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Abstract
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A Thesis Submitted for the degree of DPhil, Trinity Term 2012

The use of H, as an energy carrier has in recent years been identified as a promising future
solution to the current energy crisis. Hydrogenases are metalloenzymes found in many
microorganisms and are used to catalyse the reversible inter-conversion of protons and Hs.
These enzymes and their synthetic analogues have been recognised as a way to facilitate the
use of H, as a fuel. A major challenge to the future use of these catalysts is their reactions
with small molecule inhibitors, such as oxygen and carbon monoxide. Detailed understanding
of the structure and catalytic mechanism of these highly efficient catalysts is vital for the

design of bio-inspired functional analogues for use in technological applications.

In this thesis electrochemical studies of three [FeFe]-hydrogenases are presented, performed
using the technique of protein film electrochemistry. The strong potential dependence of the
reaction of these hydrogenases with carbon monoxide and formaldehyde is characterised and
rationalised. These studies provide compelling evidence for the formation of a previously
ambiguous super-reduced state of [FeFe]-hydrogenase at low potential. This state is shown to

be active and stable, and it is proposed that this state is involved in catalytic H, production.

This super-reduced state is shown to have a high affinity for the reversible binding of
formaldehyde, but a very low affinity for both carbon monoxide and oxygen. Activation of
carbon monoxide inhibited [FeFe]-hydrogenase can be very rapidly induced by the

application of a sufficiently reducing potential. These enzymes, considered to be oxygen



sensitive, are shown to be extremely tolerant to irreversible oxygen damage at very reducing

potentials where the super-reduced state is formed.
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Symbols and Abbreviations
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Angstrom
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attenuated total reflectance
degrees centigrade
Clostridium acetobutylicum
Clostridium pasteurianum
Chlamydomonas reinhardtii
centimeter

cysteine

Dalton(s)

Desulfovibrio desulfuricans
Desulfovibrio gigas

density functional theory
electron

electrode potential

Standard reduction potential
Escherichia coli

ethylene glycol tetraacetic acid
electron paramagnetic resonance
Electron transfer

Faraday’s constant = 9.648 x10* C mol™

iron distal to the [4Fe4S] cluster in the [FeFe]-hydrogenase active site
iron proximal to the [4Fe4S] cluster in the [FeFe]-hydrogenase active

site

iron sulphur cluster

Fourier transform infrared (spectroscopy)
Planck’s constant = 6.62 x10>*J s
current

Limiting current

infrared

flux of electrons

Kelvin

equilibrium constant

rate constant

litre

lysine

moles litre™

Milli or meter

minute

methyl viologen



n
NAD'/NADH
NMR

PDB

PFE

R

A

number of electrons

nicotinamide adenine dinucleotide (oxidised/reduced form)
nuclear magnetic resonance

protein data bank

protein film electrochemistry

ideal gas constant = 8.314 J K* mol™

revolutions per minute
second

standard hydrogen electrode
time

temperature

volts

Versus

watt

electron transfer coefficient
Gibbs free energy change
micro

time constant

rotation rate, given in rpm
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1.1 Hydrogen in Sustainable Energy Future

In the last few decades interest has dramatically increased in the search to find alternative
energy options to fossil fuels. In 2008 more than 75% of the total world energy consumption
was through the use of oil, coal and gas;' problematic because in addition to their limited
availability, their extraction, purification and combustion are polluting. The current high rate
of fossil fuel consumption causes considerable damage to our environment due to the
emission of carbon dioxide upon combustion; increased carbon dioxide in the atmosphere can

cause global climate changes.??

In the current search for alternative sustainable energy sources di-hydrogen (H;) has been
identified as a possible ‘clean’ fuel of the future.*® Energy obtained from renewable resources
such as solar, wind and wave can be stored as chemical potential energy in hydrogen and
hydrogen-rich materials, and released by oxidation, generating only water as a by-product.®’
Unlike fuels such as gas, coal and oil, H, is not a primary energy source, but acts as an
‘energy-carrier’. Energy from another source is used to generate H,, which can then
transported before the energy stored in the chemical (H-H) bond is released. As long as

renewable energy sources are used, H, production is sustainable.

In order for H, to become a useful energy carrier there are several limitations that must be
overcome. These include the safe and efficient transport of highly combustible H, and the
further development of methods for the mass production of H,.>" Currently mass production
of H, is largely by steam reformation of fossil fuels”® which releases the harmful greenhouse

gas carbon dioxide.
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In nature microorganisms utilise metalloenzymes called hydrogenases to exploit H, as an
energy source. These enzymes catalyse the inter-conversion of protons and H, and the
possibility of using hydrogenases to facilitate the use of H; as a fuel has been recognised in
recent years. This thesis focuses on the reactions and mechanism of catalytic H, production by

[FeFe]-hydrogenases.

The energy stored in H, can be utilised using fuel cells, internal combustion engines or
turbines.®”® In a traditional fuel cell, precious metal electrodes (eg. platinum) are used to
generate electricity by coupling the reduction of O, at the cathode to the oxidation of H; at the
anode, importantly water is the only by-product. The limitations of these cells include the
expense and limited availability of the precious metals used, and catalyst poisoning by
impurities such as carbon monoxide. Fuel cells have already been incorporated into vehicles
allowing H, to be used as an alternative to petrol.®®** The H, is stored under pressure, and

combined with atmospheric O, to generate electricity and power the motor.

Electrolysis of water, essentially the reverse of the process carried out in a fuel cell, uses two
electrodes (Pt or Pd) to generate O, at the anode and high purity H, at the cathode at ambient
temperature and pH.'? Electricity is required to drive electrolysis, so for this to be a viable
method of ‘clean’ H, production, this electricity would need to be produced by a renewable
source. The efficiency of this process however is limited by the cost and availability of the
noble metal catalysts required. The more abundant metal nickel can be used as an electrode
material, however this requires greater reaction temperatures and strongly alkaline

conditions.*?

Scientists have been inspired by the efficient capture of energy from sunlight by plants and

the storage of this energy in chemical bonds. A vast area of research now focuses on the

development of systems where light is used to produce H, by ‘artificial photosynthesis’.**°

3
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The aim is to use sunlight to photocatalytically split water to generate H, and O..
Photochemically excited electrons are donated to a H, evolving catalyst (2H"— Hy), and the
electrons are replenished by water oxidation (O>— O,). These systems can be limited by the
activity of the H, and O, production catalysts used. The development of artificial catalysts is
often based on the structure and function of the biological, highly specific and efficient H,

production catalysts hydrogenases.

1.2 Hydrogen in Biology

Nature has evolved highly efficient catalysts for Hj,-cycling, known as hydrogenases, and
these enzymes are the focus of the work in this thesis. Hydrogenases are a group of
metalloenzymes abundant in the microbial world that catalyse the reversible interc-onversion
of protons and dihydrogen (H) with minimal overpotential. Cellular respiration is essentially
a series of redox reactions that take place in a cell to convert the energy from nutrients into
ATP. Many microorganisms utilise H, as a fuel source, for example Desulfovibrio vulgaris
can grow using H, and sulfate as the sole energy source.!” The atmospheric H, concentration
is very low, meaning that these organisms have to be very adept at scavenging H, from their
surroundings. Additionally H, can be generated by a variety of processes within organisms.
Hydrogen is produced photochemically in photosynthetic bacteria, cyanobacteria and green
algae such as Chlamydomonas reinhardtii; solar energy is captured and used to produce H,
from water, reduced sulfur compounds or organic acids.'® Nitrogen-fixing microorganisms,
such as Rhizobium leguminosarum, generate H; in the root nodules of plants in a side-reaction
during nitrogen fixation.'® Bacteria such as Clostridium acetobutylicum are able to produce H
during the process of fermentation of sugars; protons are reduced to form H, as a way to

remove the electrons produced during the fermentation process.”



Introduction

Although many hydrogenases are capable of both H, oxidation and proton reduction, in vivo
they tend to operate in only one direction. Hydrogenases are found in various locations in the
cell; from cytoplasmic soluble hydrogenases to periplasmic membrane-associated (or
membrane-bound) hydrogenases. Hydrogenases can play a crucial role in cell metabolism and

are often coupled to the respiratory chain in the cell.

1.3 Classification of Hydrogenases

There are three distinct classes of hydrogenases classified according to the structure of their
active sites; [NiFe], [FeFe] and [Fe]-hydrogenases. The [NiFeSe]-hydrogenases are a
sub-class of the [NiFe]-hydrogenases where one of the cysteine ligands to the Ni atom of the
active site is replaced by a selenocysteine. The [Fe]-only hydrogenases are found only in
methanogens, and split H, at a mononuclear iron-carbonyl active site, releasing a proton and
transferring a hydride.?! [NiFe]-hydrogenases tend to be more biased towards H, oxidation
and exhibit naturally higher oxygen tolerance?® than [FeFe]-hydrogenases. [FeFe]-
hydrogenases are of particular interest when considering a future ‘hydrogen energy economy’

as they tend to be more biased towards H,-production, and are the main focus of this study.

1.4 Hydrogenase Structure

This thesis focuses mainly on the reactions of [FeFe]-hydrogenases, however experiments
were also performed on a [NiFe]-hydrogenase from Escherichia coli (E.coli Hyd-2) for
comparison purposes. For this reason the structural and mechanistic differences between

[NiFe] and [FeFe]-hydrogenases are described here.
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1.4.1 [NiFe]-Hydrogenases

1.4.1.1 Overall Structure

The structure of E. coli Hyd-2 remains unsolved at this time, but the general structure of a
‘standard’ O, sensitive hydrogenases is described (such as Allochromatium vinosum?® and
Desulfovibrio gigas®*). These hydrogenases are heterodimeric proteins, consisting of a large
and a small subunit. The two subunits interact strongly with one another through hydrophobic
interactions.?® The active site is buried within the large subunit and the small subunit contains
a chain of FeS clusters. These FeS clusters act as an electron relay chain, effectively ‘wiring’
the active site to the protein surface. There are three FeS clusters; proximal, medial and distal
with respect to the active site. In a ‘standard’ (or O, sensitive) [NiFe]-hydrogenase the
proximal and distal clusters are [4Fe4S]-clusters while the medial cluster is a [3Fe4S]-cluster.
The distances between the active site and proximal cluster, the distal cluster and protein
surface, and between each of the clusters, are all less than 14 A. This ensures that electron

tunnelling is fast and does not limit the rate of catalysis.”®

active site

large subunit
FeS clusters

Figure 1: Cartoon representation of the oxidised form of the [NiFe]-hydrogenase from Desulfovibrio gigas
(DgH-PBD code: 1YG926) showing the large and small subunits, FeS cluster relay chain, and buried
active site.
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1.4.1.2 Active Site

The active site of [NiFe]-hydrogenase consists of one Ni and one Fe atom, bridged by two
cysteine ligands.?” The Ni atom is also coordinated to two further cysteine ligands, while the
iron atom is coordinated to the biologically unusual diatomic ligands CO and CN as shown in

Figure 2.27%

Cys Cys

&\ /CO

|
=
Cys-S\“‘yNI I:e('/I/CN
Cys-S \x/ CN

Figure 2: The active site of a [NiFe]-hydrogenase. The nature of the bridging ligand X varies between
states of the enzyme.

Hydrogenases are the only class of protein to contain the toxic molecules CO and CN as
intrinsic ligands.?** These ligands are good m-acceptors, favouring low oxidation states and
low spin iron centres. The two CN and one CO ligands are grouped around the iron atom in
such a way as to maximise overlap of the t,q d-orbitals of the metal with the empty 7 orbitals
of the ligand, to maximise the strength of the interaction. In the +2 oxidation state the iron
atom has only 16 valence electrons. The 18 valence electron rule® dictates that metal
complexes containing metal ions with 18 valence electrons are the most thermodynamically
stable, as this maximises the number of electrons in bonding orbitals. More than 18 electrons
means that electrons are put into orbitals of non- or anti-bonding character, which results in a
less stable complex. The iron atom of the [NiFe]-hydrogenase active site (16 electrons) is
therefore susceptible to attack, and for this reason a ligand usually exists in the bridging

position, denoted ‘X’ in Figure 2. This ligand is considered to be a hydride in the active states
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of the enzyme where this position is occupied (but this is too small to be resolved

crystallographically) and an oxygen-based ligand in the inactive states of the enzyme.”®%%

1.4.2 [FeFe]-Hydrogenases

1.4.2.1 Overall Structure

So far the [FeFe]-hydrogenases from only two different organisms have been studied
crystallographically. The first is the cytoplasmic, monomeric [FeFe]-hydrogenase | from
Clostridium pasteurianum (Cpl)* while the second is the periplasmic, heterodimeric
[FeFe]-hydrogenase HydAB from Desulfovibrio desulfuricans (DdHydAB).*® Both structures
contain the active site (H-cluster) discussed below, and a series of FeS-clusters that form the
electron transport chain (c.f [NiFe]-hydrogenases). The number of clusters in this chain varies
between hydrogenases from different organisms, but the H-cluster is highly conserved. As
discussed for [NiFe]-hydrogenases, the distances between the FeS clusters must be less than

14 A in order for electron transfer to be rapid, and not limit the rate of catalysis.

The [FeFe]-hydrogenases from three different organisms are studied in this thesis; DdHydAB
and CaHydA from the bacteria Desulfovibrio desulfuricans and Clostridium acetobutylicum
and CrHydAlfrom the green algae Chlamydomonas reinhardtii. The overall structures of

these three hydrogenases are shown and compared in Figure 3.
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DdHydAB CrHydAl

H-cluster + H-cluster +

2 x FeS clusters 4 x FeS clusters H-cluster only

Figure 3: A comparison of the overall protein structures of the three [FeFe]-hydrogenases studied in this
thesis. The structure of DdHydAB was resolved by X-ray crystallography® (PDB code 1HFE), the
structure for CaHydA was obtained by homology modelling using Modweb software,*® and the model
structure of CrHydA1 was generated by Sven T. Stripp via Swiss Prot. The latter two models are both
based on the structure of Clostridium pasteurianum hydrogenase-1 (PDB code 3C8Y). The grey ribbon in
the structure of DdHydAB is the small subunit.

Desulfovibrio desulfuricans (Dd) is a sulfate-reducing bacterium that derives energy from
anaerobic respiration.®” Desulfovibrio species are commonly found in polluted waters or
anaerobic water-logged soils rich in organic material and are considered to be an anaerobes,
although these bacteria have been isolated close to oxic habitats.*® These bacteria are able to
use a wide variety of inorganic compounds, including sulfate and nitrate, as terminal electron
acceptors in respiration.*** Although considered an anaerobe this bacterium is capable of

growing in almost atmospheric O, levels (18% 0,).*

The [FeFe]-hydrogenase from Dd (DdHydAB) is a soluble periplasmic hydrogenase whose
physiological role is hydrogen uptake.** The protons generated in the cell periplasm create a
gradient across the membrane, thought to be coupled to synthesis of ATP in the cytoplasm.*
The electrons generated are also thought to be transferred to the cytoplasm where they are

either used to generate reducing power for the cell, or to reduce sulfate to sulfide. The
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hydrogenase DAHydAB is heterodimeric, consisiting of a large subunit (43 kDa) and a small
subunit (10 kDa).*® The H-cluster is housed in the large subunit, along with two
ferredoxin-like [4Fe4S]-clusters that act as the electron relay chain, electrically connecting the
active site to the protein surface. The small subunit (grey ribbon, Figure 3) is not considered
as a separate domain, as it wraps around the large subunit completely embracing it. The
DdHydAB samples used in this thesis were purified aerobically, from cells grown

anaerobically.*

Clostridium acetobutylicum (Ca) is a soil dwelling bacterium that generally grows under
strictly anaerobic conditions and obtains energy via substrate phosphorylation by
fermentation.*® The substrates of fermentation are organic molecules which act as the electron
donor and acceptor; thus this bacterium requires a carbohydrate source capable of undergoing
fermentation in order to survive. The solvents acetone, acetate, butanol, butyrate and ethanol
are all produced from the common precursor acetyl-CoA, and a hydrogenase is used to
convert the excess protons generated into H,.***> In 2005 it was shown that this strict
anaerobe is capable of growing in microoxic conditions (< 5% 0,*); it contains many
enzymes that allow it to survive, such as superoxide dismutase, and these enzymes are
up-regulated in the presence of oxygen, contributing to the short term cell survival in these

conditions.

Unlike DdHydAB the [FeFe]-hydrogenase CaHydA is monomeric (64.3 kDa)*’. Although the
structure of this hydrogenase is not known, it shares 71% sequence identity with the
crystallographically characterised Clostridium pasteuranium hydrogenase-1 (Cpl).** The
structure is divided into two ‘domains’; the H-domain where the H-cluster is located, and the
F-domain (ferredoxin like), which contains the FeS-cluster relay chain. The clusters in this

chain are considered to be the same as in Cpl. three [4Fe4S]-clusters and one

10
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[2Fe2S]-cluster.®* To acquire the CaHydA samples used in this thesis both the cell growth and

protein purification were carried out under strictly anaerobic conditions.*’

Chlamydomonas reinhardtii (Cr) is a unicellular eukaryotic green alga that is able to perform
solar-driven H, production under anoxic conditions using an [FeFe]-hydrogenase
(CrHydA1).” The hydrogenase is localised in the chloroplast® and is coupled to the
photosynthetic electron transfer chain. In the cell, energy from light is used to oxidise water
and the electrons generated are transported from photosystem | to the CrHydA1 hydrogenase

via a ferredoxin partner (PetF).>!2

There is not yet a crystal structure of CrHydAl, but it is known to share 34% sequence
identity with Cpl and 33% with the large subunit of DdH. Like CaHydA this enzyme is
monomeric, but is much smaller (47.5 kDa).>® This hydrogenase contains no electron relay
chain; the only FeS cluster present is the [4Fe4S]-cluster at the active site; in vivo electron
transfer is coupled to the ferredoxin partner.>*> To obtain the CrHydA1 samples used in this
thesis both the cell growth and protein purification were carried out under strictly anaerobic

conditions. 4

1.4.2.2 Active Site

The active site of [FeFe]-hydrogenases, known as the H-cluster, is highly conserved across
enzymes from different species. The H-cluster consists of 2 sub-clusters as shown in Figure 4:
a cubane, [4Fe4S]4, connected via the sulfur ligand of a cysteine to the proximal iron (Fe) of
a binuclear iron cluster, [2Fe]y. Both irons in the [2Fe]y are coordinated by CO and CN
ligands, and are bridged by an unusual SCH,XCH,S dithiolate ligand, with the bridgehead

atom X now widely considered to be a nitrogen atom.***” In the +2 oxidation state the distal

11
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iron atom has only 16 valence electrons and is therefore vulnerable to attack. The vacant

binding site at Feq is denoted with an asterisk in Figure 4.

e [T

\ /\

NC\\\“‘ / € "’//CN

Figure 4: Active site (H-cluster) of an [FeFe]-hydrogenase in the oxidised state. The exchangeable binding
site at the distal iron (Feg) is marked by an asterisk.

1.5 Redox States and the Catalytic Cycle

During activation and catalysis the active site of hydrogenases cycle through a number of
different redox states. In some states the enzyme is inactive, and unable to perform catalytic
turnover. The reactivity of the enzyme with substrates and inhibitors can vary for the different

redox states of the active site.

1.5.1 [NiFe]-Hydrogenases

1.5.1.1 Redox States

For [NiFe]-hydrogenases the different redox states of the active site have been characterised
through various EPR and FTIR studies and are summarised in Figure 5.°°% It has been found
that only the oxidation state of the Ni atom changes between the different states, the Fe
remains in the low spin Fe?* state, favoured by the strong field CO and CN~ ligands.?®>%%
There are two catalytically inactive oxidised states (Ni-A and Ni-B) that can be reductively

activated. Activation of the Ni-A state is much slower than that of Ni-B, and for this reason

these states are also referred to as ‘unready’ and ‘ready’ respectively. Both of these states are

12
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EPR active and are characterised by a different set of g values.>®® One electron reduction of
Ni-A and Ni-B results in the formation of the EPR silent states Ni-SU (silent unready) and
Ni-SIr (silent ready). Under sufficiently reducing conditions the Ni-Slr state is converted to
the EPR silent state Ni-Sla (silent active), which can be further reduced to generate the EPR
and catalytically active Ni-C state believed to contain Ni** and a bridging hydride ligand.®?
This state is light sensitive;®® under illumination the hydride is lost to form the Ni-L state,
stable only at low temperatures, where Ni is in the +1 oxidation state. Reduction of the Ni-C
state in the presence of H, generates the active Ni-R state, where the Ni is in the +2 oxidation

state and retains the bridging hydride ligand.>®>°

The inactive Ni-A and Ni-B states are generated when [NiFe]-hydrogenases are exposed to
0,.%* The Ni-B state can also be generated anaerobically at high potential and is thought to
contain a bridging hydroxyl ligand in the active site,®>®® while it is believed that the Ni-A

state contains a peroxide bridging ligand.®’

T

Ni-SU —> Ni-SIr === Ni-Sla

ho
*Ni-C ~——*Ni-L

Ni-R
N o

Figure 5: A schematic representation of the different redox states of a ‘standard’ [NiFe]-hydrogenase. The
states within the grey box are active states believed to be involved in the catalytic cycle and those states
with an asterisk are paramagnetic and therefore EPR-active. Figure adapted from references 58 and 59.

Decreasing Potential
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1.5.1.2 Catalytic Mechanism

The three states Ni-Sla, Ni-C and Ni-R, inter-converted by one electron/one proton equilibria,
are all thought to be involved in the catalytic cycle of [NiFe]-hydrogenases.>®*®*° In Ni-Sla
there is no bridging ligand present and it is this state that is thought to bind H,, but it is not
certain whether H, binds to the Ni or Fe atom.”® Recent studies using Density Functional
Theory (DFT) suggest that the mechanism may be explained by a two-state model in which
H, can bind to both the Ni and Fe atoms.”®"* After H, binding catalysis is thought to proceed
via base assisted hetereolytic cleavage, generating a hydride that bridges the Ni and Fe metal
centres.”*™ This base may be a nearby cysteine ligand, or alternatively a water molecule

72
l.

bound to the Fe. One possible mechanism, proposed by Siegbahn et al.”* and proceeding via

H, binding to the Fe, is shown in Scheme 1.

14
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Scheme 1: A suggested catalytic cycle for [NiFe]-hydrogenase, proceeding via H, binding to the Fe atom,
adapted from reference 72. The Ni-Sla, Ni-R and Ni-C states are labelled in red.
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In the mechanism shown above, heterolytic cleavage of H, generates a proton, which is

transferred to one of the terminal cysteine residues on Ni, and a hydride which moves to the

bridging position, forming the Ni-R state. An electron is then transferred to the proximal

[4Fe4S]-cluster and the cysteine deprotonated via the proton transfer pathway (discussed later)

to generate the Ni-C state. Finally the Ni-Sla state is regenerated by loss of the hydride as a

proton (transferred via the terminal cysteine) and a one electron oxidation of the Ni.
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1.5.2 [FeFe]-Hydrogenases

1.5.2.1 Redox States

The active site of [FeFe]-hydrgenase is able to cycle through a range of redox states with the
Fe atoms in the [2Fe]y sub-cluster in either the +1 or +2 oxidation state. The binding of
ligands at Feq and Fe, varies between the different states as shown in Figure 6. The

diamagnetic Ho ™

state is a highly oxidised inactive form of the enzyme that is obtained
during the aerobic purification of some [FeFe]-hydrogenases, such as DdHydAB.**™ This
state can also be formed from active states of the hydrogenase under highly oxidising

conditions.”®"® In the Ho, ™

state both iron atoms are oxidised to Fe(ll) and the FeS cluster
moiety is in the [4Fe4S]* state. According to X-ray crystallography®**’ there is a bridging
CO ligand between the two iron atoms, and a bound oxygenic species (OH/H,0) at the distal
iron site. This state can undergo irreversible one electron reduction to transiently form a
paramagnetic (EPR active) state, Hyans, With a reduced FeS cluster [4Fe4S]*."¥8" In this state

the oxygenic species is still assumed to be bound at Feq and the CO ligand remains in a

bridging position.

At more reducing potentials the Hyans State undergoes an irreversible conformational change
that favours transfer of the electron from the [4Fe4S]y cluster to the [2Fe]y moiety to form the
active oxidised state Hoy.>*% Spectroscopic studies favour an oxidation state assignment of
[4Fe-4S])**Fey(1)Feq(Il) for Hox.>>%% In this state Fe, still shares a bridging CO with Feqy but
the oxygenic ligand at Fey is lost.**® One electron reduction of the Ho, state generates the
active reduced state Hyeq.2*® In the structure of the [FeFe]-hydrogenase from Desulfovibrio
desulfuricans (DdHydAB), which was crystallised in the H,eq form, the bridging CO moves to
a terminal position on Fes™ and the state is assigned as either [4Fe-4S]**Fe(I)Fe(l) or the

hydrido species [4Fe4S]* Fe(I)Fe(11)H >
16
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Figure 6: The different possible redox states of [FeFe]-hydrogenases, showing the change in oxidation
state and ligand binding. EPR active states are denoted by an asterisk.

A two-electron ‘super-reduced’ state symbolised as Hgeg remains poorly characterised — not
surprising, since such a species should be highly reactive, rapidly evolving H, and escaping
detection. In this state the additional electron is thought to reside on the [4Fe4S]y cluster,
giving the state [4Fe-4S]**Fe(1)Fe(l), although it is possible that instead, one of the Fe atoms
is reduced to Fe(0). This species is expected to be EPR-active, although it has not been

observed using this technique to date.

FTIR studies of DdHydAB by Roseboom et al.?? revealed that at low potentials the signals
from the H,.y state are lost, and replaced with a variety of new, weak bands, attributed to
formation of the super-reduced state. The midpoint potential of the H.g/Hsreq transition, as
measured by the disappearance of the Hyq band at 1894 cm™, was measured as -540mV at
pH 8. Formation of this state was largely irreversible; minimal H.q and Hox bands were

regained upon oxidation, and it was suggested that the [2Fe]y subcluster is destroyed at low
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potential (< 500 mV).2? This is consistent with studies on Cpl,%® for which the H, production
activity was found to increase as the potential was lowered until -425 mV (at pH 7), after
which activity decreased greatly. This loss of activity was attributed to formation of an
inactive [4Fe4S]™ state at low potentials.?® In contrast FTIR studies of CrHydA1 carried out
by Silakov et al. showed that a super-reduced state is formed reversibly at low potentials, and
this state is stable.!” The midpoint potential for the Hea/Hseq transition was found to be -
460 mV (at pH 8) for CrHydAl, 90mV higher than for DdHydAB, while the Hox/Hreq
transition occurs at a very similar potential for both enzymes.®*®” As previously discussed, the
H-cluster is conserved between these two enzymes, while the overall structures are quite
different. Formation of the Hgeq State is thought to involve the addition of an electron at the
[4Fe4S]y-cluster, a position affected by the greater differences in the surrounding protein
environment compared to the [2Fe]y site, explaining the greater variation observed in the

Hrea/Hsreq transition potential .2’

1.5.2.2 Catalytic Mechanism

The mechanisms proposed so far for catalysis by [FeFe]-hydrogenases include only the well
characterised active states, Hox and Hyqg, as stable intermediates in the cycle, one such
mechanism is shown below in Scheme 2.%%*° Electron and proton transfer are assumed to take
place in almost simultaneous steps. Although various DFT studies have revealed that both the
binding of a hydride in a bridging or a terminal position results in a stable complex, in all
cases the isomer with the hydride in the bridging position is more thermodynamically
favoured.®¥** It has been demonstrated by Hall et al.® however that the bridging amine group
can act as a proton acceptor, facilitating H, cycling initiated by terminal hydride binding at
the distal iron site. Reaction of the terminal-hydride species with electrons and protons (to
form H,) must therefore be considerably more rapid than isomerisation to the bridging
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hydride form for H, cycling to proceed via this mechanism. It has been suggested that a
highly conserved lysine residue (Lys237) may play a role in stabilising the terminal hydride
species.”®*® The electrostatic interaction between this positively charged group and the
negatively charged CN ligand at Fey might limit rotation of the distal iron group, thus

hindering formation of the bridging hydride.*®

Scheme 2: A proposed mechanism for H, cycling by [FeFe]-hydrogenases adapted from reference 59.
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In this mechanism H, production is initiated by protonation and one electron reduction of the
Hox state to form the H,ey state (top right). The proton is then transferred to the distal iron,
where it binds as a hydride, and the iron atoms are both formally in the +2 oxidation state.
The bridgehead nitrogen is then re-protonated and this proton combines with the hydride on

Feq. The Hox State is regenerated by release of H, and the concomitant addition of one electron.
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This mechanism however is not fully understood, and it is not clear whether proton reduction
and H; oxidation follow the same mechanism. Additionally, this mechanism does not assign
any role to the [4Fe4S] cluster, it remains as [4Fe4S]** throughout the cycle. The states Hox
and Hyeq, are only separated by one electron, while H; cycling is a two electron process. It is
possible that the FeS cluster is involved in providing or removing sufficient electrons to

catalyse H, production or oxidation. Recent DFT studies®®

that involve the [4Fe4S]y moiety
in the model structure have determined that H, evolution by protonation of the super-reduced
state [4Fe4S]** Fe(11)Fe(I1)-H" is exothermic. Hydrogen evolution by this state is predicted to
be more thermodynamically favoured than for the corresponding H,yqy State
([4Fe4S]* Fe(I)Fe(11)-H), indicating that the super-reduced state could reasonably be
involved in the catalytic cycle of [FeFe]-hydrogenases.®** It should be noted however that

this model did not consider the contributions of the bridgehead amine group, this was replaced

by a CH, bridge in the model.

The involvement of a super-reduced state in catalysis is investigated in this thesis using

protein film electrochemistry (PFE).

1.5.2.3 Catalysis and Bias

Representative voltammograms of the three [FeFe]-hydrogenases studied in this thesis, using
PFE, are shown in Figure 7. All three hydrogenases are bidirectional, catalysing both H,
oxidation (positive current) and H, production (negative current). The gradient of the
voltammogram reflects the increased rate of catalysis with the increased driving force for
electron transfer as the potential is swept to more oxidising (for H, oxidation) or more
reducing (for H, production) values. All three voltammograms cut the zero-current axis (blue

lines) at the thermodynamic potential of the 2H*/H; couple under these conditions.
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Figure 7: Representative cyclic voltammograms of three [FeFe]-hydrogenases CaHydA (top), DdHydAB
(bottom, left) and CrHydA1 (bottom, right). Conditions: 100% H,, 10 °C, ® = 3000 rpm, pH 6 phosphate
buffer, 20 mV/s scan rate. The ‘bend’ in the voltammogram of CrHydA1 around the zero current axis is
marked by asterisks. Black arrows show the scan direction, blue arrows highlight the current lost over the
duration of the voltammogram.

The voltammograms of both CaHydA and DdHydAB cut the x-axis cleanly (Figure 7, blue
line); only minimal driving force is required to drive the reaction in either direction. The
voltammogram of CrHydA1 however does not cut the axis smoothly; it appears slightly ‘bent’
in this region (marked by asterisks). This reflects an overpotential requirement for catalysis in
either direction. This may be related to the lack of an FeS cluster relay chain in this enzyme;
the electron tunnelling distance between the electrode surface and the H-cluster may be

greater, resulting in slower electron transfer kinetics.
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Both CaHydA and DdHydAB show strong catalytic bias as previously reported, while
CrHydA1 does not.”®%" For CrHydA1 the magnitude of the H, oxidation and H, production
current is almost the same for any given driving force (difference between the potential and
E(2H'/H5). It can be seen in the voltammogram of CaHydA that this enzyme strongly favours
H, production; the negative current is approximately three times the magnitude of the positive
current. The voltammogram of DdHydAB shows the opposite bias, H, oxidation is favoured;
the positive current is more than twice as great as the negative current. All three hydrogenases
show significant H, production activity in 100% Ho; as previously reported, product inhibition

for these enzymes is minimal compared to [NiFe]-hydrogenases.®

The voltammograms differ quite dramatically at high potential for the three enzymes. At
potentials greater than -0.25V the H, oxidation current of CaHydA reaches a plateau. The
current is expected to increase as the potential is raised, as the rate of electron transfer
increases with additional driving force. The plateau reflects the point at which a process other
than electron transfer becomes rate limiting. This is likely to be a chemical process, possibly
the formation of the Feq-H, bond or breakage of the H-H bond. For both DdHydAB and
CrHydALl the oxidative current does not reach a plateau, in fact the current stops increasing
and begins to decrease as the potential is swept above -0.1V for DdHydAB and 0 V for
CrHydAl. This is attributed to electrochemical formation of the highly oxidised, inactive
state Hox ™8 This process is very slow for CaHydA, and minimal attenuation in the
voltammograms is observed only at very slow scan rate (<5 mVs™).”®%" This anaerobic
inactivation is largely reversible for both DdHydAB and CrHydA1 under the conditions used
in these voltammograms, seen by the increase in current in the reductive scan (0.1—0 V) even
though the driving force for oxidation is decreased. Previous studies however have shown that

inact

formation of the Hy state of CrHydAl is not always completely reversible.®® The
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voltammogram of DdHydAB is complicated by the fact that there are two maxima at high
potential, one at ~-0.1V and one at 0 V. The peak at 0 V is attributed to the formation of
Hox ™, but the identity of the second is not understood.”” It is possible that there are two
separate inactivation processes that occur at high potential for this enzyme, or that there is a
great dispersion of enzyme orientations on the electrode surface, and the second maxima
results from different rates of electron transfer for enzymes in different orientations. The
stability of an enzyme film on the electrode surface is much greater for CaHydA and
CrHydAl than DdHydAB, and experiments of the latter are often complicated by the high
rate of enzyme film loss over the course of the experiment. Film loss is seen in the
voltammograms in Figure 7 as the difference in the current at -0.8 V at the start and end of the

voltammogram cycle (blue arrows) and is most significant for DdHydAB.
1.6 Proton and Gas Transport

1.6.1 Proton Transport

For both [NiFe]- and [FeFe]-hydrogenases it is essential that the transfer of protons between

the active site and the exterior of the protein is efficient to ensure that catalysis is rapid.

In [NiFe]-hydrogenases protons are believed to be transferred between amino acid residues
via a protonation/deprotonation mechanism.”® Given the prevalence of suitable residues
throughout the protein it is difficult to study this pathway using crystallographically, however
it is fairly well defined close to the active site. Crystal structures of the [NiFe]-hydrogenases
show there is a Mg?* cation close to the C-terminus of the large subunit.?® This cation is
coordinated to the active site via a network of hydrogen bonds, and this network is considered

to be involved in the proton transport chain.?*
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In [FeFe]-hydrogenases, the bridgehead nitrogen atom is widely believed to be involved in the
transfer of protons, as shown in Scheme 2.%" This amine is sufficiently close to a conserved
cysteine residue (Cys178 in DdHydAB or Cys299 in Cpl) for protons to be transferred
between the two sites.”’ Crystal structures of DdHydAB and Cpl have identified a proton
pathway between the protein surface and Cys178 or Cys299 repspectively.>**” Computational
studies performed by Honget al. suggest that the mechanism of proton transfer in both
DdHydAB and Cpl is concerted, protons being transferred between glutamic acid (Glu),
serine (Ser) and cysteine (Cys) residues; from Glul59 to Ser198 to Glul56 to Cys 178 in

DdHydAB.%

1.6.2 Gas Transport

For both [NiFe] and [FeFe]-hydrogenases gaseous H, must diffuse to and from the solution
outside of the enzyme, through the protein structure, to the buried active site, in order for
catalytic H, cycling to occur. Additionally other diatomic gaseous molecules, such as CO and
O, are able to access the active site and inhibit catalysis. The locations of hydrophobic
channels, which may allow the transport of gaseous molecules through the enzyme to the
active site, have been investigated for various hydrogenases. X-ray diffraction studies, where
the protein is crystallised after exposure to xenon under pressure, have been used to elucidate
the position of these channels by mapping the location of the Xe atoms inside the enzyme.'®
These locations can then be used as starting points for molecular dynamics simulations of

transport of Xe and H; through the protein.

Studies of several different [NiFe]-hydrogenases have revealed that a hydrophobic channel
from the enzyme surface opens up near the Ni atom of the active site.***°*" Genetic

modification of DfH to narrow the opening of the putative gas channel, near the active site,
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resulted in a dramatic decrease in the rate of inactivation by 0,.% Modification to widen this
channel in the regulatory hydrogenase of Ralstonia eutropha, has the opposite effect;

increasing its sensitivity to 0,.*%

There are three putative pathways believed to extend from the solvent to the active site
(H-cluster) of [FeFe]-hydrogenases. Xenon crystallography studies of DdHydAB, such as
those described above, also revealed the existence of a central cavity in close proximity to the
H-cluster.®® The first channel (A), comprises an elongated ‘static’ cavity that connects the
central cavity to the protein surface.®> A ‘dynamic’ pathway (B), identified from

computational studies of Cpl,'%**%°

also extends from the protein surface to the central cavity.
This channel consists of cavities that open transiently due to fluctuations of the protein. This
pathway (B) has previously been suggested to be the dominant pathway of O, diffusion

104

through the protein,”" although recent computational studies point to O, diffusion proceeding

via channel A.1%® A third, hydrophilic channel (W) has also been identified, and diffusion of
water via this channel has been observed during molecular dynamics simulations of Cp.'%
The amino acids that line the central cavity are conserved in most [FeFe]-hydrogenases,™”’
while this is not true for channels A and B. The different rates of reaction of
[FeFe]-hydrogenases from different organisms with small molecules such as CO and O,
cannot therefore be attributed to differences at this site. It has been proposed that the lower
rate of O, inhibition of CaHydA compared to DdHYdAB can be explained by the presence of
bulkier residues in channel A in the structure of Cp (and therefore CaHydA) than
DdHydAB.'® Additionally genetic mutations of channel A in both CrHydA1'® and

CaHydA' to introduce bulkier residues have been found to slow the rate of O, inhibition.

Such mutations however have no effect on the rate of CO binding, or the Michaelis constant
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for H,,"%" and as yet the exact channels or pathways used by gaseous molecules use to access

the active site are not fully understood.

1.7 Technological Applications

As previously discussed, for H, to become a viable energy alternative to fossil fuels there are
various limitations to overcome, namely development of efficient, renewable methods of large
scale H, production, safe storage and transport of H, and the efficient extraction of energy
from H,. In recent years the possibility of using hydrogenases (or synthetic active site mimics)
to facilitate the use of H, as a fuel has been recognised. Both the H, oxidation properties of

[NiFe]-hydrogenases and the H, production properties of [FeFe]-hydrogenases can be utilised.

1.7.1 Synthetic Analogues

The synthesis of structural and functional analogues of hydrogenases is an area of interest that
has grown rapidly since the discovery of hydrogenase structures using X-ray
crystallography.'® This area of research serves several functions; firstly, to develop bio-
inspired H; cycling catalysts for a future ‘H, economy’, but this research also helps us to
further our understanding of how the active sites of hydrogenases function so efficiently.
Production of [FeFe]-hydrogenase mimics is most common, partly because they are easier to
synthesis than a [NiFe] complex, as they contain only one type of metallic ion. Additionally
the first row transition metals nickel and iron have low affinities for Hy, so proton reduction
catalysts are easier to synthesise than H, oxidation catalysts.'® Many analogues of
[FeFe]-hydrogenases start from the simply derived complex (u-S(CH,)sS)[Fe'(CO)s],.
Modifications to this general structure has resulted in advancement towards the synthesis of a

structural, spectroscopic and functional model of the [Fe;]y moiety of the H-cluster. The most
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recent reported model capable of catalytic H, oxidation is that of Rauchfuss and Camara,**

shown in Figure 8a.

(a) (b)

Figure 8: The structure of two synthetic H, cycling catalysts: (a) A H, oxidation catalyst based on the
H-cluster of [FeFe]-hydrogenase™ (b) A nickel based H, production catalyst.""*

A diphosphine ligand is substituted in place of the electron rich cyanide ligands in the enzyme,
necessary to stabilise the oxidised form of the complex. Additionally an amine group is
present at the head of the dithiloate bridge, as in the H-cluster, which is able to participate in
proton transfer. Importantly, the [4Fe4S]y moiety has been approximated using a the one
electron redox molecule Cp*Fe(CsMe,CH2Pety).

In general the H, production activity of most synthetic catalysts does not approach that of
hydrogenases, and they generally require large overpotentials to drive the reaction. The poor
performance of active site mimics highlights the important role of the surrounding protein
structure in enabling enzymes to carry out efficient catalysis. One notable exception to the

1 (Figure 8b), a nickel

low H, production rate of synthetic catalysts is the DuBois catalyst
based complex that also includes a pendant amine base to facilitate proton transfer. A H,
turnover frequency of 100,000 s* has been reported for catalysis, however a large

overpotential is required (-1.13 V).***
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1.7.2 Enzymatic Fuel Cells

The use of H,/O; fuel cells for energy production is regarded as ‘clean’ as there is no
production of any harmful greenhouse gases, such as CO,. In enzymatic bio-fuel cells
biological catalysts (enzymes) replace the expensive, toxic precious metals often used in
traditional fuel cells (Pt and Pd).'*? Enzymes are adsorbed onto inexpensive electrode
materials such as carbon, as shown in Figure 9. Hydrogenase can be used to coat the anode
and catalyse the oxidation of H,. This reaction is coupled to the reduction of O, by a
multicopper enzyme such as bilirubin oxidase or laccase adsorbed on to the surface of the
cathode.'*? Electricity is produced with water as the only by-product. [NiFe]-hydrogenases are
more suited to this role than [FeFe]-hydrogenases, as they tend to be more biased towards H,
oxidation, and are more tolerant to O, vital for a system such as the one shown in Figure 9.

hydrogenase H, 0, laccase
coatedanode coated cathode

H, > 2H'+2e % 0,+2e - H,0

LOAD

Figure 9: lllustration of a bio-fuel cell consisting of a hydrogenase coated anode (red) and a laccase coated
cathode (blue).

One major benefit of using enzymes instead of precious metals as fuel cell catalysts is the
increased specificity: enzymes usually only catalyse one reaction, with fewer or no by-

products. In contrast, platinum catalyses both the reduction of O2, and the oxidation of Hz,
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requiring a proton exchange membrane to separate the anode and cathode compartments. This
costly separation is not required when an O2 tolerant hydrogenase is utilised.*** The
preparation of enzymes however is time consuming and expensive and enzyme-coated
electrodes are only stable for a limited time period. They are also less stable at high

temperatures than Pt.

1.7.3 Photochemical H, Production

Both hydrogenase enzymes themselves and various active site mimics have been used to
produce H, photochemically."****" In many systems the H, production catalyst is immobilised
on particles of a semi-conductor material and a photosensitiser is co-attached to the
nanoparticles. This system allows the energy from visible light to be captured by the
photosensitiser, and then used to drive the production of H; by the catalyst.

One such system, developed within the Armstrong group'!>*'®

, uses TiO, particles coated
with the [NiFeSe]-hydrogenase from Desulfomicrobium baculatum as shown in Figure 10. A
tris(bipyridyl)ruthenium (RuP) photosensitiser is also attached to the particles and the system
is able to produce H, from neutral water at room temperature. Upon illumination with visible
light the ruthenium complex becomes excited, and ejects a high energy electron into the
conduction band of TiO,. This electron is then transferred to the hydrogenase active site via
the [FeS]-cluster relay chain, and used to reduced protons to form H,. The ruthenium complex

is then reduced by a sacrificial electron donor (EDTA in Tris buffer), and the cycle continues.

Turnover frequencies of 50 s™ have been reported for this system.!*®
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Figure 10: Cartoon representation of a hybrid (enzyme—TiO,) nanoparticle system showing aspects that
are desirable for efficient and practical H, production from sunlight. The system is shown with a
hydrogenase (Db [NiFeSe]-H) as the H, production catalyst and the complex (RuP) that proved to be the
most suitable photosensitiser. Figure reprinted with permission from reference 115 (J. Am. Chem. Soc.
2009, 131, 18457-18466). Copyright (2009) American Chemical Society.

1.7.4 Enzyme Modified Particles

Other systems involving immobilisation of enzymes on small particles have been developed
utilising particles of conductive materials. In 2012 Vincent et al."*® developed a reversible
regeneration system for NADH or NAD" involving particles of pyrolytic graphite modified
with a mixture of hydrogenase (E. coli Hyd-2) and the NAD"-reducing subunit of the soluble

hydrogenase from Ralstonia eutropha (HoxFU).

Given that the thermodynamic potentials E(2H"/H,) and E(NAD*/NADH) are very closely
spaced, the reaction can proceed in both directions under suitable conditions; electrons can be
transferred either from H, to NAD" or from NADH to H*. Oxidoreductases, electron transfer
enzymes, are utilised to transfer reducing equivalents in the form of hydride (H’) in many
industrial biocatalysis applications, including stereoselective generation of chiral alcohols.

NAD cofactors are essential redox agents used for a wide range of oxidoreductases. The
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particle system shown above is a promising future alternative to homogeneous enzyme

regeneration systems, using H, as a clean, cheap electron donor or easily separated product.

The industrially relevant water-gas shift reaction (CO + H,O < CO, + H) has been
performed using a similar graphite particles system.'?° The oxidation of CO is catalysed by a
carbon monoxide dehydrogenase from Carboxydothermus hydrogenoformans (CODH 1)
while reduction of protons is carried out by a hydrogenase (E.coli Hyd-2). The system
operates at a far lower temperature (30 °C) than the industrial process (> 200 °C) and is
highly efficient. A turnover frequency of at least 2.5 s * per minimum functional unit (one
CODH/Hyd-2 pair) is reported, comparable to conventional high-temperature catalysts used
industrially. It is vital that the H, producing hydrogenase employed in this system is stable in
the presence of CO. This means that although [FeFe]-hydrogenases are more catalytically
active towards H, production than [NiFe]-hydrogenases, they are unsuitable due to their high

sensitivity to inhibition by CO.

1.8 Aims of this Thesis

The main aim of this thesis was to elucidate information regarding the catalytic mechanism of
hydrogen production by [FeFe]-hydrogenases. Investigations were particularly focussed on
gaining evidence for the existence, electronic structure and activity of a super-reduced state of
the H-cluster. Additionally the reaction of these hydrogenases with various inhibitors (CO, O,
and HCHO) was investigated, revealing information about their potency as inhibitors and
their mechanism of reaction. This understanding is important when considering the uses of
hydrogenases (and their synthetic analogues) in technical applications, as described above,
where the presence of such inhibitors may be unavoidable. In Chapters 3 and 4 the reactions

of three structurally diverse [FeFe]-hydrogenases CaHydA, DdHydAB and CrHydAl with
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the inhibitors carbon monoxide (CO) and formaldehyde (HCHQO) were investigated using
protein film electrochemistry. Carbon monoxide is known to be a competitive inhibitor of
[FeFe]-hydrogenases, targeting the same binding site as H, and for this reason it is a good

probe of the catalytic mechanism.

In Chapter 3 the effect of illumination on enzyme catalysis and stability was studied, in
addition to the potential dependence of light activated CO release. Electrochemical
experiments are also presented performed at very low potentials to probe catalysis of
[FeFe]-hydrogenases under these conditions, and gain information about the generation and
activity of the super-reduced state. A detailed investigation of the potential dependence of CO

inhibition was also conducted in this chapter.

In Chapter 4 experiments to probe the potential dependence of inhibition of
[FeFe]-hydrogenases by formaldehyde were carried out over a wide potential range. This
inhibitor is also thought to bind at the H-cluster, and the strong potential dependence of

inhibition provides insight into the nature of reduced states of these enzymes.

In Chapter 6 the development and use of spectroscopic techniques, including infrared (IR),
electron paramagnetic resonance (EPR) and nuclear magnetic resonance (NMR) are described.
These techniques were used in order to study the different redox states of

[FeFe]-hydrogenases and their reaction with formaldehyde.
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Experimental Theory and Experimental

Methods
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2.1 Experimental Methods

2.1.1 Introduction to Protein Electrochemistry:

Early electrochemical studies on enzymes involved the use of redox mediators (small, redox-
active molecules) to shuttle electrons between an electrode and a redox protein. These studies
were limited by the slow diffusion of the protein and mediator to the electrode, and by the
high protein concentration required. In 1977 Hill*** and Kuwana'** demonstrated the use of
electrodes modified with electron donor/acceptor groups, which allowed the voltammetry of
cytochrome c to be studied without the use of mediators in solution. In 1989 the high protein
concentration requirement was eliminated by the development of protein film
electrochemistry (PFE) by Armstrong et al.®*"? The technique of PFE involves the direct
absorption of very small quantities of redox proteins to the surface of an electrode to form an

enzyme ‘film’.

electron
transfer

graphite electrode

Figure 11: Cartoon illustrating the concept of protein film electrochemistry for hydrogenase adsorbed to a
graphite electrode.
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In a PFE experiment the immobilised enzyme is effectively wired to the electrode; the
electrons can be exchanged between the electrode and protein without the use of mediators
and the recorded current is a direct measure of the catalytic turnover rate of the enzyme. There
are many benefits of using PFE over traditional solution protein electrochemistry; however

the technique does present some limitations.

Benefits:

e The rate of interfacial electron transfer between the electrode surface and the enzyme
is very high, meaning that the enzyme can be probed with considerable precision; the
oxidation state of the entire enzyme sample can be changed instantly by a change in

the applied potential.

e Proteins containing redox centres with potentials outside the range accessible to

mediators can still be studied.

e The protein requirement is very low; studies are carried out with less than a picomole
of enzyme adsorbed to the electrode, compared to more than nanomole quantities

required for spectroscopic techniques such as EPR.
e The enzyme is immobilised on the electrode meaning that:
Q) the voltammetry is not complicated by diffusion effects of enzyme in solution.

(i) it is possible to study the reversibility of reactions with inhibitors simply by

solution or gas exchange.
Limitations:

e The protein must have an acceptor (redox centre or relay) within the electron

tunnelling distance (~14A) of the enzyme surface and must be immobilised on the
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electrode in an orientation that brings this acceptor in to close proximity of the

electrode surface.

e There must be good surface interactions between the protein and the electrode surfaces

to facilitate adsorption of the enzyme film.

2.1.1.1 Electrode Surfaces and Enzyme Binding

There are many factors to consider when deciding upon an electrode material, most
importantly good conductivity. It is of great importance that the electrode is chemically inert
over the potential range of study and does not exhibit redox signals that would mask those of
the protein under investigation. The material must interact favourably with the enzyme
surface, ideally facilitating strong adsorption without causing any denaturation of the protein.
Both carbon and gold electrodes have been widely used for PFE studies, however carbon
electrodes have been utilised in this thesis as the surface does not require modification for
enzyme adsorption, and carbon is chemically inert over a larger potential window (-1 to +0.7

V vs. SHE).*#

2.1.1.1.2 Pyrolytic Graphite

One of the most abundant allotropes of carbon is graphite, of which there are a number of
forms varying in density and degree of order. Pyrolytic graphite (PG) is formed by heating
hydrocarbons to their decomposition temperature, when the graphite crystallises. It comprises
a series of ordered layered graphene sheets, with some covalent bonds between the layers
caused by imperfections in the production process. The layered structure means that there are
two distinct orientations, basal (PGB) and edge (PGE) as shown in Figure 12. The PGB plane

runs parallel to the plane of aromaticity, whereas PGE plane surfaces are formed by cutting
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the graphite in such a way that the layers of graphite lie perpendicular to the surface. The edge
plane surface is therefore more reactive than basal plane due to the severed bonds created by
cleaving perpendicular to the plane of aromaticity. Many enzymes will adsorb directly onto
PGE surfaces but not to PGB surfaces, due to the greater density of acidic C-O functional
groups on the PGE surface. These acidic functionalities are generated by oxidation of the
unsaturated carbon centers formed by graphene ring cleavage. Electrons flow parallel to the

graphene sheets via delocalised p-orbitals.

basal plane
d
Al

edge

graphene plane
sheets

v

Figure 12: Schematic diagram of pyrolytic graphite, showing the basal and edge planes.

2.1.2 The Three-Electrode System

In a simple two-electrode system, as electrons are passed between a working electrode and the
adsorbed protein active site, a potential difference is set up between the electrode/solution
interface, ADgs"°. This can be monitored by reading the potential difference between the
working electrode and a reference electrode for which the Adgs is known. The applied voltage

E can then be defined:

_ work raf .
E= AP "+ AP, + iR [1.01]

The term iR describes the drop in voltage in the solution caused by resistance to the passage

of electrons between the electrodes through the solution. The current (i) can be measured as a

function of ADgs""™.
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In a three electrode system, employed when iR is large, the current flows between the working
electrode and a third, counter electrode. The potentiostat functions by maintaining the
potential of the working electrode at a constant level with respect to the reference electrode by
adjusting the current at the counter electrode. The potential of the working electrode, relative
to that of the reference electrode, is monitored using a device with a high internal resistance,
so that the current drawn through the reference electrode remains negligible, and its potential

remains constant.

power supply

cell

Q ammeter

@ working electrode
A counter electrode
voltmeter ® reference electrode

Figure 13: Schematic diagram showing the three-electrode system.

2.1.3 Cyclic Voltammetry

In cyclic voltammetry (CV) experiments the working electrode potential is varied linearly
versus time at a set scan rate. In contrast to linear sweep voltammetry, once the set potential is
reached, the potential scan is reversed. This can be done multiple times in a single
experiment. The current flowing at the working electrode is plotted against the applied
potential to give the CV trace or ‘scan’. The current recorded in a cyclic voltammogram is

made up from both Faradaic and non-Faradaic components.
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Figure 14: (A) The variation in applied potential (between E; and E;) with time. (B) The non-Faradaic
current produced by a blank, unmodified pyrolytic graphite edge-plane rotating disk electrode, as a
function of potential over the same range.

Cyclic voltammetry is often employed when studying proteins using PFE; information can be

gathered about the potential at which processes occur.

2.1.3.1 Non-Faradaic Current

Non-Faradaic current arises from non-redox processes at the electrode, and in cyclic
voltammetry appears as a background current. The current arises from polarisation of the
solution at the electrode surface. The electrode-solution interface behaves as a capacitor, for

which charge (q) is governed by Equation 1.02:
q=CE [1.02]

where C = capacitance and E = the potential across the capacitor.

At a given potential there is a charge on the electrode surface (q™), representing an excess or
deficiency of electrons, and a charge in the solution (g°), caused by an excess of either anions

or cations in a thin layer close to the electrode surface. This layer is formed due to favourable
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electrostatic interactions between the charged electrode and electrolyte ions. The two charges
are equal and opposite (@™ = - g°) and there is a potential difference established across the two
layers of charge. As the potential is modulated in a cyclic voltammogram there is

rearrangement of the charges at the electrode-surface interface, resulting in current flow.

The current (i) is equal to the change in charge with time (dg/dt):

._dq_ riﬁ'_
f=p =0 =00 [1.03]

In a cyclic voltammogram the change in potential with time (dE/dt) is simply the scan rate (v).
This non-Faradaic current is recorded in a control scan on a bare graphite electrode and is
known as a ‘blank’ scan. The appearance of the blank scan depends on a number of factors,
including the scan rate, surface area of electrode, potential range scanned and the composition

of the cell solution.

2.1.3.2 Faradaic Current

The Faradaic current arises from oxidation or reduction of a redox-active species, caused by
the donation of electrons to, or the withdrawal of electrons from, the electrode. These
processes are governed by Faraday’s law: the amount of chemical reaction caused by the flow
of current is proportional to the amount of electricity passed. This is the current contribution
of interest during a PFE experiment; a potential is applied which induces a current to flow,

this current provides a direct measure of the catalytic activity of the enzyme.

2.1.4 Enzyme Electrochemistry

In PFE the enzyme molecules are adsorbed directly to the electrode surface and electrons are

transferred between the electrode surface and the enzyme molecule. The Faradaic current
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measured can be limited by several processes as shown below (Figure 15Figure 15), any of

which can be rate limiting.

reactant
................. mass transport

product

active catalytic activity
site

adsorbed

enzyme —

electron )
relay chain intramolecular electron transfer
- interfacial electron transfer
electrode Je

Figure 15: Cartoon showing an adsorbed enzyme molecule on a carbon electrode. The flow of electrons
between the electrode, enzyme and active site are shown by arrows and the processes that limit catalysis

are labelled.

Each of the processes can be considered as a resistor, the total resistance (Ri) being the sum

of each.

(i) Electron transfer (Ret)
e Interfacial: between the electrode surface and the enzyme relay chain
e Intramolecular: between the electron relay chain and the active site
(ii) Catalytic turnover (Rcat)
(iii)Mass transport (R¢rans), Of reactant molecules to the enzyme, and of product molecules

away.

Rige =Rgr + Repe TRy [104]
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2.1.4.1 Electron Transfer

Usually the rate of intramolecular electron transfer (between an FeS-cluster relay chain and
the active site) is extremely rapid®, and contributes little to the total resistance, making
catalytic turnover at the active site the rate limiting step within the enzyme. Interfacial
electron transfer has also been shown to be rapid in many cases.?”*®" The potential
dependence of the rate of electron transfer can be modelled by the Butler-Volmer equation,

which is based on transition-state theory. For the system:

_ kred
O +ne :R

0X

where O and R are oxidised and reduced species that are interconverted by the transfer of n
electrons from the electrode. Ko, and kieq are the 1% order rate constants for the oxidation and
reduction processes at the electrode surface. The current recorded is dependent on the
electrode surface area (A), flux of reactant molecules to the electrode surface (j), and the

charge being transported (represented by Faraday’s constant, F).

L.o:r = Fﬂjﬂx ir‘ad = F"&Urad
[1.05]
L.tr.:-t = ir.:-:r - irsd [106]
The flux can be represented as:
jﬂx = nkox FR jrsri = nk?"ﬂd FG [107]

43



Chapter 2

where I'o and I'r are the electroactive coverages of the oxidised or reduced species per unit
area and n is the number of electrons. Substituting these expressions for flux into Equation

1.06 gives:

iror = RFA['ICGI FR - kred 1—‘0] [108]

Transition state theory assumes that an activated complex (transition state) is formed from the
reactants before the product is produced. This transition state is assumed to be in equilibrium
with the reactants, with equilibrium constant K*. Using AG”=-RTInK?, transition state theory

predicts the rate of reaction to be:

_ —AGT
ke = Apexp| — [1.09]

where A, is a constant pre-exponential factor and AG” is the Gibbs free energy of activation.

At equilibrium (potential = Eeq), zero current flows. For a reaction to be induced and current
to flow a different potential must be applied; the difference between the applied potential and
the equilibrium potential is known as the overpotential (1), (E-Eeq) = 1. The rate of electron
transfer increases exponentially with overpotential and also depends on the transition
coefficient (o), which is a measure of the sensitivity of the transition state to the applied

potential (0 <o <1).

The rates of electron transfer can therefore be expressed:

—AG* —anF(E —E®) [1.10]
Kyea = Apexp o ) &P AT
[1.11]
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—AG* (1— a)nF(E—E®)
Koe = Apexp °T exp 2T

These equations can be simplified by defining the pre-exponential terms as Ko ox and Kp req:

—AG* —anF(E — E?)
k.= kDJpxexp T exp o7

[1.12]

—AG* (1— a)nF(E —E®%) [1.13]
k.= kl}mdexp BT exp o7

Under standard equilibrium conditions Kopox = Kored= ko and koox and Koreq are potential
independent. Equations 1.12 and 1.13 can be substituted back into the expression for current
(Equation 1.08) to give:

(1—a)nF(E—E®) —anF(E — E%)
ko Trexp ( o ) — ko FGEXP( RT )l [1.14]

i, .= nF4

tot

At equilibrium i = 0, therefore:

(1 — a)nF(E — E®) —anF(E— E®) .
nFAk, [zexp AT = nFAk, [ exp 7T =i, [1.15]

where ig is the exchange current, which is the Faradaic current of the oxidation and reduction
processes at equilibrium, corresponding to zero net current. The Butler-Volmer equation can
be obtained by dividing both sides of the above equation by the exponential term, to get
values for nFAKkoI'r and nFAKI'r in terms of iy, and substituting these into Equation 1.14,

giving:
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. . (1—a)nF(E - E, —anF(E —E,_
e [Exp ( [ )) - EXP( : ))] [1.16]

RT RT

Since: E—E,, =1

, . (1—a)nFn —anFn
Lepe — Lp |BXP T - Exp( BT ) [117]

This is the Butler-Volmer equation, which is fundamental to electrochemical kinetics.'® A

9

more detailed expression can be determined using Marcus theory,’”® although this is

considerably more complex and unnecessary for the experiments presented in this thesis.

2.1.5 Mass Transport

For the adsorbed enzyme molecules in a PFE experiment to perform catalytic turnover it is
vital that reactant molecules are brought to the electrode surface from the bulk solution. It is
also important that the product molecules, once formed, are quickly removed. In order for
these transport processes to not be a rate limiting step, the electrode is rotated rapidly in
solution. The rotation spins the solution outwards from the electrode surface in a radial
direction due to centrifugal forces; this movement then draws in fresh solution towards the

surface of the electrode, ensuring a constant supply of reactant.
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’

Figure 16 Laminar flow lines at a rotating electrode.
The rotation rate dependence of the transport limited current (i) at a rotating electrode is

described by the Levich equation'?;

i = 0.62nFAD favYew /2 [reactant] [1.18]

where n is the number of electrons involved in the reaction, F is Faraday’s constant, A is the
electrode surface area, D is the diffusion coefficient of the diffusing species, v is the
kinematic viscosity of the solution and w is the rotation rate. As the limited current depends
linearly on the square root of the rotation rate, a plot of the transport-limited current against
the square root of the rotation rate should give a straight line which passes through the origin.

The rotation rate can be increased until a maximum limiting current is reached, i.e. the current
is no longer limited by mass transport, but is under enzymatic control. At this point the
relationship between current and the rotation rate breaks down and is then given by the

Koutecky-Levich equation:

i 1 1
: =—+ 5 —
Liime  ‘uim 0.62nFAD f'Ev_if'Ewlf'E [reactant] [1.19]
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where i;m 1S the maximum limiting current achieved at rotation speed « and iy is the

maximum limiting current achieved at infinite rotation rate. The limiting current at infinite

172

rotation speed can be calculated from a plot of 1/ijm, against /o™, which yields a straight

line with y-intercept of 1/ijim.

All PFE experiments in this thesis were carried out with the electrode rotated at high speeds,
2500 < » < 3000 rpm, unless otherwise stated. This speed was sufficient to ensure that the

rate of catalysis was under enzymatic rather than mass transport control.

2.1.6 Catalytic Voltammetry

The catalytic current was measured in the PFE experiments in this thesis; reversible electron
transfer is coupled to the catalytic oxidation or reduction of substrate by the adsorbed enzyme
molecules. The catalytic current response to change in the applied potential is predicted to be

sigmoidal.

Current

Potential

Figure 17: Ideal sigmoidal current trace corresponding to the oxidation of substrate by an enzyme film

adsorbed on an electrode.
Initially the current is potential dependent; the rate of catalysis is limited by the rate of
electron transfer to form the oxidised state of the enzyme. Enzyme in this state then

oxidises substrate, meaning that the current increases with increased driving force
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(overpotential). The gradient of the slope is steepest at the catalytic potential (Eca), which
corresponds to the potential up to which electron transfer between the enzyme and the

electrode surface is rate-determining.

At potentials greater than E. the current becomes potential independent and plateaus at
imax; the rate of electron transfer is no longer rate limiting. When the electrode is rotated
fast enough to ensure that mass transport of substrate is also not rate limiting, imax reflects

max.

the maximum turnover frequency of the enzyme, Kcat

I.’mrzx = ﬂFﬂrkcﬂrmEx [120]

If the electroactive coverage of the enzyme is known, the maximum current can be used to

max

calculate kcat

In some cases, for example the hydrogenase DdHydAB from Desulfovibrio desulfuricans, a
maximum current is not reached at high potential. As the potential is swept to higher values
the enzyme forms an inactive state which cannot oxidise substrate (H;), and the current
actually decreases at high potential. Another reason for deviation from the ideal sigmoidal
potential dependence is enzyme dispersion. The enzyme molecules adsorbed on the electrode
surface may not be uniformly distributed; there will be a range of enzyme molecule
orientations. The rate of interfacial electron transfer will not be the same for all of the
molecules; some will be oriented in such a way that electron transfer will be very efficient
between the electrode and the active site, whereas others may have very slow electron
transfer. This dispersion of electron transfer rates can result in cyclic voltammograms that do
not conform to the ideal sigmoidal shape and have residual slope remaining even at high

driving forces.
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2.1.7 Chronoamperometry

Chronoamperometry (CA) is an alternative method that can be used to study the catalytic
activity of enzyme films. In CA experiments the potential of the working electrode is held
constant, and the current is measured as a function of time. This technique can be used to
study the stability of an enzyme film over time as well as the effect of various conditions,
such as cell temperature, substrate concentration, inhibitor concentration and rotation rate, on
the catalytic activity of an enzyme film at a particular potential. An example CA experiment
is illustrated in Figure 18. The potential is held constant throughout and the effect of an
inhibitor is being investigated. Both the extent and the rate of inhibition can be measured, as

can the recovery of activity after removal of the inhibitor.
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Figure 18: Example chronoamperometry experiment. The potential is held constant throughout the
experiment. The effect of the introduction of inhibitor, and subsequent removal, on the catalytic activity is
measured.

Several chronoamperometry potential ‘steps’ can be pieced together in a single experiment to
monitor the rate of potential dependent reactions (for example high potential inactivation) by
stepping the potential from a value where this process does not occur to a potential where this
process is favoured. The applied potential is changed extremely rapidly meaning that the rate

of reaction can be determined accurately. In these experiments the contribution of non-
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Faradaic current must be considered. As shown in Figure 19, the non-Faradaic current of an
unmodified ‘blank’ electrode peaks immediately upon a change in applied potential, and then
decays exponentially. Figure 19 illustrates that the current recorded in the first 10-15 s after a
potential step in a CA experiment should be disregarded; the non-Faradaic contribution to the

current is significant over this time period.
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Figure 19: Example potential-step chronoamperometry experiment on an unmodified ‘blank’ electrode.
The grey box shows the 15 seconds after the potential step, where the non-Faradaic contribution to the
current is large.

2.1.8 Film Loss

One limitation of PFE experiments on graphite electrodes is the phenomenon of ‘film loss’;
the gradual decrease in catalytic current in the absence of any change (inhibitor, pH,
temperature etc.). This loss can be attributed to several factors, including desorption,
denaturation and reorientation of the enzyme molecules on the electrode surface. The
progression of film loss is extremely difficult to predict, as the rate and extent varies between

enzymes and even between enzyme samples.'*°
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For some chronoamperometry experiments in this thesis it was necessary to correct the data
for film loss; for example to study the extent of inhibition. In these cases the film loss was
fitted to a simple exponential (Equation 1.20) using the Microsoft Excel Solver tool, with the

current at time t (iy) dependent on a time constant z:

t,—t

ip= (ip=g — ir:m]exrl( ) +i,- [1.20]

Figure 20 shows an example chronoamperometry experiment; the raw data is shown on the
left, with the exponential fit for film loss overlaid in red. The film loss-corrected, normalised

data is shown on the right.
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Figure 20: Example chronoamperometry experiment with an inhibitor introduced at t = 0. The raw data
is shown in (A), with the exponential fit for film loss overlaid in red. The film loss corrected, normalised
current is shown in (B).

Successive scans in cyclic voltammetry experiments can also be corrected for film loss,

although this technique is slightly more involved.
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Figure 21: Cyclic voltammograms of CaHydA showing gradual film loss over three successive scans (left)
and voltammograms after correction for film loss (right).

2.1.9 Electron Paramagnetic Resonance (EPR)

In electron paramagnetic resonance (EPR) studies the interactions of unpaired electrons in a
magnetic field are studied. The energy of an electron with angular momentum, S, in a
magnetic field, B, is given by the eigenvalues of the spin Hamiltonian according to Equation

1.21:

H = g.nz3B, [1.21]

where pg is the Bohr magneton (ps= 9.274 x 102 J T, and g is the proportionality constant

for a free electron (ge= 2.0023).

The interaction of an unpaired electron with a magnetic field is called the Zeeman effect; the
magnetic moment () of the unpaired electron acts as a bar magnet when subjected to the
magnetic field. The electron can be in one of two orientations with respect to the magnetic
field: parallel or anti-parallel. These two states are characterised by the magnetic quantum
numbers mg; for parallel alignment (a state) ms= +1/2 and for anti-parallel alignment (3 state)

ms=-1/2. These two spin states (£1/2) have the same energy in the absence of a magnetic
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field, but their energies diverge linearly as the applied magnetic field increases, as shown in

Equation 1.22.

E=m_g.puzB, [1.22]

The energy difference (Zeeman splitting) between the two states of an electron in a particular

environment is therefore determined by the strength of the magnetic field (Figure 22).

a:ms=+1/2

AE =E,-Ep=g.HBy

Energy (E)

B:mgs=-1/2

Y

Magneticfield (B)

Figure 22: Energies of the spin states of an electron in a magnetic field.

In continuous wave (CW) EPR experiments the allowed transitions between the electron
states (Amg= 1) are studied by varying the applied magnetic field (Bo) at a fixed frequency
(v). A peak in the absorption occurs when the magnetic field tunes the two spin states so that
their energy difference matches the energy of the radiation, known as the resonance condition.

The g value can therefore be determined according to Equation 1.23 where h = Planck’s

constant:

AE = hv = gugB, [1.23]

54



Experimental Theory

Deviation of g from the free electron value, ge, in molecular spectroscopy is dictated by the
mixing of orbital angular momentum from excited states into the ground state. The g value
can therefore give information about the structure around the unpaired electron and the
strength of the spin-orbit coupling. When the orientation of the spin changes with respect to
the magnetic field, the interaction between the spin and magnetic field is also changes. This
anisotropy is best described by defining the g value along each of the three mutually
perpendicular axes of the species: gx, gy and g,. For a truly isotropic species the g values
would be identical, gx = gy = g, and a single signal observed, whereas a change in symmetry
to an axial system causes the signal to split, gx = gy # g.. When the symmetry of the system is
reduced to a rhombic system (no two axes are the same), gx # gy # 9, three signals are seen.
In the frozen protein samples studied in this thesis the molecules are randomly oriented with
respect to the applied magnetic field. EPR spectra are therefore an average over all possible
orientations and are referred to as powder average EPR spectra. Standard EPR spectrometers
employ field modulation plus phase sensitive detection to increase sensitivity by filtering out
non-resonant noise, a process that results in the first derivative of the absorption being

detected as the EPR signal.

55



Chapter 2

Isotropic, e.g. DPPH

Axial, e.g. [2Fe2S]" \

Rhombic, e.g. [4FedS]*

280 300 320 340 360
B, (MT)

Figure 23: Simulated EPR spectra of examples of 3 systems with different symmetry using gy,,= 2.00
(DPPH), gx=2.20, gy,=1.93 ([2Fe2S]") and gx=2.04, g,=1.92, g,=1.86 ([4Fe4S]"). (Figure and
simulations prepared by Rosalind Davies and reproduced with permission)

2.2 Experimental Methods and Materials

2.2.1 Electrodes

The pyrolytic graphite edge (PGE) working electrodes used in this thesis were constructed in-

house as shown in Figure 24.

steel insert
screw-threaded

PTFE

casing\

silver
epoxy resin
graphite tip / Poxy
edge-plane | insulating
epoxy resin

Figure 24: Diagram of the graphite electrodes used in this thesis.
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A steel rod is housed within a Teflon (PTFE) casing fitted with a screw thread to allow
attachment to a rotator spindle. Pyrolytic graphite was cut into rods and then drilled to form 2
mm diameter (3 mm? planar surface area) cylinders with the ‘edge’ plane as the cross section
surface. These graphite cylinders were set into the electrode casing and connected to the steel
rod using silver epoxy resin (RS electronics), before being encased in insulating epoxy resin
(Robnor Resins). Abrasion of the edge-plane surface, by polishing the electrode with sand
paper, damages the exposed graphene rings, creating a polar surface with exposed oxidised
functionalities such as -COOH and -CHO, which are thought to enhance the adsorption of

enzyme to the surface.!***

2.2.2 Electrode Rotation

The rotating disc electrodes described were used in conjunction with an electrode rotator
(EcoChemie Autolab RDE) which fit snugly into the top of the electrochemical cell. In all
experiments the electrode was rotated at a constant high rate (> 2500 rpm) to ensure efficient
supply of substrate and rapid removal of product from the electrode surface in addition to fast

gas-solution equilibration.
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2.2.3 Electrochemical Cell

rotator
working
electrode
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gas
inlet/outlet - Pt counter
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Figure 25: Diagram of the electrochemical cell used in this thesis.

Experiments were carried out using a glass electrochemical cell as shown in Figure 25 (made
in-house, Terri Adams). The working electrode compartment contained a platinum wire
(counter electrode) and was water jacketed (VWR) to allow temperature control. The sides of
the cell were covered in black electrical tape to prevent light-activated processes convoluting
catalysis. A saturated calomel reference electrode (SCE) was placed in a side arm containing

100 mM NacCl. The side-arm was connected to the main cell via a Luggin capillary and was

not water jacketed, therefore remaining at ambient temperature.

2.2.4 Solution Exchange

In order for the reversibility of aldehyde inhibition to be measured, the buffer solution needed
to be exchanged. [Reversibility of inhibition by gaseous molecules was simply measured by
flushing the gas out of solution.] A double syringe set up was used, as shown in Figure 24.

One syringe was filled with 50 mL of fresh buffer that had been equilibrated to the
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experimental temperature and flushed with the experimental gas composition. The two
syringes were connected to the electrochemical cell via plastic tubing; the ends of the tubes

sat as close to the bottom of the cell as possible, without interfering with electrode rotation.

PUSH PULL
lil
C—/1
—7 S—7
“\ ]
N

Figure 26: Representation (not to scale) of the pair of syringes used to rinse the electrochemical cell by
exchanging the solution with fresh buffer. As fresh buffer was introduced into the electrochemical cell by
pushing down on the left-hand syringe, buffer was simultaneously removed from the cell by pulling the
right-hand syringe.

To exchange the cell solution (on average 2-5 mL) the full syringe was depressed to push
fresh buffer in to the cell, while the empty syringe was pulled to remove the cell solution.
Care was taken to keep the solution level above the tip of the electrode at all times to ensure
that electrical connection was maintained. A typical cell solution volume of 4 ml was used,

and exchanged with 50 ml of fresh buffer.
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2.2.5 Light Experiments
A 300 W projector lamp was used in light studies and was situated directly beneath the
electrochemical cell to directly illuminate the surface of the electrode. The cell was positioned

2 cm above the lamp, with a UV and IR filter placed in between as shown in Figure 26.

electrochemical
—
cell

UV filter

clamp

stand projector lamp

Figure 27: Diagram of the light set up used in illumination experiments.

2.2.6 Glove Box

Due to the high O, sensitivity of hydrogenases, all hydrogenase electrochemistry experiments
were carried out in an anaerobic glove box (Belle) comprising a N, atmosphere ([O;] = <

3 ppm) unless otherwise stated.

2.2.7 Measurement

Electrochemical experiments were performed using an electrochemical analyser (Autolab
PGSTAT20) controlled by NOVA 1.5 software (EcoChemie). Potentials are quoted relative

to the standard hydrogen electrode (SHE) using the correction:

Esue = Esce T Ecorr [1.24]
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Eonn = 0.2412 — 6.61x10~*(T — 25) — 1.75x10~5(T — 25)% — 9.0x10~*°(T — 25)? [1.25]

where T = temperature in degrees centigrade.

2.2.8 Solutions

Phosphate buffer solutions consisting of 50 mM phosphate with 100 mM NaCl as additional
supporting electrolyte were prepared by titrating solutions of NaH,PO, and Na,HPO,
(analytical reagent grade, Sigma) in purified water (Millipore 18 MQ cm) to the desired pH
(Russell 950 from Fisher). Solutions were thoroughly degassed before use; initially flushed
with inert gas (N) to remove O, prior to being taken into the glove box and stirred open to the

glove box atmosphere to remove any traces.

2.2.9 Gas Flow

Gas was passed through a water bubbler before being flowed through the cell headspace via
inlet/outlet needles. Mass flow controllers (Smart-Trak Series 100, Sierra Instruments) were
used to prepare precise gas mixtures (accurate to within 1%) and to provide constant gas flow
rates through the electrochemical cell headspace during experiments. The feedstock gases
were H, (Premier grade, Air Products), N, (Oxygen-free, BOC), CO (BOC, CP Grade) and O,
(Air Products). The high purity of gases used is critical, as very small traces of common
contaminants such as O,, CO and H,S can inhibit hydrogenases and affect the
electrochemistry. For experiments involving injections of saturated solutions of inhibitor

gases Henry’s Law constants were used to calculate the dissolved gas concentrations.

The Henry’s constant (ky) of a gas is a measure of the solubility of that gas. The solubility of
a gas in solution is dependent on the solution temperature; the constant C is a coefficient

representing the temperature dependence of ky. In this thesis the concentration of gases in
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solution was calculated using the following equation for the molar concentration of a

saturated solution:

905) = by exv{C (7~ 355 126

where T is the solution temperature in Kelvin. The Henry’s constants (ky) and temperature

coefficients (C) are given in Table 1 for the gases used in this thesis.

Table 1: Values of kg and C for various gases.

Gas Kn C
H, 0.00078 500
0, 0.0012 1700

CO 0.00099 1300

N> 0.00061 1300

2.2.10 Enzyme Samples

Samples of DdHydAB were prepared by Christine Cavazza under the supervision of Juan
Fontecilla-Camps at the CNRS Grenoble, France, using a previously published protocol.*?
Samples of the bacterial [FeFe]-hydrogenase CaHydA and the algal hydrogenase CrHydAl
were prepared by Sven Stripp and Camilla Lambertz under the supervision of Thomas Happe

at the Ruhr University, Germany, using previously published protocols.*’

2.2.11 Enzyme Films

To prepare each enzyme film the PGE electrode was first polished with P400 sandpaper to

create a fresh surface, and then wiped with cotton wool. 1.5 pL of enzyme solution was
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applied to the prepared electrode surface and removed by rinsing with water after
approximately 1 minute. The electrode was then placed into enzyme-free buffer in the
electrochemical cell ensuring that the experiment was not complicated by the effects of
solution enzyme-electrochemistry. Enzyme films were activated before experiments were
commenced. The [FeFe]-hydrogenases require very little activation; several cyclic
voltammograms in the presence of H, is sufficient. For [NiFe]-hydrogenases the electrode was
held at a reducing potential (-0.6 V) for several hundred seconds in the presence of H; before
a cyclic voltammogram was performed to check the activity. These steps were repeated until

the activity stopped increasing and successive voltammograms overlaid.

2.2.12 Formaldehyde Solutions

The aldehyde inhibition experiments carried out in this thesis involved injection of solutions
of aldehyde in buffer into the electrochemical cell. These aldehyde solutions were gas and
temperature equilibrated before use, to avoid any changes in enzyme catalysis relating to
differences in temperature of H, concentration. Formaldehyde is supplied as a 37% aqueous
solution (ACS reagent, 37 wt % in H,O, containing 10-15% methanol, Sigma-Aldrich),
equating to a concentration of 13.4 M. This solution was stored in a fume hood to limit
laboratory exposure to this harmful volatile chemical; aliquots were taken into the glove box
in vials sealed with a rubber septum. Due to the volatility of formaldehyde degassing was
passed through a water bubbler to limit the rate of formaldehyde evaporation from solution
and was carried out for the minimum time required to remove all traces of O,. Typically the
experimental gas mixture (often 100% H,) was bubbled through 10 ml of formaldehyde
solution for 10 minutes at a flow fast rate. This formaldehyde solution was then diluted using
similarly degassed buffer. A vial of this diluted formaldehyde solution was then placed in a
water bath to equilibrate to the experimental temperature, before being injected into the cell.
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2.2.13 EPR Experiments

2.2.13.1 Sample Preparation

Samples were prepared in an anaerobic glove box to prevent damage by oxygen. The enzyme
was reduced by H, in a small glass electrochemical cell comprising a platinum working
electrode and an Ag/AgCI reference electrode as shown in Figure 28, allowing the open
circuit potential to be measured. Gases were passed through an oxygen scrubber and a water

bubbler before entering the cell to ensure gas quality and to avoid sample evaporation.

platinum working electrode

gas l

inlet\I Ag/AgCl
[ Reference electrode
gasoutlet
water
p—
outlet
water — — platinumring
inlet —
stirrer bar EPRtube

Figure 28: Diagram of the EPR cell used for sample preparation.

The cell was water jacketed for temperature control and stirred using a magnetic stirrer bar
and plate. Samples were ‘shot’ into the EPR tube using a positive gas pressure and thin metal
tubing; one end of the gas outlet tube was placed inside the EPR cell while the other was
placed below the level of the solution. The EPR tube was then immediately frozen using a

cold finger and then stored in liquid nitrogen.

64



Experimental Methods

2.2.13.2 Measurements
Continuous wave EPR experiments were performed using an X-band (9-10 GHz) Bruker
EMX spectrometer (BrukerBioSpin GmbH, Germany) with an X-band Super High Sensitivity

Probehead (Bruker) equipped with a low temperature helium flow cryostat (Oxford

Instruments CF935A).
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Carbon Monoxide Inhibition
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Abstract

The photolability of the Fe-CO bond formed by CO inhibition of [FeFe]-hydrogenases is well
documented. In this chapter the effect of illumination on the recovery of hydrogenase activity
after CO inhibition was investigated using protein film electrochemistry. The extent of
illumination induced recovery was found to be similar for the hydrogenases from three
different organisms, and almost completely potential independent. Illumination of
un-inhibited enzyme was shown to be strongly potential dependent; at low potentials the
enzyme was irreversibly damaged but at high potentials it appears that illumination stabilises

the enzyme film on the electrode, and may induce enzyme activation.

Two active states of the H-cluster are well characterised, Hox and Hyeqg, While a third,
super-reduced state remains the subject of much scientific debate. In this chapter
electrochemistry experiments were utilised to probe the H, production activity of
[FeFe]-hydrogenase at low potentials (< -0.7 V). It was found that all three remain active and
undamaged under these conditions, indicating that the super-reduced state is active at H;

production, stable and is formed reversibly.

Binding of carbon monoxide (CO) is known to compete with that of H,, making it a good
probe of the catalytic mechanism of H, turnover by [FeFe]-hydrogenase. Experiments were
performed to probe the CO reaction at very reducing potentials. These experiments revealed
the formation of a state at low potential, assigned as the super-reduced state, which rapidly
releases the bound CO to regenerate active enzyme. Formation of this state is demonstrated
for three different hydrogenases, however the potential of CO release varies between the
enzymes. [FeFe]-hydrogenases are known to be extremely sensitive to irreversible oxygen (O2)
damage at oxidising potentials. Electrochemistry experiments revealed that in addition to CO,

the super-reduced state of the H-cluster has a very low affinity for O,. It was found that
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[FeFe]-hydrogenases demonstrate a remarkable tolerance to high (100%) O, levels at low

potential (-0.65 V).

3.1 Introduction

3.1.1 Catalytic States of [FeFe]-Hydrogenases

The various oxidation states experienced by the Fe atoms in the H-cluster of [FeFe]-
hydrogenases have been described in section 1.5.2. The catalytically active oxidised state (Hox)
and reduced state (Heg) have been well characterised using various techniques (such as X-ray

crystallography and IR and EPR spectroscopy>*®

) while the existence and role of a super-
reduced state of the H-cluster remains the subject of much scientific discussion and has not
yet been well characterised. The super-reduced state (Hgeq), purported to be formed under

828687 s thought to result from a one electron reduction of the

strongly reducing conditions,
Hreq State (or a two electron reduction of Hyy). The location of this additional electron has not
yet been determined, it is possible that either Fey, Feq or the [4Fe4S]y cluster is reduced.
Several different resonance structures of the Hgq State could exist with different protonation

states, as shown below in Scheme 3. To avoid ambiguity super-reduced states are referred to

as being at the Hox.» oxidation level.

Despite the importance for understanding how H: is produced so efficiently by
[FeFe]-hydrogenases, mechanistic detail from experiments is lacking, mainly due to the
difficulty of identifying transient, strongly reducing intermediates in a very rapid catalytic

133134 involving a sole ubiquitous substrate (Hsq"). In

cycle (turnover frequency >> 1000 s™)
order to be studied, a state must persist for a reasonable amount of time; states that exist only
transiently cannot be well characterised. A unique feature of using PFE is the ability to

measure catalytic activity (directly as current) as a continuous function of electrode potential:
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it can therefore identify potential boundaries between intermediates differing in oxidation

level but remaining at steady state during the catalytic cycle.

Scheme 3: Four of the possible states of the H-cluster at the Ho,., oxidation level (Hgeq), formed by one
electron reduction of the H,¢4 state. Protonation of the bridgehead N atom is also possible for each of the
structures shown.
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Most studies of [FeFe]-hydrogenase suggest that only the two well characterised active states
of the H-cluster, Hoxand Hyeq, are stable enough to be intermediates in the catalytic cycle, and
in most cases the role of the [4Fe4S] moiety of the H-cluster is not considered.”®* It has been
suggested that this site plays the role of providing or removing sufficient electrons to the 2Fey
moiety of the H-cluster in order to catalyse the two-electron reaction of either H, production
or oxidation. The mechanism of proton reduction by [FeFe]-hydrogenases has been

T188,92,93,l35-137

investigated extensively using DF with several studies including the
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involvement of a state of the H-cluster at the Hox, oxidation level (Hseq), however
experimental evidence for the role of this state remains lacking. DFT calculations carried out
by Greco and co-workers,®® where the [4Fe4S] cluster domain was included in the model
(shown in Figure 29), show that the driving force for H, production by a hydride at the Hox-2
oxidation level (Hgreq) is exothermic, while the corresponding reaction at the Hox-1 level (Hreq)
is an endothermic process. The additional driving force at the Hox- 2 level (Hgeq) relative to the

Hox 1 level (Hreq) IS consistent with the anticipated higher electron density on the hydride

/Me ‘?
(CH3S)4-Fe4S4_S /S . CcO

/ N

A7 N4

W Fe Fe.,

oc\ V7 \//CN

NC e]0)

(greater hydridicity).

Figure 29: H-cluster model used in calculations by Greco and coworkers.® The [4Fe4S] moiety is included,
but the bridgehead nitrogen has been omitted from the dithioloate bridge.

3.1.2 Small Molecule Inhibition of [FeFe]-Hydrogenase

The catalytic activity of [FeFe]-hydrogenases is inhibited in the presence of various small
molecules. The future of hydrogenases as catalysts in technology requires comprehensive
understanding of the chemistry of these enzymes, in particular how and why inactivation

0% while for others activity is

occurs. In some instances inhibition is reversible (eg.C
completely lost and is not regained upon removal of the inhibitor (eg.0,”). In many cases the
extent and reversibility of the inhibition varies between hydrogenases from different
organisms, and is also very dependent on the catalytic state of the H-cluster, as influenced by

the applied potential. The presence of these inhibitors, even in very small quantities, must be

taken into account when considering the use of these enzymes for practical applications.
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Gaining understanding of both the mechanism and conditions under which
[FeFe]-hydrogenases interact with inhibitors is of vital importance when considering the use
of these enzymes in technical applications such as those described in Chapter 1. For example,
sulfide is a common contaminant of H, produced commercially by steam reformation;? for
hydrogenases to be utilised in processes that use H, as a fuel (such as enzymatic fuel cells)
only those that are resistant to inhibition by sulfide under the conditions used in such a device
can be considered. Additionally enzymatic fuel cells couple the activity of a hydrogenase to

the reduction of O,

meaning that the hydrogenase used must be able to catalyse H,
oxidation in the presence of O, without undergoing inactivation. Similarly the hydrogenase
used to generate H, from protons in the graphite particle system developed to carry out the

water-gas shift reaction'?® (CO + H,O < CO; + H,) described in Chapter 1 must be resistant

to inhibition by CO.

Another reason to study small molecule inhibition of [FeFe]-hydrogenases is the
understanding that can be gained about the different redox states of the hydrogenase. The
mechanism of catalysis of [FeFe]-hydrogenases is not yet fully understood. Many inhibitors
bind at the distal iron site, in a similar manner to H,. Studying the interaction of these
inhibitors with the H-cluster provides insight into how [FeFe]-hydrogenases are able to

catalyse H; cycling.

Greater understanding of the mechanisms of enzyme catalysis and inhibition is also
advantageous when designing synthetic analogues. This information can also be used to
design complexes that exhibit similar high rates of H, cycling to hydrogenases, but avoid the

sensitivity to inhibition by other molecules, making them more suited to technical applications.
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3.1.2.1 Hydrogen
Although H, is the substrate for H, oxidation by hydrogenases, it is an inhibitor of H;
production. The extent of this inhibition varies for [FeFe]-hydrogenases from different

organisms’>*%

ranging from < 5% for CaHydA (from Clostridium acetobutylicum) to ~20%
for CrHydAl (from Clamydomonas reinhardtii) and > 30% for DdHydAB (from
Desulfovibrio desulfuricans). In all cases product inhibition is much less severe than for most

140

[NiFe]-hydrogenases; ™ [FeFe]-hydrogenases exhibit very high H, production activity even in

the presence of 100% H,.*

3.1.2.2 Oxygen

Both [FeFe]-hydrogenases®™ and some [NiFe]®* are known to be extremely sensitive to
inactivation by O, a huge drawback for their utilisation in artificial photosynthesis and other
‘biohydrogen’ production techniques. The [FeFe]-hydrogenases are particularly sensitive to
O, and the active oxidised state, Hqx (see Figure 6), undergoes irreversible degradation to form
a ‘dead’ state.” The initial reaction of O,at the H-cluster is thought to be very similar to that
of CO; binding is reversible and competitive with H,, occurring at the distal iron site
preferentially to enzyme in the oxidised state of the H-cluster (Hox).*** The irreversible
reaction is attributed to the generation of a reactive oxygen species at the distal iron site,
which then damages the [4Fe4S] cluster by either long range oxidation or migration, forming
a [3Fe4S]* cluster,** and is followed by complete O,-induced degradation of the remaining

H-cluster.

[FeFe]-hydrogenases can exist in a highly oxidised inactive state, Ho™* (formed
electrochemically at potentials greater than 0 V'®’"), which does not react with O, and

therefore acts as a ‘resting’ state that provides protection from this inhibitor.?* It has been

142
l.

proposed by Bruska et al.”™ that this is because formation of a reactive oxygen species is not
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inact

energetically feasible for O, bound to the Hqx - state. For this reason certain [FeFe]-

inact

hydrogenases, such as DdHydAB, can be purified aerobically in the Ho ™ state.*?

Electrochemistry experiments performed by Goldet et al.® have revealed that the tolerance of
[FeFe]-hydrogenases to O, is strongly potential dependent; at oxidising potentials (-0.3-0 V),
where the hydrogenase catalyses H, oxidation, inhibition is rapid, almost complete, and
totally irreversible. At a mildly reducing potential (-0.4 V), where the hydrogenase catalyses

H, production, some activity is retained, and inhibition is partially reversible.?®

3.1.2.3 Sulfide

Sulfide is a common trace contaminant in H, produced by steam reformation and has been
shown to reversibly inhibit [FeFe]-hydrogenases.'*® Protein film electrochemistry experiments
have shown that the oxidised state of the hydrogenase DdHydAB reacts reversibly with
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sulfide, but only reactivates at very low potentials. Sulfide can be used to protect the

enzyme against irreversible damage by O, as enzyme in the sulfide-inhibited state does not

react with Oy, indicating that they compete for the same binding site (Feg).'*

3.1.2.4 Carbon Monoxide
Inhibition of [FeFe]-hydrogenase by carbon monoxide (CO) has historically been the subject

147,148 and infrared

of extensive study; various techniques, such as EPR***® crystallography
spectroscopy®*®*® have been utilised, and it has been determined that CO is a reversible
inhibitor that competes with H, for binding at the H-cluster. There is significant evidence to
suggest that exogenous CO hinds preferentially to the oxidised form of the H-cluster®
(yielding the Hox-CO state), at the distal iron site in a position trans to the u-CO ligand as

shown in Figure 30.%’
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S-bridging
ligand

Figure 30: Structure of the CO-inhibited H-cluster of Cpl prepared using PyMOL. (PDB code: 1C4C)*’
The intrinsic CO (labelled CO;,) and CN ligands have not been assigned in the crystal structure. The
exogenous CO ligand is labelled CO,,. The bridging S-ligand was modelled without the —CH,- groups
connecting the bridging S atoms to the bridgehead heteroatom (red).

Further understanding the mechanism of CO inhibition of [FeFe]-hydrogenases is of great
interest due to the competitive nature of the binding. Carbon monoxide competes directly with

H,, making it a good probe for investigating the mechanism of catalytic H, turnover.

Although formation of the Hyx-CO state has been reported for [FeFe]-hydrogenases from
various organisms, they do not all show the same change in electron spin density distribution
after binding CO.****° Different shifts in the vibrational frequency for the CN~ ligands upon
CO binding have been measured for the [FeFe]-hydrogenases DdHydAB®, CrHydA1® and
Cpl."® These variations can be attributed to differences in the protein environment
surrounding the conserved H-cluster; there may be differences in H-bonding between the CN™

ligands and surrounding residues.

Both electrochemical techniques and solution assays have been used to study the potential
dependence and reversibility of CO inhibition of [FeFe]-hydrogenase.’®’"**® These studies
were performed on [FeFe]-hydrogenases from several different organisms and although the

overall protein structures and FeS-cluster electron relay chains vary among the enzymes
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(section 1.4.2), the H-cluster is conserved in all. Electrochemical studies have shown that
exposure to CO at high potential results in rapid loss of H, oxidation activity, and H,
production activity is also inhibited at low potential (-0.4 V).”®"" EPR studies have shown that
exposure of the reduced state of the enzyme to CO results in formation of the Hox-CO state.**
It is not clear whether inhibition of H, production activity at reducing potentials proceeds via
a CO-bound reduced state (Heg-CO) or if CO directly traps the oxidised state which is formed
transiently during H, turnover. Protein film electrochemistry experiments performed by
Goldet et al.” showed that CO inhibition of H, oxidation activity is reversible, but inhibition
of H, production is slower, and only partially reversible. The study involved the three
structurally distinct hydrogenases CaHydA, DdHydAB and CrHydALl. The rate and extent of
CO inhibition was investigated using chronoamperometry experiments such as those shown in
Figure 31 for CaHydA, (this experiment was repeated and verified for this thesis to confirm
experimental procedures). Both the rate and extent of inhibition were found to decrease in the
order DAHyYdAB > CrHydA1l > CaHydA for both H, oxidation and proton reduction activity,

but there was little difference measured for the rate of recovery upon removal of CO."®

The potential dependence of CO inhibition of CaHydA is shown clearly in the
chronoamperometry experiments in Figure 31. Hydrogen oxidation activity was recorded at
+0.15 V and H, production activity at -0.55 V, before introduction of 810 uM CO at t =0 by
injection of CO saturated buffer (arrow). The CO concentration then rapidly decreased as it
was flushed from solution by the constant flow of 100% H, through the cell headspace. Both
the rate and extent of inhibition are greater for H, oxidation (compare blue and black traces in
Figure 31C); at +0.15 V 100% of H, oxidation activity is lost in 10 s, with a half life of just 3
s (blue), compared to the loss of 96% of H, production activity in 100 s at -0.55 V, with a half

life of 15 s (black).
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Figure 31: Chronoamperometry experiments showing CO inhibition and subsequent recovery of catalytic
activity of CaHydA. Experiments were recorded at +0.15 V to measure H, oxidation (A) and at -0.55 V to
measure H* reduction (B) Panel C shows an expanded section around t = 0, comparing the rate and extent
of inhibition at +0.15 V(blue) and -0.55 V (black). Buffer saturated with CO (3 mL) was injected into 2 mL
of cell solution at t = 0, giving a total CO concentration of 810 pM. This concentration then immediately
decreased as CO was continuously flushed out of solution by the gas flow (1000 mL/min). The cell
headspace was flushed with 100% H, continuously throughout the experiment. Log plots of the current
from experiments A and B are shown in panel D for t > 750 s. Conditions: dark, 5 °C, pH 6 phosphate
buffer, @ = 3500 rpm, 100% H,. Similar experiments were conducted by Goldet et al.”® and were repeated
and verified for this thesis to confirm experimental procedures.

The reversibility of inhibition is also strongly potential dependent; the H, oxidation activity
recorded at +0.15 V is almost completely recovered (90%) after removal of CO (Figure 31A),
whereas only ~60% of the H, production activity measured at -0.55 V was recovered (Figure
31B). The rate of recovery from CO inhibition was compared by performing log

transformations (Figure 31D, Appendix 2) on the latter part of the chronoamperometry
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experiment where the activity (current) is recovering after CO has been completely flushed
from solution. The first 750 s after CO injection are not considered to ensure the measured
rate is not complicated by the flushing of CO from solution and inhibition is not still taking
place. The rates are given by the gradient of the plots which are not significantly different for
each potential and run almost parallel (gradient = 1x10®). In this experiment therefore the rate
of recovery from inhibition is not dependent on potential.

The preference for CO binding to the Hy state (Figure 31C) can be rationalised by looking at

the valence electron count of the distal iron atom as shown in Scheme 4.

Scheme 4: The reaction of CO with the H-cluster. The oxidation states of Fe, and Feq, as determined by
spectroscopy, “*® are given above, and the overall 1- charge of the cluster is indicated in the figure. The
valence electron count for Fe, and Feq in each state is given below in blue.
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In the Hoy state Feq is in the +2 oxidation state, and is coordinated to one bridging CO, one
terminal CO, one terminal CN, and two bridging sulfur ligands. The electron count of Feq is
therefore 15 and the binding of exogenous CO is favourable as it brings the electron count to

17. The 18 valence electron rule dictates that metal complexes containing 18 valence
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electrons are the most thermodynamically stable, as this maximises the number of electrons in
bonding orbitals.*’ More than 18 electrons means electrons are entered into orbitals of non- or
anti-bonding character, which results in a less stable complex. In the reduced state (H;eq), Feq
is one electron more reduced than in Hyy, and the bridging CO ligand moves to a terminal
position on Feg4, giving an electron count of 17. The binding of CO (donates 2 electrons) to
Feq in this state is therefore disfavoured, as electron density is added to orbitals with anti-

bonding character, destabilising the complex.

3.1.2.4.1 Reversibility of CO Inhibition

The small degree of irreversible enzyme damage observed after exposure of
[FeFe]-hydrogenases to CO at low potentials™ (Figure 31B) was investigated by Baffert et al.
using both electrochemistry and DFT analysis.®* Their findings are illustrated in Scheme 5;
upon binding exogenous CO the valence electron count of Fey exceeds 18 and it is suggested

that at least one bond will subsequently break.

Scheme 5: The reaction of CO with reduced states of [FeFe]-hydrogenase as calculated by Baffert et al.'>
The valence electron count for Fe,and Feq in each state are given below in blue.
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The calculations® determined that bonding of CO to the Hyq State is exothermic
(AE =-17.3 kcal/mol) and results in lengthening of the Fe,-Sys bond by more than 0.5 A,
indicating cleavage of this bond. The bond breakage is irreversible, accounting for the
observed irreversible loss of enzyme activity. The reaction of Hyq with CO is favourable
(exothermic) because CO is a better ligand for Fe(l) than the Scys ligand, meaning that the
Fe-CO bond formed during the reaction is stronger than the Fe-S bond that is broken. EPR
experiments however, have shown that inhibition of hydrogenase under reducing conditions

results in formation of the He-CO state!*

and an H,4-CO state has not been isolated
experimentally.

Calculations for binding of CO to a super-reduced state'®?

, with the additional electron
residing on the [4Fe4S] cluster ([4Fe4S] Fe(1)Fe(1)), showed that the CO bound Hseg-CO
complex was stable, although the Hgeq state has a very low affinity for CO.

.52 showed that after introduction

Chronoamperometry experiments performed by Baffert et a
of a high concentration of CO (385 uM) at a mildly reducing potential (-0.46 V) a step to a
more reducing potential (-0.76 V) for 120 s resulted in a slight activation of the enzyme

(release of CO), thought to be caused by the formation of a CO bound super-reduced state of

the enzyme.

3.1.2.4.2 Photolability of the Fe-CO Bond

The photosensitivity of Fe-carbonyl bonds is a well documented characteristic and the

photoactivity of CO ligands bound to hydrogenases is well documented,82138145-147.153.154 T

photosensitivity of the [FeFe]-hydrogenase from Cpl was first investigated by Lemon et al.**®
using X-ray diffraction; crystals of enzyme in the CO inhibited state were irradiated with a
He/Ne laser which resulted in a change in the electron density of the H-cluster at the site

where exogenous CO is bound. Recent EPR studies have shown that illumination of the
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Hox-CO state of DAHydAB at temperatures below 100 K results in the formation of two EPR
active states.’® The first, denoted Hy1, is formed by dissociation of the bridging CO ligand
(u-CO) while the second is the active Ho State, generated by loss of the exogenous CO ligand
(Scheme 6). The first process is transient and most likely involves light induced
recombination of the p-CO ligand. The second process is “one-way” with no further
conversion, although both states revert back to Hox-CO when the sample is warmed (>150 K).
Prolonged illumination of the Hoy State did not result in any change in the EPR spectrum®®®
showing that the Hoxstate is stable under light (at < 150 K) and cannot be further converted by
illumination. It therefore appears that the u-CO bond is more stable in Hoy than in Ho-CO,

possibly because of the excess of charge in Hox due to the vacant open coordination site at Fey.

Scheme 6: The possible fates of the Hy,-CO state of the H-cluster after illumination at cryogenic
temperature™: Top: dissociation of the exogenous CO ligand to generate the active H,, State. Bottom:
dissociation of the bridging CO ligand to generate the Hy; state.
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The exogenous CO ligand is terminally bound in a position trans to the p-CO ligand; the two
compete for the back-bonding electrons from Fey, making COgy, more chemically labile than

the other terminal CO ligands on Feq which are positioned trans to sulfur atoms. Dissociation
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of the p-CO ligand in Hy-CO has also been demonstrated in FTIR studies of both
DdHydAB® and CplI** after prolonged illumination, and it was shown that heating the Hy,
state resulted in regeneration of the Ho-CO state in Cpl (Scheme 6, bottom). Although it has
been shown that the Hoy State is not affected by illumination at cryogenic temperatures'*>® EPR
experiments’*® have shown that under normal laboratory light (and temperature) conditions,
the [2Fe]y of some enzyme molecules is destroyed. This is attributed to photolysis of the
bound CO ligands, and the released CO is able to bind to the H-cluster of active enzyme
molecules, explaining the formation of the inhibited Hox-CO state in samples that have never

been exposed to CO.'*

The photosensitivity of the Fe-COgy, bond has also been demonstrated effectively for the
[FeFe]-hydrogenases CaHydA and CrHydA1’ and DdHydAB'’ using the technique of PFE.
In both studies chronoamperometry was used to monitor the recovery of H, oxidation activity

after exposure to CO.

Such an experiment was repeated and the enhancement of H, oxidation activity confirmed for
CaHydA after exposure to CO (Figure 32). The electrode, with adsorbed enzyme layer, was
soaked in CO saturated buffer before the experiment commenced. The potential was held
at -0.05V and the H, oxidation current recorded. Yellow boxes denote periods where the

electrode was subjected to periods of illumination.

82



Carbon Monoxide Inhibition

Current / pA

0 1000 2000 3000
Time /s

Figure 32: Chronoamperometry experiment showing the effect of illumination on the recovery of H,
oxidation activity of CaHydA after exposure to CO. Immediately prior to commencing the experiment 450
pM CO was injected into the cell solution. The cell headspace was flushed with 100% H, throughout.
Conditions: 5 °C, pH 6 phosphate buffer, @ = 3500 rpm, -0.05 V. Yellow shaded regions denote periods of
illumination using a 300 W projector lamp, with a UV filter. Red asterisks mark the drop in current upon
removal of the light source. Similar experiments were conducted by Goldet et al.”® and were repeated and
verified for this thesis to confirm experimental procedures.

Over the course of the experiment shown in Figure 32 CO is flushed out from the
electrochemical cell by H,. This results in an increase in the rate of release of the exogenous
CO ligand from the H-cluster due to the shift in the equilibrium caused by removal of CO

from solution:

H,,—CO H,, + CO

ox exo soln.

This loss of CO from the inhibited Hyx-CO state results in the regeneration of the active Hoy
state, the H, oxidation current therefore gradually increases over the course of the experiment.
During periods of illumination (yellow boxes) the current dramatically increases as light
facilitates the rate of COey, release (by photolysis of the Feyq-COey, bond). Looking at the trace
at the point immediately after the light is turned off (Figure 32, asterisk) it can be seen that the
current drops sharply, this is thought to result from re-inhibition of the enzyme by CO. The
extent of this re-inhibition of CrHydA1 was found to be significantly greater than CaHydA."

It is not known whether this re-inhibition is by molecules of CO in the cell solution, or by CO
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that remains trapped within the enzyme molecule. A strong potential dependence of Feg-COexo
bond photolysis was observed for DdHydAB;’’ an enhancement in the rate of recovery from
inhibition was only recorded under illumination at potentials where the enzyme was oxidising
Hy, illumination had no effect at potentials where the enzyme was catalysing H, production.

(The potential dependence has not been studied for CaHydA and CrHydAl).

The enhancement of the rate of recovery from CO inhibition by light strongly suggests that
this process is limited by the kinetics of the making or breaking of the Feyq-CQOeyo bond rather
than transport of CO through the protein molecule. As the H-clusters of CaHydA, DdHydAB
and CrHydAl are all highly conserved, the kinetics of this bond breaking/making are
expected to be very similar, explaining the similarity in the rate of recovery from CO
inhibition (in the dark) for all three enzymes.” The differences in the rate of CO inhibition
have been attributed to the existence of a structural barrier/filter for the diffusion of CO into

the enzyme, and variations in this barrier between the different hydrogenases.®
3.2 Results

3.2.1 Stability in Light

Before further electrochemistry experiments were the carried out to investigate the effect of
illumination on the stability of the Hyx-CO state of [FeFe]-hydrogenases (photolability of the
Feq-COexo bond), control experiments were performed in the absence of CO looking at both
the active Hox and H,qy states. Chronoamperometry experiments were carried out to
investigate the effect of illumination (with a powerful (300 W) projector) on the catalytic
activity and stability of the enzyme film, shown in Figure 33. The effect of illumination on the
H, oxidation activity of CaHydA was measured at -0.05V (Figure 33A) and on the H;

production activity at -0.55 V (Figure 33B). Experiments were performed in 100% H; at 5 °C,
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periods of illumination are denoted by yellow shaded boxes. At both potentials studied, the
catalytic current steadily decreases throughout the experiment, this current loss is attributed to
enzyme ‘film loss’ (described in section 2.1.8). The phenomenon of ‘film loss’ can result
from one, or a combination of factors including degradation of adsorbed enzyme molecules,
reorientation of enzyme molecules on the electrode surface to one less well positioned for
efficient electron transfer or the simple desorption of enzyme molecules from the electrode.*?
In Figure 33C and D the current is shown after it has been corrected for initial film loss
(before illumination) and normalised. Comparison of the gradient of the current trace in
Figure 33C and D during periods of illumination and periods in the dark reveals a significant

change. This change in the rate of current loss is not however the same at the two potentials

studied.
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Figure 33: Chronoamperometry experiments comparing the effect of illumination on the activity and
stability of CaHydA. Raw data is shown in panels A and B, for H, oxidation at -0.05V (A) and H,
production at -0.55V (B). Panels C and D show the data after correction for initial film loss and
normalisation. Conditions: 5 °C, pH 6 phesphate buffer, ® = 3500 rpm, 100% H,, 300 W lamp with UV
filter. Dotted lines extrapolate the current during periods in the dark.

During periods of illumination both the H, oxidation (positive current, Figure 33A and C) and
H, production (negative current, Figure 33B and D) activity increase in magnitude; the H,
turnover reaction is enhanced in the light and by the associated increase in temperature

(investigated in section 3.2.2).

Of interest is the effect of illumination on the stability of the enzyme film, most clearly
illustrated after the current has been corrected for initial film loss and normalisedto 1 att =0

(Figure 33C and D). In these two panels the current during periods in the dark is extrapolated
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with dotted lines, if the rate of enzyme ‘film loss’ were to continue at the same rate
throughout the experiment the current should return to this same level after each period of

illumination (1 or -1).

During H, production (Figure 33D) the enzyme film is destabilised during periods of
illumination; comparison of the current before the first illumination (t = 0-400 s), to that after
(t = 1500-2100 s) reveals a large drop, and the current after illumination is smaller than it was
before, dropping from -1 to -0.91. Illumination of the enzyme at this potential (-0.55 V)
therefore must damage the enzyme in such a way that when the light source is removed less
enzyme molecules remain catalytically active on the electrode surface. This could be due to
an increased rate of desorption of the enzyme from the electrode surface or light induced

degradation of the enzyme either making it inactive, or less active at H, production.

During H; oxidation (Figure 33A) the enzyme film is actually stabilised during periods of
illumination; comparison of the current before the first illumination (t = 0-700 s), to that after
(t = 1500-2100 s) reveals little difference. Similar comparison for the normalised, initial film
loss corrected current (Figure 33C) shows that the current is greater after illumination than it
was before, increasing from 1 to 1.02. This shows that during illumination at this potential
(-0.05 V) the enzyme film is either stabilised in such a way that the rate of ‘film loss’
decreases, or activated in some way so that the rate of H, oxidation is increased, and remains

greater even after the light source is removed.

3.2.2 Temperature Effect

The light source used in the PFE experiments described in this chapter is a high powered (300
W) projector lamp which generates a lot of heat when in use. To ensure that the current

enhancement observed in Figure 33 is not simply an artefact resulting from the effect of
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illumination on the temperature of the cell solution, this was investigated before further
electrochemical analysis was carried out. Although the electrochemical cell used had a water
jacket to allow the cell solution temperature to be precisely controlled and maintained (Figure
25 and 28Figure 27), it was found that this was not sufficient during illumination (Figure 34).
The water jacket temperature was set to 5 °C and the temperature of the cell solution was
measured during periods of illumination. After just 60 s of illumination a temperature increase
of 0.5 °C was recorded for the cell solution. Figure 34 shows a chronoamperometry
experiment demonstrating the effect of a 0.5 °C temperature increase on the H, oxidation
current of CaHydA compared to the effect of illumination, for which a temperature increase

of 0.5 °C was also measured, in the absence of CO.
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Figure 34: Chronoamperometry experiments comparing the effect of temperature and illumination on the
H, oxidation activity of CaHydA. Blue boxes denote periods where the water jacket temperature was
increased by 0.5 °C. Yellow boxes denote periods of illumination for which a temperature increase of
0.5 °C was also recorded. Conditions: 5 °C, pH 6 phosphate buffer, & = 3500 rpm, 100% H,, -0.05 V, 300
W lamp with UV filter.

During periods of illumination longer than 60 s the H, oxidation current was found to increase
by ~5% (Figure 34, yellow boxes), and during this illumination period a 0.5 °C increase of
the cell solution temperature was measured. A temperature increase of 0.5 °C induced only by

changing the temperature of the water jacket (Figure 34, blue boxes) however results in a
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current enhancement of just ~2 %. This shows that the current enhancement observed under
illumination is partially caused by an increase in the solution temperature, but this doesn’t
account for the entire enhancement. Illumination also inherently increases the rate of H,
oxidation, most likely due to an increased rate of H-H bond breakage. This experiment
demonstrates that for these types of experiments it is vital that the heat generated by the light

source is minimised (see Figure 35) and taken into account when results are interpreted.

A heat absorbing infrared (IR) filter was introduced to light experiments to minimise the
increase in temperature during periods of illumination (see Figure 34). With the IR filter in
place between the light source and the electrochemical cell, the temperature increase was
reduced to less than 0.1 °C and only a small enhancement of the H, oxidation activity was
recorded under illumination (Figure 35). This small enhancement of current observed under
illumination with the IR filter in place most likely results from the inherent increase in the rate
of catalysis in light, although it is also possible that the small increase in temperature (0.1 °C)

during illumination causes this enhancement.
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Figure 35: Chronoamperometry experiment comparing the effect a heat absorbing IR filter on the change
in H, oxidation activity of CaHydA under illumination. Yellow boxes denote periods of illumination, the
first (525-900 s) carried out without and the second (1330-1750 s) with an IR filter between the light
source and the electrochemical cell. Conditions: 5 °C, pH 6 phosphate buffer, ® = 3500 rpm, 100% H,, left:
-+0.15 V, 300 W lamp with UV filter.
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The same IR filter was used to reinvestigate the effect of illumination on the rate of CO
release from the Hqx-CO state of CaHydA without the results being convoluted by a change in
solution temperature during illumination as in Figure 32. A chronoamperometry experiment
(Figure 36) was performed at +0.15 V to measure the effect of illumination on the rate of
recovery of the H, oxidation activity of CaHydA after exposure to CO. Buffer saturated with
CO was injected into the cell immediately prior to commencing the experiment. This CO was
then flushed from the cell by the continuous flow of H, (1000 mL/min); the current increases
as CO is released from the H-cluster of inhibited enzyme molecules, regenerating the active
Hox state. During this recovery of activity the electrode was subjected to periods of
illumination. Experiments were recorded both with and without the heat absorbing IR filter in

place for comparison purposes.
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Figure 36: Chronoamperometry experiment comparing the effect of an IR filter on the effect illumination
on the rate of recovery of H, oxidation activity of CaHydA after exposure to CO. Buffer saturated with
CO was injected into the cell immediately prior to commencing the experiment [CO] = 270 uM. The cell
headspace was flushed with 100% H, throughout. Conditions: 5 °C, pH 6 phosphate buffer, & = 3500 rpm,
100% H,, +0.15 V. Yellow shaded regions denote periods of illumination using a 300 W projector lamp,
with a UV filter only (left) or with both a UV and IR filter (right). Dotted lines show the extrapolated
current in the absence of light. Red asterisks mark the drop in current measured upon removing the light
source.
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Comparison of the two experiments shown in Figure 36 reveals that even with the effect of
temperature minimised (right, using an IR filter) there is still a substantial increase in catalytic
current. This increase in current results from both an increase in the the rate of recovery from
CO inhibition during periods of illumination (yellow boxes), and the inherent increase in the
rate of catalysis during illumination. In both experiments the current increases at a greater rate
(steeper gradient) during periods of illumination; light increases the rate of breakage of the

Fegq-COexo bond, regenerating the active Hox State more rapidly.

The drop in current observed immediately after the light source is removed (Figure 32
andFigure 36, asterisk) has previously been attributed to re-binding of released CO (explained
in section 3.1.2.4.2). This drop in current is however not observed in the experiment where an
IR filter is used (Figure 36, right). This indicates that the current drop observed without the IR
filter in place may simply be an artefact resulting from the decrease in temperature when the
light source is removed. The very strong temperature dependence of the rate of both H,
oxidation and production activity of [FeFe]-hydrogenases was demonstrated and interpreted

|;97

by Hexter et al;*" temperature changes of just a few degrees have a very large effect on the

rate of catalysis.

3.2.3 Potential Dependence of Photolability

The effect of illumination on the rate of recovery of H, oxidation and production following
inhibition by CO was compared for the three [FeFe]-hydrogenases: CaHydA, DdHydAB and
CrHydAl, to determine if the effect is potential dependent. In all cases an IR filter was used
to ensure the results were not convoluted by the effect of temperature (as discussed in
section 3.2.2). Chronoamperometry experiments were performed at two different potentials
for each enzyme, and the effect of illumination on the rate of recovery from CO inhibition

was recorded for both H, oxidation and H, production activity (Figure 37). Carbon monoxide
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was introduced to the cell solution by injection of CO saturated buffer, immediately resulting
in a drop in the catalytic current (see Figure 37, arrows). The cell was constantly flushed with
100% H, (1000 mL/min) and the recovery of catalytic activity was recorded as CO was
flushed from the cell solution. During this period of recovery, the cell was illuminated for

short periods (yellow boxes).
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Figure 37: Chronoamperometry experiments comparing the effect of illumination on the rate of recovery
of H, oxidation (left) and H, production (right) activity from CO inhibition for CaHydA (top),
DdHydAB(middle) and CrHydAl(bottom). Buffer saturated with CO was injected into the cell at t=0s
(red arrow) to give a CO concentration of 270 pM (CaHydA), 9.7 pM (CrHydA1) and 5 pM (DdHydAB) in
the cell solution. The cell headspace was flushed with 100% H, throughout (1000 mL/min). Conditions:
5 °C, pH 6 phosphate buffer, @ =3500 rpm, 100% H,, H, oxidation at -0.15 V (CaHydA and CrHydA1l)
and -0.05 V for DdHydAB, H, production at -0.55 V. Yellow boxes denote periods of illumination using a
300 W projector lamp, with both a UV and IR filter. A red asterisk marks the drop in current observed
when the light source is removed.

The experiments in Figure 37 show that for all three hydrogenases studied, when recovering
from inhibition by CO (by flushing CO from solution), illumination results in a significant
increase in the rate of recovery, evidenced by the increased gradient of the current trace. This
is seen both at high potential (Figure 37, left column) where enzymes catalyse H, oxidation
and at low potential (Figure 37, right column) where enzymes catalyse H, production. As
explained in section 3.1.2.4.2 the enhancement of current during illumination results from a
combination of both the increase in the inherent rate of catalysis under illumination, and the

increased rate of Feyg-COexo bond breakage due to photolysis of this bond.

For all three hydrogenases the extent of current enhancement does not appear to be potential
dependent, being very similar for both H, oxidation and H, production activity for each

enzyme. The rate of recovery is dependent on the rate of Feyq-COey, bond breakage, a bond
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expected to be stronger for more reduced states of the enzyme. [Carbon monoxide is a
n-acceptor ligand, a more reduced metal center is able to donate more electron density into the
n* orbital of the CO bond (back-bonding), resulting in a stronger Fe-C bond]. The fact that
the increase in the rate of recovery during illumination (photolysis of the Feyq-CQOeyo bond)
appears potential independent (Figure 37) supports the theory that the same inhibited state,
Hox-CO, is formed for [FeFe]-hydrogenases in the presence of CO, regardless of potential.**®
These findings contrast with the PFE experiments performed on DdHydAB previously in
which illumination was found to have no effect on the rate of recovery of H, production

activity from inhibition by CO.”” This difference may be a result of the different light sources

used; in the experiments in this thesis a much more powerful source is used.

The recovery profiles differ considerably between the three hydrogenases (Figure 37) due to
their different affinities for CO (as reported by Goldet et al.”®), which also meant that different
CO concentrations had to be used for each enzyme experiment, making comparison of the
extent of light activation difficult. It does appear however in the experiments shown in Figure
37 that illumination increases the rate of recovery from CO inhibition more significantly for
CrHydA1l and CaHydA than for DdHydAB. This is noticeable when comparing the change in
gradient during illumination (yellow box) to the gradient of the current trace before and after
illumination for each hydrogenase in Figure 37. For CaHydA and CrHydALl (Figure 37 top
and bottom) this change is significant, whereas for DdHydAB the change in gradient is more

subtle (Figure 37, middle).

The different CO concentrations were used for each hydrogenases in the experiments in
Figure 37 also make it complicated to compare the extent of ‘re-inhibition’ (marked by red
asterisk) between the enzymes. As described in section 3.1.2.4.2, the drop in current observed

immediately upon removing the light source has been attributed to re-binding of CO. The
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magnitude of this drop in current appears to be dependent on the potential for both CaHydA
and DdHydAB (Figure 37, top and middle). In the experiments monitoring the recovery of H,
oxidation activity (left) there is very little change in the current when the light is turned off;
t =700 and 1400 s for CaHydA (Figure 37, top left) and t = 1160 and 2300 s for DdHydAB
(Figure 37, middle left). In contrast the experiments monitoring the recovery of H, production
activity (right) for these enzymes show a significant drop in the current when the light source
is removed; t = 725 and 1425 s for CaHydA (Figure 37, top right) and t = 650 and 1600 s for
DdHydAB (Figure 37, middle right). For CrHydA1l (Figure 37, bottom) there is a significant

drop in current immediately after the light is removed at both potentials studied.

The effect of illumination on the kinetics of CO inhibition and reactivation was investigated
as shown below in Figure 38. Hydrogen oxidation activity was recorded at +0.15 V and H,
production activity at -0.55 V, before introduction of 190 uM CO at t = 0 by injection of CO
saturated buffer. The CO concentration then rapidly decreased as it was flushed from solution
by the constant flow of 100% H, through the cell headspace (1000 mL/min) The ‘light’
experiment was recorded under constant illumination, with both a UV and IIR filter in place

between the light source and the electrochemical cell.
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Figure 38: Chronoamperometry experiments showing the effect of illumination on the rate and extent of
recovery of H, oxidation (left) and H, production (right) activity of CaHydA after inhibition by CO.
Buffer saturated with CO (0.5 ml) was injected at t =0 (red arrow) into 3 ml of cell solution, [CO]=194
pM. The cell headspace was flushed with 100% H, continuously throughout the experiment
(1000 mL/min). Conditions: 5 °C, pH 6 phosphate buffer, @ = 3000 rpm, 100% H,, left: +0.15 V, right: -
0.55 V. ‘Light’ experiments were performed using a 300 W projector lamp with both a UV and an IR
filter.

At both potentials studied the extent of inhibition is slightly greater in the dark (Figure 38,
black), than in the light experiment (Figure 38, blue), due to more rapid reactivation of the
inhibited Hyx-CO state by photolysis of the Fey-COex bond in the light experiments,
irrespective of potential. The irreversibility of the inhibition (the percentage of inhibited
activity not recovered after removal of CO) is also slightly greater in the dark experiment. For
H, oxidation (Figure 38, left) inhibition was 21% irreversible in the dark but 13% irreversible
in the light. For H; production (Figure 38, right) inhibition was 88% irreversible in the dark
but 54% irreversible in the light. The irreversibility of CO inhibition at low potential has been
shown to be the result of degradation of the H,-CO state.’®® Formation of this state is not
understood and may arise from direct combination of CO with enzyme in the H¢q State, or by
one electron reduction of Hy-CO at reducing potentials. The greater reversibility of CO
inhibition measured in the light experiments (Figure 38, blue) can therefore be explained by
the more rapid reactivation of inhibited enzyme, leaving less time for the enzyme in the
inhibited state to irreversibly degrade. The rate of inhibition, as measured from log plots of
the current (Appendix 2), is not significantly affected by illumination. In all experiments the
rate of recovery is ~1 x10° s (as previously reported®), but at both potentials is slightly

faster in the light experiment (+0.3 x10°®).

3.3 Summary

The illumination experiments presented in this chapter have shown that for all three [FeFe]-

hydrogenases studied, the rate of release of exogenous CO from the inhibited state of the
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enzyme to restore catalytic activity is strongly enhanced by light at both potentials where H,

oxidation and H; production occur.

The importance of temperature control during light experiments has been highlighted (Figure
34and 36); powerful light sources raise the experimental temperature considerably,
convoluting the results. The use of a heat absorbing infrared filter effectively minimises this
contribution (Figure 35), and illumination without an accompanying temperature change has
been shown to increase the rate of catalysis (Figure 35) and the rate of recovery from CO

inhibition (Figure 36).

The effect of illumination on the stability of an enzyme film is strongly potential dependent
(Figure 33). At both potentials studied (-0.05 and -0.55 V) periods of illumination increase the
rate of catalysis, however at potentials where the enzyme catalyses H, production (-0.55 V)
illumination significantly decreases the stability of the enzyme film (Figure 33B). Upon
removing the light source the reduction current is smaller than predicted if enzyme ‘film loss’
continued at the same rate throughout the experiment (Figure 33D, dotted line). This loss of
activity can be explained by light-induced enzyme degradation. Although it has been reported
that the Hoy State is stable under illumination at cryogenic temperatures,™> the stability of Hyeq
has not been reported, and light induced enzyme degradation has been reported for enzyme
samples stored at ambient temperature under normal laboratory light.®!*° Degradation of the
H-cluster under such conditions proceeds via loss of intrinsic CO ligands (Figure 30), and the
released CO is able to inhibit undamaged enzyme molecules, generating the Hyx-CO
state.2* |t has been reported that the inhibited He-CO state transiently loses the intrinsic
bridging CO ligand upon illumination at cryogenic temperatures, forming the inactive Hy;
state (Scheme 6)."° Alternatively the observed instability under illumination may result from
light-induced desorption of the enzyme from the electrode surface.
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Illumination has a very different effect on film stability at high potential (Figure 33C). At
potentials where the enzyme catalyses H, oxidation (-0.05 V) the activity after illumination is
greater than predicted by the initial rate of enzyme ‘film loss’ (Figure 33A). For clarity the

experiment shown in Figure 33A is reproduced and annotated here in Figure 39.
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Figure 39: Reproduced from Figure 33A. The effect of illumination on the H, oxidation current of
CaHydA at -0.05V, 5 °C, pH6, ® = 3500 rpm, 100% H,, 300 W lamp with UV filter. Red circles show the
current immediately before and after illumination. The blue dashed line shows the data extrapolated for a
constant rate of film loss and the blue circle denoted the current expected after illumination.

The red circles in Figure 39 show the current immediately before and after illumination, the
blue dashed line shows the current extrapolated for a steady rate ‘film loss’. Comparison of
the current before and after illumination (red circles) reveals very minimal loss of current over
this time period (650 s) whereas if the rate of film loss continued at the same rate (blue
dashed line) throughout the period of illumination a loss of 0.26 pA is expected (blue circle).
It appears that whatever processes are occurring in this experiment that contribute to the
observed ‘film loss’ (desorption, reorientation or degradation of enzyme) these processes stop
during illumination, stabilising the enzyme film. Alternatively it is possible that illumination
of the enzyme at this potential (-0.05 V) results in activation of the enzyme (unknown process)
that compensates for the activity lost due to enzyme ‘film loss’. It is possible that during

periods of illumination the H-cluster is excited to form an isomer with different activity to the
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ground state, possibly involving rotation of the CO and CN ligands around Feq. The
mechanism of either enzyme activation, or stabilisation must however be a potential
dependent process, as this effect is not seen when the enzyme produces H, at -0.55 V (Figure
33B).

As stated above, the Hoy state is known to release intrinsic CO ligands when exposed to light,

inactivating the enzyme.®* It

is possible that light induced enzyme degradation is potential
dependent, occurring faster for the H,q State than the Hoy state, explaining the observed
decrease in stability of the enzyme during illumination of H, production activity. In the Hyeq

state the bridging CO ligand moves to a terminal position on Feq and the iron is in a more

reduced state (Fe') as shown in Figure 40.

o
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Figure 40: The change at Feq4 of the H-cluster in the Hy, and H,.q States.

For all three hydrogenases, it has been shown that illumination increases the rate of recovery
from CO inhibition (Figure 37), both at potentials where the enzyme catalyses H, production
(-0.55 V) and where it catalyses H, oxidation (+0.15 V for CaHydA and CrHydAl, -0.05V
for DdHydAB). [A less oxidising potential was used for DdHydAB due to lower activity of
this enzyme sample, to maximise current by limiting high potential inactivation]. The increase
in activity during illumination is attributed to the combination of faster reactivation of the
inhibited enzyme due to photolysis of the Feq-CO bond, and faster catalysis in the light. For
each hydrogenase the extent of this current increase is very similar at both potentials studied,

indicating that CO is released from the same inhibited state at both potentials, Hox-CO, as
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previously reported’®, or that the Feq-COexo bond is of a similar strength for both the inhibited

Hox-CO and H,4-CO states.

Upon removal of the light source a drop in current is observed, attributed to re-inhibition of
the enzyme by CO (Figure 37). This re-inhibition is observed for all three enzymes, and for
both CaHydA and DdHydAB the extent of this is dependent on the potential; occurring to a
greater extent in the experiment at low potential (Figure 37, right) than at oxidising potentials
(Figure 37, left). This is difficult to rationalise, as the amount of CO in the cell solution
should be the same at any given time for the experiments at both potentials (same [CQO] and
flushing time), and CO is known to bind preferentially to the Hoy State of the H-cluster.**® The
increase in the extent of re-inhibition of H, production activity (at -0.55V) may therefore be
attributed to a greater amount of CO remaining trapped within the enzyme molecule at low
potential. This could result from a light induced conformational change of the enzyme that
takes place only at reducing potential, resulting in slower diffusion of CO out of the enzyme
molecule. If this is the case it is more likely that the CO released after photolytic cleavage of
the Feyq-CO bond remains trapped within the enzyme molecule and re-binds more rapidly once

the light source is removed.

Alternatively, it is possible that the observed drop in current results not from re-inhibition, but
from the lower rate of catalysis in the dark compared to under illumination. The enhancement
of current observed during illumination in these experiments (Figure 37) results from both the
increased rate of reactivation of the CO inhibited state, but also the increased rate of catalysis
in light. lllumination may have a greater effect on the rate of H, production (Fe-H bond
cleavage) than H, oxidation (H-H bond cleavage). A smaller degree of the current
enhancement observed during illumination at low potential (Figure 37) would therefore result

from photolytic cleavage of the Feq-CO bond and a greater degree would result from the
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increase in the rate of catalysis in the light. When the light source is removed this component
of the current enhancement is lost, appearing as re-inhibition, and occurring to a greater extent

at low potential.

3.4 Low Potential Electrochemical Studies

3.4.1 Detection of a Super-Reduced State

The super-reduced state of [FeFe]-hydrogenases is not a well characterised or understood

state of the H-cluster. It has been reported, from IR studies that this state is generated at low

82,85 I 152

potentials®™ >, and studies by Baffert et a predict that this state has a very low affinity for
CO. Protein film electrochemistry techniques were therefore used to investigate the
generation of a super-reduced state of the H-cluster at low potential, and the activity and

stability of this state once formed.

Cyclic voltammograms were carried out on three different [FeFe]-hydrogenases, extending
the potential range to a very reducing value (-0.8 V, nearing the limit for a PGE electrode), to
look for any discontinuity of catalysis in the H, production region (Figure 41). The gradient of
a voltammogram is directly related to the rate of catalytic turnover.?? The involvement of a
state of the H-cluster one electron more reduced that Hpq (Hseg State or the Hoxo level),
predicted to reduce protons at a greater rate than Hyq,>> would therefore result in an increase
in the reduction current upon generation of this state. It is expected that this would be

observed as a sharp, positive change in the gradient of the voltammogram at low potential.

101



Chapter 3

51 27
04
1 ER
= -5+ =
5 g
— o O,V
5 -10+ =
O (@)
-15+ + 1
CaHydA T CrHydAlT
-201— : : : : : : : : :
-0.8 -0.6 -0.4 -0.2 0.0 -0.8 -0.6 -0.4 -0.2 0.0
Potential / V vs SHE Potential / V vs SHE
6+ | | | % ]

Current / pA
o

64 DdHydAB |

08 -06 -04 02 00
Potential / V vs SHE

Figure 41: Cyclic voltammograms of three [FeFe]-hydrogenases, CaHydA, CrHydAl and DdHydAB,
showing the effect of a wide potential range on the catalytic current. Conditions: 80% H, 20% N,, 0.5 °C,
3 mV/s scan rate, pH 6 phosphate buffer, ® = 3000 rpm, in the dark. An asterisk marks the onset of high
potential inactivation of DdHydAB. Arrows denote the scan direction.

The potential was cycled between -0.8 V and 0 V, starting at the low potential limit as shown
in Figure 41. Although the general catalytic wave-shape varies between the three enzymes as
discussed in section 1.5.2.3, none of the hydrogenases exhibit a clear change in gradient at
low potential. For both CaHydA and CrHydA1 the forward and reverse scans almost exactly
overlay; exposure to a very reducing potential does not result in any irreversible loss of
activity. The voltammogram of DdHydAB is complicated by high potential inactivation (see
asterisk on voltammogram) and general instability of the enzyme on the electrode surface as
discussed previously’’ resulting in a greater difference between the forward and reverse scans,
however there is no sharp change in the voltammogram gradient in the H, production region

relating to an increased rate of turnover. Although these voltammograms provide no clear
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evidence for the generation of a super-reduced state of the H-cluster, it is possible that a more
reduced state is generated under these conditions, but that it does not catalyse the reduction of

protons at a significantly greater rate than the Hyeq State.

The activity and stability of the three enzymes at extremely low potential (-0.7 V) was
investigated using chronoamperometry (Figure 42). The potential was held at a mildly
reducing value (-0.45 V) where the H,¢q State is expected to be the dominant species, and the
H, production current recorded. The potential was then stepped down to very reducing value
(-0.7 V) for several minutes, reported to be sufficient to generate a super-reduced state®*®* and
then returned to -0.45 V to monitor any loss of activity at this potential. The change in H,
production activity was monitored in addition to any change in the stability (current gradient)
of the enzyme film at both potentials. Formation of an inactive state at low potential should
result in a positive gradient for the current trace during the low potential step, as activity is
lost over time as the enzyme is gradually inactivated. If a super-reduced state is formed

irreversibly there would be a loss of activity upon returning the potential to -0.45 V.

For all three hydrogenases, stepping the potential to -0.7 V immediately results in a
significant increase in the H, production activity (Figure 42), as expected due to the greater
driving force for proton reduction. The increase in activity at -0.7 V relative to that at -0.45 V
is dependent on the hydrogenase, seen most clearly in the right hand column of Figure 42,
where the data has been corrected for initial film loss and normalised to -1 before the potential
step. For CaHydA the activity increases by a factor of 4, for CrHydA1 by a factor of 5, but
for DdHydAB the activity only increases by a factor of just over 2. This may be due to the
lower catalytic bias of this hydrogenase® (section 1.5.2.3), or it may be that a super-reduced
state is formed under these conditions, and it is either inactive, or less active than the same
state for CaHydA and CrHydA1l. In all three cases the current at -0.7 V is very stable and
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there is no loss of activity at -0.45 V after the low potential step (see dotted line, Figure 42).
These experiments show that if a super-reduced state is formed at -0.7 V this state is active,

stable, and formed reversibly.
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Figure 42: Chronoamperometry experiments investigating the effect of low potential on the stability of a
film of [FeFe]-hydrogenase; CaHydA (top), CrHydAl (middle) and DdHydAB (bottom). The current was
recorded while stepping the potential between mildly reducing (-0.45 V) and extremely reducing (-0.7 V)
values. The column on the left shows the raw data and the column on the right shows the current after
correction for initial film loss and normalisation. Conditions: 100% H,, pH 6 phosphate buffer, 5 °C,
® = 3000 rpm, dark. A normalised current of -1 is shown by the dotted lines (right panels).
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3.4.2 Low Potential Carbon Monoxide Inhibition

Chronoamperometry experiments performed by Baffert et al.**® have shown that exposure of
CO inhibited hydrogenase (CaHydA) to a very reducing potential results in activation of the
enzyme H; production activity, thought to be due to the formation of a CO bound super-
reduced state, with a very low affinity for CO. In this thesis the reaction of 3 different [FeFe]-
hydrogenases with CO was studied over a very wide potential range using cyclic voltammetry.
Voltammograms were recorded in the presence of low levels of CO (Figure 43), sufficient for
inhibition to be observed but not to completely inhibit activity, allowing the inhibitory effect
to be monitored over a wide potential range, for both H, oxidation and H, production activity.
Figure 43 shows voltammograms recorded in the absence of inhibitor (black scans)
immediately prior to addition of CO by a change in gas flow through the cell headspace,
controlled by mass flow controllers. One full scan length (530 s, not shown) was allowed for
the cell solution to equilibrate with CO before the red scans were recorded. The H;
concentration was kept constant (80%) throughout the experiment to avoid variations in

catalytic current resulting simply from changes in H, concentration.
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Figure 43: Cyclic voltammograms of three [FeFe]-hydrogenases showing the effect of the presence of CO
on the catalytic activity. Black scans were recorded immediately prior to CO addition and red scans after
equilibration in CO. The right hand column shows an expanded section of the hydrogen production region,
arrows denote the scan direction. Conditions: 80% H,, 20% (N,+CO), CaHydA and CrHydA1 in 0.6% CO
= 8.1 uM and DdHydAB in 0.2% CO = 2.7 uM, 3 mV/s scan rate, pH 6 phosphate buffer, 5 °C, ® = 3000
rpm, in the dark. Vertical dashed lines show the onset of current activation. An asterisk marks the drop in
the H, oxidation current of CrHydAL1 as the potential is swept to more oxidising values.

The effect of CO on the catalytic activity of three [FeFe]-hydrogenases can be seen by direct
comparison of the voltammograms in Figure 43 recorded in the presence (red) and absence
(black) of CO. For all three hydrogenases H, production activity is inhibited to a much lesser

extent than H, oxidation; for CaHydA (top) more than 80% of the current measured in the
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absence of CO at -0.8 V persists in the presence of 0.6% CO (8.1 uM CO). In comparison, at
0 V, less than 40% of the activity is sustained in the presence of the inhibitor. Similar results
are observed for CrHydA1 (middle); almost all H, oxidation activity is inhibited at 0 VV while
there is very little loss of H, production activity at -0.8 V. Additionally there is a peak in the
H. oxidation current in the positive scan direction at -0.25 V (Figure 43, asterisk), after which
the current decreases as previously reported;’ the rate of CO binding rapidly increases as the
oxidised states of the enzyme are populated. This peak is not observed in the negative scan
direction, showing that the rate of CO release under these conditions is much slower than the
rate of CO binding. Although only 20% of H, production activity remains at -0.8 VV for
DdHydAB (bottom) in the presence of 0.2% CO, H; oxidation activity is completely inhibited.
In all cases the decrease in CO inhibition at highly reducing potentials is observed in the
negative scan direction as a sharp increase in current (marked by dashed vertical lines, Figure
43, right), the rationale being that at very negative potentials the enzyme rapidly releases CO,
regenerating catalytically active enzyme, most likely due to formation of the inhibited super-
reduced state (Hgeg-CO) which has a very low affinity for CO. This sharp increase occurs at
~-0.58 V for CaHydA and at ~ -0.64 V for both CrHydA1 and DdHydAB. For both CaHydA
and CrHydA1 the voltammogram does not retrace as the electrode potential is raised to more
positive values: instead, hysteresis is observed due to the slow rate at which CO re-binds.”
For DdHydAB this hysteresis is not observed, the wave-shape is very similar in both scan
directions, reflecting the greater rate of CO binding for this enzyme.”® The loss of current
observed at -0.8 V (20% for CaHydA and CrHydAl1, 80% for DdHydAB) relative to the CO-
free experiment (black, Figure 43) reflects both film loss over the course of the experiment
and]=the irreversible breakdown of the unstable H,.4-CO state’*1>? formed during the time of

the experiment at less reducing potentials.
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3.4.3 Potential of CO Release and Binding

One of the main differences between the voltammograms (Figure 43) in the presence of CO
for the three different hydrogenases is the potential at which CO-release occurs. The rate and
extent of CO binding has previously been measured for these three hydrogenases,” and
decreases in the order Dd>Cr>Ca (Kinat=3.9x10%, 1.9x10% and 1.1x10°s'um?
respectively), whereas the rate of CO release (measured as CO was flushed from solution) did
not vary between the three (ke =2x10° s). The midpoint potential of the enzyme
activation at low potential, the steepest point of the voltammogram, where the rate of current
increase is greatest, was determined from the position of the maxima in the first derivative of
the reductive scan (Figure 44). In these experiments identical CO concentrations (8.1 uM)
were used for each hydrogenase, allowing direct comparison of the potentials of activation,

unlike the experiments shown in Figure 43.
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Figure 44: Comparison of the activation potential for H, production activity of [FeFe]-hydrogenases in the
presence of CO. Left: first derivative of the reductive scan of a cyclic voltammogram recorded in the
presence of CO. Right: reductive scan of a cyclic voltammogram recorded in the presence of CO. Data in
both panels have been arbitrarily scaled for comparison purposes. Arrows denote scan direction, vertical
lines denote the midpoint potential of activation, taken from the peak position in the scan derivative (left).
Conditions: 80% H;, 19.4% N,, 0.6% CO =8.1 uM, 3 mV/s scan rate, pH 6 phosphate buffer, 5 °C,
® = 3000 rpm, dark.
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The right panel of Figure 44 shows the reductive scan of the voltammograms, with the
midpoint potentials marked by vertical lines. The left panel shows the first derivative of the
reductive scan of a voltammogram recorded in the presence of 0.6% CO plotted against
potential for CaHydA (black), DdHydAB (green) and CrHydA1l (blue). The positions of the
maxima in the scan derivatives are marked by the vertical dashed lines (left); -0.64 V for
CaHydA, -0.70 V for DdHydAB and -0.72 V for CrHydAl. The driving force (reductive
potential) required for activation decreases in the order Dd > Cr > Ca, consistent with the

order of the rate and extent of CO binding for these enzymes’® described in section 3.1.2.4.

The hysteresis observed for CaHydA and CrHydA1, resulting from the difference between
the rate of CO release in the reductive scan and the rate of CO re-binding in the oxidative scan,
is affected by both the scan rate used to record the voltammogram and on the concentration of
CO. The effect of CO concentration is shown in Figure 45A; the H, production current was
recorded for CaHydA under 100% CO (red) and compared to that under 0.5% CO in N,
(black). The effect of the presence of H;, on the onset of CO release, and re-binding was also
investigated (Figure 45B). Voltammograms were recorded under 0.6% CO in either 80% H,

(red) or 0% H; (black) in N, and are shown normalised at -0.8 V for comparison purposes.
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Figure 45: Cyclic voltammograms of CaHydA in the presence of CO. A comparison of the effect of low
and high CO concentration is shown on the left, and the effect of the presence of H, is shown on the right.
Arrows denote the scan direction. Conditions: 3 mV/s scan rate, -0.05 « -0.8 V, pH 6 phosphate buffer,
5 °C, @ = 3000 rpm, dark. (A): 0.5% CO =6.8 uM in N, (black) and 100% CO = 1355 pM (red), (B): 0.6%
CO = 8.1 uM in N, (black) and 80% H,, 19.4% N, (red). Voltammograms commenced from the low
potential limit (A) and the high potential limit (B). Vertical lines show the onset of activation.

The remarkable H, production activity of CaHydA in the presence of 100% CO is shown in
Figure 45A, 25% of the current recorded at -0.8 V in 0.5% CO (black) remains when the
enzyme is exposed to 100% CO (red). The scan recorded under 0.5% CO shows the onset of
CO-release (rapid current increase) at -0.58 V in the reductive scan (black dashed line),
whereas under 100% CO this current increase does not occur until the potential is swept to a
more reducing potential of -0.62 V (red dashed line), reflecting the slower rate of CO release
from the enzyme in the presence of higher CO concentrations. In contrast to voltammograms
recorded under low CO concentrations (black), in 100% CO the forward and reverse scans
overlay (red). Under 0.5% CO binding is not observed in the reductive scan until the potential
is swept up to the H, oxidation region (not shown), whereas under 100% CO the rate of CO

binding is so much faster that it occurs at the same potential as CO release.

Cyclic voltammograms (Figure 45B) demonstrate that the presence of H, does not affect the

catalytic wave-shape of CaHydA in the presence of 0.6% CO. Although CO is a competitive

147

inhibitor, binding at the same site as H,,™" the voltammograms under both conditions, 80%
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H, (red) and 0% H, (black) overlay almost exactly. The onset of CO release occurs at the
same potential (-0.58 V, dashed line) and occurs to the same extent regardless of the presence

of H.,.

The effect of scan rate on the catalytic wave-shape of H, production by CaHydA in the
presence of 0.6% CO is shown in Figure 46. The wave-shape for a 3 mV/s scan (black) has
been previously described (Figure 43). There is pronounced hysteresis; when scanned in the
negative direction CO is released at potentials below -0.6 V (red box), but does not re-bind
when the potential is scanned in the positive direction until potentials where H, oxidation

Ooccurs.
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Figure 46: Cyclic voltammograms of CaHydA showing the effect of scan rate on the H, production
current in the presence of CO. Conditions: 0.6% CO in 80% H,/19.8% N,, [CO] = 8.1 uM, pH 6
phosphate buffer, 5 °C, @ = 3000 rpm, in the dark, scan rate given on the figure, potential: -0.8 V\» 0V,
only the H, production region is shown. Red boxes show enzyme activation in the reductive scan and an
asterisk marks the point of CO binding in the oxidative scan at 0.3 mV/s.
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When the potential is scanned more slowly, at 0.3 mV/s (Figure 46, green), this same
hysteresis is observed. The rate of CO release is fast compared to the scan rate and a less
reducing activation potential (-0.5 V) is required before the onset of CO release is observed.
The scan rate is slow enough for a small degree of CO re-binding to occur when the potential
is scanned in the positive direction, seen as a small inflection in the voltammogram
around -0.55V (marked by an asterisk). At this scan rate the potential cycle takes much
longer to complete, resulting in a greater degree of film loss over the course of the
voltammogram, as seen by the large difference in current at -0.8 V at the beginning and end of
the cycle (double headed arrow). When the potential is scanned more rapidly, at 30 mV/s
(blue), the forward and reverse scans almost overlay; both the rate of CO release and CO
binding are slow compared to the scan rate. Only a very small activation (rapid current
increase, red box) due to CO release is observed at low potential and requires approximately

50 mV greater driving force compared to the 3 mV/s experiment.

3.4.4 Rate of CO Release and Rebinding

Chronoamperometry experiments were carried out to investigate the rate of CO-release
initiated by low potential in the presence of a low level of CO (Figure 47). The cell solution
was equilibrated with CO, controlled by mass flow controllers, before commencing the
experiment. A low concentration of CO was used, 1% for CaHydA and 0.1% for DdHydAB;
the concentration needed to be high enough to ensure a sufficient amount of enzyme
molecules bound the CO, but not so high as to completely irreversibly inactivate the enzyme
over the timescale of the experiment. The potential was held at -0.5 V before being pulsed to
either -0.6 V (Figure 47, blue) or -0.8 V (Figure 47black) for a short period. For CaHydA, a
2 s pulse was long enough to see enzyme activation, whereas for DdHydAB a pulse of at least

20 s was required before any activation was observed.
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The experiments shown in Figure 47 demonstrate that for an [FeFe]-hydrogenase to release
CO, a sufficiently reducing potential must be applied. When the potential is pulsed to -0.8 V
for just 2's in the presence of 1% CO there is significant activation of the H, production
activity of CaHydA at -0.5V (left, black trace); CO is rapidly released and the activity
increases by a factor of 4. The activity then slowly decreases as CO re-binds. When the
potential is stepped to a less reducing potential, -0.6 V (blue trace), there is no activation; the
potential is not sufficiently reducing for release of CO. At the time of a second pulse, 50 s
after the first, the enzyme has not been fully re-inhibited and the activity is still more than
twice that before the pulse. The second 2 s pulse to -0.8 V activates the enzyme to the same
level as the first, indicating that the first 2 s pulse was sufficient to cause all inhibited enzyme

molecules to release the bound CO.
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Figure 47: Chronoamperometry experiments showing the effect of short pulses to low potential on the H,
production current of CaHydA (left) and DdHydAB (right) in the presence of CO. The potential was
stepped from -0.5 V to -0.6 V (blue) or -0.8 V (black) for 2 s in 1% CO = 13.6 uM (CaHydA) or for 20 s in
0.1% CO=1.4uM (DdHydAB), shown by the grey boxes. Conditions: pH 6 phosphate buffer, 5 °C,
® = 3000 rpm, in the dark, 80% H,, 20% (N, + CO).
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Similar results were seen for DdHydAB in the presence of 0.1% CO (Figure 47, right),
however longer pulses were required for activation to be observed, reflecting the greater rate
of CO binding,” and greater driving force required for CO release for this hydrogenase. A
small amount of activation is seen for a 20 s pulse to -0.6 V (right, blue trace), but is not
significant compared to the activation after a 20 s pulse to -0.8 V (black trace), which causes
the activity upon returning to -0.5 V to more than double. This experiment also demonstrates
the greater rate of CO binding for DdHydAB compared to CaHydA, observed by the decrease
in H, production current after the low potential pulse, as CO re-binds. Re-binding occurs with

a half life of approximately 25 s for DdHydAB, compared to 50 s for CaHydA.

The requirement of such a strongly reducing potential (-0.8 V) to initiate CO release supports
the theory that the most reduced state, Hgeg-CO is responsible for CO release. Throughout the
experiment, at -0.5 V, the enzyme is thought to be predominantly in the reduced state
(Hreq).22% In this state the enzyme rapidly reduces protons and releases H, generating the
oxidised state (Hox), Which is then rapidly reduced by one an electron, supplied by the
electrode, to re-generate the Hyeq State. The Hoy state has a much greater affinity for CO than
the Hqy state, and it is likely that in this experiment at -0.5V the inhibited form of the
hydrogenase is the Hy,-CO state, formed when CO traps the otherwise transiently formed Hoy
state. It is clear that when a low potential is applied, a state of the H-cluster is generated that
does not bind CO, however this potential must be sufficiently reducing, -0.6 V is not
sufficient. A potential of -0.6 V however can be reasonably expected to be sufficient to reduce
the Hox-CO state by one electron to generate the H4-CO state given that the midpoint
potential for the Hyx/Hyeq transition at pH 6 has been measured as -0.36 \VAS although this state
(Hreg-CO) has not been studied spectroscopically. This indicates that it is a super-reduced state

of the H-cluster that is generated at -0.8 V and has a very low affinity for CO. Reduction to
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form this super-reduced state (Hsreq-CO) results in rapid release of the bound CO to generate a

catalytically active state. A simple scheme is demonstrated below in Scheme 7.

Scheme 7: The proposed binding of CO to the various states of the H-cluster.”®>2
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The pulse experiment shown in Figure 47 was repeated for CaHydA, varying the length of the
pulse to -0.8 V to investigate the extent of activation and the rate of CO re-binding (Figure
48). It is possible that a very short pulse to -0.8 V causes CO to be released from the H-cluster,
reactivating the enzyme, but the CO is not fully released from the enzyme molecule in this
short time. If CO is not completely released from the enzyme during a short pulse the rate of
CO re-binding is expected to decrease for longer pulses; for a shorter pulse the CO is more
likely to remain trapped within the enzyme, and therefore be able to re-bind to the H-cluster

more rapidly than external CO.
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Figure 48: Chronoamperometry experiment showing the effect of the duration of a low potential pulse on
the H, production current of CaHydA in the presence of CO. The potential was stepped from -0.5 V to -0.8
V for the durations shown on the graph (A). Panel (B) compares the current immediately after each
potential pulse. Conditions: pH 6 phosphate buffer, 5 °C, @ = 3000 rpm, in the dark, 80% H,, 19% N, and
1% CO, [CO] = 13.6 pM.

Panel Figure 48A shows the effect of different length pulses to -0.8 V on the extent of CO
release from CaHydA. The rate of CO release is too fast for accurate analysis (even at 5 °C);
the extent of activation was the same after pulses of 10 s, 1 s and 0.5 s to —0.8 V, consistent
with a rate constant of at least 1 s™'. For comparison, in experiments in which the potential is
poised at —0.4 V and CO is flushed out of solution,”® the recovery of activity is very slow with
values of kieact= 2 x107° s7!. The lack of variation in the extent of activation with pulse length
indicates that even the shortest pulse of just 0.5 s is sufficient to release the bound exogenous

CO from all inhibited enzyme molecules, fully activating the enzyme film.

Panel Figure 48B compares the current trace after each low potential pulse; the reduction
current decreases (gets more positive) as CO re-binds. These traces overlay, showing that the
rate of CO re-binding does not vary with pulse length. The external CO concentration remains
at 13.6 uM throughout the experiment, but if the released CO remains trapped within the

enzyme molecule (after release initiated by the low potential pulse), re-binding of CO is
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expected to be faster. We cannot conclude from this experiment whether or not all CO is
released from the enzyme molecule for each pulse, but it does show that if any CO remains

trapped within the enzyme, the amount does not vary for these different pulse lengths.

The rate of CO re-binding was further investigated using chronoamperometry experiments as
shown in Figure 49. The potential was held at -0.5 V and 1% CO was introduced to the cell by
concerted injection of CO saturated buffer and a change in gas flow through the cell
headspace. The rate of CO binding to uninhibited enzyme after this instantaneous exposure to
1% CO was compared to the rate of CO re-binding after a 2 s pulse to -0.8 V in 1% CO as

performed in Figure 47.
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Figure 49: Left: Chronoamperometry experiment comparing the rate of CO binding upon addition of CO
to re-binding after a short pulse to low potential. At 650 s (black arrow) 1% CO = 13.6 pM was
introduced to the cell by injection of CO saturated buffer and by a change in gas flow through the cell
headspace, and the potential was stepped to -0.8 V for 2 s at (a) and (b). Right: Log plots of the current
trace after injection of CO (black) and after the two potential pulses (red and blue). Conditions: -0.5V,
pH 6 phosphate buffer, 5 °C, ® = 3000 rpm, dark, 80% H,, 20% (N, + CO).

The left panel of Figure 49 shows the raw data; CO was introduced at 650 s as shown by the
black arrow, and the potential was pulsed to -0.8 V for 2 s at 1250 s (blue) and at 1750 s (red).
The panel on the right shows the log plots of the current traces after CO injection (black) and
potential pulses (red and blue). The rate of CO binding can be taken from the gradient of the

log plot. The three log plots are all parallel after the first 50 s; before 50 s the current is
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complicated by the charging current upon stepping the electrode potential as shown in
Chapter 2, Figure 19. The rate taken from this 50 s period (taken from the initial gradient) is
found to be twice as fast after a potential pulse (a and b) compared to the injection, a
difference not considered to be significant. This shows that the rate of CO re-binding after a
low potential pulse is not significantly different to that of binding exogenous CO, showing

that all CO is released from the enzyme molecule during the short potential pulse.

3.4.5 Oxygen Inhibition

The reaction of O, with [FeFe]-hydrogenases is known to be very similar to that of CO;
binding in a similar manner at the distal iron site, preferentially to a more oxidised state of the
H-cluster.**® Following the discovery that the H-cluster has very little affinity for CO at very
reducing potentials (Figure 43 and Figure 47), and CO is rapidly released when a sufficiently
reducing potential is applied (Figure 47), the O, tolerance of two [FeFe]-hydrogenases was
also investigated at a very reducing potential (-0.65 V, Figure 51). Oxygen was introduced to
the cell via a change in the flow of gas through the cell headspace, controlled by mass flow
controllers. The experiment was carried out in the absence of H, to avoid variations in
catalytic current resulting simply from changes in H, concentration. Measurement of the
extent of inhibition of H, production activity is complicated by reduction of O, at the graphite
electrode surface, and is not measured in these experiments. These experiments were carried
out to determine the tolerance of [FeFe]-hydrogenase to high O, concentrations at low
potential. The exact O, concentration experienced by the enzyme under these conditions is
difficult to calculate, under such reducing conditions O, reduction at the electrode surface is

extremely rapid and does not reach a limit, as shown below in Figure 50.
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Figure 50: Chronoamperometry experiment showing the increased rate of reduction of O, at a bare
graphite electrode with increasing O, concentration. The O, concentration was varied by the gas flow
composition, controlled using mass flow controllers (blue). Conditions: -0.65 V, pH 6 phosphate buffer,
20 °C, ® = 3000 rpm, in the dark, 100% (N, + O,).
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Figure 51: Chronoamperometry experiments showing O, inhibition of the H, production activity of
DdHydAB (A and B) and CaHydA (C and D). Below each experiment the data is shown with the large
reduction current in the presence of O, (due to O, reduction at the graphite electrode) cropped out.
Conditions: -0.65 V, pH 6 phosphate buffer, 5 °C, @ = 3000 rpm, in the dark, 10% O, in N, (A and C) or
100% O, (B and D). The percentage of H, activity lost after exposure to O, is noted on the figure (blue
arrows).

The chronoamperometry experiments in Figure 51 demonstrate the high tolerance of the
[FeFe]-hydrogenases DdHydAB (A and B) and CaHydA (C and D) to high O, concentrations
at -0.65 V. It should be noted that although the enzyme was exposed to 10 or 100% O in the
cell headspace, the concentration of O, experienced by enzyme in the adsorbed film cannot be
accurately determined, but will be significantly lower than stated due to rapid consumption
(reduction) of O, by the graphite electrode (see Figure 50). There is no irreversible damage
after exposure of DdHydAB to 10% O, for 600 s (Figure 51A) and 60% of the H, production

activity remains after exposure to 100% O, for 1000 s (Figure 51B). Similarly high O,
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tolerance is observed for CaHydA; 75% of activity persists after exposure to 10% O, for more
than 2000 s (Figure 51C), and almost 60% persists after exposure to 100% O, for 800 s
(Figure 51D). In the same way that very reduced states of the H-cluster do not bind CO, this
experiment shows that the enzyme also has a low affinity for O, at low potentials.
Additionally, a range of oxygen radicals are expected to be formed at the electrode surface

under such reducing conditions, and the hydrogenases are only minimally damaged.

3.4.6 Potential Dependence of CO Inhibition

Chronoamperometry experiments were used to fully investigate the potential dependence of
the extent, rate and reversibility of CO inhibition of [FeFe]-hydrogenases over a wide
potential range (Figure 52). At t=0 CO is introduced to the cell solution by concerted
injection of CO saturated buffer and a change in composition of the gas flowing through the
cell headspace. The grey shaded box represents the time that CO is flowed through the cell,
after which the gas composition is returned to 80% H,, 20% N, and CO flushed out of the cell
solution. The H, concentration is kept constant at 80% throughout the experiment, to avoid
variations in catalytic current resulting simply from changes in H, concentration; only the

percentage of N, varies to accommodate the addition of CO.
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Figure 52: Example chronoamperometry experiment used to study the potential dependence of CO
inhibition as in Figure 53. The change in gas composition throughout the experiment is labelled above.

The data is corrected for initial film loss (before introduction of CO) and normalised to -1 for
comparison purposes. The extent of inhibition is expressed as a percentage by multiplying the
fraction of activity lost after a certain exposure time by 100. The irreversibility of the

inhibition can be expressed as a percentage of the total inhibition, defined as:

Fraction of Activity Irreverisbly Lost
% Irreversibility = 100 x : — 31
Fraction of Activity Lost [3.1]

The chronoamperometry experiments in Figure 53 show inhibition by CO and subsequent
recovery for three [FeFe]-hydrogenases recorded at various potentials over a wide range
where the enzyme catalyses H, production. Potentials are given on the figure to the right of
the data. The table to the right of each figure summarises the change in total percentage of
activity lost in CO, and the percentage of activity lost irreversibly in CO at each potential

studied.
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Figure 53: Chronoamperometry experiments showing the potential dependence of CO inhibition of
CaHydA (A), CrHydAl (B) and DdHydAB (C & D). Conditions: pH 6 phosphate buffer, 5 °C, o = 3000
rpm, in the dark, 80% H,, 20% (N, + CO), CaHydA: 2% CO = 27.1 uM for 500 s, CrHydA1: 0.5% CO =
6.8 uM for 400 s, DdHYdAB: 2%, CO for 400 s (C) and 0.2% CO = 2.7 uM (D) for 300 s. The table to the
right of each figure summarised the total percentage of activity lost and the percentage of activity lost
irreversibly in CO at each potential studied.
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Upon introduction of CO at t=0 (by injection and gas flow) the H, production current
immediately decreases significantly in all experiments, as the enzyme becomes inhibited
(Figure 53). When the flow of CO is replaced by H,/N; (after blue box), the H, production
current begins to increase (more negative current) as CO is released from inhibited enzyme
molecules. For CrHydA1l (Figure 53B) this recovery of activity begins almost immediately
after CO is removed from the gas flow mixture, whereas for DdHydAB there is a short
‘lag-phase’ (Figure 53C and D). This lag-phase is particularly noticeable for the experiment
shown in Figure 53C, where the enzyme was exposed to 2% CO and activity is almost
completely inhibited. The current remains at almost zero for 100-200 s after removal of CO
begins, before the recovery of activity gradually begins, reflecting the greater affinity of this

enzyme for CO.™

Comparison of the data in Figure 53 for the three different hydrogenases studied reveals a
similar potential dependence of the extent of inhibition for all; the extent of inhibition
decreases as the potential is lowered, as expected from the cyclic voltammograms in Figure
43, CO appears to bind preferentially to less reduced states of the H-cluster. The potential

dependence of the extent of inhibition is discussed in greater detail, in section 3.4.6.2.

The amount of activity irreversibly lost after exposure to CO also decreases as the potential is
lowered (Figure 53), however as less of the enzyme becomes inhibited at lower potentials it is
more revealing to express the reversibility of CO inhibition as a percentage of the activity
lost (Equation 3.1); this is discussed further in Section 3.4.6.1. The irreversible loss of activity
after exposure to CO is attributed to degradation of the Hy-CO state; the Fe,-Scys bond is
broken, irreversibly forming an inactive state. At all the potentials used in the experiments in

Figure 53 the enzyme catalyses H, production. The Hy state is therefore expected to
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dominate, however at more reducing potentials (<-0.6 V) the Hgeq State may also be
formed.®*®* Binding of CO directly to either of the reduced states is predicted to be extremely
slow.™ During catalysis the Hox state is formed transiently (before being reduced by electrons
provided by the electrode) and due to its high affinity for CO it is this state that is trapped by
CO to form the inhibited Hox-CO state. The fact that the inhibition shown in Figure 53 is
partially irreversible shows that the unstable H,,4-CO state has been formed, most likely by
one electron reduction of the Ho-CO state. At very low potentials the enzyme is expected to
be reduced by a further electron, to form the Hgeq-CO state. This state does not degrade but
has a low affinity for CO; upon formation of this state CO is released and active states of the

H-cluster are regenerated.

3.4.6.1 Irreversibility of CO Inhibition

The irreversibility of CO inhibition, expressed as a percentage of the activity lost (Equation
3.1), is strongly potential dependent; for both CaHydA (Figure 53A) and CrHydAl (Figure
53B), the irreversibility of inhibition increases as the potential is lowered. For example:
removal of CO after inhibition of CaHydA at -0.7 V (Figure 53A, magenta) does not restore
any catalytic activity, whereas at - 0.4 V (black) more than 40% of the inhibited activity is

recovered upon removal of CO.

In direct contrast the irreversibility of inhibition of DdHydAB shows the opposite trend with
potential. This is most clearly demonstrated in (Figure 53C) where exposure to 2% CO almost
completely inhibits H, production activity across the entire potential range. Upon removal of
CO, 100% of activity is restored at -0.675 V (Figure 53C, blue), but less than 50% of activity
is recovered at -0.5 V (Figure 53C, black). The variation of irreversibility of CO inhibition

with potential, defined as a percentage of the inhibited activity, is summarised in Figure 54 for
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all three hydrogenases studied and compared to the potential dependence of the extent of

inhibition.
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Figure 54: Plots showing the potential dependence of both the extent of CO inhibition (black circles) and
the irreversibility of this inhibition (blue squares) for CaHydA, CrHydA1 and DdHydAB. Conditions: pH
6 phosphate buffer, ® = 3000 rpm, in the dark, 80% H,, 20% (N,+CO). CaHydA: 5°C, 2% CO = 27.1 uyM
for 600s, CrHydA1: 20°C, 0.5% CO = 5.4 uM for 400s and DdHydAB: 5 °C, 0.2% CO =2.7 uM for 300s.

For both CaHydA and CrHydALl the irreversibility of inhibition mirrors the trend of the
extent of inhibition (Figure 54, top), and increases as the potential is lowered. This trend is
explained by the increased formation of the Hy4-CO state at lower potentials, which degrades
irreversibly. Analysis of the potential dependence of inhibition of DdHydAB is limited by the
very small spread and large scatter of the data over the potential range studied (Figure 54,

bottom), resulting from the very high sensitivity of this enzyme to CO.”® It appears however
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that for this hydrogenases the irreversibility of CO inhibition decreases as the potential is

lowered, the opposite trend to CaHydA and CrHydAL.

The potential dependence of the reversibility of CO inhibition was further investigated using
more extreme conditions for both CaHydA and DdHydAB (Figure 55). It can be expected that
exposure to CO at very reducing potentials, where the Hgeq-CO is more likely to be formed,
would result in less irreversible loss of activity than inhibition at less reducing potentials
where more of the inhibited enzyme is more likely to form the unstable H,-CO state. It has
been proposed that the Hgeq-CO state is stable towards degradation,152 however this is
difficult to verify experimentally, as exposure to CO at a very reducing potential (-0.8 V) will
result only in the transient formation of the Hg¢q-CO state; the super-reduced state has a very
low affinity for CO, meaning that upon formation of the inhibited state CO is rapidly released,
regenerating active states of the H-cluster. To maximise the formation of the inhibited
super-reduced state the enzyme was exposed to 100% CO by gas flow for 10 minutes
at -0.8 V (Figure 55). The CO was then flushed out of the cell by N, and the recovery of
activity monitored. The experiment was then repeated at -0.4 V, a potential not expected to be

reducing enough to generate the Hgeg-CO state.8#858

The variation in both the extent and irreversibility of inhibition is much more potential
dependent for CaHydA than DdHydAB, shown by the experiments in both Figure 53 and
Figure 55. For CaHydA (Figure 55, top), 98% of the H, production activity is inhibited in the
presence of 100% CO at -0.4 V (left), but at -0.8 V a limiting current is not reached and 45%
of the H, production activity still remains after 600 s CO exposure (right). Upon removal of
the CO 12% of the initial activity is recovered at -0.4 V (inhibition is 90% irreversible,
Equation 3.1) for CaHydA, whereas there is no activity restored at -0.8 V (inhibition is 100%

irreversible).
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Figure 55: Chronoamperometry experiments comparing the stability of CaHydA (left) and DdHydAB
(right) in the presence of high CO concentration at both a mildly (-0.4 V, top) and a strongly reducing
potential (-0.8 V, bottom). Conditions: 100% N»followed by 100% CO for 600 s then returned to 100% N,
pH 6 phosphate buffer, 5 °C, @ =3000 rpm, in the dark. Dashed lines mark the initial current (black,
normalised to -1), the activity inhibited in CO (blue) and the activity recovered after removal of CO (red).

The potential dependence is much less pronounced for DdHydAB (Figure 55, bottom) under
such a high CO concentration. At -0.4 V (left) 93% of activity is inhibited, and 87% of the
initial activity is recovered when CO is removed (inhibition is 14% irreversible). At -0.8 V
(right) 84% of activity is lost, and 85 % of the initial activity is recovered (inhibition is 18%

irreversible).

128



Carbon Monoxide Inhibition

These differences are surprising given that DdHydAB has been reported to have a greater
affinity for CO than CaHydA;® yet CaHydA is inhibited to a greater extent at -0.4 V (98%)
than DdHyYdAB (93%), although this difference is small. The opposite trend is seen at -0.8 V,
where inhibition of DdHydAB is much greater (84%) and more rapid than for CaHydA (45%
after 600 s). At both potentials studied inhibition by CO is more irreversible for CaHydA,
90% and 100% at -0.4 V and -0.8 V respectively for CaHydA compared to 14% and 18%
at -0.4V and -0.8V respectively for DdHydAB. For each hydrogenase the difference in
irreversibility at both potentials studied is very small; irreversibility of inhibition is not very
potential dependent at these high CO concentrations. It is therefore not possible confirm the

relative stability of the Hyq-CO and Hgreq-CO states.

3.4.6.2 Extent of CO Inhibition

The smaller extent of CO inhibition observed at more reducing potentials in the experiments
shown in Figure 53 is explained by the preference of CO for binding to more oxidised states
of the H-cluster, as indicated from the voltammograms in Figure 43. At potentials were the
enzyme catalyses H, production, inhibition occurs by trapping of the Ho state formed
transiently during catalysis. As the potential is lowered, the rate of reduction of this state (Hox
to Hreq) by electrons supplied by the electrode is more rapid, resulting in a shorter lifetime of
this state, and therefore a lesser degree of inhibition. For experiments performed on
DdHydAB, even in the presence of just 0.2% CO, there is only a small spread in the extent of
inhibition over this potential range, due to the very high sensitivity of the enzyme to CO.™
The potential dependence of the extent of CO inhibition for CaHydA and CrHydAl
determined from chronoamperometry experiments such as those in Figure 53 is shown in

Figure 56, fitted to a Nernstian sigmoid using Microsoft Excel Solver.
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Figure 56: Plots showing the potential dependence of the extent of CO inhibition of CaHydA (left) and
CrHydAl (right). The extent of inhibition was measured after 100 s exposure to 10% CO (107 pM) for
CaHydA and after 200 s exposure to 2% CO (21.4 pM) for CrHydA1. The data is shown fitted to a single
nernstian sigmoid (blue) (fitted using Microsoft Excel Solver) Conditions: pH 6 phosphate buffer,
® = 3000 rpm, 20 °C, in the dark, 80% H,, 20% (N,+CO). [A lower concentration of CO was used for
CrHydA1, due to the greater CO affinity of this enzyme, to ensure good data spread] Data was acquired
using chronoamperometry experiments such as those shown in Figure 53.

There are less data points in the region -0.35 to -0.45 V for CrHydALl (Figure 56, right) than
CaHydA (left) due to the lower activity of this enzyme sample; there is very little driving
force for H, production in this potential region, and the H, production activity of CrHydAl
was not sufficient for a chronoamperometry experiment to be performed at these potentials.
Although the sigmoids shown in Figure 56 (blue) fit well to both the data sets, for both
hydrogenases the value of n was less than one (0.4). The n value represents the number of
electrons involved in the reaction,™ so a value of less than one is not physically possible. The
data was therefore fitted to two n =1 sigmoids as described below, to model a reaction with

two sequential one electron steps.

The values of F (Faraday’s constant, the magnitude of electric charge per mole of electrons)
and R (ideal gas constant) are known constants, and T (in K) and E (in V vs. SHE) are
experimental parameters. Microsoft Excel Solver was used to vary the parameters E1°, E’,

®H,yx, DHox-1 and ®Hyy-, to find the best fit of the experimental data to the equation:
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% inhibition = 100 — (%H,.¢pH,, +%H, _,.¢H, _, +%H, _,.¢pH, _,)

This equation was derived as shown below.

Consider 3 oxidation levels:

E, E,

Hox Hox— 1 Hox—2

The H,eq State is at the H,y.; oxidation level, and the Hgeq State at Hoxo.

From the Nernst equation the equilibrium potentials can be expressed:

The total hydrogenase concentration ([H]o) is the sum of the concentrations of hydrogenase in

each of the three oxidation levels:

[H]I} = [Hr.:-:r:l + [Hr.:-:r—l] + [Hﬂx—z]

The percentage of hydrogenase in each oxidation level can be expressed as a function of

potential:
0%H [Ho. ] x 100 100
|:| ox = =
[#], 1+ exp (T—;l;aglj+ exp(%iagzj

%Hﬂx—l =100 — %HEI - %Hox—z
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T, F
_[H,,s] (100 -%H,,).exp (B AE, )
Y%H,,_; = X 100 = —
[H], 1+ exp (2. AE,)

Where AE; = E’-E

For hydrogenase in each oxidation level there are two possibilities; it is either active or
inhibited.
CO

active —_— inhib
H; H;

[HE] — [Hz_ﬂcriua] + [Hiinhz'b]

The fraction of active enzyme (¢) for each oxidation level is:

[Hz_r:ctizra]

%= Tmy)

The percentage of inhibited enzyme can then be expressed:

0% inhibition = 100 — (%H,_.$H, +%H,_ _,.¢H, _, + %H, _,.¢H___,)

The model is however limited;

— the potentials calculated (E; and E;) are equilibrium potentials for the transitions

between enzyme at each oxidation level, in both the active and inhibited states.
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active Hox Hox— 1 Hox—2
E; E,
=141
inhibited ~ H,,-CO H,, ,-CO H,,,-CO

— the proportion of enzyme (®;) at each oxidation level that is in the active (uninhibited)

state is fitted as a potential independent parameter, which is not likely to be the case.
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Figure 57: Plots showing the potential dependence of the extent of CO inhibition of CaHydA (left) and
CrHydA1l (right). The extent of inhibition was measured after 100 s exposure to 10% CO (107 pM) for
CaHydA and after 200 s exposure to 2% CO (21.4 puM) for CrHydAl. The data is shown fitted to two n=1
sigmoids (fitted using Microsoft Excel Solver). Conditions: pH 6 phosphate buffer, ® = 3000 rpm, 20 °C,
dark, 80% H,, 20% (N,+CO).

Table 2: The equilibrium potentials (E; and E;) and proportions of enzyme at each oxidation level that is
in the active state (®;) calculated for both CaHydA and CrHydALl.

El E2 (I)Hox (I)Hox—l (I’Hox—z
CaHydA -0.36 V -0.62V 0.04 0.25 0.91
CrHydAl -0.26 V -0.48V 0.16 0.33 0.80
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Figure 58: Plots showing the potential dependence of the extent of CO inhibition (black circles) of
CaHydA and CrHydAl as above (Figure 26). The grey line shows the double sigmoid fit. The overlaid
coloured lines show the change in proportion of active enzyme with potential for each of the 3 oxidation
levels considered to be involved over this potential range.

The data in Figure 57 and Figure 58 is shown fitted to a double sigmoid, which fits well for
both CaHydA (left) and CrHydAl (right). The parameters for the double sigmoidal fit are
summarised for CaHydA and CrHydAl in Table 2. In Figure 58 the proportions of the
enzyme at each oxidation level (Hox, Hox-1 @and Hox-2) IS also plotted (coloured lines). Carbon
monoxide binds most strongly at high potentials, where Hyx is the dominant species, less
strongly to a state one electron more reduced, at the Hoy.1 level (H,eq State) and only binds very
weakly at the Hox-2 oxidation level (Hgreg). This double sigmoidal fit, corresponding to two one
electron Nernstian processes, confirms that it is the super-reduced state Hgeg-CO (Hox-2-CO)
that releases CO to reactivate the enzyme; a two electron reduction reaction is required to

reactivate the inhibited Hox-CO state.

3.5 Summary

The work presented in this chapter provides insight into the very strong potential dependence
of inhibition of [FeFe]-hydrogenases by CO, and provides strong experimental evidence for

the formation of a super-reduced state of the H-cluster. This state is two electrons more
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reduced than the Hyx state, is active, stable and has a very low affinity for CO. This
information is useful when considering the use of [FeFe]-hydrogenases in technological
application involving CO contamination such as those described in Chapter 1; if the potential
in such a system is low (< -0.5V) inhibition by CO is therefore minimal. This potential
dependence of the extent of CO inhibition is observed for all three [FeFe]-hydrogenases
studied, despite their differing structures and topologies away from the active site (Chapter 1,
Figure 3). This suggests that the potential dependence of the rate and extent of reaction
[FeFe]-hydrogenases with CO results predominantly from electronic changes at or close to the
active site with potential, and not from a structural change in the protein structure limiting CO

transport.

The strong potential dependence of CO inhibition is demonstrated by cyclic voltammograms
performed in the presence of CO (Figure 43); inhibition of H, oxidation activity is much
greater than that of H, production activity. Enzyme activation is observed as a steep change in
the gradient as the potential is lowered, corresponding to the release of CO from an inhibited
state to regenerate active enzyme. Data in Figure 58 shows that this reduced inhibited state is
Hsreg-CO. The voltammetry experiments in Figure 43 therefore prove that the Hgeqg State of
[FeFe]-hydrogenase is active for all three hydrogenases studied; the release of CO from this
state is observed as a rapid increase in the H, production current. The Hgreq State generated by
CO release is therefore active; if the Hgeq State were inactive, as suggested from IR studies of
DdHydAB® and Cpl,?® the voltammetry experiments would not reveal any activation at low

potential.

Inhibition of [FeFe]-hydrogenase is therefore very small at very reducing potentials (Figure
57), as the Hgeq state, formed electrochemically, has a very low affinity for CO.
Chronoamperometry experiments (Figure 42) show that this super-reduced state is stable for

135



Chapter 3

all three hydrogenases studied; none of the H, production activity at -0.45V is lost after
exposure to -0.7 V for several minutes (to generate Hgeq). This supports the observed stability
of a super-reduced state of CrHydA1 measured by FTIR experiments® but contradicts the
findings of similar FTIR studies on DdHydAB® where formation of the super-reduced state

was found to be largely irreversible.

The release of CO from the inhibited Hgeg-CO state is extremely rapid (Figure 47), and much
faster than the rate of CO binding for CaHydA and CrHydALl, as evidenced by the hysteresis
in the voltammograms of these hydrogenases in the presence of CO (Figure 43). This
hysteresis is not seen for DdHydAB, as the rate of CO re-binding is faster for this enzyme.’
Although the rate of recovery from CO inhibition has previously been found to be both
potential and hydrogenase independent,”® the potential of activation (CO release from the
Hseg-CO state) is different for the three hydrogenases studied, decreasing in the order
Ca>Cr>Dd (Figure 44). A significantly stronger driving force (reducing potential) is
required to initiate CO release for CrHydAl and DdHydAB than for CaHydA. This
corresponds with the order for the rate and extent of CO binding, which increases in the order
Ca < Cr < Dd;"® the greater activation potential for CO release reflects the great affinity of the

oxidised state of these enzymes for trapping the released CO.

The chronoamperometry experiments shown in Figure 47 reveal that release of CO from
inhibited states of CaHydA at -0.5V can be initiated by a short (2 s) pulse to -0.8V,
reduction of the Ho-CO inhibited state to form the Hgeq-CO state is rapid at this potential.
This reduction is complete; all inhibited molecules are reduced and release CO. A second
pulse (before all the enzyme can be re-inhibited) does not activate the enzyme to a greater
level than the first (Figure 47). The rate of CO re-binding after a low potential pulse is no

greater than for exogenous CO (Figure 48), suggesting that the released CO completely exits
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the enzyme during this short potential pulse. For DdHydAB a longer pulse length (20 s) is
required for CO release to occur, there is no activation observed after 2 s. This reflects the
higher affinity of this enzyme for CO and the lower potential required to fully reduced

inhibited enzyme to the Hgeg-CO state, as measured in Figure 44.

The high sensitivity of [FeFe]-hydrogenases to irreversible damage by O, is a well
documented limitation, O, binds rapidly to oxidised states of the H-cluster, and results in
irreversible enzyme degradation.®®'** A remarkable tolerance of enzyme activity in the
presence of high O, concentrations has now been demonstrated at low potentials (Figure 51).
The binding of O, to the H-cluster is very similar to that of CO, both bind directly at the distal
iron.***'*" The most reduced states of the H-cluster have a very low affinity towards both
inhibitors and activity is retained even under high inhibitor concentrations (Figure 51). The
low affinity of reduced states of the H-cluster towards both CO and O, is also observed for
sulfide.** Sulfide inhibition only occurs at oxidising potentials (> 0 V) while reactivation of
the inhibited state only occurs when the enzyme is exposed to sufficiently reducing potentials
(<-0.4V). The reaction of [FeFe]-hydrogenases with O, differs from reaction with CO
(Figure 47) or sulfide® in that exposure to the inhibitor at high potential cannot be
reactivated by exposure to low potential, as high potential irreversible degradation of the O,

inhibited state is so rapid.**

A strong potential dependence of the reversibility of reaction of [FeFe]-hydrogenase with CO
was discovered, complementary to that of the extent of inhibition (Figure 54). The fraction of
activity inhibited by CO that is not recovered upon removal of CO is attributed to formation
of the unstable Hy-CO state. This state degrades irreversibly, via loss of the Fep-Scys bond

(Scheme 5), forming an inactive state.'*

At higher potentials, the extent of inhibition is very
high, reflecting the preference of CO for binding to the Hy state, and the reaction is almost
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completely reversible. At higher potentials the enzyme remains in the Hox-CO state, and is not
reduced to form the unstable H,,4-CO state. At more reducing potentials where the extent of
inhibition is lower, the reversibility of inhibition also decreases. At these potentials more of
the inhibited enzyme is reduced to the H,,-CO state, resulting in irreversible degradation. The
different reactions of CO with [FeFe]-hydrogenase are summarised in Scheme 8 as the

potential is varied.

Scheme 8: The different reaction of [FeFe]-hydrogenase with CO at different potentials.

decreasing potential
| .

[4Fe4S]*"-Fe,'Fe," . [4Fe4S]*"-Fe,'Fe ' & [4Fe4S]""-Fe,'Fe '

Hox Hred Hsred

co col Cco {

[4FedS]*"-Fe,Fe,'-CO e [4FedS1*"-Fe,Fe,-CO & [4Fe4S]""-Fe,'Fe,'-CO

H-CO H,4-CO Hyreq-CO

[4Fe4S]*" + Fe,'Fe,-CO
INACTIVE
'Dead end'

It might be expected that at very reducing potentials inhibition of CO may become more
reversible, as inhibited enzyme can be fully reduced to the Hge4-CO state, a state not believed
to degrade.™ This trend however is not seen (Figure 54); inhibition is less reversible for
CaHydA and CrHydAl at very low potentials (-0.6 to -0.8V, Figure 54) than at more mildly
reducing potentials (-0.4 to -0.6 V). This shows that while at more mildly reducing potentials
only some of the inhibited enzyme is reduced to form the unstable H,4-CO state, at more

reducing potentials almost all inhibited enzyme molecules form this state. If any inhibited
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enzyme is fully reduced to the Hgg-CO state, it rapidly releases CO, re-entering the catalytic

cycle, and thus this inhibition is not observed electrochemically.

The large difference in the reversibility of CO inhibition of CaHydA and DdHydAB recorded
in 100% CO (Figure 55) is not fully understood; reaction of CaHydA is almost completely
irreversible while very little activity of DdHydAB is irreversibly lost in CO. Given that
irreversible inhibition results from degradation of the Hy4-CO state the significantly smaller

extent of irreversible loss observed for DdHydAB could be related to several factors:

(1) A more reducing midpoint potential for the Ho-CO/H-CO transition. The

152

Hox-CO does not degrade; ™ if reduction of this state to form the unstable H4-CO

state is more difficult there will be less irreversible degradation observed.

(2) Greater stability of the Hq-CO state. The Fe,-Scys bond is broken to irreversibly
form an inactive state,’>2 however if this state is more stable towards degradation, less

of the inhibition will be irreversible.

(3) A less reducing midpoint potential for the Hg-CO/Hseg-CO transition. If this
transition occurs more readily the enzyme will spend less time in the unstable H4-CO

state, resulting in less irreversible degradation.

It is not possible to determine which, if any of these factors explain the high reversibility of
CO inhibition observed for DdHYdAB (Figure 55), however option (3) is highly unlikely. The
voltammograms recorded in Figure 44 indicate that the Hq-CO/Hgeq-CO transition occurs at
a more reducing potential for DdHydAB (-0.70 V) than for CaHydA (-0.64 V). Additionally

option (2) is unlikely as the H-cluster is highly conserved in [FeFe]-hydrogenases. This leaves
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option (1), the Hox-CO/Hq-CO potential, the investigation of which would be an excellent

continuation of these studies.
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Chapter 4

Formaldehyde Inhibition

141



Chapter 4

Abstract

The electrochemical studies outlined in this chapter investigate the potential dependence of
aldehyde inhibition of [FeFe]-hydrogenases. It was found that formaldehyde binds
preferentially to the most reduced state of the H-cluster, assigned as the super-reduced state
(Hsreq). This directly contrasts with the potential dependence of CO binding outlined in
Chapter 4. The ability of aldehydes to trap and stabilise this redox state of the H-cluster may
be exploited to allow spectroscopic characterisation of this state (Chapter 6). The potential
and rate at which formaldehyde binds and is released from the H-cluster was investigated. It
was found that activation can be rapidly induced by modulation of the potential in a similar
manner to CO; inhibition at low potential is reversed by exposure to more oxidising potentials.
In contrast to CO however, re-binding of formaldehyde after the change in potential is too

rapid to be observed; activity is inhibited immediately upon returning to reducing potentials.

Binding of formaldehyde is shown to protect the enzyme against irreversible O, damage,
suggesting that formaldehyde competes for binding at the distal iron site (Feq) of the H-cluster,
supported by DFT studies performed by Tobias Kraemer. It is proposed that Feq in the Hgreg
state donates a hydride to the aldehyde, leading to formation of a formaldehyde bound state
involving an Feg-O bond. It is also suggested that the super-reduced state of the H-cluster is

involved in the mechanism of catalytic H, production by [FeFe]-hydrogenase.

Formaldehyde is shown to bind to the H-cluster at very oxidising potentials (> 0 V). The rate

and nature of this binding was investigated and experiments suggest that reversible

inact

formaldehyde binding occurs more readily than oxidation to generate the inactive Hox  state.

Additionally formaldehyde is shown to limit the extent of high potential inactivation,

inact

attributed to the presence of formaldehyde preventing formation of the Hyy - state.

142



Formaldehyde Inhibition

4.1 Introduction

4.1.1 Reactions of Formaldehyde

Formaldehyde, or methanal, is the simplest form of aldehyde, with the molecular formula
CH,0. Aldehydes are organic molecules with the general formula RCHO, and in
formaldehyde the -R group is simply a proton (HCHO). Formaldehyde is a small molecule,
similar in size to water, but has a very low boiling point (19 °C) and exists as a colourless,
pungent gas at room temperature®®’, as the hydrogen bonds formed between water molecules
do not exist to the same extent for formaldehyde. Aldehydes are highly vulnerable to
nucleophilic attack at the electrophilic carbonyl site (C=0) and formaldehyde is particularly
reactive as the carbonyl bond is sterically unhindered. Formaldehyde can be dissolved in
water to form the commercial solution formalin, consisting of 30-50% formaldehyde by mass.
In solution formaldehyde exists in equilibrium with the hydrated form (methanediol),
generated by nucleophilic attack of an —OH group from a water molecule on the carbonyl
bond of the aldehyde, as shown in Scheme 9.

Scheme 9: The reaction of formaldehyde with water to form the hydrate methandiol.

OH

H

The equilibrium constant of this reaction, Kegm(hydration), is large (~2000 at 25 °C™®) as
there are no bulky electron donating alkyl groups to lower the electrophilicity of the carbonyl
bond. The nucleophilic -OH groups of the hydrated aldehyde can attack the carbonyl bonds of
non-hydrated aldehyde molecules, resulting in polymerisation to form paraformaldehyde, as

shown in Scheme 10.*%’
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Scheme 10: The reaction of formaldehyde with methanediol leading to polymerisation.

H
OH H H - HO \ O+—H
H

H OH L -

To avoid excessive polymerisation a small amount of stabiliser, such as methanol, is usually

added,; typically a formalin solution will contain 10-12% methanol.

In addition to being a useful building block for synthesis of more complex organic
compounds, formaldehyde is also used as a disinfectant and biocide; it kills most bacteria and
fungi and can inactivate bacterial products. Additionally formaldehyde solutions are used as
preservation agents for biological specimens. Tissue and cells are ‘fixed’ by a combination of
reversible and irreversible cross-linking of amine groups in proteins with other nitrogen atoms
in protein or DNA via a -CH,- linkage.*® Initial stages are rapid and reversible; nucleophilic
N atoms of an amine group (lysine residues) attack the aldehyde carbonyl bond in a Schiff
base reaction (Scheme 11). This reaction can be used to methylate lysine residues if the Schiff

base adduct is reduced with an agent such as borohydride.*®

Scheme 11: The reaction of formaldehyde with a primary amine, resulting in the formation of a Schiff
base.

2 NH O+ NHR NR
'/+\ +H+ 2 +/ H* 2;\ HY
RNH, S = + H,0
H H H H H H

Cross-linking occurs when the nucleophilic side chain of a neighbouring amino acid attacks a

protonated Schiff base adduct (Scheme 12).
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Scheme 12: Example of a cross linking reaction of a protonated Schiff base adduct with a secondary amine.

+

NRH

+
ﬂ'\ RAN NHR, - RHN NHR,
HNR, =——= >< _— ><
H H H H +H*

Formaldehyde can also react with nucleophilic sulfur groups, such as a cysteine residue —SH,

resulting in the formation of a thioacetal.

Scheme 13: The reaction of formaldehyde with a thiol group, resulting in formation of a thioacetal.

o)
'/\ HO SH
+ ..
e T ="
H H H H
The biocide applications of formaldehyde lead to the speculation that it is likely to
irreversibly inhibit enzyme catalysis by causing irreversible enzyme degradation.

Electrochemical studies performed by Wait et al. have however shown that formaldehyde is

in fact a rapid and reversible inhibitor of [FeFe]-hydrogenases.**

4.1.2 Formaldehyde as a Hydrogenase Inhibitor

In the early 1980s studies by Slatyer et al.'®® showed that the H. oxidation activity of the
hydrogenase from Anabaena cylindrica is inhibited by acetaldehyde (ethanal, R = CHy).
There was no recovery of catalytic activity after the cells were washed with fresh medium,
leading to the conclusion that aldehyde inhibition is irreversible. In contrast, solution assays
and EPR studies by Rao et al.'®® found that the hydrogenases from both Clostridium
pasteurianum and Desulfovibrio desulfuricans were unaffected by the presence of either

acetaldehyde or glutaraldehyde.
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More recently protein film electrochemistry studies carried out in the group of Prof. Fraser
Armstrong by Annemarie Wait have shown that formaldehyde is a potent inhibitor of three
[FeFe]-hydrogenases, CaHydA, CrHydAl and DdHydAB despite their differing structures
and topologies away from the active site.®*** Aldehyde is thought to enter the enzyme in the
non-hydrated form. Corresponding studies carried out on [NiFe]-hydrogenases revealed only
a very slight degree of inhibition. Formaldehyde inhibition of [FeFe]-hydrogenase is rapid and
reversible, the extent of inhibition increasing in the order CaHydA << CrHydAl ~ DdHydAB.
This is not consistent with the trend observed for inhibition by CO which increases in the
order CaHydA < CrHydA1 < DdHydAB.”® For CO inhibition the rates of reaction increase in
the same order, while the rates of reactivation vary very little.”® For formaldehyde inhibition
the rates of inhibition and reactivation both increase in the order

DdHydAB < CrHydA1l < CaHydA.

A strong potential dependence of inhibition was established; H, production activity is
inhibited to a far greater degree than H, oxidation activity. This indicates that a reduced state
of the enzyme is the target of formaldehyde binding, with the target site of reaction being at,

or in close proximity to, the H-cluster.

Formaldehyde inhibition was found to consist of two phases; a fast phase and a slow phase,
indicating the involvement of two different reaction pathways. The proportion of reaction
proceeding via each phase is potential dependent, with a greater extent of the fast phase
reaction at low potential and more of the slow phase reaction at high potential. Although
inhibition is reversible, the irreversibility of the reaction is also strongly potential dependent
and correlates with the extent of slow phase, leading to the conclusion that the fast phase

reaction is completely reversible while the slow reaction is at least partially irreversible.
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Inhibition of [FeFe]-hydrogenases by longer chain aldehydes was also studied and a similar
dependenceon potential was obserbed for acetaldheyde; inhibition is greater at more reducing
potentials.'®* The extent of inhibition decreases with increasing chain-length for straight chain
aldehydes, possibly due to more restricted access to the active site. More bulky, branched
chain aldehydes only inhibit activity very weakly, and do not display the same potential

dependence, indicating that these aldehydes are unable to access the buried active site.

The work carried out in this chapter is a continuation of the above studies by Annemarie Wait.

4.1.2.1 Binding Sites of Formaldehyde

The surface of [FeFe]-hydrogenases is populated with exposed cysteine, lysine and histidine
residues, all of which are possible targets for reaction with formaldehyde. Reaction at the
protein surface however does not correspond with the observed inhibition, which is extremely
potential dependent. The strong potential dependence of formaldehyde inhibition, and the
lesser degree of inhibition by branched chain aldehydes, indicate that the target site of
formaldehyde binding is at, or in close proximity to, the H-cluster. There are several possible

binding sites, as illustrated in Figure 59.

Figure 59: Structure of the H-cluster of DdHydAB in the reduced state H,.4. Reactive amino acid residues
in close proximity (< 5 A) are also shown. *’
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Figure 59 shows a representation of the H-cluster of DdHydAB, showing the position of the
nucleophilic amino acid residues in close proximity (<5A) to the H-cluster, that are
conserved in the three [FeFe]-hydrogenases studied in this chapter.”” The observed aldehyde

inhibition may be explained by reaction at either:

(1) The bridgehead atom. As explained in Chapter 1, there is still some scientific debate
as to the identity of this atom, but it is widely believed to be a N atom, and in this
thesis it is assumed to be so. Schiff base reaction could occur at this site, and block
proton transfer from this site to Feq, the site of H, binding. Binding at this site may
also sterically hinder catalysis.

(2) The nucleophilc residues. The amine and thiol side chains of the conserved
surrounding amine acids (Lys237 and Cys178 in DdHydAB®’) are nucleophilic centres
that could attack the carbonyl bond of formaldehyde. Crystal structures and modelling

185 thus reaction

studies suggest that these sites are directly involved in proton transfer,
at this site will disturb catalytic H, turnover.
(3) The distal iron (Feg). In reduced states of the enzyme, Feq might directly react with

formaldehyde, blocking the site of proton binding, and inhibiting H, turnover.

4.2 Results

4.2.1 Potential Dependence of Formaldehyde Inhibition

Initial experiments carried out by Annemarie Wait to investigate the potential dependence of
formaldehyde inhibition focussed only on CaHydA and DdHydAB. In this chapter the
potential dependence of formaldehyde inhibition is investigated in greater detail, and includes
a third [FeFe]-hydrogenase, CrHydAl, to ensure the same behaviour is observed for a
hydrogenase lacking the FeS-cluster relay chain. As the structures of the three
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[FeFe]-hydrogenases vary (section 1.4.2), but the H-cluster is conserved in all, similarities in
the reactions of these enzymes indicate that the reaction occurs at the H-cluster. Cyclic
voltammograms of CaHydA and DdHydAB performed in the presence of formaldehyde

164,166 a5 described below,

display a characteristic wave-shape in the H, production region,
reflecting the greater affinity of formaldehyde for reduced states of the H-cluster. Figure 60
shows cyclic voltammograms of CrHydAl in the presence of formaldehyde, compared to
voltammograms of CaHydA (repeated and verified for this thesis). Voltammograms were
recorded in the absence of inhibitor (black traces) and immediately after equilibration with
formaldehyde (red). A diluted formaldehyde solution was prepared from a 37% by mass
formalin solution using the experimental buffer. This solution was prepared in the glove box,
and degassed with the experimental gas composition, and temperature equilibrated before
injection in to the cell solution. The formaldehyde concentration quoted in the experiments in

this chapter refers to the total aldehyde concentration; the concentration of non-hydrated

formaldehyde in solution is 2000 times less (Kegm(hydrate) = 2000).

149



Chapter 4

CaHydA
40 : :
= 4T I
C
O 40}
5 *
(@)
T 80+ -8 -
3]
o
5 -120] !
) 124 1
-160 1— : : : : : : :
-0.8 -0.6 -0.4 -0.2 0.0 -0.8 -0.7 -0.6 -0.5 -0.4
Potential / V vs SHE Potential / V vs SHE
CrHydA1
0 [ = 007 A VY
24 \ 0.1+
<
3.
c 44 0.2
Q
5
O 6 -0,3
-84 -0
-0.8 -0.6 -0.4 02 -08 0.6 -0.4 -0.2
Potential / V vs SHE Potential / V vs SHE

Figure 60: Cyclic voltammograms showing the effect of formaldehyde on CaHydA (top) and CrHydAl
(bottom). All scans commenced from the high potential limit. The black traces were recorded prior to
addition of HCHO, and the red scans were performed in the presence of formaldehyde. Conditions: pH 6,
® = 3000 rpm CaHydA: 33 mM HCHO, 3 mV/s, 20 °C, 100% H,, CrHydAl: 38 mM HCHO, 10 mV/s scan
rate, 5 °C, 100% N,. ""Corrected current' denotes that data has been corrected for a linear loss of current
over time (see Supporting Information). An asterisk marks the onset of rapid current loss at low potential.

The voltammograms of both hydrogenases shown in Figure 60 display the same characteristic
wave-shape in the H, production region in the presence of formaldehyde. Inhibition of proton
reduction activity is far greater than that of H, oxidation activity. For CaHydA (Figure 60,
top), a total concentration of 33 mM HCHO (corresponding to approximately 15 puM

anhydride) results in the loss of approximately 90% of the proton reduction current at —0.8 V,

150



Formaldehyde Inhibition

whereas 70% of the H, oxidation activity remains at 0 V. For CrHydA1 (Figure 60, bottom),
a total concentration of 38 mM HCHO (corresponding to approximately 19 uM anhydride)
results in the loss of 95% of the proton reduction current at —0.8 V. Importantly both the
voltammograms obtained in the presence of formaldehyde reveal a sharp transition between
—0.5 and —0.6 V (asterisk on figure), superimposed on the general slope of the
voltammogram. This sharp decrease in current is attributed to the increased rate of binding of
formaldehyde to a reduced state of the H-cluster formed at low potential. The potential for the
onset of this transition varies between the two enzymes: -0.5 V for CaHydA and -0.58 V for
CrHydAl, partly an effect of the faster scan rate used for the CrHydA1l voltammogram, but
also in agreement with the faster rate of formaldehyde inhibition for CaHydA.'®' The forward
and reverse scans almost overlay for CaHydA (Figure 60, top); the rate of reactivation is
similar to the rate of inhibition, but for CrHydA1l (Figure 60, bottom) reactivation is not
observed in the oxidative scan. This shows that the rate of reactivation (formaldehyde release)

is greater than the rate of formaldehyde re-binding for this enzyme under these conditions.

4.2.1.1 Potential of Formaldehyde Release

The variation in the extent of formaldehyde inhibition with potential was further investigated
for CaHydA using chronoamperometry experiments (Figure 61). The potential was stepped
between values where the enzyme catalyses H, oxidation (-0.1V) and H, production
(-0.55V). The initial current at each of these potentials was recorded before 200 mM
formaldehyde was injected into the cell as shown by the red arrow in Figure 61. The potential
was then stepped repeatedly between these two values in experiment (A) and gradually

stepped up from -0.55 V to -0.1 V in experiment (B).
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Figure 61: Chronoamperometry experiments measuring the potential dependence of the extent of
formaldehyde inhibition for CaHydA. The grey trace shows the exponential film loss, the blue trace shows
the modulation in potential throughout the experiment. A cropped section of experiment B is shown on
the right. Conditions: 10 °C, pH 6, ®= 3000 rpm, 100% H,, 200 mM HCHO.

Stepping the potential between -0.55V and -0.1 V in the presence of 200 mM formaldehyde
(Figure 61A) reveals the great preference of formaldehyde for binding to reduced states of the
H-cluster. Almost zero activity is recorded at -0.55 V, while a significant amount of the H,
oxidation activity is retained at -0.1 V. After the step to high potential, the current rapidly
peaks and then begins to exponentially decrease; exposure to high potential reactivates the
formaldehyde-bound reduced state, by release of formaldehyde, and the enzyme re-enters the
catalytic cycle. The gradual decrease of H, oxidation activity at this potential (-0.1 V) shows

slow re-binding of formaldehyde; although at -0.1 V the Hyx state is expected to be the
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dominant species, during catalysis (H, oxidation) reduced states of the enzyme are generated
transiently, and can be trapped by formaldehyde. Figure 61B shows the reactivation of the
formaldehyde-bound state as the potential is gradually increased. Although as the potential is
increased, the driving force for proton reduction decreases, when the potential is stepped
from -0.55 V to -0.5 V (at 1500 s) the H; production current increases. This step in potential is
sufficient to partially activate the enzyme, forming the active Hyq state, which re-enters the
catalytic cycle. This suggests that it is not the Hyq State that is the target of formaldehyde

binding, but a more reduced (super-reduced) state.

4.2.1.2 Rate of Formaldehyde Release

Chronoamperometry experiments such as those shown in section 3.5.2 with CO, were carried
out on CaHydA in the presence of formaldehyde, to investigate the rate of formaldehyde
release from the active site (Figure 62). In Figure 62A the potential was held at -0.55 V and
the solution equilibrated with 27 mM formaldehyde before stepping the potential up
to -0.02 V for short periods (5 or 20 s). If formaldehyde is released from the enzyme by a
pulse to high potential, upon returning to -0.55 V the H, activity is expected to have increased.
The current is then expected to gradually decrease as formaldehyde re-bind. In Figure 62C the
converse experiment was conducted; the potential was held at -0.02 V and pulsed to -0.55 V.
The H, oxidation activity was expected to decrease immediately after the low potential pulse,
due to increased formaldehyde binding at low potential, and then increase as the

formaldehyde is released at high potential.
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Figure 62: Chronoamperometry experiments on CaHydA to investigate the rate of formaldehyde release
at high potential (-0.02 V) and binding at low potential (-0.55 V) Blue boxes indicate potential pulses,
from -0.55 V to -0.02 V for 2 s (A) and 20 s (B) and down from -0.02 V to -0.55 V for 20 s (C). The black
and blue traces in (C) are experiments recorded in the presence of formaldehyde and the grey trace is a
control experiment recorded in the absence of inhibitor. Conditions: 5 °C, pH 6, ® = 3000 rpm, 100% H,,
27 mM (A and B) or 10 mM (C) HCHO.

As can be seen by comparing the current traces in Figure 62A and B, the H, production
activity of CaHydA at -0.55 V in 10 mM formaldehyde is not affected by either a 2 or 20 s
pulse to -0.02 V. The H, production activity was expected to be greater after the pulse, as the
enzyme activates at high potential (Figure 61A) assumed to be the result of formaldehyde

release. This indicates that re-binding of formaldehyde is extremely rapid under these
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conditions; alternatively it is possible that the formaldehyde is not fully released from the
enzyme molecule at high potential. The loss of H, oxidation activity at -0.02 V predicted after
a low potential pulse (20 s at -0.55 V) is also not observed; in Figure 62C the current after the
low potential pulse is not significantly greater than before the pulse. The pulses in the
presence of formaldehyde (Figure 62C black and blue) result in an almost identical change in
activity as the formaldehyde free experiment (grey). There is a peak in the oxidative current
immediately after the potential is stepped back to -0.02 V, which then decays. This profile is
not affected by the presence of formaldehyde, meaning that this current change is simply a
charging current related to changes at the electrode surface. These experiments suggest that
both release of formaldehyde from the enzyme, initiated at high potential, and re-binding at

low potential are extremely rapid under these conditions.

4.2.2 Protection Against Oxygen

As explained in section 3.1.2.2, [FeFe]-hydrogenases are very sensitive to irreversible damage
by O,. Initial binding of O, occurs at the distal iron site of the H-cluster, the same site as H,
binding.'*! The effect of the presence of formaldehyde on the extent of irreversible damage by
O, was investigated using chronoamperometry (Figure 63). The potential was held at -0.45 V
throughout the experiment in the presence of 100% N, before 25% O, was introduced to the
cell for 1000 s, controlled using mass flow controllers. The effect of formaldehyde was
investigated by injection of 1 ml of 134 mM formaldehyde solution into 3 ml of cell solution
(total concentration = 33.5 mM) prior to introduction of O,. After the O, was removed by
flushing the cell with N, the cell solution was exchanged with fresh buffer (using the setup
shown in section 2.2.4) to remove the formaldehyde. This step was also performed in the

control experiment in the absence of formaldehyde.
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Figure 63: Chronoamperommetry experiments showing the partial protection afforded by formaldehdye
for CaHydA against irreversible damage by O,. In both experiments 25 % O, was introduced for 1000 s
(shown by grey box) by a change in the gas composition from 100 % N, to 25 % O, in N,. In the bottom
panel the red arrow indicates injection of 1 ml of 134 mM HCHO solution into 3 ml of cell solution (final
[HCHO] = 33.5 mM) prior to introduction of O,. In both experiments the cell was rinsed with 50 ml of
buffer at 1850 s (blue box). Conditions: -0.45 V, 20 °C, o = 3000 rpm, pH 6. [Under these conditions, in
the presence of 25% O, there is a very large reduction current, this has been cropped out of view in the
figures.]

The control experiment (Figure 63, top) shows that at -0.45 V exposure to 25% O, for 1000 s
results in loss of 72% of the proton reduction activity of CaHydA. The bottom panel shows
that inhibition by 33.5 mM formaldehyde prior to exposure to O, partially protects the
hydrogenase against irreversible damage; almost 70% of H, production activity is retained

after removal of both inhibitors. This shows that formaldehyde somehow restricts access of
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O, to the H-cluster either by physically blocking access, or by competitively binding at the

same site (Feg).

4.2.3 Effect of Light

As demonstrated in Chapter 3 the Fey-COex bond is extremely photolabile; illumination
increases the rate of recovery from CO inhibition as this bond is broken. If formaldehyde
binds directly to the H-cluster illumination could also be expected to increase the rate of bond
(Fe¢-HCHO) breakage and the catalytic activity in the presence of formaldehyde would
increase during illumination. The effect of illumination was investigated for formaldehyde

inhibited [FeFe]-hydrogenase using chronoamperometry experiments (Figure 64).
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Figure 64: Chronamperometry experiments investigating the effect of illumination on the H, oxidation
activity at -0.1V (left) and H, production activity at -0.8 V (right) in the presence of formaldehyde,
performed on CaHydA (top) and DdHydAB (bottom). Conditions: 5 °C, ® = 3000 rpm, pH 6, 100% H,,
300 W lamp with IR and UV filters.

The potential was held either at -0.1 V (Figure 64, left), to study H, oxidation activity, or
at -0.8 V (Figure 64,right), to study H, production activity, and the electrode was illuminated
to measure the effect of light on the catalytic activity in the absence of inhibitor. The

experiment was then repeated in the presence of 2 mM formaldehyde.

In the experiments shown in Figure 64 illumination of both CaHydA (top) and DdHydAB
(bottom) has only a minimal positive effect on the catalytic activity; observed as a small

increase in the catalytic current, and this effect is no greater in the presence of formaldehyde.

158



Formaldehyde Inhibition

This suggests that the bond formed upon binding of formaldehyde to the H-cluster is strong,

and not weakened by illumination with visible light.

4.2.4 Potential Dependence of the Extent of Inhibition

The potential dependence of the extent of formaldehyde inhibition was monitored using

chronoamperometry experiments, such as those in section 3.7 with CO, and were repeated

over a wide range of potentials (Figure 65). Experiments were performed on both CaHydA

and CrHydA1 under identical conditions to allow direct comparison.
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Figure 65: Chronoamperometry experiments performed on CaHydA (top) and CrHydAl (bottom) to
probe the potential dependence of the extent of inhibition with 4.5 mM formaldehyde. The percentage
inhibition (right) was measured after 100 s for CaHydA and 200 s for CrHydA1. Conditions: 20 °C, pH 6,
® = 3000 rpm, 100% H,, 4.5 mM HCHO, potentials are given next to each plot.
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For each experiment the potential was held constant throughout, and 4.5 mM formaldehyde
was injected at t = 0. The extent of inhibition was recorded at a fixed time after injection, and
recorded as a percentage of activity lost. The aldehyde concentration used was chosen to
ensure a good spread in the extent of inhibition for both enzymes across the potential range. A
greater formaldehyde concentration results in a greater extent of inhibition, as shown by the

red data point (Figure 65, top) recorded for inhibition of CaHydA with 45 mM formaldehyde.

As can be seen in Figure 65, at all potentials measured the catalytic current immediately drops
upon introduction of formaldehyde to the cell solution (black arrow). Both CaHydA and
CrHydAl show very similar profiles for the potential dependence of the extent of
formaldehyde inhibition. This is clearly displayed in Figure 65 (right panels) by the plot of the
percentage of inhibition after a certain exposure time (100s for CaHydA or 200s for
CrHydA1l) against the applied potential. Inhibition occurs to a far greater extent in the H,
production region than the H, oxidation region, as expected from the cyclic voltammograms
in Figure 60. The behaviour of CrHydAl at high potential does however differ to that of
CaHydA; rather than reaching a limiting value at high potential the extent of inhibition
increases with potential in the region —0.2 to +0.1 V. This high potential behaviour is similar
to that observed for DdHydAB.'® The experiments performed in this region may be

inact

convoluted by anaerobic inactivation (formation of Hox ) observed electrochemically at

high potential for CrHydAl1 and DdHydAB (not seen for CaHydA), which is partially
irreversible for CrHydA1.7%%* These results suggest that the rate of formation of the Ho, ™
state is increased in the presence of formaldehyde, resulting in greater inhibition of H,

oxidation activity than expected by the observed preference for binding of formaldehyde to

reduced states of the H-cluster. This effect is investigated in section 4.2.6.1.
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As previously explained (section 4.1.2), formaldehyde inhibition is biphasic, consisting of a
fast phase and a slow phase reaction. The variation in the proportion of inhibition proceeding
by each of these phases with potential is shown for CaHydA and CrHydAl in Figure 66. It
has previously been shown that the reversibility of formaldehyde inhibition correlates with the
proportion of inhibition proceeding via the fast phase reaction.'®* The proportion of fast phase
reaction increases at more reducing potentials for both CaHydA and DdHydAB,'** while the

proportion of the slow phase reaction increases at higher potentials.
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Figure 66: Left: plots showing the variation in the extent of formaldehyde inhibition with potential for
CaHydA (top) and CrHydA1 (bottom), measured from chronoamperometry experiments in. Right: plots
showing the variation in the percentage of the inhibition that is due to the fast phase reaction (red) and
slow the phase reaction (blue) with potential for both hydrogenases.
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In the H; production region the proportion of formaldehyde inhibition proceeding via the fast
phase reaction is very high, and the proportion via the slow phase reaction is very low for
both hydrogenases (Figure 66, right). At high potentials (>-0.3 V) inhibition of the H;
oxidation activity of CaHydA is almost completely due to the slow phase reaction, however

for CrHydALl inhibition proceeds equally by both processes.

The rates of the fast and slow phases of reaction are shown in Figure 67 plotted as a function

of potential for both CaHydA and CrHydAL.
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Figure 67: Plots showing the potential dependence of the rates of the fast and slow phases of the biphasic
formaldehyde reaction CaHydA (top) and CrHydAl (bottom), measured from chronoamperometry
experiments in Figure 65. The fast phase is shown in red and the slow phase in blue.
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Comparison of the top and bottom panels of Figure 67 reveals that the difference between the
rate of the fast and slow phase reactions differs between the two hydrogenases studied. For
CaHydA (top) the rate of the fast phase reaction is approximately 10° times greater than the
rate of the slow reaction, while for CrHydAl (bottom) the difference is only a factor of
approximately 10°. Additionally, for CaHydA the rate of the slow phase reaction does not
change with potential, but the rate of the fast phase reaction increases (more than doubles) at
potentials where the enzyme catalyses H, oxidation (> -0.35 V). For CrHydA1 there is a large

spread in the rates of both processes, and a potential dependence cannot be determined.
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Figure 68: The extent of formaldehyde inhibition of CaHydA (top) and CrHydAl (bottom), measured
from chronoamperometry experiments in Figure 65, overlaid with sigmoidal fits involving a single
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electron transfer step (left, red) or two sequential one electron transfer steps (right, blue). Both sigmoids
were fitted using Microscoft Excel Solver.

The plots in Figure 68 show attempts to fit the variation in the extent of formaldehyde
inhibition to a Nernstian process. Both the data for CaHydA (top) and CrHydA1l (bottom) fit
relatively well to a single Nernstian electron transfer process (single sigmoid, red). For both
hydrogeases however the value of n for this sigmoid is less than 1, which is unphysical,
n =0.34 for CaHydA and 0.6 for CrHydAl. The data was therefore fitted to two sequential
Nerstian electron transfer steps (double sigmoid, blue), as in section 3.7.2 for CO inhibition,
and the data fits well for both enzymes. This shows that three oxidation states of the H-cluster,
each separated by one electron, are involved in the reaction across this potential range, and
formaldehyde binds most strongly at the Hqx.o oxidation level (Hsreq), and least strongly to the

Hox OXxidation level.
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Figure 69: The extent of formaldehyde inhibition of CaHydA (left) and CrHydALl (right), measured from
chronoamperometry experiments in Figure 65, with double sigmoid fit overlaid (grey), and the
percentages of enzyme at each oxidation level overlaid (red, blue and green).
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Table 3: Summary of the parameters determined by fitting the data to a double sigmoid. E; is the
midpoint potential for the Ho,/Hoy 1 transition and E, is the midpoint potential for the Ho, 1/Hoy.» transition.
@; is the proportion of active enzyme at each oxidation level.

El E2 (I)Hox (I)Hox-l (I’Hox-z
CaHydA -0.38 V -0.55V 0.94 0.64 0.31
CrHydAl -0.21V -0.37V 0.48 0.64 0.17

Both the midpoint potentials E; and E; are ~ 180 mV more negative for CaHydA than for CrHydA1 (

Table 3), reflecting the greater extent of reaction of CrHydA1 with formaldehyde.’® Formaldehyde binds
preferentially to a state of the H-cluster at the H,,., oxidation level (Hs.eq State), shifting the potential of the
Hox.1/Hox2 transition to a less reducing value. This potential shift is smaller for CaHydA, as the extent of
formaldehyde binding is smaller for this enzyme. This difference in formaldehyde affinity is also
illustrated by the different ®; values (proportion of enzyme at each oxidation level that is in the active
form,

Table 3); at the Hox. level 31% of the enzyme is active in the presence of 4.5 mM
formaldehyde for CaHydA, compared to just 17% for CrHydALl. The strong preference of
formaldehyde binding for a certain oxidation level of the H-cluster (Hox.2 Or Hgeq State)

strongly suggests that binding occurs directly at the H-cluster.

4.2.5 Reaction with [NiFe]-Hydrogenase

[NiFe]-hydrogenases have been shown to be far less extensively inhibited by formaldehyde
than [FeFe]-hydrogenases.'®* The potential dependence of the reaction of the
[NiFe]-hydrogenase E. coli Hyd-2 was investigated (Figure 70). Cyclic voltammograms were
recorded in the presence of a high formaldehyde concentration, in both 100% H, (black) and
100% N (blue) to allow the effect of formaldehyde on catalytic activity to be studied for both

H, oxidation and H, production.
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Figure 70: Cyclic voltammograms of E. coli Hyd-2 recorded in the absence (left) and presence (right) of
450 mM formaldehyde. Voltammograms were recorded in 100% H, (black) and 100% N, (blue) to allow
the effect of formaldehyde on both the H, oxidation and production activity to be monitored. Conditions:
20 °C, 20 mV/s scan rate, ® = 3000 rpm, pH 6.

Voltammograms of the [NiFe]-hydrogenase E. coli Hyd-2 performed in the presence of
formaldehyde (Figure 70, right) display very little inhibition, and do not exhibit the
characteristic change in catalytic wave-shape at low potential observed for the
[FeFe]-hydrogenases (Figure 60). The extent and potential dependence of the formaldehyde
inhibition of E. coli Hyd-2 was investigated further (Figure 71) using chronoamperometry

experiments such as those in Figure 65.
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Figure 71: Chronoamperometry experiments performed on CaHydA (top) and Ecoli Hyd-2 (bottom) to
probe the potential dependence of the extent of inhibition with 4.5 mM formaldehyde. The percentage
inhibition (right) was measured after 100 s exposure to the aldehyde. The experiments were repeated in 45
mM and 450 mM formaldehyde. Conditions: 20 °C, pH 6, ® = 3000 rpm, 100% N, (Ecoli Hyd-2), 100% H,
(CaHydA).

Comparison of the chronoamperometry experiments of CaHydA and E. coli Hyd-2 in Figure
71 reveals a large difference in the extent of reaction of an [FeFe]-hydrogenase (top) and a
[NiFe]-hydrogenase (bottom) with formaldehyde. In both cases the catalytic current drops
immediately upon injection of formaldehyde (black arrow), however the percentage of
activity lost is much greater for the [FeFe]-hydrogenase; <5% of H, activity is inhibited
at -0.7V for E.coli Hyd-2 compared to >65% at the same potential for CaHydA.
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Additionally inhibition of the H, production activity of E.coli Hyd-2 by 4.5mM
formaldehyde is completely potential independent across the range studied (Figure 71, bottom

right).

4.2.6 High Potential Inactivation

As described in section 1.5.2 [FeFe]-hydrogenases can form a highly oxidised inactive state
called Ho™. The enzymes DdHydAB and CrHydA1 form this state when exposed to high
potential (>0 V) as seen in the cyclic voltammograms in Chapter 1, Figure 7, whereas
CaHydA forms very little of this state electrochemically. The rate of formation of this state
increases as the potential is swept to more oxidising values (>0 V), and the enzyme is
reactivated to form the active Hox state when the potential is scanned back to more reducing
values. As previously described, the wave-shape of DdHYdAB (section 1.5.2.3) consists of
two peaks in the oxidative region, and the exact nature of both peaks is not well understood.’’
It is possible that there are two different inactive oxidised states formed for this enzyme, one
requiring a greater driving force for formation/reactivation, or that there are two different

inact

mechanisms for formation of the Ho - state.

4.2.6.1 Effect of Formaldehyde on Inactivation Potential
The chronoamperometry experiments performed on CrHydAl to investigate the potential
dependence of the extent of formaldehyde inhibition (Figure 65) were complicated at high

inact

potential, attributed to formation of the Hoy - state. Cyclic voltammograms of DdHydAB and
CrHydAl (recorded by Annemarie Wait'®*) performed in the presence of formaldehyde
revealed a shift in the potential at which high potential inactivation and reactivation occurred,

compared to the formaldehyde free voltammogram. This effect was further investigated as
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shown in Figure 72 for DdHydAB (as high potential inactivation is completely reversible for

139

this hydrogenase™) at a slower scan rate (1 mV/s), for more accurate analysis.

At the beginning of the experiments shown in Figure 72 (top) the potential was held at

inact

+0.25V for 20 s to inactivate the enzyme film (Hox ) before the voltammogram
commenced. The voltammogram then commenced by slowly sweeping the potential (1 mV/s)
in the reductive direction. The potential of reactivation, in the reductive sweep, and potential
of inactivation, in the oxidative sweep, were calculated from the peak positions in the first
derivative of the scans (Figure 72, inset). The potentials of inactivation and reactivation
(marked on the figure) were not affected by the length of the inactivation step at +0.25 V
(5000 s vs 20 s), showing that an initial 20 s poise is sufficient to convert all enzyme to the

inact

inactive Hox  state. The experiment was then repeated in the presence of 8.9 mM

formaldehyde in the cell solution (Figure 72, bottom) to determine the effect of formaldehyde

inact

on the potential of formation and reactivation of the Hqx - state.

There are two clear peaks in the reductive scans in both of the voltammograms in Figure 72;
(inhibitor free, top and formaldehyde, bottom). The first peak appears at +125 mV in the
absence of formaldehyde (top, left) and at +45 mV in the presence of formaldehyde (bottom,

left). This peak is thought to correspond to reactivation of the Ho, ™

state (to form Hyy) and a
potential 80 mVV more reducing is required for this reactivation in the presence of
formaldehyde. The second peak, of which the origin is not understood, appears at the same
potential (-80 mV) in both experiments, meaning that the process to which this activation

relates is not affected by formaldehyde.
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Figure 72: Cyclic voltammograms of DdHydAB showing high potential inactivation and reactivation in
the absence (top) and presence (bottom) of formaldehyde. The potential was poised at +0.25 V for 20 s
before the voltammograms commenced. Reductive scans are shown in red and the positive scans in blue.
The first derivative of the negative (left) and positive (blue) scans are inset and the potential minima in
these plots are marked on the voltammogram. Conditions: 15 °C, 1 mV/s scan rate, pH 6, ®» = 3000 rpm,
100% H,, 4.5 mM formaldehyde.

There are also two peaks in the oxidative scan of both voltammograms, although only the
position of the peak at higher potential can be determined from the scan derivative. This peak
occurs at +140 mV in the formaldehyde free experiment (top, right) and at +60 mV in the
formaldehyde experiment (bottom, right), again a difference of 80 mV. The additional 80 mV
driving force required for inactivation and reactivation in the presence of formaldehyde leads

to the conclusion that either:
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(1) Formaldehyde reacts with the H-cluster at high potential in such a way as to stabilise

inact

the formation of the Hyy -~ state

(2) An oxidised formaldehyde-bound state exists, distinct from and more stable than

Hox ™, possibly Hox™-“HCHO or even Ho-HCHO

Three possible inactivation reactions are shown in Scheme 14.

Scheme 14: Possible high potential inactivated states in the presence of formaldehyde. Top: simple
oxidation to form H,,'™*, middle: oxidation to form H, ™" facilitated by interaction with formaldehyde
and bottom: oxidation to form a formaldehyde bound state Hy,™*-HCHO.
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4.2.6.2 Effect of Formaldehyde on the Rate and Extent of High

Potential Inactivation

inact

The apparent stabilisation of the Hox  state of DAHydAB in the presence of formaldehyde

determined by cyclic voltammetry (Figure 72) was further investigated using
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chronoamperometry analysis (Figure 73). The effect of formaldehyde on the rate and extent of
high potential inactivation and reactivation was investigated by monitoring the effect of a step

to high potential (+0.25 V) on the H, oxidation activity of DdHydAB.
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Figure 73: Example chronoamperometry experiment performed to determine the effect of formaldehyde
on the extent of high potential inactivation, and rate of inactivation and reactivation. Top left:
voltammogram of DdHydAB recorded at 20 mV/s scan rate, with potentials A (-0.15 V) and B (-0.15 V)
used in the chronoamperometry experiment marked. Top right: Profile of the variation in potential with
time in the chronoamperometry trace. Bottom left: Chronoamperometry experiment, raw data. The
exponential fit used to correct for film loss is overlaid in grey. Bottom right: Experiment after correction
for initial film loss. Experiments were carried out both in the presence (8.9 mM) and absence of
formaldehyde. Conditions: 10 °C, pH 6, ® = 3000 rpm, 100% H,.

The chronoamperometry experiment shown in Figure 73 commenced at -0.15 V, a potential at
which the enzyme catalyses H, oxidation, but not in the region where high potential

inact

inactivation (Hox ) occurs (this potential is marked in Figure 73 (top, left) as ‘A’ on the
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voltammogram). After the current had stabilised the potential was stepped up to +0.25 V to

induce formation of the Hgy,™

state, thus inactivating the enzyme; the rate and extent of
inactivation was studied. After 700 s the potential was returned to -0.15 V and reactivation,
the recovery of oxidation current, was monitored. A profile of the change in potential with
time during the experiment is shown in the top, right panel of Figure 73, while an example
experiment is shown in the bottom panel. The bottom, left panel (Figure 73) shows the raw
data and the bottom right panel shows the current after correction for film loss and
normalization. The data was corrected for film loss and normalised to allow the extent of

inactivation and reversibility to be compared between different experiments, performed in the

absence of inhibitor, or in the presence of 8.9 mM formaldehyde.
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Figure 74: Comparison of chronoamperometry experiments performed on DdHydAB as described in
Figure 73. Conditions: -0.15 V stepped up to +0.25 V from 700-1400 s, 10 °C, pH 6, ® = 3000 rpm, 100%
H,.

Three different repeats of the chronoamperometry experiments performed are shown in Figure
74, compared in the presence (right) and absence (left) of formaldehyde. The average
proportion of inactivation during the high potential step is 87% in the absence of
formaldehyde and 76% in the presence of 8.9 mM formaldehyde. The lesser extent of

inactivation in the presence of formaldehyde does not correspond with the decrease in driving

173



Chapter 4

force required for inactivation observed in the cyclic voltammograms in Figure 72, however

the accuracy of this data, with just three repeats, is limited.

As can be seen by comparison of the experiments in Figure 74, inactivation under these
conditions is almost completely reversible, independent of whether formaldehyde is present or
not. This shows that if a formaldehyde-bound high potential state is formed, it is stable and
formed reversibly. In approximately half of the experiments the H, oxidation activity (current)
at -0.15 V after the 700 s step to +0.25 V is actually greater than the current before the step.
This is not considered to be an artefact as the exponential corrections used film loss fitted the
data before the high potential step with high accuracy and the same effect has been observed
in other experiments (data not shown). This implies that although the enzyme forms an

inact

inactive state under these conditions (Hox ), during this high potential step the enzyme also

undergoes some sort of activation process.

The rates of high potential inactivation and reactivation were calculated using log plots as
shown in Figure 75, and the results are summarised in Table 4. The rate is taken from the

initial gradient of the log plot.

Inactivation Reactivation

:

200 -100 O 100 200 300 500 600 700 800 900 1000
Time /s Time /s

Figure 75: Log plots of one of the chronoamperometry experiments in Figure 73. The rate of inactivation
initiated by the step to +0.25 V at t = 0 is shown in the left panel, and the rate of reactivation by the step
to -0.15 V at t= 700 s is shown on the right. The initial gradient is marked by the red line.
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Table 4: Summary of the effect of the presence of 8.9 mM formaldehyde on the rate of high potential
inactivation of DdHydAB, and the rate of reactivation after exposure to +0.25 V for 700 s. Rates were
determined using log plots such as those shown in Figure 75.

Repeat Rate Inactivation / x102 s™ Rate Reactivation / x103s™
1 154 46.9
2 14.7 55.3
No HCHO 3 14.3 48.2
4 11.44 43.9
Average 14.0 48.6
1 9.9 46.6
8.9 mM 2 10.6 415
HCHO 3 9.8 39.2
Average 10.1 42.4

Comparison of the data in Table 4 reveals that the rate of inactivation is slightly greater in the

inact

presence of formaldehyde, corresponding to the predicted stabilisation of the Hyx  state,
however the rate of reactivation is also slightly greater, which does not support this theory.
This inconsistency may be a limitation of the experiment; the rate of inactivation and
reactivation are both very rapid under the conditions used, and the differences between the
rates in the formaldehyde and inhibitor free experiments are minimal.

The effect of formaldehyde on the high potential inactivation of CaHydA, an enzyme that

inact

does not form much of the Hqy " state electrochemically, was also investigated (Figure 76).
Voltammograms were commenced after poising the potential at +0.25 V for 5000 s to
inactivate the enzyme; however after this period more than 50% of the H, oxidation activity

inact

remained (data not shown) reflecting the very minimal formation of the Hyx " state for this
hydrogenase. A slow (1 mV/s) voltammogram was recorded (Figure 76), but only minimal

reactivation/inactivation was observed.
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Figure 76: Cyclic voltammograms of CaHydA showing high potential inactivation and reactivation in the
absence (top) and presence (bottom) of formaldehyde. Voltammograms commenced from high potential
limit, reductive scans are shown in red and the positive scans in blue. The first derivative of the negative
and positive scans are inset (left and right respectively) and the potential minima in these plots are
marked on the voltammograms. Conditions: +0.25 V& -0.8 V, 1 mV/s scan rate, 15 °C, pH 6, ® = 3000
rpm, 100% H,, 33 mM HCHO.

In the absence of formaldehyde (Figure 76, top left) the voltammogram has one small peak at
+130 mV, corresponding to reactivation of the Ho ™ state during the reductive scan. This is
5 mV higher than DdHydAB, while the potential of inactivation of CaHydA (Figure 76, top
right) is 10 mV higher than DdHydAB at +150 mV. A greater formaldehyde concentration
(33 mM) was used in these experiments than for the corresponding experiments on DdHydAB

(Figure 72) due to the lesser extent of reaction of CaHydA with formaldehyde. The reductive

176



Formaldehyde Inhibition

voltammogram recorded in the presence of formaldehyde (Figure 76, bottom) varies greatly
from the aldehyde free voltammogram (Figure 76, top). The low potential behaviour (not
shown) has previously been described (Figure 60), but there are also more than three peaks
visible in the reductive scan in the oxidative region -0.3 « +0.25 V. The nature of each of

these peaks is not understood.

4.3 Density Functional Theory

To explore the nature of the interactions between the H-cluster and formaldehyde, density functional
theory (DFT) was used to calculate the potential energy surfaces. Calculations were performed in
collaboration with the group of Prof. John McGrady, by DPhil student Tobias Kraemer and are
summarised in

Scheme 15. The strong potential dependence of formaldehyde inhibition observed in
electrochemistry experiments presented in this chapter suggests that binding of formaldehyde
occurs at, or very close to, the H-cluster, and targets a reduced state at the Hox-2 level (Hsreg).
We sought to establish how formaldehyde might intercept intermediates in H, evolution
corresponding to oxidation levels Hox.1 and Hox. Proton reduction by [FeFe]-hydrogenases

T, 889137167171 most recently by de Gioia and coworkers™

has been studied extensively by DF
who incorporated the [4Fe-4S] cluster domain into their model. The computational
methodology developed in reference 93 was followed, full details are given in Appendix 1.

Electronic energies were calculated using the Born-Oppenheimer approximation, with the

molecules modelled in the gas phase with a polarisable continuum (dielectric constant ¢ = 4).
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Figure 77: Diagrammatic representation of the 3-spin model according to Greco and co-workers. The
state shown corresponds to a H,,., state with antiferromagnetic coupling between the [2Fe]y domain and
the Fe;Fe, unit in the [4Fe4S] domain (referred to as BS1).

The pathways for H, evolution by enzyme at both the H,,.; and Hg,., oxidation levels (H,,q and Hg.eq) are
shown in

Scheme 15 in grey — where the structures of the various intermediates are essentially identical
to those reported by de Gioia and co-workers. At this level of theory, formation of H, from
the intermediate hydride IV (Hoxo level) is exothermic (-3 kcal/mol) whereas the
corresponding reaction from II (Hox.; level) is endothermic, AE = +4 kcal/mol. This supports
the theory that a state at the Hox, level is involved in the catalytic cycle. The 7 kcal/mol
additional driving force at the Hyx level is consistent with the anticipated higher electron
density on the hydride (greater hydridicity). Of interest is the fact that when the
[4Fe4S]-cluster is omitted from the model and the structure simplified by replacement with a
methyl group, spontaneous release of H, is thermodynamically favoured. When the
FeS-cluster is included H, release is not spontaneous although release of H, is energetically
favoured overall. This is because the FeS cluster appears to generate a second minimum in the

potential energy surface, most likely by providing a site for electron delocalisation.
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Formaldehyde products are shown in green (hydride attack) and blue

o
09, o) 00

Gioia and colleagues®. Figure adapted with permission from reference 166 (Foster, C. E. et al. J. Am.

(Schiff base attack). Species in grey are intermediates proposed on the basis of DFT calculations by de
Chem. Soc. 2012, 134, 7553-7557). Copyright (2012) American Chemical Society.

Scheme 15: How formaldehyde may intercept intermediates in the catalytic cycle of [FeFe]-hydrogenases,

according to their oxidation level.
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The established chemistry of aldehydes offers two distinct possibilities for interaction with the
H-cluster:

(1) Green: nucleophilic attack at the carbonyl-C by a Feyq hydride species leading to
methanol-like derivatives (analogous to metal hydride reductions)

(2) Blue: Schiff base chemistry at the bridgehead-N.

Considering first the hydridic attack on formaldehyde: at the Hox.; level (Hiq), the approach of
formaldehyde to Intermediate II is repulsive, and optimisations where the initial position of
the formaldehyde is far from the cluster (> 3 A) lead only to a weakly bound adduct. Closer
approach leads to a rather asynchronous transition state (AE = +2 kcal/mol) where hydride
transfer is well developed but the proton remains bound strongly to the bridgehead-N. This
transition state then collapses to a minimum where methanol is coordinated to Feq via the
oxygen donor. The overall reaction is strongly exothermic (AE = -28 kcal/mol relative to free
reactants), indicating that the Hyy; level of the H-cluster (Hyq) is thermodynamically
competent to bind formaldehyde, albeit with a small barrier. Significantly, the reaction with
formaldehyde is also > 30 kcal/mol more favourable than the proton reduction step at the
same oxidation level. Upon adding a further electron to achieve the Hyx., level (Hgweq), the
corresponding surface for formaldehyde binding appears to be barrierless: we have been
unable to locate either a minimum corresponding to the weak precursor complex or a
transition state connecting it to the methanol product. The overall reaction is again strongly
exothermic (AE = -34 kcal/mol) and the difference of 6 kcal/mol between the Hox.; and Hox2
levels mirrors that noted for the competing proton reduction step (AAE = 7 kcal/mol).
Schiff-base chemistry with the bridgehead-N produces aminol intermediates (AE = -18, -17
and -22 kcal/mol for reactions at levels Hox, Hox-1 and Hoxo, respectively). In the presence of

protons these would, in turn, decompose exothermically to form irreversible products via
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dehydrated imine intermediates, regardless of the oxidation level. We do not, however,
consider these subsequent steps explicitly, as the energetics are dominated by the large and
unphysical electrostatic components in this model arising from the high negative charge on
the isolated clusters. In the actual enzyme the surrounding protein environment will play large
a role in modulating this high charge, so the energetic of these reactions will differ greatly to
the calculated values. DFT studies, such as those by Bruschi e al.”® have demonstrated the
importance of the surrounding protein environment on the energetics and structural

orientation of the ligands in the H-cluster.

4.4 Perspectives

This chapter has presented detailed studies of aldehyde inhibition of catalysis by [FeFe]-
hydrogenases and the strong potential dependence of this inhibition. These studies provide
compelling evidence that formaldehyde binds directly at the active site, most likely at the

distal iron.

Cyclic voltammograms (Figure 60) performed in the presence of formaldehyde show that
formaldehyde binds preferentially to a reduced state of the H-cluster. The current at low
potential (H, production activity) is inhibited to a greater extent than the current at high
potential (H, oxidation) in the presence of formaldehyde, measured by comparison with an
inhibitor free voltammogram. As the potential is swept below -0.5V a characteristic
wave-shape is observed; the current dramatically decreases as the rate of formaldehyde
inhibition increases. The fact that this same potential dependent behaviour is observed for all
three structurally distinct hydrogenases (CaHydA, CrHydAl (Figure 60) and DdHydAB®%)
suggests that formaldehyde reaction occurs at the conserved H-cluster. Detailed

chronoamperometry studies of the potential dependence of the extent of formaldehyde
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inhibition of both CaHydA and CrHydA1 show the same preference for reduced states of the
enzyme (Figure 65). The variation in the extent of formaldehyde inhibition over the potential
range -0.8 to +0.15 V does not fit to a single Nernstian process (Figure 68) showing that three
oxidation levels are involved in the potential range, and formaldehyde binds preferentially to
the most reduced state, the Hqx.2 level, formed at potentials below -0.5 V. This corresponds to
a super-reduced state of the H-cluster, a state that has not yet been well characterised and has
previously been reported to be inactive and only formed irreversibly.®>® The observed
decrease in current at potentials below -0.5 V in voltammograms performed in formaldehyde,
corresponding to inhibition of the super-reduced state, shows that this state is formed
electrochemically during the voltammogram. The high activity recorded at these potentials in
the absence of inhibitor therefore indicates that the super-reduced state is active, and formed

reversibly during enzyme catalysis.

The strong preference for a specific oxidation level of the H-cluster is a strong indication that
formaldehyde binds directly at the H-cluster; a binding site further away from the H-cluster
(surface or surrounding residues) would be largely unaffected by variations in the electronic
state of the enzyme, and thus the extent of formaldehyde binding would be potential

independent.

Formaldehyde has been shown to partially protect [FeFe]-hydrogenases against damage by
oxygen (Figure 63). Only 28% of the H, production activity at -0.45V is retained after
exposure to 25% O, for 1000 s, whereas introduction of 4.5 mM formaldehyde prior to O,
exposure brings this to almost 70%. Binding of O, is known to occur at the distal iron of the
H-cluster and formaldehyde blocks access to this site, suggesting that formaldehyde also

attacks at this position.
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Illumination of formaldehyde inhibited hydrogenase has no effect on the catalytic activity
(Figure 64), whereas a large activation is observed for CO inhibited enzyme (Chapter 3). The
Fe-CO bond is known to be extremely photolabile (section 3.1.2.4.2), but the bond formed

upon formaldehyde binding is not, showing that this is a stronger covalent bond.

Density functional theory calculations, using a model that includes the [4Fe4S]-cluster, show that H,
reduction is actually an endothermic process for Hg (Hox.1) @nd is 7 kcal/mol more favourable for the
Hgreq State (Hoy.o level), for which the process is exothermic (

Scheme 15, grey). The involvement of the Hg.qg State in catalysis by [FeFe]-hydrogenases is
therefore highly likely and challenges the notion that only the well characterised active states
Hox and Hyeq can be stable intermediates of catalysis. This is supported by the electrochemistry
experiments, as described above, which also indicate that this state is formed during enzyme
catalysis. States at the Hox» level do not have a long lifetime, as protons, the substrate of H,
production are always in supply, and proton reduction by this state is extremely rapid,

explaining the difficulty encountered when trying to characterise this state spectroscopically.®?

The calculations involving formaldehyde show that there are two possible modes of binding, both of which
are exothermic and favoured over H, production, and both modes are more favourable for more reduced
states of the H-cluster. The first method of binding is Schiff base reaction at the bridgehead-N atom (

Scheme 15, blue), resulting in aminol formation (R,N-CH,OH); this state will then decompose
exothermically. The second binding mode is hydridic attack of the Feq-H bond on the carbonyl bond (

Scheme 15, green), followed by proton abstraction and rearrangement to form the methanol
bound state (Feq-OCH3). Hydridic attack is more exothermic than Schiff base reaction, and
can only occur for Heg and Hgeq, while Schiff base reaction is also possible for the Hyy state
(with greater driving force than H,q4) Both Schiff base modification of the H-cluster and
formation of a strongly bound methanol are consistent with the enhanced inhibition observed
when H, production is monitored at a more negative potential, but neither option is consistent

161

with the observed reversibility of the inhibition.” The protein environment around the

H-cluster must therefore play an important role in destabilising or hindering formation of the
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exothermic final products, thus moderating the actual potency of the aldehyde as an enzyme
inhibitor. Unlike Schiff base chemistry, hydridic attack on formaldehyde does not result in
strong covalent modification of the enzyme itself, leading us to favour the latter reaction
pathway.

It is possible that both modes of binding occur in [FeFe]-hydrogenases; formaldehyde
inhibition is biphasic, consisting of a fast and a slow phase. The more energetically favoured
hydridic attack by Feq may be the fast phase reaction, and the less energetically favoured
Schiff base chemistry the slow phase. The variation in the percentage of inhibition resulting
from each phase as the potential is varied (Figure 66) reveals that for both CaHydA and
CrHydA1 inhibition of H, production activity is almost completely due to the fast phase
reaction. This reflects the greater driving force for the hydridic attack reaction for the H,.g and
Hgreq states. For CaHydA inhibition of H, oxidation activity is almost completely due to the
slow phase reaction; reflecting the dominance of the H,y state at high potential, which is
unable to react with formaldehyde by hydridic attack, meaning that reaction proceeds via the
slower Schiff base reaction. The proportion of inhibition due to the slow phase reaction also
increases at high potentials for CrHydAl, but an equal proportion of the reaction also
proceeds via the fast phase reaction. For CaHydA the fast phase reaction is 1000 times faster
than the slow phase, whereas for CrHydA1 this difference is just a factor of 100 (Figure 67).
Additionally the rates of these two phases do not vary with potential for CrHydAl, but for
CaHydA the rate of the fast reaction phase increases at oxidising potentials, difficult to
rationalise with this reaction phase being hydridic attack. It is possible that a different, fast
reaction occurs for formaldehyde binding to the Hoy state of CaHydA.

[NiFe]-hydrogenases are far less sensitive to formaldehyde inhibition than

[FeFe]-hydrogenases (Figure 71); a formaldehyde concentration 100 times greater is required
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for the extent of inhibition of E.coli Hyd-2 to approach that of CaHydA at -0.7 V. Inhibition
of the H, production activity of E.coli Hyd-2 is completely potential independent; however
formaldehyde does inhibit catalysis of [NiFe]-hydrogenases to some extent. This may be
either by physically blocking H, access to the active site, or by direct binding to the active
site, but is not affected by the oxidation state of the active site. This adds further weight to
the suggestion that formaldehyde binds directly to the H-cluster of [FeFe]-hydrogenases; if
reaction occurs at a position away from active site, inhibition would be expected to be more
similar for both [NiFe] and [FeFe]-hydrogenases.

Interesting high potential inhibition is observed for both CrHydA1 and DdHydAB, thought to

be related to formation of the He, ™

state, as this behaviour is not seen for CaHydA, an
[FeFe]-hydrogenase that forms very little of this state electrochemically. The extent of
formaldehyde inhibition increases at high potentials (> -0.25 V) for CrHydA1 (Figure 61) and
cyclic voltammograms of DdHydAB (Figure 72) indicate that formaldehyde stabilises the
Hox ™ state, as a smaller driving force is required for inactivation, and a greater driving force
for reactivation. It is also possible that formaldehyde binds to the H-cluster at high potentials,

nact ctate can occulr.

generating an inhibited state more rapidly than formation of the Hoy
Chronoamperometry experiments (Figure 75) however revealed that high potential
inactivation and reactivation of DdHydAB are too rapid for a difference to be accurately

measured in the presence of formaldehyde using this method.

The extent of high potential inactivation of DdHydAB is actually slightly greater in the
absence of formaldehyde (Figure 74), suggesting that although it appears from voltammetry

inact

(Figure 72) that formaldehyde stabilises the inactive Hyx - state, it actually partially protects
the enzyme against high potential inactivation. One possible explanation for the observed
behaviour is proposed here, illustrated in Figure 78.
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Figure 78: Cartoon showing the various possible fates of the H,, state of the H-cluster at high potential.
Reaction 1 shows one electron oxidation to form the H,.,"* state. Reaction 2 shows the formation of an
oxidised formaldehyde inhibited state, this could be at the same oxidation level as Ho, or Ho, ™ but
occurs at a less oxidising potential than formation of the Ho "™ state. Reaction 3 shows the possible
interaction of the enzyme with formaldehyde, where aldehyde does not bind to the H-cluster, but rather
blocks access of water to the active site, while H, is still able to diffuse through the protein.

At oxidising potentials formaldehyde preferentially inhibits the enzyme before high potential

inact

inactivation to form the Hox  state can occur. It therefore appears in voltammograms (Figure
72) that inactivation occurs at a less oxidising potential in the presence of formaldehyde, and
reactivation at a more reducing potential. Formaldehyde inhibition however is not 100%, and
some enzyme molecules remain active. The active molecules do not however form the Hoyx ™!
state, as formaldehyde is present in the gas channels of these molecules. The exact nature of

gas transport through [FeFe]-hydrogenases is not yet fully understood (section 1.6.2), and it is
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possible that H, is able to diffuse through the protein and access the active site, while other
molecules, such as water, are blocked by the presence of formaldehyde. In this case catalysis

act state cannot be formed as this state requires an oxygenic ligand

can continue, but the Hoy
(OH/H,0) to be bound at Fey, and the access of water is restricted. This would explain the

greater extent of inactivation observed in the absence of formaldehyde (Figure 74).

Experiments were conducted by Andreas Bachmeier (under my supervision) to characterise
the potential dependence of inhibition with longer chain aldehydes to help gain further
understanding of the mechanism of aldehyde inhibition. The possible reactions of
formaldehyde (HCHO) and acetaldehyde (CH3;CHO) at both Fey-H and the bridgehead-N are

compared in Scheme 16.

The reactions shown in black (Scheme 16) correspond to hydride reduction of the aldehyde by
a reduced state of the H-cluster. This reaction is expected to extremely potential dependent;
the hydricity of the H-cluster will increase as the potential is lowered. The reactions shown in
blue correspond to Schiff base chemistry by attack of the bridgehead-N on the aldehyde.
Although this pathway involves several reversible steps to generate an iminium ion
(H,C=N"Ry), the final hydride reduction step to generate the alkylated amine (blue boxes) is

expected to be completely irreversible.
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Scheme 16: Two possible reaction pathways of formaldehyde and acetaldehyde with the H-cluster;
transfer of a hydride from Feq to form an alkylate is shown in black, while Schiff base chemistry by attack
from the bridgehead nitrogen is shown in blue. The hydride transferred in the final step may be supplied
by Feg-H.
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In longer chain aldehydes where there is a proton in the alpha position to the carbonyl bond
there are two possible fates of the iminium ion: (1) hydride reduction to irreversibly form the
alkylated amine or (2) loss of the alpha proton to reversibly form the corresponding enamine.

(Although this reaction is reversible, the enamine is a rather stable product).

Chronoamperometry experiments were performed to characterise the potential dependence of
acetaldehyde inhibition of CaHydA (Figure 79), using the same method as in Figure 65 for
formaldehyde inhibition. One difficulty of using acetaldehyde is the high volatility of this
aldehyde in solution. For this reason experiments were performed at low temperature (5 °C)
and the flow of gas was turned off immediately prior to aldehyde injection. Additionally a
greater concentration of acetaldehyde was required for significant inhibition to be observed
(336 uM CH3CHO compared to 4.5 mM HCHO) due to the slower reaction of hydrogenase

with this more sterically bulky, less electrophilic aldehyde. [The equilibrium constant of
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acetaldehyde is 1, so 336 uM CH3CHO corresponds to 168 uM of the non-hydrated aldehyde,

while 4.5 mM HCHO correspond to 2.25 uM (Keqm=2000) of the non-hydrated aldehyde, and

it is the non-hydrated molecule that is believed to enter and inhibit the enzyme.*®]
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Figure 79: Representative chronoamperometry experiments performed on CaHydA to probe the potential
dependence of the extent of inhibition by 336 pM acetaldehyde (left) and the percentage inhibition after
100 s (right). The red arrow indicates injection of acetaldehyde at t = 0, immediately prior to which the
gas flow was turned off. Conditions: CaHydA, 336 pM CH;CHO, 5 °C, ® =3000 rpm, pH 6, 100% H,.
[The effect H, consumption at high potential (because there is no gas flow after aldehyde injection) was
determined in a control experiment where buffer was injected in place of aldehyde, and the loss of activity
monitored. Less than 5% of the activity was lost in these experiments.]

Example chronoamperometry experiments are shown in Figure 79 on the left, and the extent
of acetaldehyde inhibition after 100 s is shown on the right across a potential range -0.7 to
+0.05 V. Inhibition of H, production activity (-0.7 to -0.4 V) by acetaldehyde (Figure 79)
shows the same potential dependence as formaldehyde inhibition (Figure 65); the extent of
inhibition increases as the potential is lowered, reflecting the increased hydricity of the
H-cluster. This supports the theory that aldehyde inhibition proceeds via direct reaction at the
H-cluster by hydride reduction. Acetaldehyde inhibition at potentials where the enzyme
catalyses H, oxidation (>-0.3 V) does not however show the same potential dependence as
formaldehyde. There is very little formaldehyde inhibition (< 15%) at all oxidising potentials

for CaHydA (Figure 65), whereas ~60% of the H, oxidation activity is inhibited by
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acetaldehyde (Figure 79). The ratio of the extent of inhibition at -0.7 V to 0.05 V is 14:1 for
formaldehyde but just 0.7:1 for acetaldehyde; although the extent of acetaldehyde inhibition
of H, production activity increases as the potential is lowered, acetaldehyde inhibits H,
oxidation activity to an even greater extent. The reasons for this difference can be rationalised
by looking at the reactions in Scheme 16. Inhibition of H, oxidation activity is unlikely to
proceed via hydride reduction (Scheme 16, black) as reduced hydride-bound states of the
H-cluster are unlikely to persist under such oxidising conditions. Reaction at high potentials is
therefore more likely to proceed via nucleophilic attack by the bridgehead-N (Scheme 16,
blue), resulting in formation of an iminium ion which can then be irreversibly reduced to
methylamine. The greater extent of acetaldehyde inhibition at high potential, compared to
formaldehyde indicates that nucleophilic attack by the bridgehead-N is more favoured for
acetaldehyde. This may be related to the greater steric bulk of acetaldehyde favouring this
reaction over binding at Fegq. It is hard to rationalise why the high potential reaction occurs to
such a great extent (Figure 79, right), although it is possible that acetaldehyde facilitates
formation of Ho™' for CaHydA as seen for DdHydAB (Figure 72) in a way that

formaldehyde does not.

Experiments were also conducted using trifluoroacetaldehyde, a more electrophilic analogue
of acetaldehyde (Figure 80). The possible reactions of this aldehyde at the H-cluster are
shown in Scheme 17. The possible reactions of CF3CHO (Scheme 17) are very similar to
CH3;CHO (Scheme 16), except that there are no alpha protons, meaning that the only possible
fate of the iminium ion (other than the reverse reaction) is irreversible reduction to form the

fluorinated alkylamine.
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Scheme 17: The possible reactions of trifluoroacetaldehyde with the H-cluster; transfer of a hydride from
Feq to form an oxalate shown in black, while Schiff base chemistry by attack from the bridgehead nitrogen
is shown in blue.
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Chronoamperometry experiments were performed (Figure 80), as in Figure 79, to characterise

the potential dependence of inhibition of CaHydA. A maximum concentration of 182 mM

CF3CHO (corresponding to just 6.3 uM non-hydrate) was possible due to the high equilibrium

constant of this aldehyde with the hydrate in aqueous solution (Kegm = ~2.9 x10%).
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Figure 80: Representative chronoamperometry experiments performed on CaHydA to probe the potential
dependence of the extent of inhibition by 336 nM acetaldehyde (left) and the percentage inhibition after
100 s (right). The red arrow indicates injection of acetaldehyde at t =0 Conditions: CaHydA, 6.2 ptM

CF;CHO, 20 °C,

® = 3000 rpm, pH 6, 100% H,.

The extent of trifluoroacetaldehyde inhibition follows a very similar potential dependence

profile to that of acetaldehyde inhibition. The differences include:
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(1) The extent of inhibition. The extent of inhibition cannot be directly compared, as
different aldehyde concentrations were used, however the concentration of
acetaldehyde was more than 50 times greater than that of trifluoroacetaldehyde while
the extent of inhibition is only approximately twice as great. This indicates that
trifluoroacetaldehyde reacts to a greater extent, explained by the greater
electrophilicity of the carbonyl bond in this aldehyde due to the electron withdrawing
CF3 group.

(2) The ratio of high to low potential inhibition. The extent of inhibition is 30% greater
at +0.05V than at -0.7 V for acetaldehyde, compared to an increase of 50% for
trifluoroacetaldehyde. If high potential inhibition is considered to proceed via Schiff
base chemistry at the bridgehead-N this suggests that attack by the bridgehead-N is
more limited by the electrophilicity of the carbonyl bond than direct hydride reduction

at Feg.

Comparison of the potential dependence of the rate of inhibition, proportions of fast and slow
phase, and reversibility of inhibition for these two aldehydes is expected to shed more light on

the reactions of aldehydes at the H-cluster, and experiments are ongoing.
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Comparative Analysis of Carbon Monoxide

and Formaldehyde Inhibition
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Abstract

The inhibition of [FeFe]-hydrogenases by carbon monoxide and formaldehyde was
investigated in Chapters 3 and 4 and found to be strongly potential dependent. In this chapter
these reactions are compared and contrasted, and a mechanism for H, production by

[FeFe]-hydrogenase involving the Hgeq State of the H-cluster is proposed.

5.1 Direct Experimental Comparisons

Cyclic voltammograms of [FeFe]-hydrogenase performed in the presence of either CO or
formaldehyde reveal the preference of these inhibitors for binding to certain redox states of
the H-cluster. The voltammograms of CaHydA are compared in Figure 81, in the presence of

CO (A) or formaldehyde (HCHO) (B).

These voltammograms reveal the complementary behaviour of CO and formaldehyde
inhibition of [FeFe]-hydrogenase. Comparison of the non-inhibited (black) and CO inhibited
(red) voltammograms in Figure 81A shows that CO targets an oxidised state of the
hydrogenase; the H, oxidation activity (positive current) is inhibited to a greater extent than
H, production activity (negative current). The opposite trend is seen for formaldehyde (Figure

81B), which binds preferentially to a reduced state of the H-cluster.
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Figure 81: Cyclic voltammograms showing the complementary effects of CO and HCHO on CaHydA. All
scans were started from the high-potential limit. Black traces were recorded before addition of inhibitor
and red scans were performed in the presence of: (A) 0.6% CO (8.1 uM), 80% H,, 20% (N, + CO) or (B)
33 mM HCHO, 100% H,. ""Corrected current™ denotes that data have been corrected for a linear loss of
current over time (see section 2.1.8). Conditions: pH 6 phosphate buffer, ® = 3000 rpm, 3 mV/s scan rate,
dark, 5 °C (A), 20 °C (B). The right hand panels show expanded sections of each voltammogram.

For both inhibitors the wave-shape of the inhibited scan (red) deviates greatly from the
non-inhibited scan (black) at low potential. In the CO scan (Figure 81A, red) there is a sharp
activation (increase in current) as the potential is swept below -0.58 VV (dashed line). This
corresponds to the formation of a state at low potential that rapidly releases CO, and has been
identified as the super-reduced Hgeg-CO state (section 3.7.2). This wave-shape is only seen in
the reductive scan; re-binding of CO in the oxidative scan does not occur until the potential is
swept above -0.35V. In the formaldehyde voltammogram (Figure 81B, red) there is a

decrease in the reduction current when the potential is swept below -0.5 V (dashed line). This
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corresponds to the increased rate of formaldehyde binding to a state of the H-cluster formed at
low potential, also identified as the super-reduced state (section 4.2.4). The oxidative scan
shows the same wave-shape, revealing that in contrast to CO the rate of formaldehyde release

is similar to the rate of formaldehyde binding under these conditions.

The rate of inhibitor release and re-binding was investigated using potential pulse
chronoamperometry experiments (Figure 47 (CO) and Figure 62 (HCHO)). The experiments
for CO and formaldehyde inhibition of CaHydA are compared in Figure 82. In the CO
experiment (Figure 82A, 13.6 uM CO) the H; production current was monitored at -0.5 V and
the potential was stepped down to -0.8 V for 2 s. This potential step was intended to reduce
inhibited enzyme molecules and generate the super-reduced inhibited state (Hseq-CO). This
state is expected to release bound CO, reactivating the enzyme, resulting in an increase in the
H, production current immediately after the potential step. The current is then expected to

gradually decrease as CO rebinds.

In the formaldehyde experiment (Figure 82B, 27 mM HCHO) the H, production current was
monitored at -0.55V and the potential was stepped up to -0.02 VV for 20 s. This step was
intended to generate the oxidised state of the H-cluster that has a low affinity for
formaldehyde (Figure 61A), to reactivate the enzyme by releasing the bound formaldehyde. It
is therefore expected that immediately after this potential step the H, production current
at -0.55V will increase, and then gradually decrease as formaldehyde re-inhibits reduced

states of the H-cluster.
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Figure 82: Chronoamperometry experiments showing the effect of short potential pulses on the H,
production current of CaHydA in the presence of either 13.6 uM CO (left) or 27 mM HCHO (right). For
the CO experiment (A) the potential was stepped from -0.5 V to -0.8 V for 2 s and for the HCHO
experiment (B) the potential was stepped from -0.55 V to -0.02 V for 20 s. Grey boxes denote potential
pulses. Current has been corrected for ‘film loss’ and normalised to -1 before the potential step, dotted
lines extrapolate the normalised current. Conditions: pH 6 phosphate buffer, 5 °C, ® = 3000 rpm, in the
dark, 80% H»/20% (N, + CO) or 100% H, (B).

The CO experiment (Figure 82A) shows the expected behaviour; a short (2 s) pulse to low
potential is sufficient to reactivate the enzyme by generating the super-reduced inhibited state,
which rapidly releases the bound CO. The H, production current at -0.5 V increases by a

factor of 4, and then slowly decreases as CO re-binds.

The formaldehyde experiment (Figure 82B) shows no activation after the potential pulse even
though a longer pulse length was used (20 s). This shows that either the rate of formaldehyde
re-binding at -0.55 V is too fast for activation to be observed, or formaldehyde is not actually
released from the H-cluster at high potential, even though activity at high potential is
observed (Figure 61A). The latter case would mean that formaldehyde binds to the H-cluster
in such a way that it inhibits H, production activity, but leaves the enzyme able to catalyse H,
oxidation. The mechanism of H, cycling by [FeFe]-hydrogenase is not completely understood
(section 1.5.2.2) and it is possible that H, oxidation is not a simple reversal of the steps

involved in H, production.
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Chronoamperometry experiments were performed in Chapters 3 and 4 (Figure 53 andFigure
65) to fully characterise the potential dependence of CO and formaldehyde inhibition. The
variation in the extent of inhibition with potential was fitted to a Nernstian sigmoid (Figure 56
and Figure 68), however in both cases a value of n < 1 was found. The data however did fit to
a double sigmoid reflecting two n =1 Nernstian processes, as shown in Figure 83. This
confirmed the involvement of three active states of the H-cluster: Hox, Hreq (Hox-1) and Hareq

(Hox-2) in catalysis over the potential range studied.
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Figure 83: Plots showing the potential dependence of the extent of CO (left) and HCHO (right) inhibition
of CaHydA. The extent of inhibition (blue or black circles) was measured after exposure to inhibitor for
100's; 107 pM CO in 80% H,/20% (CO + Ny) or 4.5 mM HCHO in 100% H,. Data was fitted to twon =1
Nernstian sigmoids using Microsoft Excel Solver (grey lines, see section 3.7.2). The percentage of enzyme
in each redox state is shown by the coloured lines, Hyy (red), Heeq (blue) and Hg,.q (green). Conditions: pH 6
phosphate buffer, ® = 3000 rpm, 20 °C, in the dark.

Table 5: Summary of the potentials (E; and E;) and proportions of active enzyme (®;) for each redox level
calculated from the double Nernstian fits shown in Figure 83 for CaHydA.

Parameter E; E, | ®Hyy | PHyyq | PHoyor

CO -0.36 V| -0.62 | 0.04 | 0.25 0.91

HCHO |-038V |-0.55| 094 | 0.64 0.31
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The plots in Figure 83 show the opposing potential dependence of the extent of CO inhibition
of CaHydA to that of HCHO. In both cases three redox levels of the hydrogenase are involved:
Hox, Hox1 (Hred) and Hox2 (Hsred). Binding of CO under the conditions used in the
chronoamperometry experiments is very weak for the Hgreq State (10-30%) and very strong for
the Hoyx State (> 90%) while binding of HCHO is very strong for the Hgq State (65-75%) but
only weak for the Ho state (5-15%). The coloured lines reflect the change in proportion of
enzyme at each redox level as the potential is varied. The midpoint potentials (E; and E) of
the transitions between redox states are compared in Table 5 in addition to the proportion of

active enzyme at each redox level (d;) as determined from the fit described in section 3.7.2.

There is only a small difference between the potential of the Hqx/Hox.1 couple (E;) in CO and
HCHO (-0.36 vs. -0.38 V) whereas the potential of the Hox.1/Hox-2 couple (E,) differs greatly
for the two inhibitors (-0.62 V in CO vs.-0.55 V in HCHO). The higher E; potential measured
in HCHO reflects the affinity of the Hoxo level (Hseq State) for binding HCHO. This state
(Hox2-HCHO) is stabilised relative to uninhibited states at the Hoyx.2 level (Hsreq) Mmeaning that

a less reducing potential is required to generate it.

The ®@; values shown in Table 5 reflect the proportion of enzyme at each redox level that is

active (eg. for CO: @H,_ = [Hox ]

= ———2__) These values show that in CO only ~4% of
[Hy,1+[H,, —CO]

enzyme at the Hox level is in the active (un-inhibited) state, whereas in HCHO ~94% is in the
active state. The opposite trend is shown for enzyme at the Hox, level; in CO ~91% of
enzyme at the Hox.2 level (Hgeq State) is in the active, un-inhibited state, whereas in HCHO

only ~31% is in the active state.
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Both CO® and HCHO (Figure 63) have been shown to protect [FeFe]-hydrogenase against
damage by O,, strongly suggesting that all three inhibitors bind to the same site; the distal iron

of the H-cluster.

5.2 Implications

The different known redox states of [FeFe]-hydrogenases shown in Figure 6 can now be

updated to include the states resulting from reaction with CO and HCHO (Figure 84).

Hoxinact [Fe4s4]2+|:gjll|:/edll_OH
e
*Htrans [Fe4s4]1+F§pllFfd”'OH

5

“Hgy-CO —>

b

‘dead” +— H,,-CO—<—

»  *H,-HCHO
>

b

== H-HCHO

.kHsred'CO ~ ~ *Hsred-HCHO

Active States

Figure 84: Summary of the redox states of [FeFe]-hydrogenase including the reaction of these states with
CO and HCHO. The grey box denotes active states. Paramagnetic species (EPR active) are marked with
an asterisk.

As discussed in Chapters 3 and 4 the experiments shown in Figure 81 toFigure 83
demonstrate that a super-reduced state of the H-cluster is generated at low potentials
(< ~-0.55V), and that this state is able to catalyse H, production. The grey box in Figure 84
shows the active states of the H-cluster and has been updated to include the super-reduced
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Comparative Analysis of CO and HCHO Inhibition

state. The states formed by reaction with CO are shown to the left, and with HCHO to the
right. The Hox state is shown to strongly bind CO but only weakly bind HCHO while the
converse is true of the Hgeq State, which is shown to bind CO only very weakly, but HCHO

strongly. The Hyq-CO state is shown to irreversibly degrade to form an inactive state.

Both the electrochemistry experiments in Chapters 3 and 4, and the DFT calculations summarised in

Scheme 15 (Chapter 4) indicate that the super-reduced state of the H-cluster is involved in
catalysis. The reaction of this state with formaldehyde indicates that a terminal hydride
species (Feq-H") is involved. A possible cycle for H, production by [FeFe]-hydrogenase

involving the super-reduced state of the H-cluster is shown in Scheme 18.

Scheme 18: Possible mechanism for H, production by [FeFe]-hydrogenase involving the super-reduced
state.
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The cycle is initiated by protonation of the H,, state (at the bridgehead N) followed by one electron
reduction to form the H,.4 state, with the electron residing on Fey. This state is not expected to persist,166
the proton is rapidly abstracted by Fey, binding as a hydride to form an Fe''Fe''-H" state. The DFT
calculations presented in

Scheme 15 show that although this state can be protonated and go on to release Hy it is more
energetically favourable for H, to be released from the Hgq State generated by a further one
electron reduction. After reduction to form the Hgeq State (Fe''Fe'-HY) the bridgehead-N is
protonated. This proton combines with the bound hydride to form H,, the release of which
regenerates the Hoy State. Alternatively it is possible that the cycle is initiated by one electron
reduction rather than protonation, and the H*/e” steps are inverted. It is also possible that the
Hed State (Fe,'Feq') is reduced to form the Haeq State (Fe,'Feq') before hydride abstraction

occurs.

The position of the additional electron in the super-reduced state is not known; it could be
localised on Fep, Feq or the [4Fe4S] cluster. In this cycle the electron is shown on Fey due to

the greater affinity of this state for binding of HCHO. The DFT calculations in

Scheme 15 indicate that HCHO binds via hydridic attack on the carbonyl bond, as shown in

Scheme 19.

Scheme 19: The mechanism of HCHO binding to reduced states of the H-cluster as shown in

Scheme 15.
H )/\O H
N—H || N
r 72 r /.
H
Fe, Fe, {y‘ H Fe, Feq4 o) \ H

H

The increased rate of binding of HCHO to the Hgeq State of the H-cluster (relative to the Hyeq
state) results from the greater hydricity of this state, and this difference is most significant if

the electron resides on Feg.
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Hydridic reduction of HCHO by the H-cluster as shown in

Scheme 15 presents a striking parallel with the hydrogenation catalysts developed by
Noyori' '™ The essence of this analogy, depicted in Scheme 20, is that in both cases HCHO
targets a state in which a reactive metal hydride is generated at an optimal position relative to
an acidic amine. Nucleophilic attack by the hydride at the carbon with concomitant proton
transfer to the oxygen leads to substrate reduction. Significantly, for the naked H-cluster,
reaction with HCHO competes very favourably with catalytic formation of the H-H' bond. If
this mechanism is correct, it could open up interesting new possibilities for [FeFe]-

hydrogenases to be engineered to perform other reactions.

Scheme 20: Simplified scheme showing the similarity between the proposed reaction of an [FeFe]-
hydrogenase with formaldehyde and the known reaction of the Noyori catalyst.

N
Catalyst H—M  heHo NeF iy

Noyori M = Ru — || é
Hydrogenase M = Fe H Q o H N

The involvement of reactive metal hydrides in biological systems is not isolated to
hydrogenases. It has been suggested from computational studies that the mechanism of CO,
reduction (CO,+ H, — CO + H,0) by Ni-containing carbon monoxide dehydrogenase
(CODH) involves a state containing a terminally bound Ni?* hydride.'”* Reaction involves
insertion of CO, into the Ni-H bond, and is unusual in that this results in formation of the
metallocarboxylate (M-CO(OH)) rather than the more common metal formate (M-O-C(O)H).
This unusual mode of insertion has been explained by the steric hinderance induced by the
amino acid side chains surrounding the active site which prevents approach of CO; in the

orientation leading to the transition state of metal formate formation.
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Reduction of N, to ammonia by the Mo-dependent nitrogenase requires the action of two
component proteins; the Fe-protein and the MoFe-protein.”® The MoFe-protein contains the
multimetallic FeMo-cofactor catalytic cluster [7Fe-9S-Mo-X-R-homocitrate], where
substrates bind, and the auxiliary P-cluster [8Fe-7S], proposed to mediate electron transfer
from the Fe-protein.'”® There are several different possible modes for H*/H™ binding in the
FeMo-cofactor including Fe and Mo hydrides.'”” It has been suggested from ENDOR

spectroscopy studies*’’

that H, production by the FeMo-cofactor involves a state containing
two chemically equivalent iron hydrides, either two in a terminal position on one Fe atom

(H-Fe-H) or two in a bridging position between two Fe atoms 2x(Fe-H-Fe).
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Abstract

In this chapter several different spectroscopic techniques are presented, they were all used to
characterise the reactions of [FeFe]-hydrogenases at low potential. Infrared spectroscopy (IR)
was used in an attempt to characterise the super-reduced state of the H-cluster. The
development and use of both a silicon based transmission cell and an attenuated total
reflectance cell are described. The reaction of reduced states of [FeFe]-hydrogenase with
formaldehyde was used as a way to trap the super-reduced state of the H-cluster for
characterisation using electron paramagnetic spectroscopy (EPR). The mechanism of reaction
of formaldehyde with [FeFe]-hydrogenase was investigated using nuclear magnetic resonance
(NMR). This technique was employed to allow the detection of the products of reaction based
on the hydridic attack mechanism proposed in Scheme 15 (Chapter 4) using H/D exchange.
The super-reduced state of the H-cluster of [FeFe]-hydrogenases however remains elusive and

this state was not successfully characterised in the experiments described in this chapter.

6.1 Introduction

It has been shown, from the electrochemistry experiments described in Chapter 4, that
formaldehyde binds preferentially to the super-reduced (Hgeq) state of the H-cluster of
[FeFe]-hydrogenases. Binding at the H-cluster is thought to be via an Fe-O bond created by
hydridic attack as shown in Scheme 21. Spectroscopic techniques, including FTIR and EPR,
have allowed the different oxidation states of the H-cluster to be extensively
characterised.?*>*828485  The super-reduced Hgeq state however remains only poorly
characterised. This is largely due to the great difficulty of isolating and capturing such a

reactive species. With protons as the only substrate, immediately upon reduction of the H-
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cluster to reach the super-reduced state the enzyme will rapidly reduce protons to form Hy,

regenerating the more oxidised state of the enzyme, and thus eluding capture.

Scheme 21: The proposed process of hydridic reduction of formaldehyde by the H-cluster to generate the
methanol bound species, taken from

Scheme 15.

Fe, Fey H +RCHO — > Fegp Feq @) \

The preference of formaldehyde for binding to the Hg.q state means that it can be used as a
probe to trap the hydrogenase in this state. With formaldehyde bound, the enzyme becomes
inactive, incapable of reducing protons, and the inhibited “Hg.q-HCHO” state should be
relatively stable (inhibition is only reversed when the potential is raised, Figure 61, or

161y It should therefore be possible to ‘trap’ this state

formaldehyde is removed from solution
and carry out both IR and EPR studies.

If the alcohol generated by aldehyde binding is released from the enzyme,
[FeFe]-hydrogenases could be regarded as reductases, catalysing the reduction of aldehydes to
alcohols. If this is the case, the release process must be slow, since inhibition of activity is

observed in PFE experiments, and formaldehyde binding followed by methanol production

would still result in considerable negative current.

6.1.1 Infrared Spectroscopy

6.1.1.1Infrared Spectroscopy Techniques

Infrared (IR) spectroscopy exploits the fact that molecules absorb specific frequencies of
radiation that are characteristic of their structure, these absorptions are thus resonant
frequencies. The frequency of the absorbed radiation matches the frequency of the bond or
group that vibrates. In this way the different functional groups or bonds present in a molecule
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can be identified from the characteristic frequencies that the sample absorbs. Infrared
spectroscopy is commonly used to characterise the structure of the active site of

enzymes.82’178’179

Spectroelectrochemistry (SEC) techniques involve coupling the spectroscopic study of a
protein sample with a system that allows potential control, allowing the different redox states
of enzymes to be studied. Potential control may be achieved by either chemical or electrical
means.’® The various redox states of an enzyme can be reached chemically by reaction with
different redox partners, substrates or inhibitors. Electrochemical methods allow more precise
potential control, but the rate of oxidation/reduction of the enzyme sample is often slow.
There are several different types of IR cell that can be used for spectroscopy including: (1)

optically transparent cells (2) perforated electrodes and (3) reflective electrodes.

Transmission cells, made using an optically transparent electrode, are the simplest SEC
systems. The electrode material must be both electrically conductive and allow the
transmission of radiation over the energy range studied. Materials such as doped tin oxide and
B-doped diamond have been shown to be effective materials.****#? Perforated electrodes can
also be used; a thin gauze of a conductive material acts as the working electrode. Moss et
al.*®® have developed a cell that incorporates a 6 pm thick, 70% transparent gold mini-grid as
the working electrode. A platinum foil acts as the counter electrode and an Ag/AgCl reference
electrode is incorporated into the cell to complete the three electrode system. The enzyme
solution fills the cavity between two CaF, plates, while the outer cavity of the cell is filled

with buffer solution.

One advantage of this cell design is the very small enzyme sample requirement, just 3-5 uL of
enzyme solution is sufficient to fill the cell cavity. Additionally, the working electrode surface

area to cell volume ratio is high, meaning that potential equilibration of the enzyme sample is
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relatively rapid (1-2 min). The rate of electron transfer can be enhanced by adding redox
mediators to the sample solution. One disadvantage of this cell design is the use of gold as the
working electrode; gold is only chemically inert over a small potential window and H; is

produced at potentials below ~ -0.65 V.

Absorption/reflection cells are systems more complicated than traditional transmission cells.
They incorporate a thin layer of sample solution trapped between a working electrode and a
barrier; light passes through the barrier, but reflects off the electrode. The barrier must be
made from a material that is transparent to radiation over the energy range studied but also
sufficiently reflective. The working electrode is a small disc of a conductive material, such as
vitreous carbon or platinum, and is positioned so that the probe beam is focused on it. The
reflected beam is refocused using a spherical or off-axis parabolic mirror and directed to the

detector.

The advantages of this approach include an effective doubling of the optical path length, a
reduced average distance between enzyme molecules in the solution and the electrode surface,
leading to faster potential equilibration, and a more flexible range of cell geometries. The
sample volume requirement however is larger than the Moss transmission cell, at

approximately 70 pL per sarnple.184

6.1.1.2 Infrared Spectroscopy of [FeFe]-Hydrogenase

Infrared spectroscopy has played a crucial role in the characterisation of the H-cluster of
[FeFe]-hydrogenases. In most studies a transmission cell (Moss cell) as described above, has
been used, comprising a gold mesh working electrode.?>®'# The change in position of the IR

bands relating to the intrinsic CO and CN ligands of the H-cluster as a result of potential
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modulation provides information about the changes in both the oxidation state of the [2Fe]n
sub-cluster, and the mode of binding of these ligands (eg. terminal: t-CO or bridging: u-CO).

inact

Studies of DdHydAB®? have revealed that the aerobically purified hydrogenase (Hox ™ state)
can be activated electrochemically to transiently form the inactive Hyans State by application of
a reducing potential. [The different redox states accessible to the H-cluster of
[FeFe]-hydrogenase are summarised in Chapetr 5, Figure 84.] Application of a more reducing
potential results in the irreversible formation of the active Hoy state, and this state can be
further reduced to form the Hyeq State.®? These transitions are monitored by the gradual change
in intensity of the ligand bands as the potential is modulated. For example: the stretching
frequency of the terminally bound CO ligand on Fey decreases as the potential is lowered; the
strength of the CO bond depends on the extent of back-bonding from the metal center. On
reduction of the Hoy to the Hyeq State Feq changes from Fe(l1) to Fe(l) and is therefore able to
donate more electron density into the anti-bonding (7') orbital of the CO bond. This weakens
the CO bond thus decreasing the vibrational frequency. For DdHYdAB in the Hyy state this
t-CO stretching band is seen at 1940 cm™ while in the Hyq state it shifts down to 1916 cm™.82
Additionally, the transition of the bridging CO ligand in all oxidised states of DdHydAB, to a
terminal position on Fey in Hq is easily monitored as the vibrational frequency increases
dramatically. The midpoint potential of the Ho/Hrg couple of DdHydAB was measured
as -395mV (at pH 8).22 Application of a potential lower than -487mV led to the
disappearance of the most prominent H,eq peak (the t-CO at 1894 cm™) which was replaced by
a variety of new (much weaker) signals.®? These new signals were attributed to the generation
of a super-reduced state, Hseg. FOrmation of this state appeared to be largely irreversible;
application of a more oxidising potential did not lead to the re-appearance of Hyeg Or Hox bands,

leading to the conclusion that application of very low potential results in the destruction of the
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H-cluster. The mid-point potential of the Hrg/Hseq couple of DdHYydAB was measured
as -540 mV (at pH 8). It should be noted however, that at such a reducing potential the
enzyme rapidly reduces protons, releasing H, and re-generating the oxidised Hox State,
meaning that spectra recorded under these conditions correspond to enzyme in a mixture of

redox states.

Similar studies were carried out on the algal hydrogenase CrHydAl, with similar

observations.® Notable differences include:

(1) The bridging CO ligand does not move to a terminal position in the Hq State, but does

S0 in the Hgeq State.

(2) The mid-point potential of the Hyeq/Hsreq COuple was measured as -460 mV (at pH 8),

much higher than for DAdHydAB (-540 mV).

(3) Generation of the Hgq State is reversible, and the state appears to be stable; peaks

relating to this state do not decay over time.

6.1.2 Electron Paramagnetic Resonance

Electron paramagnetic resonance (EPR) spectroscopy is a powerful method for obtaining
structural information about molecular centres with unpaired electrons. Details of this
technique were given in Chapter 2. EPR spectroscopy is commonly utilised for the
characterisation of redox proteins in different oxidation states, however the study of [FeFe]-
hydrogenases is limited by the fact that not all of the H-cluster states are paramagnetic
(Chapter 5, Figure 84). Nevertheless EPR spectroscopy of [FeFe]-hydrogenases has been
instrumental in determining the spin density distribution over the [4Fe4S]y and [2Fe]y

145,185

subclusters of the active site, the oxidation states of the individual iron atoms in the
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59,84

[2Fe]y subcluster™® and in determining the identity of the bridgehead atom of the dithiolate

ligand.'®®

The [FeFe]-hydrogenases from both Desulfovibrio desulfuricans and Desulfovibrio vulgaris

can be purified aerobically**"

and are isolated in an inactive form (Ho" or Hox ™). The
inactive state can be reductively activated using either H, or artificial reductants, and was
investigated by Patil et al. using continuous wave (CW) EPR.” Typical EPR spectra of
[FeFe]-hydrogenase at different potentials are shown in Figure 85. The EPR spectrum of the
as-isolated state (Figure 85A) has an almost isotropic signal at g =2.02 (Figure 91a). This
signal is attributed to trace amounts of an oxidised ferredoxin-type [4Fe4S] cluster (F-cluster)
that has lost an Fe atom, and this is thus assigned to a [3Fe4S]" cluster, while the H-cluster
itself is not in an EPR active state. As the potential is lowered a rhombic signal appears with g

values of 2.06, 1.96 and 1.89 (Figure 91b), attributed to the transient formation of a state with

the [4Fe4S]y cluster reduced, denoted Hyans.
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Figure 85: EPR spectra of the [FeFe]-hydrogenase from D. vulgaris Hildenborough (a-d) under different
redox conditions. (a) as isolated protein (b) rhombic signal at -160mV (Hgans) (¢) rhombic signal
at -255 mV (H.y) and (d) fully reduced enzyme under H, (H,eq). The bottom panel shows EPR spectra of
Cpl (e) oxidised and (f) CO inhibited. Figure reproduced with permission from reference 59 (Lubitz, W et
al. Chem. Rev. (Washington, DC, U. S.) 2007, 107, 4331-4365). Copyright (2007) American Chemical
Society. The oxidation state of the [2Fe] and [4Fe4S] sub-clusters of the H-cluster are shown to the right
of the spectra for each state.

Upon further reduction this signal is replaced by another rhombic signal with g values of 2.10,
2.04 and 2.00 (Figure 91c). This is a characteristic signal observed for all [FeFe]-
hydrogenases and is assigned to the active oxidised form of the H-cluster, Hoy.>* 9245190186 At
more reducing potentials this signal is lost and the reduced active form of the H-cluster, Hyeq
is formed. Although the H¢q State is EPR-silent a complicated EPR signal is obtained (Figure

91d), resulting from dipolar coupling of the two reduced F-clusters. The CO inhibited state

(Hox-CO) is also paramagnetic and is characterised by an axial signal with g values of 2.006
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and 2.065 (Figure 91e). This signal has also been observed for enzyme samples that have not
been exposed to exogenous CO™ explained by light induced ‘cannibalisation’. Even under
low-light laboratory conditions the H-cluster of some enzyme molecules becomes damaged
and breaks down, the released CO is then able to bind to the H-cluster of undamaged enzyme

molecules to form the Hox-CO state.®***

6.1.3 Nuclear Magnetic Resonance

Nuclear magnetic resonance (NMR) is a technique very commonly used to determine the
structure of organic compounds. Electromagnetic energy is absorbed and re-emitted from the
nuclei of atoms placed in a strong magnetic field. The nuclei of different atoms absorb unique
frequencies of radiation depending on their magnetic properties and the surrounding chemical
environment, thus by observing which frequencies are absorbed by a sample placed in a

strong magnetic field, it is possible to learn much about the samples identity and structure.

The chemical shift of a nuclear environment (measured in ppm) depends on the magnetic field
experienced by the nucleus. This is affected by the chemical environment; proximity to an
electron withdrawing group (eg. CI) deshields the nucleus, and results in a greater chemical
shift. The relative intensities of the different NMR signals from a compound are proportional
to the number of nuclei in each environment in the compound studied. The signals are often
split into multiplets, dependent on the interaction (or coupling) with the spin of other nuclei in
close proximity. The NMR signal from a particular nuclear environment is split into # lines by
coupling to n (chemically equivalent) nuclei: # = 2nl + 1, where | is the nuclear spin quantum

number (H: 1 =%, D: 1 = 1).

Products of the reaction of formaldehyde with [FeFe]-hydrogenases (Scheme 21) were studied

using NMR spectroscopy. The proposed hydridic reduction of aldehyde by [FeFe]-
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hydrogenase indicates that after binding of aldehyde (eg. formaldehyde) to the H-cluster the
corresponding alcohol (methanol) will be generated. The NMR spectrum of methanol is

different to that of formaldehyde, making its detection possible.
6.2 Experimental Methods

6.2.1 Infrared Spectroscopy

Silicon Transmission Infrared Cell

In this section the development of a transmission cell for IR spectroelectrochemistry
investigation of hydrogenases is described. Developments were carried out together with Dr
Alison Parkin. This cell was developed to allow in-house IR characterisation of
[FeFe]-hydrogenase with particular interest in isolating and characterising the super-reduced
state. The cell was designed utilising a thin silicon plate as the working electrode, rather than
the more common gold mesh, believed to induce faster potential equilibration of the enzyme
sample due to the larger electrode surface area. The cell design is shown in Figure 86. Initial
experiments were conducted using the [NiFe]-hydrogenase from Escherichia coli
(E. Coli Hyd-1) of which samples were more readily available than [FeFe]-hydrogenase, as

this enzyme is purified in-house.
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Figure 86: Lift out diagram of the silicon transmission IR cell developed.

The silicon wafer (280 um thick, <100> surface, phosphorous doped, 0.01-0.02 Q/cm
resistance, one polished face, supplied by Compart Technology), was cut into small (~6 x 3
cm) rectangles using a diamond cutter. The wafer was strengthened by attaching a glass plate
to the back (Araldite rapid epoxy was used to attach all cell components). A circular hole was
cut out of the middle of the glass plate so that the IR beam does not have to pass through the
glass. A spacer was made from a thin sheet of plastic (50 um thick) glued around the edges of
a CaF; plate, again with a hole cut out as shown in Figure 86. Once dry, glue was applied to
the other side of plastic spacer and attached to the polished side of the silicon wafer. The thin
space remaining between the silicon wafer and the CaF, plate, created by the thin plastic sheet
(spacer) comprises the cell cavity. Two holes were made in the glass/silicon side of the cell,
one at each end of the cavity, to allow solution to be injected. Glass inlets were glued over
these holes, and sealed with rubber septa. After injection of sample (~30-50 pL) a silver wire
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was inserted in one of the septa; the wire was in contact with the sample solution, but not with
the silicon wafer. The Ag wire acted as a combined reference/counter electrode, while the
silicon wafer acts as the working electrode, connected simply via a crocodile clip. Samples of
E. coli Hyd-1 were prepared (0.3-0.5 mM) and injected into the cell in an anaerobic glove box.
The rubber septa were sealed using a silicon rubber compound (RS Components) before the

cell was removed from the glove box and transferred to the IR spectrometer.

Attenuated Total Reflectance IR Cell

An attenuated total reflectance (ATR) infrared spectroelectrochemical cell*®” was used with
the aim of characterising the super-reduced state of [FeFe]-hydrogenase, in collaboration with
the group of Dr Kylie Vincent. The cell comprised a silicon parallelogram ATR prism as

described in reference 187.

A high surface area electrode is prepared by adsorbing enzyme on the surface of pyrolytic
graphite particles. These particles are mixed with a neutral solution of Nafion in phosphate
and are then coated on to the surface of the ATR prism.*®’ The solution is left to dry, resulting
in a hydrated polymer network of Nafion, through which proton transfer is efficient, with the
enzyme coated graphite particles distributed through the network. The evanescent wave from
the internally reflected IR beam penetrates ~5 um beyond the prism into the film (Error!
Reference source not found.a). An electrochemical cell is arranged on top of the prism and
includes a silver wire counter electrode and Ag/AgCI reference electrode housed in buffer
(Error! Reference source not found.b). The working electrode consists of the graphite
particles in the Nafion network which are in contact with a small piece of carbon paper, and
connected electrically via a gold wire. One advantage of this system over traditional IR cells
is that the enzyme is in the partially dry Nafion network, so there is a reduction in the

intensity of vibrational bands from solvent water. Only small solution volumes are required
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(<20 pL) but the enzyme solution must be of a high concentration (~100 uM) as
approximately 2-2.5 nmol of enzyme is required in the film for signals to be significantly

intense.

The ATR IR cell was employed for experiments on both the [FeFe]-hydrogenases DdHydAB
and CrHydALl. The goal was to expose the enzyme sample to low potentials in order to record
a spectrum of the super-reduced state of the H-cluster. Since the H, production activity of
these hydrogenases at reducing potentials is so great, isolation of this state is difficult, For this
reason enzyme was exposed to formaldehyde prior to the experiment; upon application of a
reducing potential the enzyme is then expected (from PFE experiments in Chapter 4) to form
the inhibited Hgeg-HCHO state. The cell was assembled in an anaerobic glove box.
Approximately 10 pL of 200 uM hydrogenase (in phosphate buffer) was mixed with 1.5 pL of
a suspension of graphite particles (1mg/ml), 2 uL of Nafion phosphate solution and 5 pL of
formaldehyde (13.4 mM). After mixing, this solution was spotted onto the surface of the ATR
prism and left to dry for 10-15 mins. A small piece of carbon paper was placed on top of the
enzyme film, and the rest of the cell assembled, forming a gas tight seal around the enzyme
film. The cell was then removed from the glove box and transferred to the spectrometer. After
the spectrometer chamber was purged, to remove atmospheric water, a spectrum could be

recorded

6.2.2 Electron Paramagnetic Resonance

EPR samples were prepared by first activating 420 pL of DdHydAB (41 uM in pH 6
phosphate buffer) under a flow of H; at 30 °C for 4hours'™ in an EPR cell (Figure 28). After
activation a sample (140 puL) was then flash frozen in an EPR tube (‘activated’). Another
140 uLL was removed from the cell and reserved for the ‘control’ sample. The formaldehyde
sample (‘HCHO’) was prepared by injection of 2 uL of formaldehyde (13.4 M) to 140 uL of
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the activated enzyme, immediately followed by injection of 7.5 upuL of 20 mM
electrochemically-reduced methyl viologen solution (in pH 6 phosphate buffer). The
formaldehyde was introduced prior to the addition of mediator to encourage binding of
formaldehyde immediately upon reduction of the enzyme to form the super-reduced state,
before proton reduction could occur. The ‘control’ sample was prepared in the same way, but
with buffer injected in place of the formaldehyde. For each sample the final enzyme
concentration was ~38 uM (measured using a Bradford assay'*). For both the ‘HCHO’ and
‘control’ samples the methyl viologen concentration was 1 mM, and for the ‘HCHO’ sample
the overall formaldehyde concentration was 0.19 M, equating to approximately 100 uM of the
non-hydrated form (Scheme 9, Chapter 4). EPR spectra were recorded at both 15 and 45 K

(Figure 91).

6.2.3 Nuclear Magnetic Resonance

Experiments were designed to test whether alcohol is produced and released from the enzyme
during the reaction of an [FeFe]-hydrogenase with an aldehyde (formaldehyde or
acetaldehyde). Both *H and **C-NMR was used in conjunction with deuterated aldehyde and
buffers to allow the putative alcohol product of the reaction to be detected, which would

validate the proposed mechanism (Scheme 21).

A chronoamperometry experiment (Figure 87) was used to prepare an NMR sample. A 3-
electrode set up was used, comprising a large surface area (~ 1cm?) graphite working
electrode, an Ag/AgCl reference electrode and a platinum wire counter electrode. The cell
was water-jacketed and cooled to 5 °C before addition of 650 puL deuterated phosphate buffer
(pH 6), 20 uL methyl viologen solution (50 mM) and 30 pL enzyme solution (CaHydA,

0.17 mM).
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Figure 87: Chronoamperometry experiment monitoring the effect of acetaldehyde on the H, production
activity of CaHydA in solution with a large carbon electrode. The left panel shows the first 800 s of the
experiment, acetaldehyde was injected at 170 s and left overnight. The right panel is an expanded section,
showing the H, production current over the 27 hours after introduction of acetaldehyde. Conditions: -0.7
V, 5 °C, pH 6 deuterated phosphate buffer, 5.1 pM CaHydA, 1 mM methyl viologen, 5.34 M acetaldehyde,
sealed cell, no gas flow, stirred solution. The labels A and B represent the times at which the respective
samples were taken, sample A was reintroduced to the cell at 71500 s. (The experiment in Figure 96 shows
that exposure to aldehyde for such extended time periods does not irreversibly damage the enzyme).

A potential of -0.7 V (SHE) was applied (Figure 87), and after 150 s 300 uL of acetaldehyde
was injected into the cell (left, arrow), the solution was then left stirring overnight. After 19
hours a sample of the cell solution was taken for NMR analysis (right, sample A). After NMR
analysis the sample was reintroduced to the cell (indicated on Figure 87) and left for a further
6.5 hours to react before further analysis (sample B). Finally the potential was raised to -0.25
V for 300 s (not shown) and another sample (C) taken. The high potential step was performed
to aid the release of aldehyde bound at the H-cluster, as observed using PFE (Figure 61A);
aldehyde binds more tightly at low potential and is released when the potential is stepped to
more oxidising values. A proton NMR spectrum of acetaldehyde in deuterated buffer is

shown in Figure 93 and a spectrum of the experimental sample A is shown in Figure 94.

Another method of NMR product detection involved the use of deuterated, carbon 13 labelled
formaldehyde (D**CDO) in deuterated buffer in a H, atmosphere. The carbon label makes it

possible to study the reaction with >C-NMR spectroscopy, eliminating the problem of the
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water signal in *H-NMR, and therefore meaning that formaldehyde, supplied in an aqueous

solution, can be used.

The experiment was carried out in an NMR tube inside an anaerobic glove box. A control
experiment without enzyme was first run over 48 hours to ensure that no H/D exchange or
alcohol production occurs simply for formaldehyde in H, saturated deuterated buffer. A
solution of 4.4 mM D'*CDO was prepared using H, saturated pH 6 deuterated phosphate
buffer, and added to the NMR tube. The tube was placed in a water bath at 5 °C and left under
a gentle flow of H,. The experiment with enzyme was carried out in the same way but with
hydrogenase also in solution (8.5 uM, CaHydA). In both cases a NMR spectrum was obtained

after 24 and 48 hours (Figure 95).
6.3 Results

6.3.1 Infrared Spectroscopy

Silicon Transmission Cell

The silicon cell (Figure 86) was used to study one the [NiFe]-hydrogenases E. coli Hyd-1. As
can be seen in Figure 88(a), very little light is detected in the cyanide region (red box,
2050-2100 cm™) when using this cell, while substantially more light is transmitted in the CO
region (blue box, 1930-1960 cm™). A CO band is very clearly observed (the band consists of
two overlapping peaks because the enzyme sample includes enzyme in a mixture of redox
states), centred at 1940 cm™ (Figure 88b), but the signals in the cyanide region are lost in the
noise and cannot be identified. A spectrum of the same enzyme sample in a simple
commercially available CaF, cell (without potential control) shows a cyanide band centred at

2090 cm™ (Figure 88c).
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Figure 88: IR spectrum of as isolated E. coli Hyd-1 [NiFe]-hydrogenase in the silicon
spectroelectrochemical cell (a and b) compared to a conventional CaF, transmission cell (c). The position
of CO and CN bands are marked on the figure.

Potential control of the hydrogenase sample was possible as shown by the difference spectra
in Figure 89. The different redox states of [NiFe]-hydrogenases are summarised in
Chapter 1, Figure 5. A CO peak at 1944 cm™ is attributed to enzyme in the Ni-B state,?” and a
peak at 1914 cm™ to the Ni-SI state.’” The black trace shows the change in absorption after
application of 0V for 1000s; the peak at 1944 cm™ grows, while a peak at 1915 cm™
disappears, due to oxidation of the Ni-SI state to the oxidised Ni-B state. Application of a
reducing potential (-0.7 V) shows the opposite effect; in the red trace (after 3000 s) the peak

at 1944 cm™ disappears while the peak at 1915 cm™ grows.
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Figure 89: Difference spectrum of E. coli Hyd-1 recorded using the silicon IR cell. Black: 1000 s oxidation
at 0 V (vs Ag wire) Red: 3000 s reduction at -0.7 V (vs Ag wire). 0.3 mM E. coli Hyd-1 in pH 6 buffer
containing 100 mM Tris and 100 mM NaCl. Arrows indicate growth or loss of intenstity.

Although the sample is clearly under potential control, the equilibration time (time for peaks
to stop changing in intensity) is very long (> 1000 s) and was considerably longer for the

reduction process than the oxidation process.

Thicker spacers were placed between the CaF, plate and silicon (Figure 86) to help enhance
the strength of the CN signals by allowing more protein to be interrogated by the IR beam;
however peaks were still not resolved. In order to increase the amount of light able to pass
through, the silicon the wafers were etched, both chemically and physically. Chemical
etching'®® involved soaking in a 30% potassium hydroxide solution at 37 °C while physical
etching involved using a sand bead blaster on the wafer surface. The physical method was
more abrasive and did generate several holes in the wafer. The effect of these etching

techniques on the transmission of light through the wafer was measured (Figure 90).
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Figure 90: IR spectra of a 280 pm thick silicon wafer (not in an IR cell) after no treatment (black),
chemical etching in 30% KOH solution for 120 mins (red) and after one surface was bead blasted (blue). A
close up of the region of interest is shown on the right.

Comparison of the spectra of the wafer before etching (Figure 90, black) and after two hours
of chemical etching (Figure 90, red) shows that slightly more light passes through in the
region of interest (2100-1930 cm™). Physical etching (blue) however actually damaged the
surface in such a way that less light was able to pass through the wafer, most likely due to
increased scatter of the IR beam. Spectra of E. coli Hyd-1 recorded in a cell made with the
chemically etched silicon wafer (not shown) however still did not exhibit a visible cyanide

band.

Attenuated Total Reflectance IR Cell

Spectra recorded using the ATR IR cell (Figure 93) both in the presence and absence of
formaldehyde, showed characteristic protein amide bands around 1500 cm™ for both
DdHydAB and CrHydAL1. Bands relating to the CO and CN ligands of the H-cluster however
were not seen, even after application of an oxidising potential to ensure that all enzyme
molecules were in the same redox state (Hox), or a reducing potential (to form Hyeq Or Hgreq). It
is possible that H, production by the [FeFe]-hydrogenase in the film is so rapid that bubbles

of H, gas are produced on the prism surface, explaining the lack of observed signals. The
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samples prepared with formaldehyde, although expected to be inhibited, may still have been
able to produce Hy, as the formaldehyde may have evaporated during formation of the film on
the prism and formaldehyde inhibition of H, production is known to be reversible (Chapter 4).
These [FeFe]-hydrogenases may also be simply incompatible with the partially dry Nafion

network used, leading to enzyme degradation during film preparation.

6.3.2 Electron Paramagnetic Resonance

The CW EPR spectra of the samples described in section 6.2.2 are shown in Figure 91. At 45
K the F-cluster signals broaden significantly, due to more rapid spin relaxation, so only

signals arising from H-cluster species are visible.
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Figure 91: CW EPR spectra of DdHydAB recorded at 15 K (left) and 45 K (right). Spectra were measured
at 9.38 GHz with 0.126 mW (15 K) or 2 mW (45 K) icrowave power and a modulation
amplitude/frequency of 1 mT/ 100 kHz. All enzyme samples were activated for several hours in a H,
atmosphere at 30 °C (see methods). The top trace in both panels shows the enzyme after H, activation.
[HCHO] = 0.19 M, [MV] =1 mM in ‘HCHO’ and [HCHO] =0, [MV] =1 mM in ‘Control’.

Figure 91 compares the EPR spectra of the three different samples prepared (section 6.2.2);
there are no significant differences between the samples and no indication that a new state has
been formed in the presence of formaldehyde. The spectra at 15 K are fairly complicated, but
resemble those reported for the Hyq state of DdHydAB™ (Figure 85), and are thought to
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comprise of signals from two states of the enzyme. Most of the enzyme has been reduced to
the H,.q state, evidenced by the dominant complex rhombic signal with g values of 2.05, 2.01
and 1.93 which is attributed to the two dipolar coupled, reduced ferredoxin-type [4Fe4S]
clusters.” A second rhombic signal with g values of 2.06, 1.96 and 1.89 is attributed to a
small quantity of enzyme in the Hizns state,79 showing that activation was incomplete. There is
a small peak at g = 2.10 which may be due to traces of enzyme in the Ho state. Methyl
viologen radicals have an EPR signal at g =2.0, which may explain the increased intensity of
the signal around this value for the ‘HCHO’ and ‘control’ samples compared to the
‘activated’ sample which did not contain any mediator. At 45 K the signals are much broader
and less intense than at 15 K, but there is still a very prominent signal at g =2.01, the origin
of which is not fully understood. This signal is likely to relate to mediator (methyl viologen),
however the ‘activated’ sample was not exposed to any methyl viologen.

The experiment was repeated with a much greater formaldehyde concentration (6.3 M),
equating to 3.2 mM of the non-hydrated form, giving a ratio of almost 200:1 of the non-
hydrated aldehyde to the enzyme. Once again there was no difference between the EPR
spectrum of the ‘HCHO’ and ‘control’ samples, indicating that it is not a lack of
formaldehyde that limits formation of the inhibited “Hg.q-HCHO” state.

The lack of detection of a new reduced state of the H-cluster at low potentials in the presence
of formaldehyde is attributed to insufficient accumulation of the Hg.g-HCHO state. It is
possible that under the conditions used to generate the EPR samples the rate of H, production
by the enzyme in the Hg.q state is so rapid that the formaldehyde simply cannot trap it. It is
however most likely that methyl viologen (E°(MV>"/MV™) = -460 mV at pH 7)"" simply does
not lower the potential sufficiently to generate this state; the use of other, lower potential

mediators such as europium may rectify this.
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Further experiments were initiated using CrHydAl, utilising the reactions of Eu(Il) as a
supply of very low potential electrons (Scheme 22). A chelating ligand EGTA (ethylene
glycol tetraacetic acid) has been shown to have an extremely high affinity for Eu(Ill),
meaning that introduction of this ligand to Eu(Il) results in the formation of a Eu(Il)-EGTA
complex that readily donates an electron at very low potential (-0.88 V at pH 8) to produce

the Eu(III)-EGTA complex.192

Scheme Zgg:zThe Eu(111)/EuU(IN) reduction potential and the effect of the addition of EGTA on the reduction
potential.

-04V

EuHI EuII

-0.88V
Eul'—EGTA

Eu'-EGTA

Cyclic voltammograms recorded in HEPES buffer are shown in Figure 92, left. The red trace
was performed with EuCl, in the buffer solution, and a clear downward shift in the potential
of the Eu(I)/Eu(Ill) couple is visible after addition of the EGTA ligand (blue trace). The
voltammograms on the right show the same experiments recorded in phosphate buffer; the
europium oxidation and reduction peaks are not visible as the potential of the Eu(II)/Eu(III)
couple is shifted due to coordination of phosphate to the europium. The phosphate buffer
system that has already been established for [FeFe]-hydrogenase EPR experiments in this
chapter (section 6.2.2) is therefore incompatible with the europium/EGTA system. The
enzyme samples for the EPR experiments in this chapter were supplied in a solution of
phosphate buffer (section 2.2.10), to avoid the use of tris buffer salts, the amine group of
which would react with formaldehyde (Scheme 11). EPR experiments using the europium

system as a reducing agent for CrHydA1 are ongoing using a HEPES buffer system.
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Figure 92: Cyclic voltammograms of EuCl, in different buffer solutions showing the effect of EGTA on
the reduction potential of the Eu(l11)/Eu(ll) couple. Grey = buffer, red = EuCl, and blue = EuCl, + EGTA
(1:1). Conditions: 25 °C, no rotation, 100% N,, pH 8 HEPES (left) or pH 6 phosphate (right), 20 mV/s
scan rate.

6.3.3 Nuclear Magnetic Resonance
The proposed reaction of acetaldehyde (CH3;CHO) with [FeFe]-hydrogenase is outlined in
Scheme 23 for a system in a deuterated buffer solution. Although the reaction of enzyme with

formaldehyde is faster and more extensive than with acetaldehyde,'®*

the former is supplied in
a water solution which makes it unsuitable for this study,’ the water signal would overwhelm
the "H-NMR spectrum.

At low potential, in deuterated buffer, the enzyme forms a state with a deuteride (D") bound at
the Feq site of the H-cluster (from Scheme 18). Upon addition of acetaldehyde, this deuteride
is transferred to the carbonyl carbon of acetaldehyde and an Fey-O bond is formed. Scheme 23

shows that once this aldehyde-bound state forms there are two possibilities:

(1) the corresponding deuterated alcohol (ethanol) is released

"1t should be noted that a solution of formaldehyde in deuterated solution could be prepared by hydration of

formaldehyde supplied as a solid polymer.
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(2) the reaction reverses and the aldehyde is released from the enzyme. In this case
there is a 50/50 chance that the released aldehyde will contain the deuteron instead of

the original proton.

Scheme 23: Proposed scheme for the reaction of acetaldehyde with [FeFe]-hydrogenase. Proton NMR
shifts for each proton environment are given below in blue. Product (1) is the alcohol product, deuterated
ethanol. Product (2) is the released aldehyde, deuterated acetaldehyde .
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In either possible reaction it should be possible to detect the change using *H -NMR. In the
first case, ethanol production (Scheme 23, path (1)), a new signal should appear around
3.4 ppm and the intensity of the original CH3CHO peaks should diminish. In the second case
(Scheme 23, path (2)), there should be both a loss of intensity of the CH3CHO peaks and a
change in the splitting pattern of the methyl group signals at 1.1 and 2.0 ppm. These signals
are originally doublets, as the methyl group protons (in the aldehyde and hydrate) are coupled
to the aldehyde proton (I= 1/2, 2nl+ 1=2), but exchange for a deuteron (I=1) affects the

coupling, resulting in a triplet signal (2x1+1=3).

229



Chapter 6

A 'H-NMR spectrum of a solution of acetaldehyde in D,O is shown in Figure 93, blue

numbers represent the chemical shift and red numbers the peak integrals.
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Figure 93: Proton NMR spectrum of acetaldehyde in D,O. Peak positions of the multiplets are shown
above in blue and the peak integrals in red beneath.

The peak at 9.5 ppm in Figure 93 corresponds to the aldehyde proton, and the integral of this
peak (red numbers) has been set to 1. All other peak integrals are stated relative to this. It is
expected that the peak at 2.0 ppm (CHj; group of acetaldehyde) should integrate to three times
that of the peak at 9.5 ppm, and that the peak at 1.1 ppm (CHjs group of hydrate) should be
three times greater than the peak at 5.0 ppm (proton in hydrate). This is however not the case,
the integrals of the peaks at 2.0 and 1.1 ppm are more than three times greater than those at
9.5 and 5.0 ppm (respectively), resulting from polymerisation of the aldehyde in solution a

shown in Chapter 4, Scheme 10.

The 'H-NMR spectrum of the sample A from the experiment described in section 6.2.3

(Figure 87), is shown in Figure 94.
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Figure 94: "H-NMR spectra of sample A. Peak positions of the multiplets are shown above in blue and the
peak integrals in red beneath.

There is very little difference between the *H-NMR spectra in Figure 93 (acetaldehyde) and
Figure 94 (experimental sample A). The only exception is the growth of the water peak at
4.6 ppm in the spectrum of sample A (Figure 94). The spectra recorded for samples B and C
(not shown) were almost identical to that of sample A. The increase in the amount of water in
the experimental sample is most likely due to contamination of the D,O with water vapour
during preparation of the deuterated buffer, and the H,O introduced to the buffer by the salts
(supplied in a hydrated form). There is no change to the splitting patterns in Figure 94
compared to Figure 93, and there are no peaks in the 3-4 ppm region which would indicate
that ethanol has been produced. The ratio of the methyl peaks (at 1.1 and 2.0 ppm) to the
proton peaks (at 5.0 and 9.5 ppm) is slightly higher for sample A (Figure 94) than the
aldehyde (Figure 93), indicating a greater degree of polymerisation. This is not surprising

given the length of the experiment (Figure 87, right).
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The possible reactions of the labelled formaldehyde D**CDO with [FeFe]-hydrogenase in a

deuterated buffer solution are shown in Scheme 24.

Scheme 24: Proposed scheme for the reaction of deuterated formaldehyde with [FeFe]-hydrogenase in the
presence of H, in deuterated buffer.

NH o)
™ l
130
Fed_ Fep D \D
H2 Dzow
' H*—NH
oD D '
*H—NH | |
]
[————— — —
\‘ ' N = O~—pe,— Fep
- | |
T~Fey;— Fe, D H
1
o) o} oD |:|)
1?'»1; + 1ﬂ: -D—zi* D—13|C—OD D—"c—o0D
VN /N | |
D D H D
H H
33% 66%

As shown in Scheme 24, under a H, atmosphere [FeFe]-hydrogenase is expected to be
reduced to form a species with a hydride bound at the Feq site of the H-cluster (Scheme 18,
Chapter 5). Upon addition of labelled formaldehyde (D*3*CDO) the hydride is transferred to
the carbonyl carbon and an Feyg-O bond is formed. Once this aldehyde-bound state is formed

there are two possibilities:
(2) the corresponding protonated alcohol (methanol) is released

(2) the reaction reverses and aldehyde is released. In this case there is a 66% chance
that the released aldehyde will contain the transferred proton instead of the original

deuteron.
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In either of these cases it should be possible to detect the product using **C-NMR. The carbon
in the original formaldehyde (D**CDO) is coupled to two deuterons (I = 1), resulting in a
quintet signal (2nl+1=5) at approximately 81 ppm. Both the possible products outlined above
will exhibit a different *C-NMR spectrum to that of D**CDO: in both products the carbon is
coupled to a proton in addition to at least one deuteron, resulting in a more complicated
splitting pattern. Additionally, in the alcohol product the chemical environment of the carbon
is very different; the carbonyl (C=0) group in the aldehyde deshields the carbon atom from
the magnetic field to a greater extent than the alcohol (C-OH) group, resulting in a smaller

chemical shift in the methanol product (~47 ppm).

The *C-NMR spectra of the two samples from the experiment described in section 6.2.3 are
shown in Figure 95. The experimental sample (hydrogenase + D**CDO + H,) is shown at the
top, and the control experiment (D**CDO + H,) is shown at the bottom for comparison

purposes.

233



Chapter 6

Experiment

CaHydA +H, +D13CDO

Control
H,+D3CDO

L S s S S S S B S B B S B S S B N A —TTT T T "I T
82.0 81.5 81.0 80.5 80.0
Chemical Shift (ppm)

Figure 95: *C- NMR spectra of labelled formaldehyde (D**CDO) in the experimental sample (top)
compared with the control sample (bottom), both taken after 48 hours.

There is no difference between the two spectra in Figure 95, showing that neither H/D
exchange or methanol production has occurred during the experiment. There was also no
change in the 'H-NMR spectrum (data not shown). After 48 hours 2 uL of the reaction
solution was removed and studied using PFE to check that the enzyme had not been degraded
by the prolonged exposure to aldehyde. A cyclic voltammogram (Figure 96, red) revealed that
the enzyme was still active, however there was a change to the catalytic wave-shape

compared to an uninhibited enzyme sample (black).
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Figure 96: Cyclic voltammogram of CaHydA, uninhibited enzyme sample (black) and after reaction with
D*CDO for 48 hours (red). Conditions: 100% H,, pH 6 phosphate buffer, ® = 3000 rpm, 5 °C, 20 mV/s
scan rate.

The voltammogram no longer cuts the x-axis cleanly (Figure 96, red scan) compared to
uninhibited enzyme (black scan) and resembles the voltammogram of CrHydAl in the
potential region -0.5t0-0.3 V (Chapter 1, Figure 7). A larger overpotential is required to
drive the reaction in either direction. It is likely that electron transfer between the electrode
and the H-cluster has become less efficient, possibly due to damage to the FeS-cluster relay
chain, or to the enzyme surface, resulting in poorer interaction with the electrode surface and

slower electron transfer.

Given that the lack of reaction products cannot be explained by irreversible inactivation of the
enzyme, the formaldehyde concentration was raised to ensure that it was not limiting the rate
of reaction. Additional D**CDO was injected into the NMR solution to bring the
concentration up to 20 mM, and the reaction left for a further 48 hours. Again there was no

change in either the *H or *C-NMR spectrum (not shown).
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6.4 Discussion

In this chapter IR, EPR and NMR spectroscopy were employed in an effort to either
characterise the super-reduced state of [FeFe]-hydrogenase itself, or the reaction products of
this state with formaldehyde. Although the existence of this state has been demonstrated using
PFE (Chapters 4 and 5), as yet it still remains to be satisfactorily characterised
spectroscopically. As described in the introduction to this chapter, IR studies of DdHydAB
and CrHydA1 reveal the formation of a new state at very reducing potentials, however there
are several stark differences between the state formed under these conditions for the two
different hydrogenases.?>® In this chapter the development of both a transmission IR cell
(Figure 86) and an ATR IR system (Error! Reference source not found.) for studying the
states of [FeFe]-hydrogenases formed at very reducing potentials are described. The use of
thin plates of silicon as a working electrode material was proven to be unsuitable for the study
of hydrogenases in a transmission cell. Although potential control of a sample was made
possible by the large working electrode surface area, the equilibration was very slow (>1000 s)
and insufficient light, in the region 2170-2100 cm’*, passes through this material, making it
impossible to record the signals of the CN ligands at the active site of a hydrogenase.
The ATR-IR cell, developed by Vincent et al,*®" has proven to be incompatible with
[FeFe]-hydrogenases and no H-cluster signals were recorded. This may be related to the
interaction of these hydrogenases with the Nafion network used to support the enzyme film on

the ATR prism, although the exact reasons are unclear and experiments are ongoing.

Experiments to isolate the Hgeq State of [FeFe]-hydrogenases in order to obtain an EPR
spectrum of this (purported) paramagnetic state remain ongoing. EPR samples were prepared

by reduction of the enzyme using methyl viologen in H, but no new (Hgeq) reduced state
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could be observed (Figure 91). Very low potentials are required to generate this state (< -0.5
V, Table 5, Chapter 5), a potential outside of the range of most electron mediators. The Hgreg
state is also extremely active at proton reduction, a substrate that cannot be removed from
solution. For this reason aldehydes were identified as a method of trapping the enzyme in the
super-reduced state. Aldehyde inhibited low-potential samples however also showed no
evidence of a new paramagnetic species (Figure 91). The lack of Hgeq generation in these
experiments is likely to be due to the enzyme having been exposed to insufficient reduction
potential. The possibility of using Eu(Il)EGTA as a low-potential reductant is currently under

investigation and preliminary experiments have established favourable conditions.

NMR experiments were carried out to detect the products of reaction of [FeFe]-hydrogenase with
aldehydes (acetaldehyde, Figure 94 and formaldehyde, Figure 95). Several different methods were
employed but none provided any evidence that alcohol (ethanol or methanol) is released after inhibition
with aldehyde, or that reaction proceeds via the transfer of a hydride as proposed in

Scheme 15, Chapter 4. It is possible that the reaction of aldehyde with the H-cluster does not proceed
exactly according to the proposed mechanism. DFT calculations (

Scheme 15, Chapter 4) show that reaction of formaldehyde with [FeFe]-hydrogenase in the Hg. state is
barrier-less and strongly exothermic (AG = -34 kcal/mol), and results in the formation of a formaldehyde-
bound state via a Fe-O bond. This mechanism supports the potential-dependent inhibition observed in
PFE experiments (Chapter 4), but is not consistent with the observed reversibility of inhibition.'®* Such a
thermodynamically favourable reaction is unlikely to be easily reversed. The DFT calculations only
consider the ‘naked’ H-cluster and cannot predict the effect of the surrounding protein environment. The
protein environment around the H-cluster must therefore play an important role in destabilising or
hindering formation of the exothermic final products, thus moderating the actual potency of the
formaldehyde as an enzyme inhibitor. It is possible that the formaldehyde-bound state is never actually
fully formed; but that the transition state of this reaction is reached instead. Only partial hydride transfer
occurs and the observed reactivation (either by raising the potential or removing aldehyde from the
solution) is a straightforward reversal of the relevant steps (hydride transfer) in

Scheme 15. Reaction of [FeFe]-hydrogenase with formaldehyde would still inhibit H,
production/oxidation activity, as formaldehyde would physically block the distal iron site, but
as hydride transfer is not complete, alcohol would not be released, and the H/D exchange

predicted for the NMR experiments in this chapter would not be possible.
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Appendix 1

Density Function Theory Calculations

All electronic structure calculations presented in section 4.3 were carried out at the density
functional level of theory as implemented in the Gaussian09 suite of programs.”**The BP86
GGA functional™? in conjunction with the TZVP triple- basis set**of Ahlrichs and co-

workers on all H-cluster atoms (Fe, S, O, C, H, N) were used in all cases.

Geometry optimisations of the H-clusters in their respective broken-symmetry (Ms = 0 and
Ms = 1/2) states were performed without any geometrical constraints (C; symmetry), using
tight convergence criteria (Opt=tight, int=ultrafine). Stationary points were characterised by
analysis of their second derivatives: the absence of imaginary frequencies is indicative of a
true minimum, while exactly one imaginary frequency corresponds to a transition state

A4 with

structure. The H-clusters were embedded into a polarisable continuum model (PCM)
water as the solvent. The enzyme environment was approximated by adjusting the dielectric
constant ¢ to a value of 4. Reported energies have been reported as electronic energies
obtained from the self-consistent reaction field calculations. In this study we have considered

a model which features dithiomethylamine («-dtma) as bridging ligand between the two iron

centres of the [2Fe]y subcluster.

In order to model the complex electronic structure resulting from the open-shell character of
the [2Fe]y and [4Fe4S] clusters domains we follow the computational protocol reported by

Greco and co-workers. Full details are given in Inorg. Chem. 2008, 47, 6056.
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In all cases the [4Fe4S] cubane is treated as diamagnetic by antiferromagnetic coupling of the
Fe;Fe, and FesFe, subunits (each containing a high-spin Fe?* and Fe*" ion, resulting in
Sioc = 9/2) within this domain. We have considered two broken-symmetry determinants, one
with a spin-down (B) / spin-up (a) arrangement within the Fe;Fe, / FeyFe, units (BS1), and
vice versa (BS2). At the Hox.1 oxidation level these two solutions (Ms = 0) are energetically
degenerate, due to the absence of a further electron residing on the vicinal [2Fe]y cluster. At
the Hox-» Oxidation level their energies are split by additional antiferromagnetic (BS1) and
ferromagnetic coupling (BS2) between the Fej;Fe, subunit and the [2Fe]n cluster with
Siec = 1/2. Full details of the DFT calculations and optimised atomic coordinates for all

relevant structures are available in the supporting information of reference A1.5.

[Al.1] Gaussian 09, Revision A.02, M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria, M. A.
Robb, J. R. Cheeseman, G. Scalmani, V. Barone, B. Mennucci, G. A. Petersson, H. Nakatsuji,
M. Caricato, X. Li, H. P. Hratchian, A.F. Izmaylov, J. Boino, G. Zheng, J. L. Sonnenberg, M.
Hada, M. Ehara, K. Toyota, R. Fukuda, J. Hasegawa, M. Ishida, T. Nakajima, Y. Honda, O.
Kitao, H. Nakai, T. Vreven, J. A. Montgomery, Jr., J. E. Peralta, F. Ogliaro, M. Bearpark, J. J.
Heyd, E. Brothers, K. N. Kudin, V. N. Staroverov, R. Kobayashi, J. Normand, K.
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Appendix 2

Determination of Rate Constant

Consider the simple case of recovery of activity following inhibition of a hydrogenase as
described by Reaction A2.1, where k; is the rate at which the enzyme reactivates and k.; is the

rate at which the enzyme is inactivated.

Ky
Inactive ~—> Active Reaction A2.1
Ky

The first order rate law is given by Equation A2.2 which integrates and is rearranged to
Equation A2.3 in which [Inactive] is the concentration of the inactive species and [Inactive]o

is the concentration of inactive species at t = 0.

W = —k, [ Inactive] Equation A2.1
Log[Inactive| = —kjt + Log[ Inactive], Equation A2.2

The total concentration of enzyme at any time during the experiment is equal to the

concentration of the “Inactive” species added to that of the “Active” species.

[Total enzyme] = [Inactive] + [Active] Equation A2.3

If all enzyme is inhibited at t=0 the concentration of the “Inactive” species at t = 0,
[Inactive]o, is equal to the total concentration of enzyme. Throughout the experiment the
current recorded is proportional to the concentration of active enzyme: i; a [Activel]:.

When the reactivation process is complete a limiting current (i;im) is reached, eg. at t = oo, and

[Active] at this point is proportional to the limiting current: ijim o [Active]s.
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The [Inactive]p must equal the concentration of “Active” species when the reactivation

process is complete and i has been reached: ijim a [Inactive]o.

As the concentration of the “Active” species throughout the reactivation process is

proportional to the current, and throughout the reactivation process [Inactive]; = [Inactive]o —

[Active];, the [Inactive]; o ijim-it.
Equation A2.2 can therefore be written:

Log(iym — i.) = —kyt + Log(i;;,)

and rearranges to:

Thus, k; can be determined from the gradient of a Log[(iiim-it)/iiim] VS. t plot.
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Equation A2.5



