separation. The electrons are replenished by water oxidation
at the oxygen-evolving complex (OEC) in Photosystem Il. The excited electrons are
transferred successively to plastoquinone, cytochrome bef, and plastocyanin, and in the
process protons are taken up from the stroma and released in the lumen, creating a proton

gradient. This proton gradient is then used to drive ATP production by ATP synthase.
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Electrons are transferred from plastocyanin to Photosystem |, after which it undergoes
another excitation step. The energy carrier NADPH is generated from excited electrons from
Photosystem 1, via an electron carrier, ferredoxin, and an enzyme, ferredoxin-NADP*

reductase (FNR).

In the ‘Dark’ reactions, CO fixation and reduction are driven by the consumption
of ATP and NADPH, which are regenerated in the ‘Light’ reactions. In the first step, CO>
fixation is catalysed by the enzyme RuBisCO, converting ribulose-1,5-bisphosphate (5
carbons) into 2 molecules of 3-phosphoglycerate (3 carbons). Next, 3-phosphoglycerate is
reduced to glyceraldehyde 3-phosphate (3 carbons), consuming 1 ATP and 1 NADPH per
molecule. Finally, 3 molecules of ribulose-1,5-bisphosphate are regenerated from 5
molecules of glyceraldehyde 3-phosphate, again consuming ATP. One excess
glyceraldehyde 3-phosphate is produced per 3 turns of the cycle, i.e. one carbon atom is
fixed per cycle. One hexose can be formed from 2 molecules of glyceraldehyde 3-phosphate,
and thus 6 cycles is required to produce one sugar molecule. The overall reaction of

photosynthesis is the reduction of CO2 and oxidation of water, driven by photons.

1.1.2 Artificial photosynthesis

Scientists have long sought to replicate the natural phenomena of photosynthesis,
and the field of artificial photosynthesis has focused mostly on solar water splitting®® since
the first demonstration by Honda and Fujishima in 1972,% where a single crystal of n-type
rutile TiO2 was used as a photoanode for oxygen evolution under UV irradiation. The water
splitting reaction is an uphill reaction, with AG® of 237 kJ/mol, which is equivalent to
1.23V, and this can be considered storage of solar energy in the form of molecular

hydrogen. Hydrogen gas, although potentially explosive, is thought to be a good ‘energy

3
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carrier’ because it only forms water upon release of energy, either through combustion or in
a fuel cell.

Artificial photosynthesis can be broken down into 3 processes: Light absorption,
charge transfer, and catalytic reactions.>’ Semiconductors can be used as light absorbers, as
they generate electron-hole pairs when irradiated with light that has energy at least equal to
their band gap (see also Chapter 6). The electrons can subsequently be used in a reduction
reaction if the conduction band level is more negative than the reduction potential of the
reduction half-reaction, and the hole can be used in oxidation if the valence band is more
positive than the reduction potential of the oxidation half-reaction (Figure 1.2). In other
words, the band gap dictates the range of light that a semiconductor can absorb, and the band

positions dictate the redox reactions it can perform.

Conduction
(-) Band
(ey
AN )
______ L 4 I — — - Reduction Half-reaction
_ o
© @
g 2
c 3
—————— -—- F—— - Oxidation Half-reaction
(+) Valence

Band

Figure 1.2 Diagram of light-driven redox reactions using a semiconductor (i.e. artificial
photosynthesis). Electron-hole pairs are generated by light excitation, and they can carry out
reduction and oxidation half-reactions provided that the band positions are favourable.
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Taking water splitting as an example, the associated processes including the redox

half-reactions are as follows:

Light absorption: hy - e +h*

Reduction half reaction: 4H" + 4~ — 2H; E°=-0.41V vs SHE at pH 7
Oxidation half reaction: 2H,0 + 4h* — Oy + 4H* E°=0.82V

Overall reaction: 2H>0 — 2H2> + O2

Once the electron-hole pairs are photogenerated, they need to separate and be
transported to the semiconductor surface to carry out redox reactions. Although the desired
reactions (hydrogen and oxygen evolution, for example) can proceed on the bare
semiconductor surface in some cases, the rate is slow and therefore surface catalysts are
required. A variety of inorganic materials have been studied as catalysts for hydrogen® and
oxygen evolution® , and noble metals such as Pt, Rh, Ir, and their oxides are typically good

catalysts.

1.1.3 Aspects of artificial photosynthetic systems

Semiconductor materials that were studied at the beginning of the artificial
photosynthesis field were typically wide band gap semiconductors such as TiO2 and SrTiOg,
which can only absorb light in the UV region. Since UV light comprises less than 4 % of the
solar spectrum,® materials that respond to visible light are required for a practical system.
There are several strategies to engineer visible-light absorption, with the schemes shown in

Figure 1.3.
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1. Dye sensitization — A sensitizer such as an organic dye could be used for light
absorption, after which, the photogenerated electron can be injected into the conduction band

of the semiconductor. This usually necessitates the use of a sacrificial electron donor, since
the rate of water oxidation by dyes are usually slow.
2. Native narrow band gap materials — Non-oxide materials such as chalcogenides,
oxynitrides, and nitrides possess a narrower band gap than oxides, mostly due to the
contribution of S, Se, or N to the valence band.!*

3. Band gap engineering — An electron donor level can be created in a wide band

gap material, usually by doping with other metal ions (e.g. Rh-doped SrTiO3).*

A B C
Sensitizer
CB CB
CB
[oR
3
o Donor
o level @
m —— — e —— —
VB
VB VB

Figure 1.3 Strategies for visible light absorption. A) Sensitization by a dye, B) Native

narrow band gap materials, C) Band gap engineering by doping.

Artificial photosynthetic systems can be configured in two ways: a particulate
system (also known as photochemical or colloidal) and a photoelectrochemical system.!3
First, in a particulate system (Figure 1.4A), semiconductors particles are suspended in

aqueous solution, and electron-hole pairs are generated within these particles under light
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irradiation. The charges then migrate to the surface of the particles to drive redox reactions.

Catalysts can be loaded onto the particles to carry out either or both of the half-reactions.

In a photoelectrochemical system**!°, the reduction and oxidation reactions occur
on two separate electrodes, as shown in Figure 1.4B using an n-type semiconductor as an
example. When an n-type semiconductor electrode comes into contact with the solution, it
transfers electrons to the solution until equilibrium is reached, resulting in ‘band-bending’
(see Chapter 6 for a detailed explanation). When it receives light irradiation, the
photogenerated electrons can travel to the back contact, and across the circuit to the cathode
where they can drive the reduction half-reaction. The photogenerated holes travel to the
electrode surface, where they drive the oxidation half-reaction, thus resulting in a photo-
oxidation current. Without light irradiation, the population of holes is too low for oxidation
to occur. Thus, the photocurrent is generated from photoproduction of the minority carrier,
which are holes in the case of n-type semiconductors. For p-type semiconductors, the reverse
is true, and it can be expected to generate a photo-reduction current and therefore act as a

photocathode.

(V)

—
---Reduction CB (e\’

---= Reduction
Oxidation - - -

%\&@ VB

n-type
semiconductor

- ---Oxidation

/

Figure 1.4 Two configurations for artificial photosynthesis systems. A) Particulate system.
B) Photoelectrochemical system with a n-type semiconductor.
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Even when the band potentials of some semiconductors are not suitable for a half-
reaction, they can still be used in conjunction with a different material in what is called a ‘Z-
scheme’ (Figure 1.5),'® similar to the configuration of Photosystem Il and Photosystem I.
One semiconductor material carries out the reduction reaction, while another carries out
oxidation, with electrons transferred from one to the other via a mediator such as I'/103". One
drawback of Z-scheme systems is that they require twice the number of photons required in
a single band gap system, and therefore the quantum yield is halved. However, this does not
mean that the energy conversion efficiency of a dual band gap system is necessarily lower
than that of a single band gap system. One cause of low energy conversion efficiency in a
single band gap system is the energy loss per photon. This energy loss can be lessened by
using two materials with different band gaps, chosen such that they absorb complementary

parts of the solar spectrum %1718

———————————————— K—— ————— Reduction Half-reaction
. ! ~> Mediator
=0

Oxidation Half-reaction — ———=4 —( —(—(  ___ _____________

Figure 1.5 Diagram of Z-scheme configuration, where electrons are transferred from one
light-absorbing material to another via an electron mediator.

Although most of the work on artificial photosynthesis has focused on water
splitting, partly due to the relative simplicity in producing hydrogen, other fuels such as
formate can also be made in a light-driven CO-assimilation process.’®2! To increase the
selectivity of the reaction towards a specific product, molecular catalysts are usually

employed,?? as solid state materials such as copper give a mixture of products (ranging from
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Hz, CO, HCOOH, to CH4).22* This illustrates the importance of using a catalyst to tailor
the process towards making a specific product. To go further, producing even more complex
chemicals from sunlight should be possible, given the appropriate catalysts for the reaction.
Indeed, natural photosynthesis produces a multitude of complex chemicals by harnessing a
vast array of components, from light-harvesting complexes to enzymes for CO- fixation.
This division of labour, utilising separate components tailored for light absorption and
catalytic reaction, is the key to creating solar-to-chemicals processes, and it would be

unreasonable to expect a single material to possess all the required properties.



Chapter 1. Introduction

1.2 Enzymes as catalysts

Enzymes have been designed by evolution to be excellent catalysts, in terms of
rates, selectivity of the substrate, and stereo- and regio-specificity of the product.?>2
Catalysts accelerate the rate of a chemical reaction by lowering the activation energy through
stabilization of the transition state. While catalysis occurs at the enzyme active site, the entire
protein structure works in concert to ensure that the active site geometry is aligned for
substrate binding, chemical reaction, and subsequent release of product. The resulting
catalytic rate is enhanced compared to the uncatalyzed case because the substrate is held in
close proximity to the active site, in effect becoming an intramolecular reaction. The
enzymes used in this thesis are from two families: cobalt-containing enzymes and
flavoenzymes. A more detailed introduction to the each of the specific enzymes is given in

Chapters 2 and 3.

1.2.1 Cobalt-containing enzymes

In order to function, some enzymes require additional components that are not part
of the protein chain, and these are called cofactors. These cofactors are either metal ions or
small organic molecules (the latter are also called coenzymes). One of the enzymes studied
in this thesis, tetrachloroethene reductive dehalogenase (PceA, Chapter 2), uses a cobalt-

containing cofactor (also known as a cobalamin, see Figure 1.6).

10
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R = CN : Vitamin B>
R = CHs : Methylcobalamin

R = deoxyadenosine : Coenzyme B4,

HO

\ OH
H,C N
9 2
N N
N NH,

Figure 1.6 Structures of some cobalamins: vitamin Bi> (or cyanocobalamin),
methylcobalamin, and coenzyme Bio.

The majority of studied cobalt-containing enzymes are either isomerases or
methyltransferases.?’?® For isomerases, the coenzyme Bi, (also denoted as
adenosylcobalamin or AdoCbl) acts as a ready source of radicals as shown in Figure 1.7.
The Co-carbon bond undergoes homolysis, and the generated radical on the deoxyadenosine
can abstract H from the substrate. The substrate radical rearranges and abstracts H from the
deoxyadenosine, regenerating the radical on the coenzyme. For methyltransferases, one of
the substrates donates a methyl group to the cobalamin, creating a Co-methyl bond, which
is then broken when the methyl group is transferred to a second substrate. Reductive
dehalogenases work by a different mechanism, and this will be discussed in more detail in

Chapter 2.

11
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| H-abstraction o |

T~

Ado—CH Ado—CH Ado—CH
© 2 =< — © 2 3 1,2 Rearrangement
Co®* Co®* Co**
i N 1
—C-C— - —C-C—

| H-abstraction [

Figure 1.7 Mechanism of coenzyme Bi.-dependent isomerases, adapted from ref?’. Ado
denotes the deoxyadenosine group.

1.2.2 Flavoenzymes

One important property of enzymes is their ability to store multiple electrons that
are required for a complete reaction. For example, one class of enzymes called
flavoenzymes, which usually contain an FMN (Flavin mononucleotide) or an FAD (Flavin
adenine dinucleotide) cofactor, can mediate between one-electron and two-electron
reactions.?® This is because the flavin cofactor can exist in three redox states: fully oxidized,

one-electron reduced (semiquinone), and fully reduced (hydroquinone) as shown in Figure

1.8 below.
R R R H
N N @] .ot N N 0] . N N (0]
~ +e, H = +e,H
0 0] 0
Oxidized Semireduced Fully reduced
(Quinone) (Semiguinone) (Hydroquinone)

Figure 1.8 Redox states of a flavin group

12
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One of the enzymes investigated in this thesis (Chapters 3 — 5) is a flavoenzyme
called ferredoxin-NADP™ reductase (FNR) which catalyses the two-electron reduction of
NADP* to NADPH, by receiving electrons from ferredoxin which can only transfer one
electron at a time. Without enzymes, the reduction of NAD" and oxidation of NADH can
proceed at bare metal electrodes such as mercury, but this requires large overpotentials and
can lead to physiologically undesirable side-products (i.e. the unusable 1,6 NADH instead
of the usable 1,4 NADH).3%-32 The first step is the one-electron reduction of NAD* to NAD",
which occurs at ca. -1.1 V vs SCE at pH 7. This NAD" can be further reduced at more
negative potentials, yielding both 1,4 NADH and 1,6 NADH, however, the NAD" can also
dimerize to form (NAD). Oxidation of NADH at bare electrodes occurs at ca. +0.5 V vs
SCE, where the first step is a one-electron oxidation of NADH to NADH™ which
deprotonates to NAD" then finally oxidized to NAD".3 The results of this thesis show that,
in contrast to bare metals, enzymatic NADP*/NADPH interconversion by FNR can proceed

with almost no overpotential, and this will be discussed in detail in Chapter 3.
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1.3 Enzyme-material composites

In the study of enzyme activity in conjunction with an inorganic material, a
distinction can be made based on the level of involvement of the material in the enzymatic
reaction. For many cases, the material plays no role in catalysis, and acts only as a passive
anchor for enzymes. In other cases, usually involving oxidoreductases, the inorganic

material is involved in electron transfer with the enzyme.

Enzymes can be immobilized onto passive supports (i.e. without electron transfer)
to facilitate handling as well as removal and recovery of the enzyme after the reaction is
completed and to eliminate the need for product separation.>*3® These properties are relevant
for biocatalysis,3’ especially on an industrial scale. Enzymes can be attached to the surface
of solids (usually inorganic materials or polymers), entrapped inside a gel or polymer, or

crosslinked with other enzyme molecules to create crystals or aggregates.

For the interests of this thesis, emphasis is placed on enzyme-material composites
involving electron transfer. This can be divided into two broad classes, similar to the types
of artificial photosynthesis systems covered in the previous section: an electrochemical
system and a particulate (or colloidal) system, both of which can be made up of conducting

or semi-conducting materials.

If an enzyme can be immobilized onto an electrode in an electroactive
configuration, then the enzyme can be studied under direct potential control. Various
approaches have been investigated for enzyme immobilization on electrodes.®®3° For
example, the surface of metals (Au, Ag, etc.) can be modified with self-assembled
monolayers (SAM), which possess one end (such as a thiol group) to interact with the metal
surface, and the other end (-COOH, -OH, -NH, etc.) to interact with the enzyme.*0-42

Graphite is another common electrode material,**** especially a freshly abraded edge plane
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of pyrolytic graphite which is rough and possesses -COOH and -OH groups® allowing the
adsorption of enzymes. Conducting and semiconducting metal oxides can also be used as
electrode materials, as will be discussed later in this section, as well as in other chapters of

this thesis.

One example of practical usage of an enzymatic electrochemical system is glucose
oxidase (GOx), which is a component in glucose biosensors (Figure 1.9A).% In earlier-
generation systems, these sensors worked by amperometric detection of H.O> produced by
GOx when consuming glucose, i.e. H20, acted as an electron mediator between GOx and
the working electrode. In this setup, there is no direct electron transfer between GOx and the
working electrode (due to the buried nature of the FAD active site), thus interference was
possible by other redox components present in the solution such as ascorbic acid or uric acid.
Later work has tried to replace H,O> with other electron mediators, such as ferrocene or a
redox polymer which also acted to immobilize GOx on the working electrode. Carbon
nanotubes have been used to covalently link an FAD cofactor to a working electrode,*’ after
which apo-GOx (GOx without an FAD group) could be bound, thereby creating a direct

electronic contact between GOx and the working electrode.

The electrode in an enzymatic electrochemical system could also be a light-
absorbing material. For example, a p-type InP photoelectrode was used to drive CO>
reduction by a formate dehydrogenase (Figure 1.9B).* The enzyme was not directly
attached to the electrode, but instead the photogenerated electrons reduced methyl viologen
(MV?) in the solution, which in turn reduced the enzyme, driving the conversion of CO; to

formate.
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Figure 1.9 Examples of enzyme-material composite systems. A) Glucose oxidation by
glucose oxidase, in either indirect contact with an electrode via H.O> formation, or with its
FAD group covalently linked to an electrode surface. B) CO reduction by formate
dehydrogenase receiving electrons indirectly from a InP photocathode. C) Fumarate
reduction by flavocytochrome ¢z on an ITO cathode and light absorption and water oxidation
at a BiVO4 photoanode. D) Water-gas shift reaction by carbon monoxide dehydrogenase
(CODH) and hydrogenase connected by conductive graphite particles. E) H2 production or
COz reduction by hydrogenase or CODH, respectively, adsorbed onto dye-sensitized TiO>
particles. F) Hz production by hydrogenase adsorbed onto visible-light active CdS particles.
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In particulate systems, the conducting or semiconducting material is not connected
to a power source like in the case of an electrode system, and therefore electrons must be
supplied from a different source. One example is the water-gas shift reaction demonstrated
by Lazarus et al.,*® where two different enzymes were co-adsorbed onto conducting graphite
platelets (Figure 1.9D). The water-gas shift reaction is the conversion of CO to CO3, coupled
to Hy production, utilizing the difference in reduction potentials of CO oxidation and H*
reduction. A carbon dioxide dehydrogenase enzyme (CODH) is used to transform CO to
COo, releasing electrons that can travel through the conducting particle to a hydrogenase

enzyme, which can use these electrons to drive H* reduction to Ho.

Electrons can also be supplied by light, as described in the previous section on
artificial photosynthesis by semiconductors. Work in the Armstrong group on light-driven
enzymatic reactions began with Reisner in 2009, in which various hydrogenases were
connected to dye-sensitized TiO. particles to produce Hz under visible light irradiation
(Figure 1.9E).° The dye was a Ru-based complex, with ligands possessing phosphonate
groups for attachment to the TiO; surface. The TiO; particles, though not directly involved
in light absorption, act as both a scaffold to hold both the dye and enzyme, and also
participate in electron transport from dye to enzyme. The best-performing hydrogenase was
a NiFeSe-hydrogenase from Desulfomicrobium baculatum, with a turnover of 50 moles of
H> per enzyme molecule per second. Interestingly, the hydrogenase Hyd2 from Escherichia
coli, a good Hz producer and relatively tolerant to Oz, only produced negligible amounts of
H> when attached to TiO particles even though it was able to adsorb on to the particles from
solution. This implies that the enzyme has to be adsorbed in an electroactive orientation, i.e.
to allow for direct electron transfer from TiO: to the electron entry point in the enzyme.
Other hydrogenases including typically good Hz-producing FeFe-hydrogenases such as

HydA1l from Chlamydomonas reinhartii, performed poorly, possibly due to O2-inactivation
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or photodamage. This work showcased a particular configuration of a solar-to-H. system:
organic dye as visible-light absorber, TiO2 as electronic bridge and support, and a
hydrogenase as the H» evolving catalyst. Limitations of this system include the use of noble
metals in the organic dye (Ru in this case) and the need for a sacrificial electron donor to
replenish the electrons in the dye HOMO. In any system using dye-sensitized TiO> particles,
the HOMO of the dye is typically not positive enough for water oxidation, therefore the
system needs a substance more easily oxidized than water, i.e. sacrificial reagents such as

triethanolamine (TEOA) and 2-(N-morpholino)ethanesulfonic acid (MES).

Woolerton et al used the same light-absorbing system in conjuction with
carbonmonoxide dehydrogenase (CODH) from Carboxydothermus hydrogenoformans to
catalyse the reduction of CO2 to CO.%1°2 The adsorption of CODH onto TiO, was expected
to be mainly determined by electrostatic interactions, with CODH adsorbing favourably on
positively charged surfaces. In an attempt to modify the surface with o-phosphorylethanol
amine which has a phosphonate group for attachment to the TiO2 surface and a protruding
amine group to provide a positive surface charge, the CO2 reduction activity was lowered,
contrary to expectations, which suggests that electrostatic interactions cannot be the whole
story. The photoreduction of CO. was also accomplished in a photoelectrochemical system,
where CODH was immobilized on a dye-sensitized p-type NiO electrode.>® In this case, the
production of CO was too small to be measured directly, and inhibition experiments with

KOCN were used to confirm that the photocurrent was due to CO. reduction by CODH.

The scope of solar-driven enzymatic reactions was extended beyond H: production
and CO- reduction, for example to conversion of fumarate to succinate by flavocytochrome
cs (fces).>* The reaction was driven by light in two configurations: a particulate system (on
dye-sensitized TiO2) and a photoelectrochemical system (fccz on ITO electrode coupled to

a BiVO4 photoanode, Figure 1.9C). Because the reduction potential of fumarate was more
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positive than H* reduction, the reaction proceeded even without applied bias, which is not

possible in the case of water splitting on BiVO4 electrodes due to its conduction band level.

The groups of Dukovic and King have studied H> production by hydrogenases in
complex with CdS nanorods (Figure 1.9F).%>® The FeFe-hydrogenase from Clostridium
acetobutylicum adsorbed onto CdS which were capped with 3-mercaptopropionic acid
which provided a surface negative charge via a carboxylic acid group. Ascorbic acid was
used as the sacrificial electron donor for CdS. It was shown that the binding of the
hydrogenase to CdS was stronger than to ferredoxin, its biological redox partner, probably
due to the larger contact area and more negatively charged surface. The electron transfer
from CdS to hydrogenases was fast, but the system is limited by the self-oxidation of CdS

under light, and therefore a sacrificial electron donor is always necessary.

A related system is a composite made of a molecular catalyst immobilized onto a
conductive support. For example, Maeda and co-workers have used a composite of C3Na (a
visible-light absorbing semiconductor) and noble metal complexes of Ru and Re for CO;
reduction to either formate or CO.>” Other workers have attached Dubois-type Ni complex
catalysts for H, evolution onto semiconductors.®®*® A clear analogy can be observed
between these systems and enzyme-material composites; both are light-absorbing materials
connected electrically to a catalyst for a specific reaction. An enzyme is a macromolecule
and as such takes up more space on the support surface, thus the limit for coverage is lower
than that for molecular catalysts. In addition, enzymes also possess specific regions as
electron entry/exit points, and therefore they have a preferred orientation on a surface, with
the electron entry/exit point positioned closest to the surface. However, the structure of
molecular catalysts can be distorted, or even completely lost, when immobilized on a

surface, whereas the backbone of an enzyme maintains it in an active configuration.
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In summary, enzyme-materials composites have been used for a variety of
reactions, both with and without electron transfer between the inorganic material and the
enzyme. This thesis focuses on materials that participate in electron transfers to and from an
enzyme. The inorganic material is either an electrochemical or a particulate configuration,
and the source of high-energy electrons is either a potentiostat, light excitation (in the case

of semiconductors) or electron donors such as hydrogen.

1.4 Scope of this thesis

This thesis explores solar-to-chemical reactions using enzyme-material composites,
extending beyond Hx production and CO: reduction. In Chapter 2, | demonstrate
regiospecific dehalogenation catalysed by tetrachloroethene reductive dehalogenase (PceA),
both on TiO> electrodes and TiO> particles. This work serves as a demonstration of light-
driven production of a specific compound, cis-dichloroethene, which could not be achieved

in other non-enzymatic systems.

Chapters 3 to 5 focus on the production of a valuable product, NADPH, by
ferredoxin-NADP™ reductase (FNR) immobilized on ITO electrodes. Chapter 3 lays the
groundwork of basic electrochemistry of FNR and investigates its reduction potential and
catalytic activity. Having established electroactive FNR on an electrode, in Chapter 4 it was
used as an NADP*/NADPH recycling system which could be coupled to downstream
enzyme-catalysed organic syntheses. This was termed ‘The electrochemical leaf’, as it
mimicked NADPH recycling in the biological leaf. In Chapter 5, light-driven NADPH

production was achieved by connecting the FNR-adsorbed electrode to a photoelectrode.

Finally, Chapter 6 covers background electrochemical theory and details of

experimental methods.
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For convenience, Table 1.1 below lists the reduction potentials of all redox

reactions discussed in this thesis.

Table 1.1 Reduction potentials of relevant reactions

Reduction potential

(V vs SHE at pH 7) Reaction
-0.53 CO./CO
-0.41 H*/H,
-0.32 NAD(P)*/NAD(P)H
0.54 TCE/cDCE
0.58 PCE/TCE
0.82 02/H20
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Chapter 2

Solar-driven reductive dehalogenation of organic compounds

Abstract

The tetrachloroethene reductive dehalogenase (PceA) from Sulfurospirillum
multivorans catalyzes the sequential reduction of tetrachloroethene (also known as
perchloroethylene, PCE) to trichloroethene (TCE) then regiospecifically to cis-1,2-
dichloroethene (cDCE). This chapter investigates the use of a semiconductor as a light
absorber, generating and transfering electrons to PceA and thereby exemplifying a light-
driven enzymatic system for reductive dehalogenation. Direct electron transfer from an
electrode to PceA showed that PceA was active on both pyrolytic graphite edge (PGE) and
TiO2 electrodes. When PceA-loaded TiO2 particles received UV irradiation, the
photogenerated electrons were able to transfer from TiO2 to PceA, and the sequential
reductive dehalogenation of PCE to TCE and then cDCE was confirmed by GC-MS. This
result contributes to the library of solar-to-chemical processes, and the system could
potentially be adapted to use with other dehalogenases that utilizes a different range of

substrates.

Results from this chapter were published:

Bhavin Siritanaratkul, Shams T. A. Islam, Torsten Schubert, Cindy Kunze, Tobias Goris,

Gabriele Diekert and Fraser A. Armstrong, “Selective, light-driven enzymatic

dehalogenations of organic compounds”, RSC Advances, 2016, 6, 84882-84886
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2.1 Introduction

2.1.1 Reductive dehalogenation by organohalide-respiring bacteria

Organohalides have many industrial uses, for example trichloroethene (TCE,
C2HCI3) was first used as an anesthetic then as an organic solvent and metal degreaser,
despite its toxicity and carcinogenicity.! Organohalides that are found in soil and water can
be generated from naturally occurring processes®® as well as industrial processes.* A large
variety of marine plant, fungi, and bacteria can synthesize halogenated compounds, possibly
as a self-defence mechanism. Therefore, it is not surprising that some organisms have
evolved the ability for organohalide respiration using organohalides as the final electron

acceptor.>®

Reductive dehalogenation of organohalides are exergonic reactions, providing a
driving force for the final goal of ATP synthesis.” Simple models of the electron transport
chain in organohalide respiration are shown in Figure 2.1. For illustrative purposes, Hz is
assumed to be the electron donor, but other donors are possible including formate, pyruvate,
and lactate. A hydrogenase oxidises Hz to produce two protons and two electrons, of which
the latter is transported via a mediator in the membrane to a reductive dehalogenase. Again,
a variety of substrates are possible for dehalogenation, and in this case we use the example
of tetrachloroethene (PCE, C2Cls, also known as perchloroethene), which is reduced to
trichloroethene (TCE) releasing a chloride ion. The reductive dehalogenase (RDase) could
either be located on the cytoplasmic side (‘inside’, Figure 2.1A) or the periplasmic side
(‘outside’, Figure 2.1B) of the cytoplasmic membrane. It was only recently that some
evidence had been gathered for the latter case.2® The mediator delivering electrons to
reductive dehalogenases has not been identified, and it may differ between species, though

some studies implicate menaquinone, which also functions as a proton translocator.°
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Figure 2.1 Models of organohalide respiration with H> as electron donor and PCE as
electron acceptor, with the RDase on the A) inside and B) outside of the cytoplasmic
membrane. Hoase, hydrogenase; Med, electron mediator; RDase, reductive dehalogenase;
PCE, tetrachloroethene (perchloroethene); TCE, trichloroethene.

In general, organohalide-respiring bacteria are anaerobes, with the first example
(Desulfomonile tiedjei) isolated from sewage sludge containing 3-chlorobenzoate.!! These
bacteria usually show a preference for either chlorinated aromatic compounds or chlorinated

ethenes.

There have been studies using electrochemistry with whole-cell organohalide-
respiring bacteria.'*®* A mixed culture including Desulfitobacterium sp. and
Dehalococcoides sp. was grown in an electrochemical cell with a carbon paper electrode.
When a potential of -0.45 V vs SHE was applied and no other source of reducing equivalents
(such as H») were present, the cells were able to reduce TCE (C2HCl3) to cis-1 2-
dichloroethene (cDCE, C2H2Cl,), vinyl chloride (C2HsCl), and ethene (C2H.). No additional
electron mediators were added to the electrochemical cell, but the results indicated a
mediator species, still unidentified, was produced by the bacteria as a response to applied

potential.
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2.1.2 Reductive dehalogenase PceA from Sulfurospirillum multivorans

The enzyme used in this study is the tetrachloroethene reductive dehalogenase PceA
(EC 1.97.1.8) from Sulfurospirillum multivorans (also previously known as Dehalospirillum
multivorans), provided by the Diekert research group at Friedrich-Schiller-Universitat Jena.
The crystal structure of PceA is shown in Figure 2.2A. The enzyme has a Co-containing
norpseudo-B1» cofactor (Figure 2.2B) as the active site, as well as two [4Fe-4S] clusters.
The distance between Co and the proximal [4Fe-4S], and between the proximal and distal
[4Fe-4S] are 8.4 and 9.5 A, respectively.® This suggests an electron transfer chain from the
[4Fe-4S] clusters to the buried norpseudo-Bi2 active site, since the distances are within the

limit (14 A) for intramolecular electron transfer.4
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Figure 2.2 A) Crystal structure of PceA, with norpseudo-B12 (green) and two [4Fe-4S]
clusters (yellow and orange) shown.® (PDB code 4UQU) B) Structure of pseudovitamin Bi..
For norspeudo-B12, the methyl group in the red circle is replaced by a hydrogen.

Extensive characterization of PceA identified the reductive dechlorination activity

of Sulfurospirillum multivorans,® followed by isolation of PceA.*® Activity assays are
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reported using a variety of electron donors,® including methyl viologen (MV?*/MV*, E = -
446 mV vs SHE), benzyl viologen (BV?BV*, E = -359 mV), methylene blue, pyridine
nucleotides, flavins, cytochrome c, and ferredoxin, but only reduced methyl viologen was
able to act as the electron donor. Methyl viologen was reduced chemically by titanium(lIl)
citrate, and the extent of reaction of PceA with PCE or TCE was monitored by the change
in absorbance at 578 nm; PceA catalyzed the reduction of tetrachloroethene (PCE) to
trichloroethene (TCE) and the reduction of TCE to cis-1,2-dichloroethene (cDCE),
equations (1) and (2), respectively. Both reactions are exergonic, with reduction potentials
of 0.58 and 0.54 V vs SHE at pH 7.17 Alternatively, the change in Gibbs free energy of the
reaction can also be estimated from the Gibbs energy of formation of the compounds, which

results in -138 and -128 kJ/mol for equations (1) and (2), respectively.

Cl Cl Cl
>—<_ + H ' +2¢7 — /:< +CI
Cl Cl Cl Cl Eqg.1
Cl
— + H +2¢e —> / \  +CI
Cl Cl
Cl Cl Eq.2

The involvement of a corrinoid cofactor (norpseudo-Biz2 in this case) was first shown
by inhibition experiments with propyl iodide which binds to cobalt in the reduced state.*®
This binding is reversible, and the cobalt-carbon bond can be broken by light irradiation,
restoring the original activity. The norpseudo-Bi2 cofactor was isolated,'® and the reduction
potential of Co(I1)/Co(l) for the enzyme-bound cofactor was -0.38 V vs SHE, while the free

form was at -0.48 V.

The first step in the catalytic cycle is the reaction of Co(l) in the norpseudo-B12 with
the substrate (PCE for example),'® with two different pathways postulated, (Figure 2.3). In

pathway A, the Co(l) is a reductant in an electron transfer mechanism, creating a
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trichlorovinyl radical, which is then converted to TCE after protonation and a further
reduction step. In pathway B, the Co(l) acts as nucleophile attacking one of the carbons and
forms a cobalt-tetrachloroethyl complex, which then releases a chloride, then the complex

is protonated to release TCE.
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e +H"
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Figure 2.3 Catalytic cycle of PceA in reduction of PCE to TCE. A) electron transfer
mechanism, B) nucleophilic alkylation mechanism. Adapted from Schubert and Diekert.®

The enzyme PceA has also been previously studied by indirect electrochemistry,?
using a graphite working electrode and methyl viologen as an electron mediator. The work
also identified other electron mediators that could drive dehalogenation by PceA:
cobaltocene (Cc*/Cc®, E =-0.93 V vs SHE), and doubly reduced benzyl viologen (BV*/BV?,
E = -0.62 V). Note that singly reduced benzyl viologen was unable to reduce PceA in

solution assays. Almost all of the contribution to the current was from PceA adsorbed onto
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the electrode rather than the free enzyme in solution, although direct electron transfer was

not observed.

The isolated Co-containing cofactor and its derivatives also has catalytic
properties.?! Cyanocobalamin, as well as the heat-inactivated PceA, showed some activity
for conversion of other halogenated organic molecules, but not PCE or TCE. Other workers
have adsorbed a cobalamin derivative onto TiO2, and used that system for light-driven
dehalogenation, such as for conversion of benzotrichloride to methyl benzoate,?? phenethyl
bromide to ethyl benzene,? and radical 1,2 migration of the phenyl group in diethyl 2-

bromomethyl-2-phenylmalonate.?

2.1.3 Aims of this chapter

In this chapter, light-driven electrocatalysis by PceA is investigated, using TiOz as a
light absorber as shown in Figure 2.4, for the conversion of PCE to TCE then cDCE. Since
the reaction is exergonic, as mentioned in Section 2.1.1, solar energy is not stored, but
instead used to overcome the activation barrier.?> This process can be convoluted by the fact
that PCE and TCE can undergo photooxidative decomposition on the bare TiO, surface.
Trichloroethene (TCE) has been used as a model compound to study photocatalytic
oxidation on Ti02.2628 In the presence of molecular oxygen, the photogenerated electrons
and holes in TiO2 can generate reactive oxygen species such as hydroxyl radical and atomic
oxygen on the TiO. surface. These reactive oxygen species can then oxidize TCE that is
adsorbed on TiO, through a complicated series of pathways, producing a mixture of products

including COCI; (phosgene), CO, CO, HCI, and CHCls.
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Figure 2.4. Scheme of light-driven enzymatic dehalogenation by PceA adsorbed onto TiO>
particles. Band gap excitation of TiO2 generates electrons in its conduction band, which is
then directly injected into PceA enabling reduction of PCE and TCE. The holes in the
valence band of TiO oxidize a sacrificial electron donor (Tris buffer in this case).

By carrying out all experiments under anaerobic conditions, the PCE and TCE
conversion pathways should be via the enzyme alone, and not from reactive oxygen species
produced on the TiOz surface. The TiO. particles generate electron-hole pairs under UV
illumination, and the electrons can be transferred to PceA adsorbed onto the TiO> surface.
The holes are then consumed by a sacrificial electron donor in the solution, for example Tris
buffer or ethanol that was used to dissolve the substrates. For electron transfer to occur from
TiO2 to PceA, the conduction band potential of TiO. (-0.60 V vs SHE at pH 7 for anatase
Ti02)?% must be more negative than the entry points of electrons into PceA, which are the

[4Fe-4S] centres.3

Towards this goal, the feasibility of direct electron transfer from an electrode (both
pyrolytic graphite edge, PGE, and TiO2) to PceA was first established. Furthermore, a

colloidal system with PceA adsorbed onto TiO; particles was then examined under UV light
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irradiation, and the light-driven conversion of PCE to TCE and cDCE quantified by GC-
MS. Note that the enzymatic reaction(s) can be easily distinguished from the
photodecomposition process on bare TiO2, as PceA will give specific dehalogenated
products (only TCE and cDCE), whereas decomposition of PCE by TiO2 will give a complex

mixture of products (see above), none of which are TCE or cDCE.
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2.2 Results and discussion

2.2.1 Electrochemistry of PceA

The activity of PceA was examined on a PGE electrode (Figure 2.5); the electrode
was abraded with sandpaper, then 1 puL of PceA solution (21 uM) was dropped onto the
electrode surface, and left to adsorb for approximately 1 min. Cyclic voltammograms were
measured, before and after injection of the substrate (TCE, 0.8 mM final concentration) into
the cell. All electrochemical experiments were performed inside an anaerobic glovebox with
a N2 atmosphere (O2 < 5 ppm). Due to their low solubility in water, all chlorinated
compounds (PCE, TCE, cDCE) were first dissolved in a small amount of EtOH (typically
100 pL), before injection into the electrochemical cell at 0.11 V (See Chapter 6 Section 6.2.4
for more experimental details). All buffer solutions (Tris, pH 6.0 — 8.0) contained a small
amount of (NH4)2SO4 (4 mM) as it was shown to increase the activity of PceA although the

reason remains unclear.%?
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Figure 2.5 Cyclic voltammograms of PceA on a pyrolytic graphite ‘edge’ (PGE) electrode,
before (black) and after injection (red and blue) of trichloroethene (TCE) to 0.8 mM final
concentration. Reaction conditions: Tris buffer 0.1 M, pH 7.0, 25 °C, scan rate 20 mV/s,
stationary electrode.
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In the presence of TCE (0.8 mM), the PceA-loaded electrode showed a strong
reductive current with an onset potential of ca. -0.42 V vs. SHE (pH 7, Figure 2.5). On a
blank PGE electrode control experiment with no PceA no reductive current could be
observed with the injection of either PCE, TCE nor cDCE under the same conditions as
those shown in Figure 2.5, indicating that these organohalides are not reduced by bare PGE
in the potential range -0.9 — 0.1 V vs SHE (data not shown). These results confirm that the
reductive current observed in Figure 2.5 is due to enzymatic dehalogenation of TCE by
PceA. On the second scan, the reduction current is significantly reduced, which is attributed
to the volatile nature of the substrate and to a lesser extent, loss of the enzyme film. The
decrease in current cannot be due to consumption of the substrate, as the amount of charge
passed during the reductive scan is insignificant compared to the starting amount of
substrate. The dehalogenation of TCE to cDCE by PceA was irreversible, as there were no
oxidation currents observed, neither from oxidation of cDCE produced during the reductive

scan, or from direct injection of cDCE into the cell.

The catalytic reduction current onset potential was approximately -0.42 V vs SHE at
pH 7, slightly more negative than the spectrocopically-derived reduction potential of the
cofactor Co(11)/Co(l) (-0.38 V vs SHE at pH 7.5).%8 This suggests that the [4Fe-4S] that is
the initial electron entry point possesses a more negative reduction potential than the
norspeudo-B. active site, leading to a lack of activity for the reverse reaction. This result
agrees with the results from solution assays with an electron mediator, where the mediators
that could reduce PceA were reduced methyl viologen (MVZ*/MV*, E = -0.44 V vs SHE),
cobaltocene (Cc*/Cc?, E = -0.93 V), and doubly reduced benzyl viologen (BV*/BV?, E = -
0.62 V). A mediator with a higher potential, singly reduced benzyl viologen (BV?'BV*, E

=-0.36 V), was unable to reduce PceA.
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No non-turnover peaks were observed in the absence of substrate. However, the TOF
of the enzyme can be estimated from the amount of enzyme drop-casted onto the electrode,
and the catalytic current: a TOF of 5 per enzyme molecule per second was achieved. As not
all enzyme molecules would be adsorbed onto the electrode in an electroactive
configuration, this TOF is an underestimate. For comparison, the TOF from solution assays

using reduced methyl viologen® was ca. 90 s,

The dehalogenation of TCE terminates at cDCE, as measured by solution assays,

and can now be confirmed by electrochemistry (Figure 2.6). After injection of cDCE into

the cell, no reductive current was observed, indicating that cDCE is not a substrate for PceA.
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Figure 2.6 Cyclic voltammograms of PceA on a PGE electrode, before and after injection
of cDCE to 0.8 mM final concentration. Reaction conditions: Tris buffer 0.1 M, pH 7.0, 25
°C, scan rate 20 mV/s, stationary electrode.

The activity of the isolated norspeudo-B12 cofactor was also tested on PGE electrodes
(work carried out by Shams T. A. Islam, DPhil candidate, University of Oxford, Department
of Chemistry, data not shown), but the cofactor alone did not reduce either PCE or TCE.

This agrees with results from solution assays,?* in which heat-inactivated PceA lost the
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ability to reduce PCE or TCE, but gained the ability to reduce a variety of other alkyl halides.
This was interpreted as the effect of the protein scaffold in restricting access to the
norpseudo-Bi> active site as compared to the heat-inactivated samples where the

norspseudo-B1. was released from the protein.

The activity of PceA was next measured on TiO> electrodes. The TiO: electrodes
were fabricated by loading TiO> particles onto conductive glass slides using the doctor’s
blade method (see Chapter 6 Section 6.2.3 for more experimental details), and PceA was
drop-casted onto the electrodes in a similar manner to PGE electrodes. Figure 2.7 shows
cyclic voltammograms of PceA-adsorbed TiO> electrodes. The blank TiO; electrode shows
a distinctive “trumpet-like” shape,?® due to the reduction and oxidation of Ti%* in the lattice.
After adsorption of PceA, the voltammogram remains unchanged, hence no non-turnover

peaks were observed.

After injection of TCE (0.8 mM final concentration) into the cell, a catalytic
reduction current was observed in the pH range 6.0 — 8.0 in all cases (Figure 2.7A-C). To
observe the current from TCE reduction alone, the measured current was subtracted by the
current of the blank TiO: electrode (Figure 2.7D). One feature that is immediately clear is
the difference in the onset potential of the reduction current between the cases of TiO> and
PGE electrodes (compare Figures 2.5 and 2.7). In the case of TiO: electrodes, the onset
potential is not only a function of the reduction potential of the electron entry point in PceA,
but also of the flat-band potential of TiO>. This can be seen in the negative shift of the onset
potential with increasing pH (Figure 2.7D), which is the expected behavior of the flat-band
potential of TiO». For an ideal n-type semiconductor electrode in the dark, when the potential
is taken below its flat-band potential, the electrode behaves like a conductive material. This
also means that at potentials higher than the flat-band potential, the electron density is low
and TiO2 behaves more like an insulator, and therefore no electron transfer occurrs to PceA.
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Figure 2.7 Cyclic voltammograms of PceA adsorbed on a TiO> electrode, at pH A) 6.0, B)
7.0 and C) 8.0 with the current before (black line) and after (red line) injection of TCE (final
concentration 0.8 mM). D) The blank-subtracted voltammograms at pH 6.0 — 8.0. Reaction
conditions: Tris buffer 0.1 M, 25 °C, scan rate 20 mV/s, stationary electrode, no gas flow.

In similar experiments, using PCE (0.8 mM) as the substrate instead of TCE
(Figure 2.8), catalytic reduction currents were also observed. In this case, the reduction
current has contributions from both PCE reduction as well as further reduction of the TCE
product that still remain near the electrode surface due to mass transport limitation at the
stationary electrode. As in the case of PGE electrodes, control experiments with no enzyme
confirmed that neither PCE or TCE were reduced on TiO> electrodes (data not shown); the
observed reduction current is therefore due to the enzyme catalysis of PceA. Taken together,
the data described show that PceA can receive electrons directly from TiO2 and use the

electrons in the reductive dehalogenation of TCE and PCE.
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Figure 2.8 Cyclic voltammograms of PceA adsorbed on a TiO: electrode, at pH A) 6.0, B)
7.0 and C) 8.0, with the current before (black line) and after (red line) injection of PCE (final
concentration 0.8 mM). D) The blank-subtracted voltammograms at pH 6.0 — 8.0. Reaction
conditions: Tris buffer 0.1 M, 25 °C, scan rate 20 mV/s, stationary electrode, no gas flow.
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2.2.2 Light-driven reduction of tetrachloroethylene (PCE) and trichloroethylene

(TCE) by PceA adsorbed on TiOz particles

Having established direct electron transfer from a TiO> electrode to PceA (in Section
2.2.1), this principle was utilised in the assembly of a PceA-TiO; particulate system in order
to allow for the investigation of light-driven dehalogenation. The extent of PceA adsorption
onto TiO particles was measured indirectly by UV-vis spectroscopy (Figure 2.9): The
absorbance of PceA solution was first measured (0.1 pM was used here because at lower
concentrations the PceA absorbance was too low to be observed clearly by UV-
spectrometry) then stirred with TiO> particles (P25, 1 mg/mL) for 20 mins, followed by
centrifugation to remove the TiO particles. The absorbance of the supernatant solution was
then measured for direct comparison to the solution before stirring with TiO2. The
absorbance at around 280 nm attributed to the enzyme’s peptide bonds and aromatic residues
almost completely disappeared after stirring with TiO2, confirming that PceA had been
adsorbed onto TiO2 particles. In all subsequent photochemical reactions the PceA
concentration used for adsorption on TiO., maintaining all other conditions constant, was
lower (at 0.02 uM), and it could therefore be assumed that PceA adsorption on TiO; particles

was complete.
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Figure 2.9 UV-vis absorbance of PceA (0.1 uM) in Tris buffer pH 7, before and after stirring
with TiOz particles (1 mg/mL) for 20 min.

Light-driven reductive dehalogenation was demonstrated in the particulate system.
PceA was adsorbed onto TiO; particles by simply stirring in buffer solution, as demonstrated
previously. Under UV irradiation, TiO2 can generate electron-hole pairs. The electrons can
be transferred to PceA to drive reductive dehalogenation while the holes can be consumed
by a sacrificial reagent (Tris buffer). Initial experiments used a rubber septum to seal the
reaction vial, which led to inconsistent results since the rubber septa absorbed the substrates
PCE and TCE. All subsequent experiments therefore used a Teflon cap to seal the reaction

vial.

In a typical experiment, a solution of PceA (0.17 nmol) in 8 mL of Tris buffer (Tris

100 mM, pH 7.0), was mixed with TiO; particles (P25, 8 mg) and the suspension was placed
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in a vial and sealed tightly with a Teflon cap. A solution of the substrate, (either PCE or
trichloroethene TCE dissolved in ethanol), was injected into the suspension before sealing
the vial and commencing irradiation with a UV lamp (365 nm, 8 W, 1.5 cm distance). Small
aliquots (0.5 mL) of the solution were sampled periodically by syringe extraction through
the Teflon seal then transferred to a sample vial, and the product was detected and quantified
by GC-MS headspace analysis, where the sample vial was heated to increase the vapor
pressure of the chlorinated compounds, then a sample of the headspace was injected into the
GC (see details in Chapter 6 Section 6.2.7). The temperature of the suspension increased by

5-6 °C (typical values being 24 °C to 30 °C) over 4 h of irradiation.

A typical chromatogram of a GC-MS headspace sample is shown in Appendix 1, as
well as the obtained mass spectrum of each compound (PCE, TCE, and cDCE) compared to
mass spectra from a database. The program Agilent MassHunter Qualitative Analysis (ver.
B.06.00) was used to analyze the GC-MS data, and the mass spectra database was NIST
Mass Spectral Search Program (ver. 2.0). The retention times for PCE, TCE, and cDCE were
6.6, 4.4, and 2.9 minutes, respectively. In the mass spectra, the isotope effect from the mass
of chlorine can be observed. The two main isotopes of chlorine are 3°Cl and *’Cl, with natural
abundances of 75.77 % and 24.23 %, respectively.® As an example, cDCE has 2 Cl atoms,
both of which could be either 3CI or 3'Cl, and therefore we would expect to observe masses
of 96 (for 2 3ClI), 98 (for a **Cl and a *’Cl), and 100 (for 2 3’CI). The ratio of these different
masses is expected to be 1 : 0.64 : 0.10, calculated from the natural abundances of CI, and

the experimentally measured ratio was approximately 1 : 0.62 : 0.09.
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Figure 2.10 Enzymatic reductive dechlorination by UV irradiation of TiO2-PceA. A) Time
courses of the change in concentrations of trichloroethene (TCE, initial concentration 0.55
mM, solid black line) and cis-1,2-dichloroethene (cDCE, red line) in sealed, aqueous TiO2-
PceA suspensions under UV irradiation. The control reaction (TiO2 particles in the absence
of PceA) is shown in dashed black line; no cDCE was detected in the control. B) A similar
set up, but starting with tetrachloroethene (PCE, blue line) in solution at 0.26 mM.
Normalized concentrations of TCE and cDCE are shown as black and red lines, respectively.
In the control reaction without enzyme (not shown), neither TCE nor cDCE could be
detected. C) A similar setup, but starting with cDCE (0.8 mM), with PceA (black line) and
without (red line). The error bars are estimations of systematic errors involving sampling
and GC-MS calibrations. Reaction vial was closed and continuously stirred inside an
anaerobic glovebox at room temperature.
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Figure 2.10A shows the consumption of TCE and concurrent production of cDCE
by PceA-TiO2 under UV illumination. The decrease in activity after approximately 2 hours
varied in extent from one experiment to another but is likely due to slow enzyme
deactivation caused by oxidative damage from the valence-band holes. Control experiments
with TiO2 but no PceA (dashed line in Figure 2.10A) showed a much smaller decrease in
TCE concentration after 4 h and no cDCE was detected. This slow decrease is due to
decomposition of TCE on TiOz as well as possible losses during sampling. Photocatalysis
of TCE on bare TiO, does not produce cDCE,?® and PceA is required for the specific
reduction of TCE to cDCE to occur. A similar PceA-TiO2 experiment was carried out with
PCE as substrate (Figure 2.10B): Production of both TCE and cDCE was observed after
irradiation, with the TCE concentration reaching a maximum value after approximately 0.75

h, before decreasing due to conversion to cDCE.

From the electrochemical measurements discussed in Section 2.2.1, cDCE is not
expected to be converted further by PceA - as confirmed by particulate experiments shown
in Figure 2.10C. The concentration of cDCE decreased slightly over time, but there was no
difference in the cases with and without PceA. This slow decrease is probably due to
decomposition of cDCE on the bare TiO> surface or losses through sampling. Together, this
set of results demonstrates light-driven sequential conversion of PCE to TCE and then cDCE

by PceA.

From the molecular mass of PceA based on crystallography (52.3 kDa calculated for
a monomer)® and the maximum product concentration obtained, the turnover number (TON)
is estimated at 18,000 per enzyme active site for cDCE production after 4 h, and an average
turnover frequency (TOF) of 2.4 s (per enzyme active site). Both TON and TOF are
underestimates of their true values, because not all enzyme molecules are likely to be
adsorbed onto TiO> in an electroactive configuration, and the product cDCE is slowly
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decomposed on bare TiO2. The TOF from the photochemical experiments is an order of
magnitude lower than the TOF value (ca. 90 s™*) measured by a chemical assay using reduced
methyl viologen.® This result could be due to the relative lack of access of electrons to the
electron entry point as compared to soluble electron mediators, as well as the small driving

force which is determined by the conduction band level of TiOx.

Due to the limitation of using UV light irradiation with TiO2, owing to its large
bandgap of 3.0 eV, an attempt was made to see if visible light could be utilized in a light-
driven dehalogenation system; the TiO2 nanoparticles were modified with a Ru-based dye
[(Ru(bpy)2(4,4-(PO3zH.)2bpy))Br2 (bpy = 2,2-bipyridine)] as used in previous systems with
CODH or flavocytochrome ¢s.343 Upon visible light irradiation (A >420 nm), the dye-TiO,-
PceA system was able to convert TCE to cDCE as shown in Figure 2.11, although at a much
lower rate. This is probably due to the lower amount of available electrons in TiO2, possibly
from the Tris buffer being a less effective sacrificial electron donor compared to MES or

triethanolamine (TEOA) used in previous studies.3>3¢
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Figure 2.11 Time course of concentrations of TCE (black line, left axis) and cDCE (red line,
magnified 20 times, right axis) for a Ru dye-TiO2-PceA system under visible light irradiation
(A > 420 nm) with a starting TCE concentration of 0.55 mM.
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2.3 Conclusions and perspectives

Previous studies have extensively characterized the activity of PceA by conventional
solution assays, and this work is the first demonstration of the direct electrochemistry of
PceA. Protein film electrochemistry provides a facile method to assess possible substrates
and inhibitors of an enzyme. In this chapter, the data presented provide electrochemical
confirmation that PCE and TCE are substrates of PceA, and that the reaction(s) terminate at
cDCE. The onset of reduction current (-0.42 V vs SHE) was in agreement with the range of

electron mediators that were able to reduce PceA in solution assays.

Furthermore, it has been shown that PceA is able to receive electrons directly from
a TiO electrode and is active in the pH range 6.0-8.0. This result, in conjunction with
quantification of PceA adsorption onto TiO2 by UV-vis spectroscopy, indicates the
feasibility of a PceA-TiO: particulate system. Previous work with TiO2 were accomplished
with hydrogenases,*” carbonmonoxide dehydrogenase,*® and flavocytochrome cs,3* and the
work presented herein extends the field into reductive dehalogenases and further
demonstrates the versatility of TiO2 in acting as an electron donor for a large variety of

enzymes.

Reductive dehalogenation by PceA was achieved using TiO particles as electron
donors under UV light irradiation. Although it is possible to photo-oxidize PCE and TCE
on bare TiO», this non-enzymatic pathway was minimized by carrying out all experiments
in an anaerobic glovebox, thus avoiding creation of reactive oxygen species. No TCE nor
cDCE were detected in control runs without PceA, and even though the substrates and
products slowly decreased over time, mainly due to their volatility, the activity of PceA was

clear.
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Although practical environmental remediation using this TiO2-PceA system may be
limited, as the enzyme only works under strictly anaerobic conditions, it serves to
demonstrate a new solar-to-chemicals route. More specifically, it showed that electron
transfer from an inorganic material to an enzyme is not just an isolated phenomenon limited
to a few enzymes, and that production of specific chemicals from solar energy is possible

given the appropriate light absorber and catalyst.
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Chapter 3

Electrochemistry of ferredoxin-NADP* reductase (FNR)

Abstract

Ferredoxin-NADP™ reductase (FNR) is an enzyme that catalyses the reduction of
NADP* to NADPH, using electrons supplied by ferredoxin. On a graphite electrode, FNR
was inactive, possibly due to dissociation of the FAD group. However, on a conductive
oxide surface such as indium tin oxide (ITO), FNR was able to bind in an electroactive
configuration with coverage of over 500 pmol cm (or 100 monolayer equivalents). This
ability to construct an FNR@ITO electrode has allowed, for the first time, detailed
investigation of the properties of FNR by direct electrochemistry i.e. without a requirement
for mediators. Under non-turnover conditions, FNR coverage and potential, and their pH
dependence were measured. In the presence of its substrate, NADP*, FNR catalysed the
reversible interconversion of NADP* and NADPH, and kinetic properties such as Kv and
turnover frequency were determined. The ITO electrode could also be fabricated on a
rotatable pyrolytic graphite edge (PGE) support, thus enabling an electrochemical
investigation of FNR under hydrodynamic conditions. This direct and controllable
electrochemistry of FNR can be exploited, for potential use as a cofactor regeneration system

coupled to enzyme-catalyzed organic synthesis.

52



Chapter 3. Electrochemistry of FNR

3.1 Introduction

3.1.1 Ferredoxin-NADP* Reductase (FNR): Function

Ferredoxin-NADP* reductase (FNR, EC 1.18.1.2) is an FAD-containing enzyme
found in chloroplasts.t? Its role is to receive electrons from ferredoxin (Fd), which is at the
end of the electron transport chain composed of two light harvesting units (Figure 3.1), and
reduce NADP* to NADPH. The produced NADPH is then used in the Calvin cycle as

reducing equivalents to drive CO> assimilation.

Photosystem Il

Photosystem |
&,

|

~

M

Figure 3.1 Diagram of the photosynthetic process, showing the role of FNR. Energetic
electrons are generated in Photosystems | and Il, and the electrons are transferred to
ferredoxin (Fd), then subsequently to FNR. The electrons are replenished by water oxidation
at Photosystem Il. Ferredoxin can also supply electrons to other enzymes such as a
hydrogenase (HydA1l in Chlamydomonas reinhardtii).

Reduction of NADP* is a 2-electron reaction, but ferredoxin is a 1-electron carrier.
The reaction is possible because the FAD group can exist in 3 redox states: oxidized,

semiquinone (1-electron reduced) and hydroquinone (2-electron reduced), therefore it can
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act as an electron store, and the two ferredoxins must donate electrons in two separate events.

The overall reaction is shown in Equation 1 below.

FNR
2 Fdyeq + NADP* + HY <= 2 Fdox + NADPH (Eq. 1)

The FNR used throughout this thesis was from Chlamydomonas reinhardtii, a single-
cell green alga. (The recombinant enzyme was over-expressed in Escherichia coli, see
details in Chapter 6 Section 6.2.2) In general, FNR found in chloroplasts and cyanobacteria
(also called plastidic class) has a higher turnover rate for NADPH production compared to
so-called bacterial class FNR.* These bacterial FNR usually operate in the reverse direction,
providing reduced ferredoxin from NADPH, which is involved in processes such as nitrogen
fixation and anaerobic metabolism. The electron flows of these processes are much slower
than in photosynthesis, and this less demanding pathway may be the reason for the difference

in rates.

Although it is not the focus of this thesis, the reduced ferredoxin generated by
Photosystem | in Chlamydomonas reinhardtii can also deliver electrons to other enzymes,
one of which is HydA1, an FeFe-hydrogenase (also shown in Figure 3.1). This pathway can
be induced by sulfur deprivation,>’ which inhibits photosynthetic activity and induces
expression of HydAl. Electrons are supplied to HydA1 from metabolism of starch, and also
from ferredoxin reduced by Photosystem 1. This is currently being studied as a method to

produce renewable solar hydrogen.8?

3.1.2 FNR: Structure and mechanism

Figure 3.2 shows the structure of FNR (from Nostok sp., PDB 1GJR),'° with FAD

and NADP™* also shown. Although the FNR used throughout this thesis was from
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Chlamydomonas reinhardtii, its structure has not been published, but it can be expected that

the structure from Nostok sp. would be similar due to its similar gene sequence.

Adenine

B -
NN\
OH
so NH
HO \ES )\2\ 2
N
=N
& -0
\
052 Adenine
RO‘O‘ 1 Nicotinamide
(5 o NH, —
P o-

5 NN o)

N]\)\ NH,
HO:.. OH L 9 9 w
OH | 1
N__N._O 1O OH OH OH
~ D~
Isoalloxazine [ :@ :EN/Y HO ﬁ
= NH 0
N
(o]

Nicotinamide adenine dinucleotide phosphate (NADP*)

Flavin adenine dinucleotide (FAD)

Figure 3.2 Structure of FNR (from Nostok sp., PDB 1GJR), with the FAD group (yellow)
and NADP* (red). The chemical structures of FAD and NADP* are shown below.
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Although the difference between NADP* and NAD™ is only a phosphate group on
the ribose connected to the adenine, FNR is very specific for NADP* and not for NAD™, in
some cases with over 30,000-fold difference in specificity.!* The binding of NADP* to FNR
can be considered to involve two parts:*? the nicotinamide part and the adenine part, each
with its own corresponding binding cleft in FNR responsible for recognition. Positively
charged residues (Arg, Lys) interact electrostatically to the negatively charged 2’-phosphate
group on the ribose. For the nicotinamide moiety, however, the presence of a conserved C-
terminal aromatic residue (Tyr) destabilizes its interaction with the isoalloxazine ring. The
2’-phosphate group interactions are sufficient to overcome the barrier in displacing the Tyr
residue, therefore NAD* which lacks the phosphate group does not bind to FNR. Mutants in
which the Tyr residue was replaced by site-directed mutagenesis with another aromatic
group (Phe, Trp) still favoured NADP™, while mutants with non-aromatic and small residues

(Gly, Ser) showed enhanced activity for NAD*.1!

Figure 3.3 shows the structure of FNR in complex with both ferredoxin (Fd) and
NADP?, in which NADP™ has been modeled into the Fd:FNR structure (PDB 1GAQ) using
data obtained from another structure of FNR containing bound NADP* (PDB 1GJR), thus
forming a ternary complex as implied by kinetic studies.*® The interaction between FNR and
ferredoxin arises mainly from electrostatic attractions:'* ferredoxin is a negatively charged
protein with a large excess of amino acids with acidic side chains and the contact surface of
FNR is dominated by amino acids with basic side chains. The shortest distance between the
[2Fe-2S] cluster of ferredoxin and the FAD group of FNR is approximately 6 A, which
allows rapid, direct electron transfer.’® Besides ferredoxin, FNR can also conduct electron
transfers with flavodoxin, as well as nonbiological electron mediators such as viologen or
ferricyanide,? all of which are distinctly different in shape and structure from ferredoxin.

This indicates that the FAD group in FNR is relatively accessible, thus making FNR
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compatible with a wide range of redox partners, and the prospect of direct electron transfer

from FNR to an electrode seems promising.

Figure 3.3 Structure of ferredoxin-NADP* reductase (FNR) complexed with ferredoxin
(PDB 1GAQ). The position of bound NADP* was included within the same structure
(Pymol) by aligning the ferredoxin:FNR complex (PDB 1GAQ) with the structure of FNR
in complex with NADP* (PDB 1GJR); the protein structure from PDB 1GJR was then
deleted to leave only the NADP™ molecule in position within the ferredoxin:FNR complex.
A) Projection in which FNR is shown as a charge-smoothed surface (red and blue represent
positive and negative charges, respectively) and bound ferredoxin is shown in green, as
cartoon main chain. B) Projection in which ferredoxin is shown as a charge-smoothed
surface and FNR is shown as a cartoon main chain in green. In both projections, FAD is
represented as yellow sticks, and NADP™ is represented as mauve sticks.

The mechanism of FNR was investigated by Batie and Kamin!31618 ysing rapid
mixing and spectrophotometric assays. They proposed a mechanism involving a ternary
complex as shown in Figure 3.4. First NADP™ binds to FNR, then FNR is sequentially
reduced by electrons from two molecules of reduced ferredoxin (Fdred), One at a time. The
reduced FNR then catalyses the two-electron reduction of NADP* to NADPH which is
subsequently released. In the absence of NADP™, the rate of electron transfer from Fdreq to

FNR was slower than the overall rate, thus the ternary complex is implicated. Measurements
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of the dissociation constants (Kq) showed that the binding of NADP* decreases the
association of FNR and ferredoxin, and ferredoxin decreases the association of FNR and
NADP", i.e. the binding of the two substrates show negative cooperativity. Although this
may seem contradictory, it can be interpreted as product inhibition, i.e. the release of
oxidized ferredoxin (Fdox) being the rate limiting step, and binding of NADP™ facilitates the

release of Fdox thus increasing the overall rate.

Figure 3.4 Catalytic cycle of FNR, adapted from Batie and Kamin,® with FNR (green), Fd
(yellow), NADP* (blue) and electrons (red).

There are only a few reports of electrochemical investigation of FNR in literature,
all of which involved indirect electrochemistry (i.e. using an electron mediator between the
electrode and FNR). Madoz et al. used a gold electrode with ferrocenemethanol as the

electron mediator®® and observed an enhanced oxidation current when NADPH was added
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to the cell solution (already containing FNR and ferrocenemethanol), thus demonstrating
mediated NADPH oxidation by FNR. A similar experiment by de Lacey et al. used amino
viologen derivatives as mediators,? but in this case the mediator was co-immobilized with
FNR onto glassy carbon electrodes with cross-linked bovine serum albumin, and mediated
NADP* reduction was observed. In later work, an Au electrode was used after modification
with a self-assembled monolayer in which electron mediators were covalently attached.?
The photosynthetic electron transport chain involving cytochrome cs, Photosystem |,
ferredoxin, and FNR was studied by cyclic voltammetry.?? The working Au electrode was
modified by a self-assembled monolayer of 3-mercapto-1-propanol which provided
hydroxyl groups for favourable interaction with cytochrome cs, and the chain of electron
transfers culminating in NADP* reduction was observed under light irradiation. Incidentally,
glutamate dehydrogenase was also put into the solution to consume the produced NADPH,
in order to suppress the reverse reaction. Note that in the absence of any mediator, FNR was

unable to receive electrons from the electrode.

3.1.3 Aims of this chapter

The aim of this work was to characterize FNR using, for the first time, direct
electrochemical methods. This was made possible by the construction of a porous indium
tin oxide (ITO) electrode, onto which FNR could be adsorbed, achieving direct electron
transfer with the electrode. This allowed measurement of the reduction potential of FNR, as
well as the extent of its binding to ITO as reflected in its electroactive coverage. Upon

addition of NADP?, the kinetic properties of FNR could also be measured.
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3.2 Results and discussion
3.2.1 Electrochemical activity of FNR

First, the electrochemical activity of FNR was examined on a pyrolytic graphite edge
(PGE) electrode, which is a typical electrode material used for protein film electrochemistry
in the Armstrong group. A solution of FNR (1 pL, 200 uM) was drop-casted onto the surface
of a freshly abraded PGE electrode, then the enzyme drop was left to adsorb (30 s — 3 min)
taking care to ensure that the electrode did not completely dry out. Excess enzyme was
removed by rinsing with milliQ water before putting the electrode into the cell solution.
Electrochemical measurements were taken after purging the cell with Ar for at least 5 min
to remove any dissolved O.. The FNR itself is stable in air, but dissolved O, would give rise

to a reduction current and interfere with the signal from FNR.

As shown in Figure 3.5A, the cyclic voltammogram of an FNR-loaded PGE
electrode was indistinguishable from a blank PGE electrode. After injection of the substrate
(NADP*, 100 uM), no reduction current was observed. This result suggested that either FNR
did not adsorb onto the PGE electrode, or it was adsorbed in an inactive configuration. This
is probably due to the FAD group having an affinity for the graphite surface because of -
stacking, which could lead to dissociation of FAD from the enzyme, or the enzyme being
adsorbed with the FAD group facing the graphite surface, thus limiting access to the
substrate. A previous study on an FAD-containing flavohemoglobin?® also reported that the

enzyme was inactive on a graphite electrode.
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Figure 3.5 Cyclic voltammograms of FNR loaded on A) PGE electrode and B) ITO/ITO
glass electrode, with the dotted line indicating the NADP*/NADPH reduction potential. The
traces for blank electrode (black), FNR-loaded electrode (red), and after addition of 100 uM
NADP™ (blue) are shown. Other conditions: MES 25 mM and TAPS 25 mM buffer pH 7.0,
20 °C, scan rate 5 mV/s, stationary electrode.
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It was reasonable to assume that a more hydrophilic surface would be better for FNR
adsorption, therefore FNR was loaded onto electrodes made of indium tin oxide (ITO). The
ITO electrodes were made from ITO particles coated onto a conductive support, either by
the doctor’s blade method or by electrophoretic deposition (see Chapter 6 Section 6.2.3 for
experimental details). Because the isoelectric point of ITO is ca. pH 6,2* at a higher pH, the
ITO surface would be negatively charged. This is similar to ferredoxin, the biological redox
partner of FNR, which is also negatively charged. In addition, a metal oxide surface lacks
the aromaticity of graphite, thus being less likely create undesirable interactions with the

FAD group of FNR.

Figure 3.5B shows the activity of FNR on an ITO electrode. After drop-casting FNR,
a pair of redox peaks was observed at ca. -0.35 V vs SHE, which were attributed to the
reduction and oxidation of the FAD group in FNR, hereafter these are termed non-turnover
signals of FNR. The area under these peaks, after baseline subtraction, correspond to the
amount of redox-active FNR on the electrode surface, considering 2 electrons per FAD and

1 FAD per FNR molecule, as shown in the equation below:
j I dE =nFAT@,p1qv

where n is the number of electrons, F is the Faraday constant, A is the electrode area, I'total
is the coverage of FNR and v is the scan rate (see details of electrochemistry of adsorbed

redox species in Chapter 6 Section 6.1.4).

Preliminary measurements showed the amount of FNR was ca. 100 — 200 pmol cm~2,
which is higher than an ideal planar monolayer coverage (5 pmol cm2, estimated from a

close-packed layer of spheres with diameter of FNR as 6 nm). This is due to the porous
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nature of the ITO electrode which allows more enzyme molecules to be loaded than a flat

surface.

The activity of FNR was confirmed by addition of its substrate (NADP™), which
resulted in a reduction current. The oxidation current on the return scan is the oxidation of
NADPH produced by FNR which remains near the electrode surface because the electrode
was stationary. These results show that FNR is electroactive on an ITO electrode, unlike the
case for PGE, and that FNR catalyzes the interconversion of NADP*/NADPH in either
direction. The immobilization of FNR on an ITO electrode enabled direct electrochemical
investigation of the properties and kinetic parameters of FNR, which are described in detail

in the following sections.

3.2.2 The ITO electrode

The ITO electrodes constructed from both the doctor’s blade method and
electrophoretic deposition (EPD) yielded similar results. Since electrophoretic deposition
allowed for construction of the ITO layer on different conductive supports (Figure 3.6, either
pyrolytic graphite edge (PGE), ITO glass, or Ti foil in this thesis), hereafter the 1TO
electrode will be termed ITO/support to denote the conductive support, and an FNR-
adsorbed ITO electrode termed FNR@ITO/support. The PGE support was useful in
experiments involving rotation, and Ti foil support was used where a higher electrode area
was desired (see also Chapter 4 Section 4.2.1) as it can be shaped, as well as loaded with
ITO on both sides. No electroactive FNR was observed on any of the bare conductive

supports (i.e. without loading ITO particles).
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A B

Figure 3.6 Photos of electrodes made by loading ITO onto various conductive supports. A)
ITO/PGE (Pyrolytic graphite edge electrode in a rotatable casing) B) ITO/ITO glass (Glass
slide with a thin layer of ITO on one side) C) ITO/Ti foil (Ti foil with thickness 0.127 mm,
loaded with ITO on both front and back sides).

Figure 3.7 shows a scanning electron microscope (SEM) image of an ITO electrode,
constructed by electrophoretic deposition of ITO nanoparticles onto an ITO glass slide. The
individual ITO particle sizes were estimated to be 50 nm, the pore apertures are in the order

of 100 nm in diameter, and the ITO layer thickness is 1 — 3 pm.

Figure 3.7 SEM images of an ITO electrode made by coating ITO particles on conductive
glass. A) Top view B) Viewed at a 50 degree angle, focusing on a scratch to determine ITO
layer thickness. Scale bars are located top right.
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3.2.3 FNR on ITO under non-turnover conditions

Electrochemical measurements in the absence of the substrate, i.e. non-turnover
signals,?® can give information on the reduction potentials of the FAD group in FNR and the
electroactive coverage of FNR on the electrode. Figure 3.8A shows a cyclic voltammogram
of FNR on an ITO electrode at pH 8.0, with the background-subtracted trace (FNR non-

turnover signal) also shown, and Figure 3.8B shows FNR non-turnover peaks in the pH

range 5.0 — 9.0.
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Figure 3.8 Non-turnover signals of FNR immobilized on an ITO electrode. A) Cyclic
voltammogram of FNR (black line) and background-subtracted trace (red line, magnified
X2) at pH 8.0. The label indicates the peak width at half maximum height. B) Background-
subtracted signals from pH 5.0 (right) to 6.0, 7.0, 8.0, and 9.0 (left). Other conditions: MES

25 mM, TAPS 25 mM, 20 °C, scan rate 5 mV s2, stationary electrode, solution purged with
Ar before measurement.
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The ideal peak width at half maximum height (&) for a redox species adsorbed onto

an electrode (also known as a thin layer) is given as
§ == mV at20°C,

where n is a coefficient corresponding to the number of electrons transferred cooperatively.?
The derivation is explained in Chapter 6 Section 6.1.4. A fully-cooperative two-electron
reaction, i.e. with the intermediate radical having no stability, should have a peak width of
45 mV. In a detailed study of FNR using potentiometry, it was shown'® that a semiquinone
species forms during titrations indicating partial cooperativity, but the level was never more
than 10% of the total flavin content at pH 8.0. Therefore, the peak shape of FNR is not
expected to be the ideal n = 2 case, and the reduction of the FAD group in FNR can be

considered as two sequential one-electron transfers as in the following Latimer scheme.

E,

FAD FADH' FADH,

The overall two-electron reduction potential is the average of the two one-electron potentials
E: (oxidized/semiquinone) and E> (semiquinone/hydroquinone). If the first step is much
more favorable than the second step, i.e. 4E (E1— E) is more than 200 mV,2® the radical can
form with some stability and there should be two distinct peaks, one centered on each step.
At the other extreme, a AE value less than -200 mV indicates that the second step is much
more favorable than the first (i.e. the two steps are fully cooperative and the two-electron
reaction completes rapidly after the first electron has been transferred) and the signal should
be a single peak corresponding to n = 2. In the intermediate case, a broader single peak is

expected.

From Figure 3.8, the peak widths are 57 —59 mV in each direction at pH 8.0, and 59

+ 3 mV in the pH range 5.0 — 9.0 with no significant pH dependence. The data are
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summarized in Table 3.1 below. The fact that the peak widths are much smaller than 89 mV
indicates that the reaction involves two electrons transferring with considerable
cooperativity. Based on the relationship between 4E and the peak width at half-maximum,?’
the difference in E1 and E> was estimated to be -14 mV on average (with the range being -6
to -24 mV), i.e. the reduction potential of the first step is slightly more negative than for the

second step, thus the two electrons transfer cooperatively.

Table 3.1 The potential, peak width at half maximum height, and coverage of FNR on an
ITO electrode in the pH range 5.0 — 9.0. The average values from 6 repeats are shown, + 1
standard deviation.

pH FNR potential Half-height peak width Coverage
(mV vs SHE) (mV) (pmol cm2)
Anodic Cathodic
5.0 -265+ 3 56 +3 61+3 100 £ 50
6.0 298+ 1 57+1 64 + 3 170 £ 85
7.0 -344 + 2 57+1 61+3 240 £ 120
8.0 -383+3 57+1 50+2 480 + 280
9.0 -413+4 61+6 57+1 900 + 590

Previous studies (see Table 3.2) have measured the reduction potential of FNR by
potentiometric titration, using electron mediators such as methylviologen or benzylviologen.
Studies that measured the concentration of the semiquinone form of FNR were also able to
define the separate one-electron steps (E1:oxidized/semiquinone,
E2:semiquinone/hydroquinone),