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Abstract

This thesis details the development and refinement of
spectroelectrochemical methodologies aimed at advancing the study of redox
active protein complexes, particularly those containing ironsulfur (FeS) clusters.
Initially, a U\AVis spectroelectrochemical cell (UV-Vis SEC) was engineered to
facilitate in situ analysis of redox processes in FeS proteinsyhich provescrucial
for understanding the redox behaviour of nitrogenase reductases and their
homologues. Despite its utility, the complexity of certain atalytic components
rendered U\VVis SEC inadequate for all systems, hence the approach of
electrochemical infrared microspectroscopy (ECIRM) was explored. This
technique was applied to study the [FeFe] hydrogenase fronbesulfovibrio
desulfuricans (DdHydAB), serving as a model to explore application of this
technique to oxygensensitive samples with intricate active sites that have the
additional complication of catalysing proton reduction (H evolution). The findings
demonstrated that ECIRM is particularlyeffective in elucidating the complex
redox dynamics and active site changes under experimentally challenging

conditions.

Through these advanced methods, significant insights were gained into the
stability of all-ferrous states and the environmental factors influencing them in
proteins like NifH and AnfH. Challenges encountered with redox mediators in the
presence of nucleotides underscored the need for novel mediators to avoid
unwanted interactions during redox titrations. Furthermore, this research has not

only enriched our understanding of FeS cluster chemistry in enzymatic systems



but also highlighted the critical need for innovative tools to accurately dissect the

sophisticated mechanisms of redox proteins.

Overall, the establishment of UV¥Vis SEC and ECIRM for these sensitive
metalloproteins has opened new avenues for probing complex redox systems,

marking a significant advancement in the field of bioinorganic chemistry.
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Chapter 1Introduction

1.1 Protein-bound FeS clusters

Iron-sulfur (Fe§ clusters are structurally and functionally diverse cofactors that
are found ina wide range of organism[1] Typically, these clusters are composed ofe
ions, which, with few exceptions,are positioned in a distorted tetrahedral geometry and
coordinated by inorganic sulfur atoms (3$) as well as sulfurcontaining amino acid
residues, predominantly from cysteine.[2] The adaptability of F& clusters in structure
and redoxbehaviour confers a diverse array of functionsmaking FeS clusters effective
donors or acceptors of electrons in a wide range of biological activitiesas well as
catalysing enzyme reactions|[3, 4] Because of their importance, this thesis starts witha

general review of proteins containing FeS clusters.

1.1.1 Overview of FeS clusters

FeS proteins are among the planet's oldest metalloproteinsas suggested by
phylogenetic, protein-folding, and comparative biochemical analyses[5-7] FeS proteins
were first identified in the 1960s owing to an unusuaj = 1.9 EPR signal that arises when
they are reduced, which had never been seen previously in any metalloprote{8-10] The
prevalence of these proteins, along with their distinct spectal characteristics and

typically highly charged nature, made their purification and analysis easier.

FeSclusters are made up of inorganicS and Feions that are directly attached to
the cysteinyl sulfurs of the related protein. These proteins accommodate various Fe to S
stoichiometries, allowing for a wide diversity of FeS cluster configurations and large

array of reduction potentials, functioning as electron carriers in a variety of organisms



(Figure 1.1)[11] While the FeS centres are famous for their contribution to ET relays, they
are also found at the active sites of many enzymes, where they perform a variety of
functions [12] such as disulfide bond reduction, initiation or stabilisation of radical chain
reactions, [13, 14]or functioning as Lewis acids[15, 16]Furthermore, the FeS centres'
oxidant sensitivity and a wide variety of redox states make them ideal candidates for
sensing oxidative and metal stress and restoring cellular oxidative equilibriunj13, 14,
17, 18]
[Fe-5-Cys]>** in Rubredoxin
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Figure 11 Redox potential range of FeS clusters in the electron transfer proces

11290 ¢t t RnRHCqRYUWYnW[ DeEWART Y+W91JUq!

As proposed by the Nomenclature Committee of the International Union of
Biochemistry (IUB) in 1989, FeS clusters are usually classified according to the number
of iron and sulfur atoms in the cluster[19] Another more prevailing way to classify FeS is
based on the certain protein type, structural motifs and spectroscopic and
electrochemical characteristics, rather than merely the number of iron and sulfur atoms.
The FeS proteins are broken down into fourripnary categories in this classification:

rubredoxins, ferredoxins, Rieske proteins and higgY qJUqRc¢ G W RI YUet 2dn



(HIPIPs), in addition to more complicated FeS proteins with several FeS cofactors or FeS

cofactors associated with other cofactors €.g. heme). [18, 20-24]

Within each class, FeS proteins share a similar structural motif despite specific
differences in structural elements. Though structural motifs differ across classes, the
geometries of the FeS clusters, particularly within each cluster class, are relatively
similar. In nearly every FeS protein, a total number of four sulfur atoms from cysteine or

inorganic sulfur coordinate to each iron atom, forming a distorted tetrahedral geometry.
[4]

The [2Fe2S] cluster of Ferredoxin | (Fdl) fror8pinacia oleracearesembles those
of other ferredoxins, hence here it is taken as an example to illustrate the common
structural motif accommodated by FeS proteins. The Fdl is constituted by an-helix ( 1)
linking, 1 and:i3, where the [2Fe2S] cluster is located (Figure 1.2). Three of the four
cysteine residues (Cys39, Cys44, and Cys4tat coordinate the two Fe atoms are
located in this loop region. In this [2Fe2S] cluster, the SSdistance is 3.6 A, which is 1.3
times longer than the FeFe distance (2.8 A). The cluster is oriented in such a way that the
Fel atom is more exposed to solvent, whilst Fe2 is locatealithin the protein interior. The
functional significance of the variations in the chemical environments of the two Fe
atoms is that the more hydrophilic environment of Fel is expected to favour the
localisation of the extra electron on Fel that is picked up by the cluster after protein
reduction. [25] Due to the ability to take up electrons and the simple structure of the Fdl,
it is used as a model system to optimise the spectroelectrochemical cell for the study of

FeS proteins fitrogenase homologues) in this thesisgection 4.1).



As rubredoxins, Rieske proteins and higlgY q JUqR¢ 0 WRI YUet alineal LI
are not studied in this thesis, they are not the focus of the introduction. In the following
sections of this chapter, FeS enzymes that have been studied in this thesis will be
introduced more elaborately, e.g. nitrogenase, nitrogenase homologues and

hydrogenase.

B)

Figure 12 A)Structure of the mutant E92K of [2E8] ferredoxinffom Spinacia oleraceaB) the
[2Fe-2S] cluster residence in the loop region; PDB: 1A70

1.2 MoFe Nitrogenase

Nitrogenases are complex enzymes that catalyse the reduction ofatmospheric
nitrogen (N) to ammonia (NR), playing a crucial role in the nitrogen fixation process
essential for biological nitrogen cycling.There are three types of nitrogenases according
to the metal present in their active site: MoFe, VFe and FeFe nitesgises, among
which the MoFe nitrogenase is the most welstudied. [26] All types of nitrogenases
consist of two proteins, a [4Fe4S] cluster containing protein, called the Fe protein, that

serves as electron transfer protein to shuttle electrons to the active sitgia the Rcluster;



and a catalytic protein MFe (wherémofeM = Mo, V, or Fe). The catalytic protein includes
two metal cofactors, the P-cluster, a [8Fe 7S] cofactor which also serves as an electron
transfer centre, and the FeMco cluster (where M = Mo, V, or Fe depending on the type of

nitrogenases). FeMco is the atalytic cofactor where N, binds and gets reduced.

1.2.1 Catalytic component of MoFe nitrogenase: the MoFe protein (NifDK)

The MoFe protein from Azotobacter vinelandii (M, ~220 kDa) is a, &i,-
heterotetramer, encoded bynifDK genes. [27] Two metalloclusters that are crucial for
catalysis reside in each idimer, named the Rcluster and the MoFe cofactor, FeMoco
(Figure 1.5)[28] The[8Fe-7S] Rcluster can be viewed as two [4Fe8S] clusters partially
bridged by sufide. It sits at the, Zisubunit interface and shuttles electrons between the
[4Fe-4S] cluster of the Fe protein (NifH) and FeMoco. The important electragating role
played by the Rcluster is facilitated by its ability to reversibly reorganize its structure,

thereby maintaining its capability to cycle through three oxidation state (P*, P*, PY) and

deliver electrons to FeMoco[29]

The MoFe cofactor is the active site of the MoFe nitrogenase where substrates
bind and get reduced. It is dMoFe;SC] cluster, housed within the, -subunit of the MoFe
protein (NifDK),[27] and is covalently bound to the MoFe protein via only two amino acid
residues, the, -275Cys to the terminal Fe atom and the-442His to the Mo atom.The Mo
atom is coordinated by homocitrate. Spectroscopic, mutagenesis and crystallographic
studies performed on the MoFe proteirhave led to the hypothesis that the most likely
substrate binding site is either one or more of the central iron atoms on thidoFe;SC]

cluster. [30, 31]



1.2.2 Electron transfer component: the Fe protein (NifH)

The Fe protein of MoFe nitrogenase is-8%0 kDa homodimer encoded by the gene
nifH. NifH plays an essential role in nitrogenase biosynthesis and catalysis. Aside from
acting as the electron transfer partner to the MoFe protein during catalysis, it inserts the
Mo and homocitrate for the maturation of the MoFe cluster and facilitates the

biosynthesis of the Rcluster. [26, 32]

MgATP binding sites

[4Fe-49 cluster

Figure 13 Left: Crystal structure of NifH frofizotobacter vinelandiPDB: 1N2C). Right: closg of
the [4Fe4S] cluster.

The electron transfer capabilities of the NifH are enabled by a solvemxposed
[4Fe-4S] cluster that sits at the homodimer interface and is attached to each subunit via
Cys residues (Figure 1.3). This [4F€S] cluster has been found to cycle between three
different redox states: the most oxidised state [4FelSF*, the one-electron reduced [4Fe
4SF+and the two-electron reduced [4Fe4SP (also called all-ferrous or superreduced
state). It has been suggested that the [4FdS] cluster in NifH only cycles beveen the
oxidised [4Fe4SF+ and the oneelectron reduced [4Fe4ST* states during catalytic
turnover, however, it remains unclear whether the aliferrous state takes part in native
catalysis. [26, 33] The potential at which this aliferrous state is formed remains highly

controversial, and is suggested to be very negative. An d#rrous state has also been



observed in small synthetic clusters but was reported to be very unstablg34, 35]

Interestingly, such a state seems to be stabiied in Fe protein ofnitrogenase[36, 37]

The first formation of the aliferrous state ([4Fe4SP) at mild potential using
methyl viologen (around- 460 mVvs Standard Hydrogen Electrode, SHE) sparked new
interest, as it suggested that this state could be physiologically relevant, enabling a more
efficient two-electron transfer process between the [4Fe4SFrand [4Fe4SP states
coupled with the hydrolysis of two ATP moleculeq38] Watt et al. found that flavodoxin
hydroquinone (FIdHQ), a physiologically relevant flavodoxin reductant, can reduce NifH
to the all-ferrous state with 2 electrons from the 2+ state with a spin stateS= 0 and a
midpoint potential (En) of- 460 mV,vs SHE.[39] On the other hand, studies by Mo ssbauer
and electron paramagnetic resonance (EPR) gave evidence of a differafitferrous state
in NifH, formed at much more negative potentialsusing Ti(lll) citrate(E, < T800 mVvs
SHE) and Cr(Il}EDTA(E. = T1000 mVvs SHE)as reductants. [40] This allHferrous state
was reported to have a spin statés = 4 andE, =- 790 mV,vs SHE.[36, 40] This species
exhibits an unusual pink colour (the colour of [4Fe€lS] containing proteins is usually
brown), and a peak in the UWis around 520 nm. This alferrous state was also reported
in another publication where the very negative reducing age&u(l}DTPAE,=11040 mV
vs SHE) was added to NifH to fornjdFe-4SP. However, here thek, of the all-ferrous state
was not determined.[37] A recent study showed that Eu(lf)DTPAreduced NifH (i.e. the
all-ferrous state, [4Fe-4SP) can reduce CQ to CO, which was confirmed by gas
chromatography-mass spectrometry (GGMS).[41] This nonnative reactivity of the[4Fe-

4SP state of NifHis particularly interesting, but is perhaps not surprising as the potential



of the S= 4 allferrous state is very lowc.a. -790 mVvs SHE,[40] and it contains the two

electrons necessary to reduce CQto CO.

1.2.3 Catalytic mechanism of nitrogenases

Most of the mechanistic information known about nitrogenases comes from the
MoFe nitrogenase [42] Reduction of N involves a complex interaction between the two
protein components, electrons, magnesium ATP (MgATP) and protong1, 43] The
stoichiometry of the N, reduction occurring at the FeMco cluster of the three types of
nitrogenases is presented below:
MoFe nitrogenase: N, + 8H* + 82 + 16MgATP ——2NH;+ H, + 16MgADP + 16Pi
VFe nitrogenase: Ny + 12H*+12e~ + 24MgATP — 2NH; + 3H, + 24MgADP + 24Pi
FeFe nitrogenase: N;+ 24H*+ 24e~ + 48MgATP ——2NH; + 9H, + 48MgADP + 48Pi
During catalysis, NifH functions as an ATRlependent electron donor to NifDK,
and its [4Fer4S] cluster is thought to cycle between 1+ and 2+ redox states in a dynamic
process that involves the association and dissociation of NifH and NifDK. It is believed
that the reduced NifH has its [4Fe4S] cluster in the 1+ oxidation state with twdound
MgATP molecules. It was suggested that this reduced state is the one that temporarily
binds to NifDK.[44-46] In this binding process, two MgATP molecules are hydrolysed into
two MgADP molecules, and one electron issupposedly transferred from the [4Fe4S}*
cluster of NifH to the [8Fa7S] cluster (the Rcluster) of NifDK (Figurel.4 A)Y47] Then,
this electron is transferred from the Pcluster to FeMoco, where it is believed that

substrates bind, and catalysis happens.
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Figure 14 A) The ATeoupled electron transfer among the clusters within the nitrogenase, illustrated
with MoFe nitrogenase as example. Picture drawn with Pymol (PDB: 1N2C).-8leEigirt
reduction scheme for nitrogenase catalysis according to the Thornelepwadnodel[33, 48]

To date, at least eight catalytic intermediates (& &, B4 Wg)Adikbeen proposed
to take part in the catalytic cycle omitrogenases, [33] as shown in Figure 1.4 B. #s the
resting state which is oxidised and cannot bind substrates. Different substrates bind to
different reduced states, for instance,acetylene binds to a lessreduced state (&) than
N2, and N is believed to bind to the Estates, with the release of one equivalent of H It
is thought that the redox levels have hydrides bound to the metals of FeMoco; each step
involving the release of Heffectively leaves the metallocluster reduced by two electrons,

and hence His an es®ntial side product of nitrogenase catalysis[48]

1.3 Alternative Nitrogenases

When Mo is deficient, diazotrophs induce the production oélternate
nitrogenases (VFe and FeRaitrogenases)as avital backup. These nitrogenasesack the
catalytic N, reduction efficiency of MoFe nitrogenase, but they have distinct catalytic
activity of their own. For example, when MoFe nitrogenase reducesid;, it nearly always
produces ethylene (GH4), whereas VFe and FeFe nitrogenases produce a combination
of C;Hs4 and completely reduced ethane (GHe). [49, 50] The electrons are significantly

more directed toward proton reduction during GH. reduction with alternative



nitrogenases than with MoFe nitrogenase, resulting in less efficient reduction @H.. In
addition, wild-type \WFe nitrogenase from A. vinelandii has demonstrated unique
reactivity in converting CO andH* into liquid hydrocarbon compounds, e.g. ethylene
(CoHa4), ethane (GHes) and propane (GHs). [51] CO, on the other hand, is a strong non
competitive inhibitor of MoFe nitrogenase[52] The structural comparison of these three
nitrogenase is illustrated in Scheme 1.1, more structural details will be included in the

subsections.

MoFe nitrogenase VFe nitrogenase FeFe nitrogenase

Fe protein
NifH

Fe protein
VnfH

MOFE.DI'OfEin VFe protein FeFe protein
NifoK VnfDGK AnfDGK
<>  [4Fe-4S] cluster @@  p-cluster (0 MFe cluster

Scheme 11 Schematic representation of the catalytic components of the three nitrogenases found in
Azotobacter vinelandiCompared to MoFe nitrogenase, VFe and the FeFe nitrogenase is constructed
with an extra subunit, encoded bynfGandanfGgenes, respectively

1.3.1 VFe Nitrogenase

The presence of molybdate (MoG¥) and NH suppresses the production of thevnf
genes; in their absence, together with the availability of a sufficient vanadium supplg.¢.
NasV0s), the VFe nitrogenase can be expresseds3, 54] Similar to MoFe nitrogenase,
VFe nitrogenase is composed of a reductase component VnfH and a catalytic
component VnfDGK. VnfH and NifHhave 91% sequence identity Rodheet al. solved the
structure of ADRbound VnfH fromAzotobacter vinelandiito 2.2 A resolution. It reveals
that VnfH shares the same conformation as NifH. VnfH and NifHiffer by 27 amino acid

exchanges, among which only H174 in Nifldnd N173in VnfH iswithin the surface area
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where the protein interacts with the respective catalytic component.[55] The [4Fe4S]
cluster of VnfH is observed in three oxidation statetike NifH, including the alkferrous

state. [41]

VnfDKG or the VFe protein is the catalytic component of the VFe nitrogenase. It is

rza

an_ i, , hexamer composed of an i, core similar to NifDK, with the addition of two
b Gc¢ 0w Leneoded byRmiG to NifDK. The atomieresolution crystal structures
provided a detailed insight into the architecture of the VFe cofactor[56] The
characterised P-cluster structure within VnfDGK is found nearly identical to that of NifDK.
The Rcluster in 1+ state contributes to aS= % EPR signal ¥hfDGK [57, 58] The crystal
structure also reveals a significant difference between the VFe and MoFe cofactor.

Mostly unexpectedly, the 2-sulfide in MoFe cofactor is replaced with a bridging C9 in

VFe cofactor, making it a [V:7Fe:8S:C]: Ghomocitrate cluster (Figure 1.5)[56]

sulfur belt

----

Figure 15 Structures of MoFe and VFe cofactors, where the sulfur belt in the MoFe cofactor is
replaced witha bridgingarbonateligand irthe VFecofactor.

1.3.2 FeFe nitrogenase

The expression of FeFe nitrogenase is suppressed in the presence of Mo and V.
First purified in 1988 fromAzotobacter vinelandii the FeFe nitrogenase is the least

understood of the nitrogenase family[59] The Fenitrogenase is an intriguing system for

11



exploring substrate reduction since it is capable of catalysing nitrogen fixation without
the need of a heterometal such as Mo or V. From the perspective of being an-id
system for nitrogen fixation, FeFe nitrogenase is similar to the catalyst for the
commercial HaberrBosch process which fixes nitrogen under higltemperature, high-
pressure.[60, 61]Furthermore, as evidenced by its capacity to support a methylotrophic
bacterium in co-culture when given CQ as a substrate, FeFe nitrogenase appears to be

able to convert carbon dioxide (C®) to methane (CH). [62]

Davis et al. characterised AnfDGK from Rhodospirillum rubrum with
perpendicular-mode EPR. The EPR spectrum is dominated by a signal in the 1.94
region, representing a rhombicS = 1/2 signal. ThisS = 1/2 signal is also observed in
VnfDGK, which is thought to arise from a small percentage-&luster in the P* state.
Compared to its heterometalcontaining counterparts, the FeFe cofactor exhibits
virtually nothing in theg = 3.65 region that representsS = 3/2 features.[63] Recently,
Trncik et al. have reported the three-dimensional structure of Fe~e nitrogenase from
Azotobacter vinelandii highlighting its FeFe cofactor, which features an [8Fe:9S:C]
homocitrate cluster. [64] This cluster includes an interstitial carbide and an organic
homocitrate ligand attached to the apical iron. The conformation of the homocitrate
ligand in the FeFe cofactor is strikingly similar to those in the FeMo and FeV cofactors.
The consistent presence of homocitrate across all three types of nitrogenase suggests it
plays a crucial functional role.Schmidt et al. using cryogenic electron microscopy (crye
EM)determined the structure of the Fd-e nitrogenase complex, stabilsed by adenosine
diphosphate-aluminum fluoride (ADPAIR), at a resolution of 2.35 AThe complex
structure suggests that the G subunit othe FeFenitrogenase plays a role instabilising

the FeFe cofactor, binding the reductase AnfH andhannelling substrates. [65]
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The reductase component of the FeFe nitrogenase AnfH is exceptional among the
three Fe proteins of Azotobacter vinelandii. While NifH and VnfH were essentially
identical, AnfH only share 60.8% and 61.5% sequence identity respectively with NifH and
VnfH. In addition, crossreactivity assays with the three nitrogenases showed that NifH
cUT WéeUncWel YW HYAGE qR Halialytit! soRppdett, livhile 6AdTHYis 6 1J1 K + L
compatible to AnfDGK,and to a lesser extent with VnfDGK but not with NifDK. Recently,
Trnciket al. solved the crystal structure of the ADFbound reductase component AnfH to
2.0 A resolution.[62] The comparison of overall structures shows that AnfH from the
diazotroph Azotobacter vinelandiiadopts the same conformation as its counterparts
NifH and VnfH in the ADFbound state. It is found that at the surface area that interacts
with their corresponding catalytic component, four resdues from AnfH (residues K69,
D141, K173 and Q174) are different from tse of NifH (D69, E141, N173 and S174), while
there is only one different interface residue between NifH (N173) and VnfH (H174), Figure

1.6.
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Figure 16 Surface representation of the interaction surface of AnfH, modified from PDB 1N1P. The
four residues in this region that differ from NifH K69, D141, K173 and Q174, are shown in yellow.

In the research by Trnciket al., they foundthat less than 20% of N reduction
activity isretained when AnfH is used as the reductase to the catalytic component NifDK.
The disturbance to the catalytic activity that arose from the changes of as few as four
amino residues in the surface region is rather significant. As hypothesed in the paper,
the transition from a negatively charged D69 in NifH, which interacts with residue K400
in NifDK, to a positively charged K70 in AnfH is expected to cause coulombic repulsion,
which might disrupt the AnfHNIfDK interaction. Structural modds of the AnfDGK and its
complex with AnfH will be necessary to fully interpret the molecular basis for the

compromised AnfH-NifDK interaction.[62]

1.4 Nitrogenase homologues

Aside from three types of nitrogenases (MoFe, VFe and FeFe nitrogenases), in
recent years, a homologue enzyme to the nitrogenases called dark

operative protochlorophyllide oxidoreductase (DPOR) has been identified.[66]
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Chlorophylis (Chl) and bacteriochlorophylls (Bchl) are crucial pigments employed in
photosynthesis. [67] One step of their synthesis processes requires the reduction of the
C17=C18 double bond at the ring D ofprotochlorophyllide (Pchlide) to form
chlorophyllide (Chlide), which is catalysed by DPOR (Scheme 1.2). Similar to
nitrogenases, DPOR is a twa@omponent metalloprotein consisting of an electron

transfer (reductase) component and a catalytic component (Figurel.7).

Pchlide Chlide

-4 ADP+Pi
DPO!
2 H'ler

Scheme 12 Reduction of the C17=C18 double bond at the ringpBbtiichlorophyllide (Pchlide) to
form chlorophyllide (Chlide) by DPOR with the consumption of 4 ATP, two protons and two electrons

The two components of DPOR form a functional complex during catalysis, which
allows electron transfer from thereductase component to the catalytic component for
the subsequent reduction of Pchlide in the MB, protein.[68] Although DPOR is not
capable of reducing N, it catalyses double-bond reduction in a lightindependent
fashion. It is able to catalyse other tweelectron reductions, e.g.reduction of N°<or N,H,
to NHs. [69] DPOR shares striking similarities in structure with nitrogenases but has a
different function, therefore it is worth exploring this nitrogenase homologue, especially,
the electron transfer component (L. protein) to see whether the [4Fe4S] cluster in this

protein is as unusual as the one in the Fe protein of the nitrogenase.
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Figure 17 Surface presentation (transparent) of the structure oDIR®R.The reductase lprotein
is coloured light green; the two subunits of the catalytic compongBitpidtein are coloured cyan
and grey respectively. The clusters involved in electron transfer during catalysis are shown on the right
side. (PDB: 2YNMY.0]

1.4.1 Catalytic component: the J8, protein (BchNB)
The NB; protein is the catalytic component, coded bybchNB/chINB sharing 15%

sequence identity with the MoFe proteinNifDK). Murakiet al. first elucidated the crystal

structure of BchNB fromRhodobacter capsulatusat a resolution of 2.3A in 2010[71]

Later in the same year,

a crystal structure of ChINB from cyanobacterium

Thermosynechococcus elongatusat a resolution of 2.4 A were determined by Brocket

al.. [72] The tertiary and quaternary structures of BchNB and ChINB complexes exhibit a

great degree of resemblance with subtle differences.
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Figure 18 Crystal structure of ChNB of DPOR; PDB code 2XDQ. The heteroteticatadyitic
complex of DPOR consists of two symmetrically positioned heterodimers of the related proteins ChIN
and ChiB. The [4F4S] cluster as shown in sphere mode; and the bound Pchlide as shown in stick
mode coloured yellow.

Within expectation, the overall structure of ChINB is comparable to that of the
MoFe protein in nitrogenase. It is a symmetrici .- heterotetramer, with each, Zisubunit
containing one [4Fe4S] cluster (NBcluster) and a Pchlide binding site. The NBluster
in T. elongatusis bound at the ChIN/ChIB subunit interface, and coordinated by three
conventional cysteine residues Cys22, Cys47, and Cys107 from ChIN and a unique
aspartate residue, Asp36, from ChIB. Similarly, the NBluster in R. capsulatusis also
coordinated by three cysteine residues and an aspartate residue (Asp36). The [4#8]
cluster coordinated by aspartate found in BchNB/ChINB is unprecedented in FeS
enzymes, though aspartate has been found to ligate [4F4S] clusters in ferredoxin[73]
The role of Asp36 has been evaluated by mutational analysis study, which has
demonstrated that the cluster still assembles when Asp36 is replaced with Cys, Ser
Ala, but the catalytic activity is almost abolished in thevariants.

The crystal structure of Pchlidebound BchNB fromR. capsulatushas shown that

the Pchlide-binding cavity resides at the interface of four subunits of the BchNB complex,
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surrounded by many hydrophobic residues. The shortest distance between Pchlide rings
and the NBcluster is 10.0A, which is short enough for the occurrence of electron
transfer. [74] Halfway between the NBcluster and Pchlide, a Phe residue (Phe25) that is
completely conserved across all known BchN/ChIN proteins is found[71] The Phe25 is
suggested to playa significant role in throughspace electron transfer, as the catalytic
activity is halved once Phe25 is replaced with Ald75]

Two protons are required taattack the Pchlide D ring from opposite directios to
trans-specifically reduce the C17=C18 bond simultaneously with electron transfer. The
Asp 274 of BchB is the most likely candidate to donateproton to C17 since the distance
to the D ring is only 4.9 Athough it is still too far for the H tunnelling. Besides the
mutational studies demonstrate the loss of catalytic activity upon replacement of Asp
274 with Ala. The proton donated to C18 is proposed to deom the propionate itself of
Pchlide. It is sypported by the catalytic study of the substrate analogue of which acrylate
is in the place of propionate.[71, 75]

1.4.2 Electron transfer component: theprotein (BchL)

The L, protein is the electron transfer component bchL/chIL genes), and shares
up to 30% sequence identity with the Fe protein (iffH). Sarmaet al. expressed L; protein
(BchL) of (DPOR) frorRhodobacter sphaeroidesin an Azotobactervinelandii expression
system, and determined the Xray structure of itin the MgADRbound state at 1.6 A
resolution. [66] BchL and the nitrogenase Fe protein are shown to have structural
similarities overall, including the subunit bridging [4Fe4S] cluster and nucleotide
binding sites. Like the Fe protein, it is a homodimer in which each subunit has a MgATP
binding site, andthe two subunits are bridged by a [4F&S] cluster (Figure 1.9)[46] [44]
[44] [44] [44] [44] [44] [44] [44] [44] [44] [44] [44] [44] [44] [44] The four iron atoms of the
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cluster are coordinated by the thiol ligands of Cys126 and Cys160 from each subuniih

addition to the cysteines, the cluster interacts with protein residues mainly through
ceEWARYUT t 48l Nuster lbfsBENLHAs a similar structural environment to its

HY2UqWUl G¢l quWRUW6 W[ WG YqUWRUAWs Raé6 W ceEWAYU

sulfur atoms of the cluster. [66]

Figure 19 Crystal structure of BchlL of DR; PDB code: 3FWY. The homodimeric Belsla MgATP
binding site on each subunit, and the two subunits are bridged by49i€laster. The [4F4S]
cluster is shown as sphere mode, and the two identical subunits are shown as ribbon in green and
beige.

There are considerable differences in surface charge of BchL and the Fe protein,
notably at the putative docking faces for proteimprotein interactions with their
respective partners (BchNB and NifDK). Compared to the Fe protein, the docking face of
BchL 5 more evenly positively charged. Cys126, Tyr129, Glul33, Gly161, Glul68, and
His169 residues of BchL are involved in formation of the DPOR complex, while Cys97,
Argl00, Thrl04, Gly133, Argl40, and Glul4l of the Fe protein reside in analogous
positions. [76] These residues differ significant in chemical properties as well as charges.
In contrast to BchL, the residues of the Fe protein at the docking face are mainly
negatively charged, apart froma few positively charged residues in the region of the [4Fe
4S] cluster.
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In spite of their considerable structural resemblance, BchL and the Fe protein are not
functionally compatible, which might be due to the significant differences at the docking
surface. BchL is unable to replace the Fe protein as an electron donor to MoFe protein in

a nitrogenase proton reduction assay[77]

DPOR MoFe nitrogenase
-
O

a B
% 2
.\

L, protein Fe protein B o a

ChiL NifH
N,B, protein MoFe protein
ChINB NifDK
> [4Fe-45] cluster © @ p-cluster O Pchlide () MoFe cofactor

Scheme 13 Schematic comparison of DPOR, and MoFe nitrogenase. Thé34ERrIsters are
shown as orange cube; thecRister of MoFe nitrogenase is shown as two connected brown cubes;
the binding site for Pchlide in DPOR is shown as a green circle; and the iinftindyleFe cofactor

in MoFe nitrogenase is shown as a pink circle.

1.4.3 Comparison with nitrogenases

As a homologue of the welinvestigated nitrogenase, DPOR is similar to
nitrogenase in many aspects. Aillustratedin Scheme 1.3, they both form a complex with
the electron-transfer homodimer and thecatalytically-active heterotetramer duringthe
catalytic cycle. The accommodation of several metallecofactors and their diverse
substrates are the two main distinctions between DPOR and nitrogenase. NifDK bears
the bigger Rcluster in a similar location to the intersubunit [4Fe4S] cluster in ChINB.
Contrarily, the second cofactor of NifDK, FeMocdacks a direct cofactor equivalent in

DPOR. Nevertheless, thesubstrate Pchlideitself resides in the intersection of the
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heterotetramer, ChIN, ChIB, and ChIN subunits, where it occupies the

respective location of FeMoco innitrogenase (structurally 677 v away). [46]

Moser et al. studied the catalytic activity of DPOR towards artificial "small
molecule substrates" in comparison to those of nitrogenase and FeMocaeficient apo
nitrogenases. It is foundthat, akin to the catalytic activity of FeMocao-deficient apo
nitrogenases, DPOR is able to catalyse the twelectron reductions of N°or N.Hsto NHs.
[69]. Unlike nitrogenase,it cannot perform more complicated catalytic reduction of CO
and N, that demands more than two electrons transferred. At the respective ®luster
site of the nitrogenase, it contains a pair of [4FelS}like clusters instead of the [8Fa7S]
cluster in the apo nitrogenase. Mosekt al. hypothesise that lack of P-cluster is one of

the causes for the limited substrate spectrum of DPOR78]

1.5 [FeFe] hydrogenases

Hydrogenases were first discovered and named by Stephenson and Stickland in
1931,andthe structure and catalytic machinery of which have been broadly studied ever
since. [79] The metal composition of their active site defines the category of the
hydrogenases, and specifies them as [NiFe], the [FeFe], the [Fdjydrogenases.[80]
Among all hydrogenases, the [FeFe] hydrogenases have gained special interest as they
show the most efficient catalytic activity for hydrogen turnoverproducing H up to 8,000

0 Ys& mige protein. [81] To design novel catalysts for effective kHgeneration, it is
valuable to have a comprehensive understanding of the structural and reactivity
characteristics of the active sites of [FeFe] hydrogenases. Recent advancements in
synthetic, electrochemical, and spectroscopic techniques have expanded our

knowledge of how electronsand protons interact at the active centre, as well as the
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improved maturation protocols for recombinant [FeFe] hydrogenases producing
sufficient amounts of protein for research. [82]
1.5.1 Categories of [FeFe] hydrogenases

Based on phylogenetic analysis, [FeFe] hydrogenases are divided infour
categories: prototypical and bifurcating (group A), ancestral (group B), sensory (group C)
and M2e (group Denzymes.[83, 84]The prototypical [FeFe] hydrogenases of group A are
the most characterised due to their high rates of hydrogen conversion. They feature a
common H-domain that accommodates a catalytically active H cluster. [85] The
structural differences of the proteins, especially the existence of additional FeS clusters

(F-clusters), distinguish various subclasses of group A, as shown in Scheme 1.4

M3 M2 M1
CpHydAl DdHydAB ‘ CrHydA1

| =1
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Scheme 14 Schematic representation of electron relay in three types of [FeFe] hydrogenases.
Subtype M1 only contains eF&@ Hcluster; subtype M2 contains two more [4#8] Fclusters; and
subtype M3 contains a further [4B&] cluster and a plastype ferredoxin [2e-2S]cluster.

Hydrogenase from the green alga C. reinhardtii (CrHydAl) represents the

simplest subtype (M1) that only contains an ktluster without auxiliary Fclusters. [86]
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Crystallographic and spectroscopic research on relatively uncomplicatedCrHydA1 have
shed light on the catalytic mechanism including the significance of the protoftoupled

electronic rearrangement between the two sites in the Ftluster. [87-91]

However, most [FeFe] hydrogenases possess auxiliarydfusters, one function of
which is to mediate electron transfer between the protein surface and the Hdluster. M2
subtype features an additional bacterial ferredoxin domain bound with two [4F4S] F
clusters at the Nterminus of the Hdomain. [92] The wellstudied DdHydAB of
Desulfovibrio desulfuricansis classified as this subtype, and the crystal structure has
been determined, which will be described in the latter section 1.5.2. Apart from the two
F-clusters in the M2 subtype, the M3 subtype contains two further Xerminal F-clusters,

a [4Fe4S] cluster ligated by three cysteine and one histidine, and a plariype ferredoxin
[2Fe-2S] cluster. Clostridial enzymeCpHydA1l ofClostridium acetobutylicum falls into
this subtype. [93] The M4 and M5 subtypes comprise up to two more-@rminal cluster
binding motifs compared to the M3 subtype. They are less well characterised and not

shown in Scheme 1.4.[94]
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Figure 110 A) Crystal structure @dHydAB oDesulfovibrio desulfurican$DB code 1HFE. Itis a
heterodimer composed of a large subunit (ribbon in cyan) and a small subunit (ribbon in green). B) The
structure of Hcluster in [FeFe] hydrogenases; sulfur (yellow), iron (brown), nitrogen (blue), carbon
(cyan) and oxygen (redpats are represented as spheres.

1.5.2 Overall structure dbdHydAB

The crystal structure at 1.6 A resolution of [FeFe] hydrogenase frabesulfovibrio
desulfuricans (DdHydAB) was determined by Nicoleet al. in 1999.[95] It revealed that
DdHydAB is a heterodimer composed of a large 42 kDa subunit and a small 11 kDa
subunit, and is encoded by nearly identical genes to that @vHydAB (fromDesulfovibrio
vulgaris). The small subunit (green in Figurg.10 A) constitutes a stretched polypeptide
H6¢ RUWs Ra6 WI ¢ U YhelidhHsirRtlres|Lbmdlthidlthai peéculiarly wraps
around the large subunit as a belt (cyan in Figure 1.10 A). Two cubical [4%] Fclusters
and one Hcluster are evenly spa@d in the large subunitproviding an electrontransfer
relay between the active site and the protein surface. The significance of the¢luster as
the catalytic active centrecannot be stressed enough, and it will be introduced in section

1.5.3.
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1.5.3 H-cluster of [FeFe] hydrogenases

Before the publication of the first crystal structureof the [FeFe}hydrogenase
from C. pasteurianumby Peterset al., the knowledge of the Hcluster was limited to the
understanding thatit was an FeS cluster with Fe atoms coordinated by light atoms from
magnetic circular dichroism (MCD) studies[96, 97] The light atoms are later confirmed
to be CN and CO by infrared spectra of [FeFe] hydrogenasg¢98] Around 2000, a
breakthrough occurred in the researchnto this cluster when the Xray studies of [FeFe]
hydrogenase from C. pasteurianum (CpHydAl or Cpl) and fromD. desulfuricans
(DdHydAB or DdH) presented a consensus structurdor the H-cluster. [99] This
consensus structure reveals the H cluster is composed of a [4F4S] cubane and a
binuclear [2Fe] centre bridged via a cysteine. The two Fe atoms in the [2Fe] centre were
found linked by a unique dithiolate bridging group. The centre atom in the ditlate group
was not identified due to the resolution of the crystal structure, putatively O, C or Nt
was identified as an N atom suing **N hyperfine sublevel correlation spectroscopy {*N-
HYSCOREin 2009,[100] and later was further comfirmedwhen an artificially-maturated
[FeFe] hydrogenase containing 2azapropane-1,3-dithiolate (ADT) shoved identical
catalytic activity to the biosynthesised enzyme.[82] Thestructure of the unique H cluster

will be described below (Figure 1.10 B).

The Hcluster is composed of two FeS sites, a [4F4S] cubane ([4Fe]) and a
diiron centre ([2Fel), linked via a cysteinethiolate bridge. The [4Fe} cluster is
coordinated by four cysteine residues, with three of them attached to the protein
scaffold, and the fourth bridgng to the [2Fe]; cluster. Thedistance of Fe-S-Fe between

these two FeS clusters is as short as 4 A which enables an efficient electronic coupling.
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The [2Fe} cluster is the binding site of substrates, andhas distinct differences
from other common FeS clusters. Theroximal Fe (Fg) is the connection point to the
[4Fe}s cluster via the cysteine residue. Furthermore, it is coordinated by one CO
molecule and a CN group that stabilises the cluster by forning a hydrogen bond to the
protein scaffold (labelled ,CO and ,CNrespectively). [101] Equally, the distal Fe (F&
possesses one CO and one CNas intrinsic ligands (¢CO and one(CN), with one
coordination site open for substrate binding. These two iron centres are bridged by a third
CO ligand and a distinct ADT groupThis ADT group represents the key feature of the
[2Fe}u cluster which remained mysterious for decades as stated in preceding text. The
amine moiety of ADT is assumed to function as a proton relay from tio@en coordination
site at the Fe to the [4Fe]; subcluster. [102]

1.5.4 Catalytic cycle of [FeFe] hydrogenases

As a M1 type [FeFe] hydrogenase, CrHydAl is the most popular candidate for the
studies of catalytic mechanism of [FeFe] hydrogenase, since the spectroscopic signals
of its only Hcluster remain unperturbed from any additional F cluster contained in other
types. Based on the crystallographic and spectroscopic studies, two predominant
models under heated discussions are proposed. Herein, the dominant model favoured

by more researchers will be described and discussed (Scheme 1.5).
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Scheme 15 A model of catalytic cycle of [FeFe] hydrogenase. The electron transfer process is
coupled with proton transfer. The [4&8], clusters are shown as yellow cubes labelled with
oxidation state; and the terminal CO and lg)dnds of [2Feg]cluster are not shown for simplicity.

It is worth remarking that the Hcluster is composed a [2Fe} cluster and a [4Fe
4S} cluster. During the turnover the former alternates between an oxidise&e(Il)Fe(l)
state, a one-electron reduced Fe(ll)Fe(l) state and a twelectron reduced Fe(l)Fe(l) state,
while the latter cluster alternates between the 2+ state and the 1+ state. ks the most
oxidised active state in the cycle, composed of an Fe(ll)Fe(l) [2Rejluster and an
oxidised [4Fe4S} cluster. The oneelectron reduction of H, could happen either on the
[2Fe}. cluster or the [4Fe4S} cluster. At high pH, the [4Fe4S} cluster is reduced tothe
1+ state forming deprotonated K4, while at lower pH, a protonated form (KHsH*) ismore

stable with the [2Fe}; cluster at Fe(l)Fe(l) state. It was proposed that protonation most
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likely takes place on the nitrogen of the ADT ligand, forming an NHThe forming of RqH*
involves an essential protorcoupled electron transfer (PCET) process, which leaves the
[4Fe-4S} site in its oxidised 2+ state. Further reduction of the [4FdS} site results in a
super-reduced state (HesH*) with a protonated ADT amine. The electrons and protons of
HsegH* rearrange to yield a Ha.ed (Hnya) State possessing a terminal hydride at ke One
proton and a pair of electrons have been acquired to fon Hng from Ho, and only one
more proton is demanded to generate hydrogen. The protonation of.fd on the ADT
amine leads to the formation of hydrogen. The catalytic cycle is completed when the,H

state is regenerated upon the release of the produc{90, 103, 104]

1.6 Typical methods employed to study FeS cluster containing proteins

A unique feature of FeS proteins is the presence of mixedilence species, which
have long been the focus of research. Due to the rich electronic structure and magnetic
properties of Fe atoms, a wealth of techniques can be used to study Fsontaining
centres. Most of the conventional bioinorganic methods have been applied to study FeS
proteins, including EPR, Xay crystallography, Mossbauer and U¥is. Electrochemistry

is also frequently used to study FeS proteins because of their intriguing redox propesi

1.6.1 UV-Vis spectroscopy

Ultraviolet-visible (UWVis) spectroscopy is absorption spectroscopy or
reflectance spectroscopy of electromagnetic radiation in the range of neatJV (183390
nm) or visible (396780 nm) light. The energy carried by the UVis radiation can be
absorbed by chromophores and cause electronic transitions. The UVis spectra are

usually broad and inadequately show fine structure due to the superposition of
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subspectra arising from vibrational and rotational transitions. For this reason, it is
primarily used for the quantitative analysis of the chemical species in the solution.
According to Bee-Lambert law, the concentration of a certain chromophorevaries

linearly relative to the absorbance of the solutiorunder controlled conditions.

UVTVis spectroscopy is highly exploited in biochemistry being a relatively
inexpensive non-destructive and rapid methodology. It is especially useful for the
concentration determination and kinetics measurementsand can be combinedwith the
electrochemical methods to determine the redox potentials of enzymes. This
methodology including typical spectroscopic features of FeS proteins will be further

introduced in chapter 2.2.

1.6.2 Electrochemistry

Electrochemistry is used to study the interrelation of electrical and chemical
effects. By applying an external voltage in an electrochemical cell, redox reactions can
be driven and followed by measuring the electrial current. [70] Electrochemical
techniques are useful for studying a dynamic system like a redox enzyme. Henitey are
commonly used to investigate FeS proteins which are known for their roles in electron

transfer.

The application of electrochemical method is not limited to redox potential
determination. It plays a pivotal role in the studies of thermodynamics and kinetics of the
catalytic reactions of enzymes. For instance, the protonation and substrate binding
following electron transfer could be studied kinetically with electrochemical control.
Since it allows precise potential control and very high temporal resolution, this method

could be used to measure the turnover rate of enzymes.
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Voltammetry and amperometry are two of the commonly used electrochemical
techniques. Voltammetry is a technique that monitors the current while the potential is
varied in a regular manner. For example, he redox chemistry of Sulfolobus
acidocaldarius 7Fe ferredoxin was studied using cyclic voltamratry. [105] The protein
sample was adsorbed at a pyrolytic graphite electrode. The two redox transitions of the
[3Fe-4S] cluster (1+/0 and 0/2), and of the [4Fe4S] cluster (2+/1+) were revealed by

cyclic voltammetry, as well as the redox potentials.

Amperometry monitors current changes analogous to voltammetry, but at fixed
potentials where molecules can undergo electrochemical oxidation or reduction. The
generated current is related to the concentration or the activity of the redox species at
the interface. For example, achronoamperometry study of nitrate reductase shoved
that its activation is irreversible after the first time upon reduction, and a high

concentration of nitrate inhibits its activity at a moderate potential [106]

In this project, electrochemical techniques will be mainly used for controlling the
redox state of enzymes. More details including the electron transfer process will be

introduced in Chapter 2.4.

1.6.3 Electron paramagnetic resonansgectroscopy

Electron paramagnetic resonance (EPR), also known as electron spin resonance
(ESR), is a powerful analytical method, mostly used to detect and analyse the properties
of unpaired electrons in substances. Most of the electrons in a molecule are paired, and
according to the Pauli exclusion principle, the electrons in each pair must be one spin up

and one spin down, so the magnetic momerg cancel each other out.[107] Therefore,
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particles with unpaired electrons are paramagnetic and show the phenomenon of

magnetic resonance.

The principle of electron spin resonance is analogues to that of nuclear magnetic
resonance with electron spins excited instead of nuclear spins In contrast to optical
spectroscopy, the EPR samples are exposed to a microwave of fixed frequency, while the
applied magnetic field is varied.Absorption occurs when the difference of electron
energy levels caused by the magnetic field matches the microwave energy, and the

unpaired electrons can move between the two energy levels.

Since the state of electrons in a substance has a great influence on its properties
and function, the evaluation of EPR has become increasingly important. In biology, EPR
is applicable to whole macromolecular protein complexes to identify the metal content
and the coordination environment etc. FeS clusters in redox proteins (e.g. ferredoxins)
usually exhibits more than one oxidation state [108-110] They areEPRactive in at least
one state, so FeS proteins are good subjects for EPR techniques and widely investigated
by EPR. The most common spin state of paramagnetic FeS clustersSs %% . For example,
the [4Fe-4S] clusters of Fe protein from nitrogenase in the reduced ([4F&ST") state have

aS="1% state, and arexidised by one electron to a [4FelSF* state with S= 0. [111, 112]

EPR isa powerful technique for the study of biological molecules, due tdhe fact
that it only examines paramagnets,and it is often used to give an image of a metal
coordination complex in a metalloprotein. In other words, the EPR findirsg are
constrained to specific parts of the protein. Besides, most transition metal systems can
only be studied at cryogenic temperatures (T < 100 K), which limits the usage of ERR

situ. Further discussions of EPR will be included later in Chapter 2.3.
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1.6.4 MOssbauer spectroscopy

Mossbauer spectroscopy is an established technology for the study of
bioinorganic species. The foundation of this spectroscopy is the Mdssbauer effect
TRt Y2101 Ul WRUWN®PYAWs 6RASGWRY Waqd Wl WHYRGGIIt ¢
radiation by atomic nuwclei. [113] The isotope®’Fe is mostly investigated among the family
of Mdssbauer isotopes with a natural abundance of 2.1%[114] N 6 13plfton used for
5"Fe MO ssbauer spectroscopy originates from nuclear decay of radioactiveCo isotope
which yields®[ 1JWR U W¢ Wa Wa ¢t aqc¢ AT 1 W FtarRitpldsiisljielded foptd FOLW  LH ¢
this metastable %’Fe state, and the photon with the lowest energye} = 14.4 keV) emitted
from the first excited nuclear state (= 3/2) is selected for thé’Fe MO ssbauer experiment.
i RS W6 IWnR+IT WUeHGWE! W20 WRU Lkphdiold 6~ Bt + He
GYT 20 c¢caqll WH! Wel Tet qRUNWaq 6 kphbton lighit spRr@eland2hB i Y H R q !
sample absorber according to the Doppler effect. The sampk of Moéssbauer
spectroscopy are usually solids, powders, or frozen solutions, as the recoil energy loss
Hcet UI WH! WJaG Rt + RY Uiploldd dbkss Hdt netessayiy ¥hiftlth¥ engigy L™
Y 'n Wepbtokbulin these conditions.

Fe Mossbauer plays a crucial role in providing information regarding the
chemical properties of every distinct Fe species present in a Feontaining sample.
Contrary to EPR spectroscopy which only detects paramagnetic atom$&'Fe Mdssbauer
responds to signals from all Fe species regardless of their oxidation and spin statg$14,
115]It is also used in the quantitation of all Fe species as the Mdssbauer spectrum is the
superposition of the individual subspectra of the various Fe sites, weighted according to

their relative concentrations. [114, 116] In addition, the electronic and geometric
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structures of various FeS clusters can be identified and charactesed in detail according

to their unique Mo ssbauerspectroscopic features.

One factor that impedes the usage of M6 ssbauer spectroscopy is that the protein
samples analysed must be cooled to cryogenic temperature (< 77 K or lower) to
significantly reduce the recoil energy loss. Besides, a sample enriched with theéFe
isotope is often required although some small molecules have been studied with natural
abundance>"Fe.

1.6.5 X-ray crystallography

X-ray crystallography is a technique that uses Xays to study the arrangement of
atoms in crystals. More precisely, based on the diffraction of incident Xays caused by
the crystalline structure, Xray crystallography provides the information on the
distribution of electron density in a crystal, from which the position of atoms in the

crystal, i.e. the crystal structure, can be analysed.

Since the first protein crystal structureof myoglobin obtain by Kendrew J.C. ithe
1950s, xray crystallography has become a major research tool in the investigation of
proteins. [117] As the basic tools and techniques of structural biology, Xay
crystallography has been extended from solving the simple thredimensional structure
of proteins to solving the structure of various biomolecules, e.g. nucleic acids, proteins
or viral particles. The threedimensional structures of protein give insights into the global
folds, atom positions and specific atomic interactions, etc. Hence Xray crystallography
provides answers to structurerelated questions, from the substrate binding to the actre
F RUt AllgY W6 W nnIHEqt WYnWGY RUq WG-206 onatieY U WY U L

alpha subunit of MoFe protein is found to play an important role in gating the substrate
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acetylene and dinitrogen islargely suppressed. [118] X-ray crystallography is even more

powerful in conjunction with other techniques. For instance, Einslest al. discovered that

there is an interstitial light atom X (where X could be carbon, nitrogen, or oxygem) the

active site of MoFe nitrogenase, and witextended x-ray absorption fine structure (EXAF$

study, atomic-resolution x-ray diffraction and electron spinecho envelope modulation

later determined the X is a carbon atom[119-121]

The production of weltordered, diffraction-grade crystals of macromolecules is
the prerequisite in the process of structural identification by Xray crystallography, while
some macromolecules cannot be crystallised intrinsically. However, whether a specit

macromolecule will crystallise cannot be predicted.

1.7 Aimand scope of this thesis

Research in this thesis focuses on the study of metalloenzymes by
electrochemical and spectroelectrochemical techniques, including nitrogenases,
nitrogenase homologues and [FeFe] hydrogenaseNitrogen fixation and renewable
hydrogen synthesis are both crucial processes that rely on metalloenzymes and
catalysts. In nitrogen fixation, the N molecule binds to the Feions in nitrogenases, a
process akin to the ironcatalysed HaberBosch process used industrially for ammonia
production. [60, 61] Meanwhile, H,, as a promising energy carrier, has driven the
development of biological systems for sustainable Hproduction. [FeFe] hydrogenases,
such as those found inDesulfovibrio desulfuricans HydAB DdHydAB)are among the
most efficient enzymes for both proton reduction and hydrogen oxidation, operating near

the thermodynamic potential of the H/H* couple. [122] Understanding the mechanism
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of these enzymes' active sites is essential for the development of catalysts that usk

abundant metals like Fe, potentially revolutionizing the production of clean energy.

Electrochemistry plays a vital role across various scientific domains, including
physics, chemistry, and biological studies, underpinning key processes such as material
transformation, information transfer, and energy conversion and storagg123]However,

traditional analytical electrochemistry methods may not always be directly effective in

identifying new species produced during redox reactions[124] The integration of
electrochemistry with spectroscopy, termed spectroelectrochemistry (SEC), has
emerged as a solution to this challenge. This interdisciplinary approach has garnered
significant interest and adoption among research communities in chemisty and related
fields, who have been actively employing and refining this technique in recent years.
[125-128] Spectroelectrochemical techniques are used to obtain simultaneous,in situ
electrochemical and spectroscopic information on redox reactions of these enzymes
taking place on the electrode surface. The redox chemistry of the [4FHS] cluster in
nitrogenase Fe protein with the similar cluster in the analogue proteins involved in
chlorophyll biosynthesis, have been compared. Also, methodswhich could be

potentially used to study crystals of nitrogenase have been established.

Techniques used to perform these studies including ultraviolewisible
spectroelectrochemistry (UV-Vis SEC), infrared spectroelectrochemistry (IR SEC),
electron paramagnetic resonance (EPR) spectroscopstc, will be introduced in Chapter

2.

Chapter 3 includes the development of the UWis SEC cell for the redox titration

and studies of the redox properties of the nitrogenase Fe protein (NifH and AnfH). The
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midpoint potentials for the [4Fe-4S)?/[4Fe-4S]** and [4Fe-4S]Y/[4Fe-4S]° couples have
been measured with the developed UWis SEC cell, as well as the midpoint potential for
them in the nucleotides-bound states. In this chapter, EPR insights of their redox states

will also be described.

In Chapter 4, attempts have been made to study the redox properties of the
nitrogenase homologue DPOR with the UVis SEC cell. Due to the similarity of DPOR to
nitrogenases, the allferrous state that has beenobserved in Fe protein wasoughtin
ChIL (analogue to the nitrogenase Fe protein) and ChINB (analogue to the nitrogenase
MoFe protein). Additionally, the midpoint potentias for the [4Fe-45%/[4Fe-4S]** couple
of ChIL have been measured, and attempts have been made to measure the midpoint

potential for the [4Fe-45]%*/[4Fe-4S]** couple of ChINB.

Chapter 5 presents the study of crystals of [FeFe] hydrogenasBdHydAB) under
electrochemical control. An infrared spectroelectrochemical (IR SEC) method has been
established, which will eventually be able to be extended to nitrogenase single crystals
for further understanding of the redox chemistry of nitrogenase. Theedox titration of

DdHydAB at several pH values has been performed with the IR SEC cell.
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Chapter 2 Experimental Methods and
Theory

2.1 IR spectroscopy

Infrared (IR) spectroscopy is an analytical technique that exploits the vibrational
properties of molecules to identify and characterse them. Fundamentally, it involves the
absorption of IR light by molecules, causing them to vibrate at specific frequencies that
correspond to different chemical bonds. This absorption leads to a unique spectral
fingerprint for each molecule, allowing forprecise identification. In biological studies,
particularly in the examination of FeS cluster proteins, the sensitivity of IR absorption to
changes in the local environment of these clusters makes it invaluable for probing their

electronic and structural properties.

2.1.1 -acid ligands: CO and CM IR spectroscopy

L y i NP R dzOngid L2ggindsii 2

" -acid ligands are a class of ligands in coordination chemistry that are
characterislJT WH! Waé6 WRI We HRGRq! WaVYWe HAEUIGqWUIGWHql YULW
This type of ligand bonding is typically observed in complexes involving transition metals.
" -acid ligands, particularly carbon monoxide (CO) and cyanide (CIN exhibit a special
ability to bond synergistically to transition metal centres. This bonding is charactéesed
H! W ¢ W #YaHRUeYgRYqURLY Whintkbohding *interactions (Scheme 2.1),
t RDURNRAcUqG! WRUNG2 WUARRUNLWa6 JWE RN édddattoh LI T 13 H ¢
nl YOWqS6 WG RNEUT kt WERNEE qUYHH2 GRIT WG Yda A2 GC
acceptor orbital increases electron density on the metal. Concurrently, there is an

electron donation from a filled metal dY | ARqc G WuYn W w Wt ' GG gl ! b Wq
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cUYHRA2GRUT WaYuaWHzGe ! WY AdRapgtar bihitad. (TheSealesirdhs 6 RA 6 L

T Ut Rg! WYUWq6 DWiRNeUT WRt WJIU6¢cUHDT W6l YenNos W U

0 X Yo
SRS o= 0"

o-bond n-backbond

ERGIUGUWZIONWE+caGaUWYnwt ! Ul DRt qRAWAYUT RURA® U WG Daq¢ O W
GRNDcUT+ WeUT Wal ¢ Ut RgRYU WG Wqc¢c it OWNG JW=G i WRt We UqRF
N6 13 LW 1J+ q4badkdpanding M ‘influenced by various factors, including the
electron density on the metal, which is often dictated by the metal's oxidation state.
Metals in a lower oxidation state tend to have higher electron density, leading to stronger

" -backbonding. This characteristic is crucial in stabilising metals with low formal

oxidation states by draining off electron density.
IR Spectroscopy of CO and CN Ligands

The study of IR spectroscopy provides valuable insights into the nature of metal
ligand bonding. The (CO) and_(CN) stretching modes in IR spectra are particularly
sensitive to changes in the metaligand bonding environment. For instance, the
weakening of the G§ WWHY Ul WR U W-9khdnading lHags tia red shift (towards
lower wavenumber) in the IR spectrum. Tk shift is a direct consequence of the

increased electron density in the GO bond, resulting from backbonding. In Chapter 5 of
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this thesis, CO and CNare employed as molecular probes to investigate the active site

of [FeFe] hydrogenase.

NG IJLWO § WG YG A2 G40 ¥IWHID RUHR LojdiddefitdriGidmis & biplex
sR6WqsWNWaWNgqecidWHIUql DWWl YeNRSWeWHYGHRUEC qRY
He At HYUT RUNWWNGSRY Wt ' U1 DRt qRAWRUqUI ¢HqRYUA W
weakened CrO triple bond. The weakening of this bond is directly observable in IR
spectra, where the stretching mode, (CO) of the CO ligand in a complex is found at a
lower wavenumber compared to free CO. For instance, while free CO exhibits an IR
absorbance around 2155 cnt, this shifts to between 1900 and 2100 crhwhen bound to

Fe, sometimes even below 1900 cri. [129]

Compared to CO, CN Rt W¢ Wt g 'YYOON 120 ¢Ul) T -deseldtar.tWhéenLTNe
nYl Gt We WHYOG GO W+ Ws R WaWgedat WRUWE W6 RNGIII WY #RI
bonding. This bonding is facilitated by electron transfer from the slightly antibonding
highest occupied molecular orbital (HOMO) of CRay Y Wa 6 W Wa ¢ Gkt WYl HRac¢
effectively stabilises the CrN bond, leading to an increase in the wavenumber of its CN
stretching mode, denoted as_ (CN). Conversely, when the central metal atom is in a
T 2 #HUT W q¢c qUlAWg6 W9 eWiRNeUT WHe UWE Aallet We W L
YAzt Wnl YOaWq6 Wl T 2 #IJT [Hodrdiogy GUMO qf YGRLUTIjsY LW a6 1J L
interaction results in a shift of the, (CN) peak to a lower wavenumber, indicative of
weakened Cr W HYUT RUNW T 2 13W q Y tHoRdildrn. Fdc insthhce) “inlihel ¢ & t
ferricyanide ion ([Fe(CNg|°3, the_ (CN) shows a vibrational peak at 2116 cf, whereas
in the ferrocyanide ion ([Fe(CN]™3y, the_(CN) appears at a lower wavenumber of 2036

cm®. [130, 131]This difference in the (CN) wavenumber between the two complexes is
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CWlI RI WetqWl IndWdeEqRY UWY n-tdbaadidd.LLferricyaridd, thel highed | 1713+ L
Y+RTI ¢cqRYUWt q¢ qldWYn Lhonatibh, Maireainiog aldtFooget BN bdndll’ WA ¢
and hence a higher (CN) value. Conversely, in ferrocyanide, the lower oxidation state of

[ JWn ¢ #R T Rq ¢ ardbhatlbd, Yveakeihing lthel @&t Bond and thus lowering the

. (CN) wavenumber.
Exploring Metalloenzymes with IR Spectroscopy

As IR probes, CO and CN provide insight into the electronic structure and
bonding dynamics at the active sites of enzymes such as nitrogenase and hydrogenase.
The investigation of CO interaction with nitrogenase is particularly significant due to CO
being one of the important mhibitors of this enzyme. By studying how CO binds to the
MoFe or VFe cofactor of nitrogenase, researchers have gained deeper understanding of
the mechanisms underlying both the binding process and the subsequent reduction of
CO bythe enzyme.[132-138] Furthermore, the H-cluster, a sophisticated cofactor within
[FeFe] hydrogenase enzymes, illustrates the profound utility of IR spectroscopy in
biological chemistry. [139-141] Due to the diamagnetic nature of the more reduced,
catalytically relevant states of the Hcluster, techniques like electron paramagnetic
resonance (EPR) spectroscopy are limited in their applicability. However, IR
spectroscopy emerges as the superior metbd for studying all states of the Hcluster
(both oxidised and reduced). Even the reduction mthe [4Fe-4S] of H cluster can be

inferred from a subtle shift of CO IR band to lower energy of arounad cm®. [142]

2.1.2 IR spectroscopy modes

In IR spectroscopy, several analytical methods are employed based on the nature

of the sample preparation, namely transmission, reflectance, and attenuated total
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reflectance (ATR), as illustrated in Scheme 2.2. Transmission analysis involves the IR
light passing through a thin layer of the sample, in order to minimise background solvent
absorption. Reflection analysis is suitable for analysing solid samples or thispecimens
placed on reflective substrates, as it detects IR light reflected from the sample's surface.
Attenuated total reflectance (ATR), another widely used technique in HR microscopy,
directs IR light through a crystak.g. Si or Ge, which is in cotact with the sample. The IR
light interacts with the sample's surface layer and then returns through the crystal for
detection. Each of these methods offers distinct advantages and is chosen based on the
sample's characteristics and the specific requirements of the study.[143] In Chapter 5,
both transmission and reflection IR modes in conjunction with microscopy have been

employed to investigate [FeFe] hydrogenase.

Transmission Reflection ATR
e
-
Detector
A T —
Sampl Sample| ATR prism
IR beam

Scheme 2.2 Achematic diagram of the transmission, refient and attenuated total reflectance (ATR) modes
of infrared detection

2.1.3 IR spectroscopy ethods

Combining an IR spectrometer with a microscope, a technique known as IR
microspectroscopy, allows for the detailed study of very small samples. This approach

is exceptionally useful for analysing smaliscale objects that pose challenges for
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conventional FFIR spectroscopy. It is adept at precisely examining small particles, thin
surface coatings, or single crystals, where detailed analysis is critical. In an IR
microspectroscopy setup, the microscope is positioned above the IR sampling
compartment. Once the IR beam traverses the sample, it is captured by a Cassegrain
objective, creating an image within the microscope's barrel. A variable aperture in the
image plane then focuses the beam onto a smalarea mercury cadmium telluride (MCT)
detector through another Cassegrain condenser. Additionally, the microscope is
equipped with glass objectives for direct visual examination of the sample. By altering
mirrors in the optical path, the setup can easily switch between transmission and
reflectance modes, providing versatility in the analysis of various sample type$143]
This thesis employs a commercially available PIKE transmission cell alongside a
specially designed ECIRM (electrochemical IR microspectroscopy) reflection cell for the
analysis of [FeFe] dehydrogenase. A crossectional diagram of the PIKE transmission
cell is presented in Scheme 2.3 A. The specifications and details of the ECIRM reflection

cells are discussed in Section 2.5.

A PIKE cell (Scheme 2.3 A), commonly used in spectroscopy, particularly for
transmission measurements, is designed to hold samples through which light can be
transmitted for analysis. At the centre, there is a compartment or space where the
sample is placed, with the thickness of the sample layer being adjustable by a
polytetrafluoroethylene (PTFE) spacer. On either side of the sample area, transparent
CaF, windows are positioned. These windows are transparent to IR light, allowing the
light to pass throughthe sample without impediment. Surrounding the windows and the
sample compartment, plastic discs serve as gaskets to prevent the escape of any gases

or liquids from the sample area. The aforementioned components are secured together
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by a frame that can be positioned on the IR sampling compartment. The view through the
microscope is depicted in Scheme 2.3 B, highlighting the area through which the IR beam

passes, marked as the selected area.

A) Cross-section view B) Protein crystal

Screw-on lid
Sample

Plastic disc

. 00 p
CaF, window

PTFE spacer

Transmission cell

Scheme 2.3 A schematic cressction view diagram of a commercial PIKE transmission cell; B) The
microscopic view of a [FeFe] hydrogenase crystal, indicating the selected area for the passage of the IR beam.

2.2 UV-Visspectroscopy
2.2.1 Introduction to UWis spectroscopy

Ultraviolet-visible (U\Vis) spectroscopy stands as a pivotal analytical technique
in the realm of molecular biology and chemistry, offering a window into the interactions
between biological macromolecules and electromagnetic radiation. This technique is
particularly adept at probing the characteristics of proteins and nucleic acids, which
absorb light in the UWVis region of the electromagnetic spectrum. The fundamental
principle of UV-Vis spectroscopy hinges on the absorption of light by these molecules,
process that provides invaluable insight into their concentrations, structural

conformations, ligand-binding activities, and enzymatic reactions.
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At the heart of UWVis spectroscopy lies the concept of electronic excitation.
Molecules, especially those with delocalised aromatic systems, absorb light in the near
ultraviolet (15071400 nm) and visible (400800 nm) regions. This absorption involves the
elevation of electrons from a ground state to an excited state, a transition that occurs
within the energy range of approximately 15@00 kJ/mol. [144] By measuring the
absorption of light across different frequencies or wavelengths, a spectrum is generated,

offering a detailed portrayal of the molecular interactions at play.

The practical application of UWVis spectroscopy typically involves the
dissolution of the target molecules in a transparent solvent, such as aqueous buffers.
The technique's strength lies in its linearity; the absorbance of a solute is directly
proportional to its concentration, making UWVis spectroscopy an ideal tool for
guantitative analysis. Moreover, the specific wavelength of absorption and the intensity
of absorbance are not only dictated by the chemical nature of the molecules but also by
the surrounding molecular environment of their chromophores. This sensitivity to
environmental changes renders absorption spectroscopy an excellent method for
monitoring various biochemical processes, including ligandbinding reactions. The UY
Vis spectrometer (Scleme 2.4) typically features two light sources: a deuterium lamp for
the ultraviolet region and a tungsterhalogen lamp for the visible spectrum. The light
from these sources is directed through a monochromator or optical filters to isolate
specific wavelengths. It then travels through a cuvette containing the sample. The
amount of light that passes through the sample, and consequently the light absorbed by
the sample, is detected by a sensitive detector such as a photomultiplier or a

photodiode.

44



~ — —

(i
l

Light Source Collimator Monochromator  Exit Slit Sample Detector

Scheme 2.4 A schematic diagram of a\iBible spectrometer

2.2.2 BeerLambert law

The process of determining the concentrations of substance in a solution can be
efficiently and precisely achieved through absorbance measurements. This method
hinges on the relationship between the absorbanced) and the intensity of light before
('O and after (@it passes through the sample (Eq. 2.1). Furthermore, the principle of the
Beer-Lambert law, represented by Eq. 2.2, establishes that the absorbance is directly
proportional to the concentration of the solute.

6  ae'QPOo Eq. 2.1
6 - wa Eq. 2.2

In Eqg. 2.2,6 stands for absorbance,- stands for molar absorption coefficient, ®
stands for molar concentration, andastands for optical path length. It can be seen that
there is a linear connection between solution concentration and absorbanceat
absorbance values between 0.1 and Jlallowing the concentration of a solution to be

estimated by measuring its absorbance (Eq. 2.3).

Eq. 2.3

~ 0
w R

a
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2.2.3 UV-visible spectroscopy of proteins

UV-Vis spectroscopy serves as a critical tool in analysing the structural and
functional aspects of metallo-proteins, including those containing FeS clusters[145]
The UWVis spectra of proteins are typically categorized into "near" and "far" UV regions.
The near UV region, spanning 25800 nm, is often referred to as the aromatic region.
This region includes the absorption of aromatic amino acids like tryptophanytosine,
and phenylalanine, along with disulfide bonds. Tryptophan, with its indole ring, exhibits
the most intense absorption in this region, with a maximum extinction coefficient at 279
nm. [146] Tyrosine and phenylalanine also contribute to the absorption in the near UV,
though with lower extinction coefficients. The far UV region, below 250 nm, is dominated
by the peptide backbone's transitions, with contributions from some side chains[147]
The peptide chromophore, responsible for absorption in the fa® ¢é Wl INRYUAWRU2 Y
AYUT RUNDWUGWHq! YUt AWOYUAYUT RU Reldttrond. Aopllowedtt WY U LS
energy transition in the peptide chromophore is from a nonbonding orbital to an anti
HYUT RUNDW WYl ARgc¢dAWec 0wl WaVY W W14l Ut RaqRYUAWN Y
Proteins with FeS clusters exhibit distinct colouration and spectral
characteristics. These clusters display characteristic absorption bands in the 30600
nm range, attributed to the ligand to metal charge transfer (LMCT) processes. A protein
containing only an [2Fe2SF* cluster appears brown showing broad maxima near 330,
420, and 460 nm. In contrast, proteins with [3F& S} or [4Fe4SF* clusters display very
broad spectra with notable shoulders in the 389430 nm range.[148] The absorption
changes in redox clusters are key to assessing protein redox processes. For instanteg
UV-Vis spectroscopy of IsoC, which is a Rieskeype ferredoxinwith a [2Fe2S] cluster,
shows distinct peaks at 323 and 454 nm, with an additional shoulder peak at 575 nim
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its oxidised, 2+ state. When IsoC is reduced to its 1+ state using sodium dithionite, the

new maximaare observed at 382, 431, and 515 nn{149]

2.3 Electron paramagnetic resonance
2.3.1 Introduction to EPR

Electron paramagnetic resonance (EPR) spectroscopy, also known as electron
spin resonance (ESR), was marked by its unique ability to explore paramagnetic
molecules, a feature that has sincebeen extensively applied in the study of biological
systems. EPR spectroscopy is adept at observing organic free radicals, which typically
arise from chemical oxidationreduction reactions or through exposure to irradiation.
Additionally, EPR is instrumental in studying transitionmetal ions like Mn, Fe, Co, Cu,
and Mo, in their paramagnetic oxidation states. The ability of EPR to provide detailed
information about the oxidation states of these metal centres makes it an invaluable tool
in metalloproteins, where these paramagnetic centres frequently constitute the active

sites.

2.3.2 EPR study of metalloproteins and FeS proteins in particular
Metalloproteins
In metalloproteins, EPR spectroscopy is instrumental in studying the behaviour of
transition metal ions. These ions often form covalently bonded complexes or clusters,
exhibiting unique EPR spectra due to strong exchange interactiongl50] For instance,
the Cu-Cu"dimeric Cuacentres in enzymes like nitrous oxide reductase and cytochrome
oxidase show complex EPR splitting due to interactions with two Cu nuclei, as revealed
by multifrequency EPR studies which demonstrates the sensitivity of EPR to intricate

metal cluster structures. [151] In oxidised ferredoxin and methemerythrin, two P&ions
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are strongly antiferromagnetically coupled.[152, 153]This coupling results in a "ladder"

of energy levels with a ground stateS = 0, leading to no EPR signal at liquid helium
temperatures. However, at higher temperatures, excited states withS | W NALW = A8 NML
become populated, but still eluding EPR detection due to rapid electrogpin relaxation.

In contrast, in the mixedvalence state Fé-Fe'", the coupling leads to a detectable ground

state S= Y2 at low temperatureq154]
FeSprotein

FeS proteins, a diverse group of metalloproteins discovered in the 1970s primarily
through EPR spectroscopy, play a pivotal role in various biological processefl55]
These proteins are characteised by their FeS clusters, typically bound to cysteine
residues within the protein structure. The unique electronic properties of these clusters,
particularly their strong exchange coupling between the Fe atoms, make EPR an ideal

technique for their study.

The EPR spectra of FeS proteins are highly informative. The total numberdof
electrons on the Fe atoms in these clusters determines their EPR detectability. In their
oxidised states, neither [2Fe2SF* nor [4Fe4SF* clusters are detectable with standard
perpendicular mode EPR spectrometers. However, upon reduction, such as with sodium
dithionite (Na,S;0,), the reduced [2Fe2S}* and [4Fe4ST* clusters exhibit characteristic
axial EPR spectra, witly- H LLI= FOMgw HIEIN [O8S[TENT he [3Fe4ST cluster presents
a sharp, nearly isotropic EPR signatentred at g LU = IOMN AW 5 6 RAG W I Rt ¢ GC
reduction. [158] Additionally, the highpotential iron-sulfur protein (HiPiP) [4Fe4SF*

cluster typically exhibits an axial spectrum withg- H LLI= FONJT HI &18 f089D tOLL
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A notable application of EPR is in the study of the Fe protein of nitrogenase. This
protein, essential in nitrogen fixation, undergoes significant changes in its oxidation state
during its function. In its reduced ([4Fe4S}") state, the Fe protein exhibits &= Y2 state,
detectable by EPR. Upon oxidation to a [4F4SF* state, the spin state changes toS= 0,
rendering it EPRsilent with standard perpendicular mode.[36, 112] The ability of EPR to
detect these changes is crucial for understanding the electron transfer mechanisms in
nitrogenase, providing insight into how this enzyme facilitates the conversion of

atmospheric Nz into NHs.

The combination of UWVis and EPR spectroscopy is often employed to establish
the predominant cluster type present in these proteins. This dual approach enhances the
understanding of the electronic structure and redox properties of FeS clusters, providing
valuable insights into their roles in biological systems, which has been used in Chapter

3 for the study of the Fe protein of nitrogenase.

2.4 Electrochemistry

Electrochemical  techniques such as cyclic voltammetry and
chronoamperometry are commonly employed for the study of redox proteins. Beyond
determining reduction potentials, these methods are crucial in exploring the
thermodynamics and kinetics of reactions associated with redox proteins or small
molecules, including aspects like potonation and substrate binding. Electrochemistry
has been applied to a broad range of catalytic processes, including electron transfer,

substrate diffusion, and interactions with inhibitors. [160]

49



2.4.1 The threeelectrode system

A three-electrode system in electrochemistry is used for precise electrochemical
measurements. It consists of a working electrode (WE), a reference electrode (RE),
providing a stable reference potential, and a counter (or auxiliary) electrode (CE),
controlled via a potentiostat (Scheme 2.5). The WE is where the redox processes of
interest take place, while the CE serves as the site for the opposite haigll reaction. It
complements the WE by ensuring that the electrical circuit is completed, allowing
current to flow through the electrochemical cell. The RE is crucial for maintaining a stable

and known potential against which the potential of the WE is measured.

£ T T T T TN

.- Potentiostat -

\ Electrolyte /

Scheme 2.5 The thredectrode electrochemical system with reference (RE), working (WE), and counter (CE)
connected to a potentiostat.

In the three-electrode arrangement, the setup includes a voltmeter, which is
connected in parallel with the RE and WE (as depicted in Scheme 2.5). This configuration
allows the potential of the WE to be monitored relative to that of the RE. The current,

which is measurable by an ammeter, flows predominantly between the WE and CE, and
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is limited by the reaction in the circuit. To facilitate efficient electron transfer, it is

essential to use a CE with a significantly larger surface area than that of the WE.

In a threeelectrode system, cyclic voltammetry (CV) and chronoamperometry
(CA) are key techniques used to study electrochemical properties. CV involves varying
the electrode potential cyclically to observe redox behaviours, while CA measures the
current response over time at a fixed potential. Both CV and CA have been extensively
applied in the study of redox proteins, including FeS protein$l61, 162]In this thesis CV
and CA will be employed to investigate the properties of FeS proteins such as the Fe
protein of nitrogenase (Chapter 3), nitrogenase homologue (Chapter 4), and FeFe
hydrogenase (Chapter 5).

2.4.2 Cyclic voltammetry

Cyclic voltammetry (CV) is commonly one of the initial techniques used in
electrochemical experiments due to its simplicity and quick provision of data about
redox potentials and electrocatalysis rates. In this method, a triangular waveform
potential is applied to the WE, and the current is recorded. The potential applied at the
WE is swept between two set values at a constant rate, and the responsive current is
plotted against applied potential (Scheme 2.6). Characteristic of reversible redox
reactions, two peaks €., E.) typically appear in the cyclic voltammogram, with their
average indicating the midpoint potential E.. This technique, crucial in this thesis, helps

TWqUl aROJDW Bnll DOHJIWIGWHEq! YT JWYnnt gt We O Wa§ 1

Redox potential and reversibility obtained by CV have been proved to be useful in
studying redox proteins. Protein film electrochemistry (PFE) involves adsorbing a protein

onto an electrode surface, allowing for the monitoring of the protein's redox feates.
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[163] Initially applied to small redox proteins in the 1970s and later to larger redox
enzymes, PFE has been extensively used over the past 20 years to investigate various
aspects of redox proteins and enzyme$164], including proton transfer[165], electron

transfer ET[166, 167] and diffusion along substrate channels[168, 169]etc.

A . . . B)

Current (A)
Potential (V)
T
1

Potential (V) Time (s)

Scheme 2.6 A) A typical cyclic voltammogram for a reversible process in solution, with arrows indicating the
direction of the scan over time; B) the potential waveform used to carry out the cyclic voltammetry. The CV and
potential waveform were simulateding a CV simulatgil70]

2.4.3 Chronoamperometry

Chronoamperometry (CA) is an established electrochemical technique where a
potential pulse is applied to a WE, and the resulting electrochemical current is then
measured as a function of time following a single or double potential step. This method
detects changes in current due to the variation (reduction or oxidation) in the diffusion
layers of the analyte at the electrode surface. Complementary to CV, CA has been
instrumental in studying redox proteins. For instance, Chenret al. utilised CA to
investigate the behaviour of MoFe nitrogenase, particularly focusing on the protein's

intrinsic changes and its interaction with various substrates and inhibitors.[135]
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Additionally Légeret al. employed CA experiments with hydrogenase to quantitatively
characterise the kinetics of inhibition by CO, as well as by O[171]
2.4.4 Electron transfer

In protein electrochemistry, electron transfer can happen in two ways. Direct
electron transfer processes involve the protein in direct contact with the electrode, so
electrons interchange rapidly between the protein and the electrode (Scheme 2.7 A).
More often sluggish heterogeneous electron transport occurs between protein and an
electrode surface. The fact that the bulk of the protein matrix insulates the redeactive
site is primarily responsible for the sluggish rates of electron transfefl172] Mediated
electron transfer processes use small redox molecules, which diffuse very quickly due
to their small size, to transfer electrons between the electrode and the protein in a

reversible manner (Scheme 2.7 B).

The metalloproteins studied in this thesis undergo slow electron exchange with
the electrode surface. Therefore, redox mediators will be used in this thesis to ensure
efficient electron transfer between the electrode and redoxactive FeS clusters within

the proteins or crystals.
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A) Direct electron transfer B)Mediated electron transfer

Working electrode Working electrode

Protein®x Proteinred Mediatorsox
o
Proteinred Protein©°x Mediatorsred

Scheme 2.7 lllustrations of the electron transfer processes between working electrode and protein A) direct
electron transfer, and B) mediated electron transfer with the aid of redox mediators.

2.5 Spectroelectrochemistry

Spectroelectrochemistry is an analytical technique that combines spectroscopy
and electrochemistry to study the behaviours of molecules under various electrical
potentials. It provides insights into the changes in molecular structure, composition, and
electronic properties as a result of redox reactions. This approach is particularly useful
for understanding the mechanisms of complex chemical and biological systems, where
the interaction between light and matter is influenced by changes in the redox state.
Spectroelectrochemistry can employ different types of spectroscopy, such as UWis, IR
or Raman spectroscopy, depending on the specific application. UWis
spectroelectrochemistry and electrochemical IR microspectroscopy have been
employed to study FeS clster proteins in this thesis.

2.5.1 Ultravioletvisible spectroelectrochemistry
Ultraviolet-visible spectroelectrochemistry (U\WVis SEC) method involves the

simultaneous control and measurement of electrochemical properties and
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measurement of optical absorbance, allowing for a detailed investigation of electron

transfer processes and the associated changes in the electronic structure of the analyte.

For the general procedure ofUV-Vis SEC experiment conducted witha protein,
redox mediators were utilsed to facilitate rapid electron transfer between the protein
and the electrode. The three electrodes were inserted into the UWis cuvette (as
depicted in Scheme 3.2, Section 3.1.2), which contained a total volume 0150-400 pL of
protein and a mediator cocktail (final concentration of 515 uM for each mediator). The
electrodes were then connected to the potentiostat.To initiate the titration, different
potentials were applied in25-100 mV increments, allowing equilibration for 10 minutes
at each level UV-Vis spectra were subsequently recorded at each potential once

equilibrium had been reached

This thesis extensively employs UWis SEC for investigating the redox potential
of FeS cluster proteins. A detailed exploration and elaboration of this technique, focusing
on its development and practical implementation, will be presented in Section 3.1.

2.5.2 Electrochemical IR microspectroscopy

Infrared (IR)microscopy method has been introduced in Section 2.1.3, which
combines an IR spectrometer with a microscope, a technique known as IR microscopy,
allows for the detailed study of very small samples. Electrochemical IR
microspectroscopy (ECIRM) has emerged as a powerful tool for studying protein crystals.
[173-178] Ash et al. developed a method to precisely create and verify specific redox
states in single metalloprotein crystals, using electrochemical control and synchrotron
IR microspectroscopy, demonstrating a fully reversible and uniform electrochemical

reduction from the oxidised inactive to the fully reduced state in NiFe hydrogenase 1 from
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Escherichia coli. [177] Morra et al. successfully generated and identified the crucial
catalytic redox states of prototypical [FeFelhydrogenase | from Clostridium

pasteurianum (Cpl) within a protein crystal using ECIRM179]

This technique synergises the sensitivity of IR spectroscopy with the precision of
electrochemical methods, enabling detailed investigations of protein structures and
their dynamic redox states. The study of protein crystals is pivotal in understanding the
structural and functional aspects of proteins. Traditional methods like Xay diffraction
offer structural insights but lack dynamic information regarding the redox states of
proteins. The ECIRM method fills this gap by providing a unique way to probe the
reactivity in protein crystals under various redox conditionsECIRM involves the use of
an IR microscope to focus an IR beam onto a single crystal for spectroscopic data
collection. The high concentration of protein in crystals amplifies the intensity of IR
bands, thereby enhancing the signato-noise ratio. This impovement aids in the
identification of otherwise undetectable bands and ensures the authenticity of the

spectral bands observed.

In the cell for ECIRM experiments, a 4 mm diameter working electrode (WE) made
of glassy carbon is used, which serves both as an electrochemical interface and a
reflective surface for IR spectroscopy. The construction of the electrochemical cell
includes a 2 mm diameter Ag/AgCI reference electrode (RE), and a graphite counter
electrode (CE) in a ring formation that encircles the WE (Scheme 2.8). The crystal, which
is in contact with a buffer solution containing redox mediators that cover the full potential
range used in the electrochemical experiments, is placed atop the working electrode. By

varying the potential applied to the WE, different redox states of the protein's active site
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can be probed. This is akin to conducting a redox titration, where IR spectra are recorded
at varying potentials until equilibrium is reached. The ECIRM method is primarily utilised

to investigate the redox states of single [FeFe] hydrogenase crystals im&pter 5.

A) Top view B) Cross-section view

Crystallisation buffer

Protein
Glassy carbon WE crystals Screws

Graphite CE

«— PTFE spacer

CaF, wmduw EEE——

Ag/AgCl RE Graphitc CE

Glassy carbon WE
Protein crystals with brass
connection

Ag/AgCl RE

Screw holes

Scheme 2.8 The ECIRM cell includes: A) A top view of the cell illustrates the working electrode (WE) constructed
from glassy carbon, a counter electrode (CE) crafted from a graphite carbon ring, and the Ag/AgClI reference
electrode (RE); B) a detailed cresectional view highlights the placement of the spacer gasket and the CaF

window.[178]

2.6 Over-expression ofDdAHydAB inE. coli

In native organisms, three maturase proteins are required to cexpress for the
native production of [FeFe] hydrogenases; HydE and HydG are involved in the synthesis
of the [2Fe}, cluster; HydF acts as the scaffold protein and delivers th§2Fe}. cluster to
the vacant active site of the hydrogenasg.180-183] However,the low yield of the [FeFe]
hydrogenases from the native organisms has long been hindering researchers from
better understanding this enzyme[184]In recent years, several recombinant expression
strategies have been explored for a higher yield of [FeHgjdrogenases A feasible way is
to co-express maturases of hydrogenases in an alternative hogtg. Escherichia coli (E.

coli). [185] Significant progress was made on this matter in 2013, when it was found that
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fully functional [FeFe] hydrogenases could be produced by reconstructing apo protein
with artificially synthesised [Fe(adt)(COXCN)]*> ([2Fef™) cofactor. [82, 186] This
method produces the [FeFe] hydrogenase with a substantially higher yield, and has been
expanded into the production of genetically mutated proteins and biohybrid proteins
with non-native clusters. [187] The artificial maturation process in this chapter was

carried out following the work of Birrelket al., shown in Scheme2.9. [186, 188]

apo-DdHydAB holo DdHydAB
NH /X NH

r S ET
SaurS. S\ X

ﬁ)( X + OC\"‘!—!‘"\/”\-N',/CO -_— 3). <t s}Fé[;\\‘Ske{wz:
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Scheme2.9 The artificial maturation of afpmHydAB with [2F&{'to generatdoloDdHydAB. The CO onde
highlighted with a red circle later was released after incubating for 48 h at 15 °C undeatriesphere. PDB:
1HFE.

Apo DdHydAB overexpression was carried out ifE. coli cells according to a
methodology described by Kuchenreutheet al.. [189] To construct the holoenzyme, the
apo-DdHydAB was artificially matured with the chemically synthesised [2Fé&}
cofactor under stringent anaerobic conditions. It is found that the maturation for other
[FeFe] Hydrogenases produced by this approach is exceedingly faster than that for
DdHydAB. For instance, 30 min at 2% was sufficient for the maturation ofC. reinhardtii,

C. pasteurianum, and Megasphaera elsdenii [186] On contrary, the complete
maturation of apo DdHydAB takes about 50 h, the reason for which is still unclear. A5
fold excessive ofthe [2Fe} cofactor to the apo proteinwas used to make up for the

58



decomposition of the cofactor during the lengthy maturation. The holddHydAB is
primarily a CGinhibited state, namely the H,-CO state.[190, 191]A step to release CO
(marked with a red circle in Scheme 5.1) under a-Mitmosphere is followed to produce
an active enzyme at the k& state. The recombinant expression oDdHydAB inE. coliis

described below and characterised with SDSPAGE, UWis and IR spectroscopy.
Cell growth andDdHydAB expression

A single colony was first inoculated into a small volume (50 mL) of sterile media
to growE. coliin a liquid preculture. ThelLuria Bertani media (LB10 g L'* tryptone,5 g L'
yeast extrad) is dissolved in a phosphate buffer (5 g"LNa;HPQ,, 10 g ! K;HPQO,)
HYUq¢ RURUNWE UqRARY q Rl ¢l T¢ 10 & 0 ¥IR & QUG GG FYLLIGLK bi C
precultures was incubated overnight at 37 °C with a speed of 20800 rpm gentle shaking
for aeration. On the following day, 10 mL of the preculture was transferred to 1 L of the
same LB media containing the same antibiotics as in the preculture. 2 mbysteine (the
source of sulfur), 0.5% w/v glucose, andl mM ferric ammonium citrate (the source of
iron) were added in the LB media as supplements for cell growth. Tie colicells were

inoculated to an attenuance at 600nm of 0.6 at 37 °C and 20800 rpm.

Then the culturewas purged with nitrogen for 1 h in an aitight glass bottle to
reach an anaerobic condition before the induction of theDdHydAB expression. The
protein production was induced with 1mM IPTG, with an additional 3 mM cysteine as a
supplement, and the culture was incubated overnight at room temperature under

agitation.

DdHydAB purification
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All of the subsequent procedures were completed in an anaerobic environment,
and all glass and plastic labware was kept in thglovebox for at least 24 h before use.
Centrifugation was used to anaerobically harvest the cells (6,500 x g for 30 min at 4 °C)
as a pellet. The pellet was then resuspended in buffer W (100 mM THEI, 150 mM Nacl,
pH 8.0), with the addition of lysozyme torupture the bacterial cell wall and
deoxyribonuclease | (DNase 1) to cleave bacterial DNA. The resuspended cells were
sonicated with Fisherbrand Q500 Sonicator for 15 min (every-8econd sonication with
a 5second interval) to release the expressed ap@rotein (containing the [4Fg4S]
clusters but lacking the [2Fe] subcluster). Insoluble debris was separated and removed
by ultrafast centrifugation (45, 000 xg for 60 min). The supernatant containing the apo
protein was purified with a 20mL Streptactin Superflow highcapacity column (IBA) pre
equilibrated with buffer W. The purified apeprotein was eluted with buffer W containing
2.5 mM desthiobiotin as the eluentafter washed with buffer W The soluble apeprotein
was concentrated toc.a. 0.5 mM using centrifugal concentrators (3GkDa MWCO), and

stored in aT80 °C freezer.

Artificial maturation and CO release

The steps for artificial maturation were performed in a dark anaerobiglovebox
considering the oxygen and light sensitity of the DdHydAB.[192] In a 50 mLFalcon tube,
apo-DdHydAB was diluted toc.a. = MM, ~ WR U WHA 2 n rredwaslbiddEdit) tm¥1l 13 Wa = |
from a 50 mM stock (also in buffer W). To seffssemble the [2Fe}“ cofactor at the vacant
site in the apoDdHydAB, this mixture was incubated at 35°C and at 300 rpm for 50 h. The
excess [2Fe}" cofactor was separated by eluting the activated hydrogenase on a 6L

PD-10 column with 25 mM TrisHCI, 20 mM NaCl pH 8 buffer. After this artificial
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maturation of the apo DdHydAB, the protein bearing the[2Fe}l cluster called holo

DdHydAB is generated.

The holoDdHydAB is incubated in the anaerobiglovebox to release CQ in the

dark, incubated with gentle shaking at 15 °C and 300 rpm for 48 h.

2.7 General methods, reagents and equipment

2.7.1 Protein source and handling

The sample of NifH and AnfH from nitrogenases were both provided by Prof Lance
Seefeldt (Utah State University, USA). The NifH (206M) and AnfH (1.7 mM}pamples
were received in a Tris buffer (pH 8.0, 50 mM), with NaCl (500 mM) and sodium dithionite
(2 mM). The samples of BB, and L. protein from dark-operative protochlorophyllide
oxidoreductase DPOR were both provided by Prof Jirgen Moser (Institut far
Mikrobiologie, Technische Universitdt Braunschweig, Germany). TheB{ (119 uM) and
L, protein samples (143 uM) were received in a Tris buffer (pH 7.5, 40 mM), with M¢Q
mM) and NaCl (150 mM). Additionallythe DdHydAB sample in solution was prepared in
this lab and was crystallised with help from Dr Stephen Carr (Research Complex at

Harwell) in a crystallisation buffer (100 mM Tris, 900 mM LiCl and 32% (w/v) PEG 6000).

The protein samples were all stored in a liquid Ndewar because due to their @
sensitivity. Prior to experiments, the buffer of the sample was exchanged to desired
buffer using Amicon Ultra 8 (0.5 centrifugal filter unit, membrane NMWL, 30 kDa).
Additionally, dithionite in the NifH and AnfH samples was removed during the buffer

exchange process.

61



2.7.2 Anaerobic handling

For anaerobic sample handling, all preparation of samples took place within N
filled gloveboxes (Glove Box Technology) with,@vels maintained below 1 ppm. Prior to
storage in the glovebox, all solutions were thoroughly saturated with N

2.7.3 Buffer preparation

The buffer was degassed extensively before being taken into the Glovebox (O

content < 1 ppm). It was then stirred overnight with the lid loosely open in the Glovebox

to further remove the residual Qprior to usage.

2.7.4 Reference electrode potential conversion

If a saturated calomel electrode (SCE) is used as a reference electrode, the
potential relative to the standard hydrogen reference electrode (SHE) will be calculated
as Esue= Esce + 0.242 V; if an Ag/AgQCI electrode is used as a reference electrode, the

potential relative to SHE will be calculated a$sie= Eagingcr + 0.222 V.

2.7.5 MgATP/MgADP solution preparation
MgCk, ATP and ADP were stored overnight in a Glovebox to remove They were

dissolved in degassed buffer separately to obtain 200 mM stocks. The 100 mM
MgATP/MgADP solution was then prepared by stoichiometrically mixing MgGind

ATP/ADP stocks in a 1:1 ratio.

2.7.6 Other instrumentations

Electrochemical measurements were regulated using an AutoLab 128N
potentiostat from Metrohm, operated through Nova 1.10 software. Additionally, UWis

spectra were measured using a Cary 60 UWis spectrometer.
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Chapter 3 Spectroelectrochemical studies
of the [4Fe4S] cluster in the Fe protein of
nitrogenase: defining redox midpoint
potentials

Nitrogenases are pivotal enzymes in the biologicahitrogen/nutrient cycle,
catalysingaq 6 JWI WT e AqRYUWYnWI RURq! YNUWUWbL Hbe WaVYWEal
types of nitrogenases, classified based on the metal present in their active site: MoFe,

VFe, and FeFe nitrogenases. Despite structural and phylogenetic similarities among
these types each variant plays a unique role in nitrogen fixatioj80, 31] A core
component of these enzymes is the Fe protein, a roughly 60 kDa homodimer, acting as
the reductase in the nitrogenase complex. The Fe proteins in MoFe, VFe, and FeFe
nitrogenases are encoded by the genesifH, vnfH, and anfH, respectively. They are
integral to both the biosynthesis and catalytic functions of nitrogenases. In the process
of nitrogenase action, the Fe protein not only transfers electrons to the catalytic
component but also facilitates critical steps in enzyme naturation and function.
Specifically, the product of the nifH gene is essential for incorporating Mo (Molybdenum)
and homocitrate into the MoFe cofactor. The MoFe cofactor, often referred to as the
FeMo-cofactor, is a [Mo:7Fe:9S:C]:homocitrate cluser that forms the heart of the MoFe
URql YNUWUct DWOWf qWRY Ws 611 DWaqédWeHagecaWl I eHqR
biosynthesis of the Rcluster, a complex [8Fe7S] cluster integral to electron transfer

within the enzyme, is also influenced by the Fprotein. [26, 32]

The [4Fe4S] clusters of NifH and VnfH have been found to cycle between three

different redox states: the mostoxidised state [4Fe4SF*, the one-electron reduced [4Fe
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4ST+, and the twoelectron reduced [4Fe4SP (also called the allferrous or super
reduced state). To facilitate a oneelectron transfer event during nitrogenase catalysis,
the [4Fe-4S] cluster of NifH is thought to cycle between the [4F4SF* and [4Fe4ST*
states in vivo, with flavodoxins or ferredoxins used as physiological electron donors to
achieve the [4Fe4S}* state. [193-195] However, it remains unclear whether the al
ferrous state participates in native catalysis Coupling the altferrous [4Fe4SP cluster
with the oxidised [4Fe4S]% cluster would be highly advantageous from the standpoint
of cellular energy conservationJowering the expenditure of MgATP by half. It is suggested
that the reaction might use one MgATP per electron transfer if the electrons are
transferred from the allferrous state of the Fe protein, rather than the observed two
MgATPs when only the [4F4ST*and [4Fe4SF* states are involved.[196] A recent study
showed that Eu(IlyDTPAreduced NifH and VnfH (i.e., the alferrous state, [4Fe4SP) can
reduce CG; to CO, as confirmed by gas chromatographynass spectrometry (GGMS).
[41] This nonnative reactivity of the [4AFeME e T Wt q¢ qU WY nWaqd JW[ JWGI Y
interesting, but perhaps not surprising, given that the potential of th& = 4 allferrous
state is very low, approximatelyr790 mVvs SHE, [10] and it contains the two electrons
necessary to reduce CQto CO.[40] Comparatively, the reduction potential of CODH for
98§ Al UI 2 H q R RO/ VsIBEE. [¥97]UHbwHver, CODH is typically a more
complex oligomer (e.g., a dimer or a larger multimeric complex) and contains multiple
metal clusters, such as NiFe-S and FeS clusters, intricately involved in its catalytic

mechanism.[198]

The redox midpoint potential of thd4Fe-4SF+** couple in NifH has been observed

to decrease by more than 100 mV when nucleotides arbound to NifH. [199] Thus, it

64



would be interesting to study how nucleotide binding (MgATP and MgADP) affects the
potential for the formation of the [4Fe-4SP state of NifH. In order to study this,

potentiometric titrations were also attempted in the presence of MgATP and MgADP.

AnfH is the reductase component of FeFe nitrogenase and is less studied
compared to NifH and VnfH. Structural comparisons show that AnfH from the diazotroph
Azotobacter vinelandiihas a similar structure to its counterparts NifH and VnfH in the
ADP-bound state. [200] Although it is not yet confirmed whether AnfH can adopt the
same oxidation states as NifH and VnfH, a similar reddxehaviouris anticipated due to
the structural and electronic similarities of these three homologous proteins.

Consequently, theability of AnfH to form an alferrous state is investigaed.

As previously mentioned, theiron-sulfur clusters in the Fe protein of nitrogenase
(NifH) exhibit distinct oxidation states that can be identified using U\is spectroscopy.
The allferrous state (S= 4), often recognized by a peak around 520 nm, represents a fully
reduced form of the protein. As the oxidation state shifts to a mixeglalent or 1+ state,
the U\W-Vis spectrum may show a peak at around 38@00 nm, reflecting the unique
electronic structure of this state. Finally, the2+state, indicative of a fullyoxidised protein,
is typically marked by a peak around 410 nm. These characteristic peaks are influenced
by various experimental factors, such as pH and temperature, allowing for a detailed
exploration of the redoxbehaviour of this complex enzyme. The ability to distinguish
between these specific oxidation states is the reason UWis spectroscopy is frequently

used to study the redox properties of NifH and othefeSproteins.

The techniques employed in these studies on the Fe protein include ultraviolet

visible spectroelectrochemistry (U\VVis SEC) and electron paramagnetic resonance
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(EPR) spectroscopy, in collaboration with Dr. William Myers, CAESR, as introduced in
Chapter 2. Due to the limited availability of commercial cellfor small sample volumes
a specialized electrochemical cell has been developed in this work to facilitate the UV

Vis SEC experiments.

3.1 Cell development for the UWis spectroelectrochemistry

3.1.1 A review of the existing WIXfs spectroelectrochemistry cells

Electrochemistry is a particularly valuable tool forthe investigation of complex
redox systems, such as enzymes, where it offers dynamic insight into the underlying
reactions. Ultilising controlled external voltages within an electrochemical cell, redox
reactions can be manipulated and observed by measuring corresponding electric
currents. In this project, electrochemistry will serve as the central technique for
manipulating and controlling protein behaviour, offering a potent means of directing
catalysis and unravelling the potentials governing specific rea@ns.[70] The integration
of UW-Vis spectroscopy with electrochemical control allows for simultaneous
observation of electronic and structural changes within the system, bridging the gap
between electrochemical behaviour and molecular characteristics. The synergistic
combination of these techniques can provide crucial insights into the mechanistic and
kinetic details of redox processes, making it an indispensable tool in contemporary

chemical research.

The application of electrochemistry in this context requires a UWis
spectroelectrochemical (UV-Vis SEC) cell compatible with standard UWis
spectrometers. In the field of spectroelectrochemistry, the design of the U\Wis SEC cell

is crucial for achieving accurate and efficient experimental results. There are
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commercial options available from companies such as Gamry Instruments, Basi
Research Products, Pine Research, and ALS Co. Lwghich typically feature a quartz

cuvette capped with holders for three essential electrodes (Scheme 3.1).

UV-Vis beam

¢

1
] >
[//

Scheme 31 Common design of a commercial W6 SEC cell

The commercially available cell from Gamry Instruments, with a standard cuvette
path length of 1 cm, requires a large sample volume (at least 2 mL), making it potentially
unsuitable for limited-sample applications. Alternative providers offer thinlayer
cuvettes, demanding less sample volume, but the shorter optical path lengths ranging
from 0.5 mm to 1.7 mm present challengedor low-absorbing samples According to the
Beer-Lambert law (Eq 2.2, shorter path lengths result in decreased absorbance for the
same sample concentration, whichwill compromise the sensitivity of the experiment.
Additionally, the commonly used platinum or goldgrid working electrodes restrict the
operative potential range at negative values due to hydrogen evolution. This limitation
underscores the necessity of creating a specialized UWis SEC cell that combines both
a small volume requirement with a broad operatig potential range. Such a design is
pivotal for the redox study of proteins in this thesis, accommodating the unique neks of

the experimental system and ensuring that accurate, actionable insights are obtained.
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3.1.2 The design of the W¥is spectroelectrochemistry cell

The integration of U\MVis spectroscopy withelectrochemistry culminates in the
UV-Vis Spectroelectrochemistry (UWVis SEC) method, a robust approach that enables
the simultaneous acquisition of electrochemical (current, potential) and spectroscopic
responses. Specifically tailored for the study of €S cluster redox proteins, a specialized
three-electrode U\-Vis cuvette cell has been designed for this project. This design
facilitates the simultaneous execution of electrochemistry and monitoring of the UWis
spectrum, rendering it a highly sensitive ad direct method to observe the redox
processes, particularly for [4Fe4S] clusters within Fe protein and Lprotein, whose U\

Vis absorption spectrum undergoes significant alterations during redox reactions.

cEl | wWe
RE
. |+ Detector

N’

UV-vis cuvette Potentiostat instrument
Scheme 32 A schematic diagram of the WAs spectroelectrochemistry (UVis SEC) setip

The U\WVis SEC cuvette features a standard path length of 1 cm and is designed
to be wider at the top while narrowing towards the bottom, thus enabling operation with
small volumes of protein sample (minimum 56100 uL). The cuvette accommodates a
large suiface carbon working electrode, a carbon counter electrode, and a homemade
saturated calomel electrode (SCE) as a reference. The choice of a horbelilt counter
electrode and SCE stems from specific requirements, including the need for frit

separation and alack of suitable commercial miniature SCE options. Furthermore, the
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production of Fe protein and its homologues presents significant challenges due to it3;
sensitivity, rendering the protein a valuableand limited resource. Accordingly, all
procedures are meticulously optimized to conserve protein usage.

The expansive surface area of the working electrode ensures maximal solution
contact and facilitates electron transfer between the electrode and solution. Redox
titrations are meticulously conducted by applying varying potentials in incremental steps
via a potentiostat, while monitoring the consequential changes in the UWis spectra
with a spectrophotometer.[37] More details on these design elements, including specific
dimensions, materials, and configurations, along with schematic diagrams will be
comprehensively elucidated in the subsection that follows.

Carbon electrodes are available in various types and configurations. While glassy
carbon stands as the most common type, its high cost and difficulty in shaping make it
less appealing for some applications. Carbon in the shapes of paper, felt, and mesh has
been evaluated asa potential material for the working electrode, primarily due to ease of
manipulating and abundant surface area for redox reactions (Figure 3.1). However, these
forms have their limitations.

Despite their apparent advantages, paper, felt, and mesh carbon materials are
not ideal choices for the construction of a UWis spectrochemical cell. A working
electrode must exhibit consistent function across repeated uses, but restoring the
cleanliness of these porous carbon forms is a challenge. Moreover, the extended
duration of redox titrations, often exceeding five hours, demands a robust material.
Carbon cloth and similar materials are found to be quite fragile; their performance

deteriorates over tie course of an experiment, evidenced by small carbon pieces and
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particles released into the cell. This debris can cause scattering across the UVis

spectrum, complicating the interpretation of the absorption from the species of interest.

Carbon paper Carbonfelt Carbonmesh  Pyrolyticgraphite ITO-coated glass

Figure 31 Different forms of considered electrode materials

Indium tin oxide (ITOXxoated glass is another common material used in
spectroelectrochemistry (SEC). The ITO electrode has been widely used in the research
of proteins such as Decaheme cytochrome and Ferredox#tNADP reductase, owing to
its uniqgue combination of optical transparency and conductive properties.[201-203]
However, it has been observed herein that the ITFQoated glass electrode exhibits an
oxidation peak at approximately 10.62 V vs SHE, and a reductive peak below
approximately 710.84 V versus SHE in its cyclic voltammetry. (Figure 3.2 A). These peaks
can interfere with the observation and interpretation of the electrochemical phenomena
under investigation, especially when the redox mcesses of interest are occurring in the

same potential range as the ITO's redox peaks.
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Figure 3.2 Cyclieotammetry of 5 mM KCI solution using A)-tb@ted glass and B) pyrolytic graphite as
working electrode, pyrolytic graphite as counter electrode and calomel electrode as reference electrode

After careful examination, pyrolytic graphite emerges as the optimal material for
the U\-Vis spectroelectrochemical cell. Comparable to graphite but with covalent
bonding between its graphene sheets, pyrolytic graphite offers a unique blend of
characteristics. It is manufactured through the heating of a hydrocarbon to near its
decomposition temperature, allowing graphite to crystalise in a process known as
pyrolysis. This material provides benefits such as mechanical reproducibility through
polishing, ease of machining, and resistance to degradation. Additionallypyrolytic
graphite displays no redox activity over an extensive potential range fror.2 V tor1.1 V
vs SHE, as illustrated in Figure 3.2 B. This characteristic ensures its operation within the
potential range corresponding to the desired redox reactions, presenting an additional
benefit when compared to an ITO electrode.

Platinum has frequently been used as a counter electrode (CE) for various
electrochemical experiments; however, the cost can be high if a large surface area is to
be achieved. Pyrolytic graphite is also used as a counter electrode because of its stability

and large surface area (Scheme 3.3). To prevent the products formed at the surface of
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the counter electrode from affecting the desired reaction at the working electrode, the
pyrolytic graphite is installed in a fritted glass tube. This tube separates the liquid of the
counter electrode from the working electrode by a selective membrane and is filkewith

3 M KCl to ensure good conductivity. On top of the pyrolytic graphite rod, there is a copper

rod for connection to the potentiostat instrument, and it is sealed with a rubber cap.

Copperrod ——»

<+— Rubber seal

Pyrolytic graphite rod —— Glass tube

(filled with 3 M KCl)

@ «— Selective membrane
Scheme 3.3 Homemade counter electrode in a fritted glass tube

A miniature reference electrode (RE) is necessary due to the restricted space in
the cell. A commercial leakfree Ag/AgCI reference electrode with a 2 mm diameter
(Warner instrument) was initially used (as shown in Scheme 3.4, left). Its construction
consists of a polyether etherketone (PEEK) tube with a frit at one end, filled with 3 M KClI
electrolyte, and a silver wire with an AgClI coating immersed in it. Although the ledifee
Ag/AgCl electrode is designed to eliminate problems associated with electrolgtloss and
sample contamination, a significant potential driftwas observed during electrochemical
experiments. A possible reason for this drift is that Tris buffer, used in the experiment,
may leak into the Ag/AgCI electrode, causing potential drift as Tris interacts with the

silver.
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Scheme 3.4Comparison of a commercial ledilee Ag/AgCI reference electrode (left) with a homemade SCE
reference electrode (right)

Hence, a homemade saturated calomel electrode (SCE) RE was crafted to fit in
the cell as the reference electrode (as shown in Scheme 3.4, right). The advantage of SCE
is that the concentration of KC| and the potential of the electrode remain constant, even
if the KCI solution is partially evaporated. The components of a homemade saturated
calomel electrode (SCE) are shown in Scheme 3.4. Within a micqmint pipette tip, the
components are layered from bottom to top with glass wool, Hgl, paste made with
saturated KCI solution, Hg drops, and KCI crystals. This pipette tip is installed on top of
a PEEK tube, which is filled with saturated KCI solution and fitted with a frit that contacts
the solution. This PEEK tube with ceramic frit was acquired from an inemtive
commercial leak-free Ag/AgCl reference electrode mentioned previously. The pipette tip
and the tube are connected by a platinum wire running through the center, and saturated

KCI solution permeates the entirety of the electrode.

3.1.3 Redox mediators

For the studies of the redox properties of the Fe protein, Ezcomplexes will be
used either as redox mediators or as strong reductants for the potentiometric titrations.

The redox potential of the EYEU" couple in aqueous solution is commonly reported as
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around 10.35 V at neutral pH, while chelating with a series of polyaminocarboxylate
ligands makes the midpoint potential shift in the negative direction, stabising Eu(lll). A
study by Vincent et al. demonstrated that the Eu(ll) form can be generated in situ, and
that Eu(ll}polyaminocarboxylate complexes form instantaneously in aqueous solution
as low-potential reductants. It was found that some Eu(lkpolyaminocarboxylate
complexes, including Eu(I)DTPA (diethylenetriamine pentaacetic acid) complexes,
have lower reduction potentials than common reducing agents like sodium dithionite
(ca. 10.66 V) and deazaflavin (car0.650 V).[204] These Eu(llcomplexes are able to

reduce nitrogenase Fe protein to its supereduced state [4Fe 4SP (c.a. 10.8 V).[37]

The following Eucomplexes will be used as redox mediators in the negative
potential range: 1,2bis(o-aminophenoxy)ethaneN,N,N',N'-tetraacetic acid (BAPTA),
ethylene glycotbis(2-aminoethylether)- A A -tetr&cetic acid (EGTA), and
diethylenetriamine-N,N,N',N",N"-pentaacetate (DTPA). All Eu(lHjgand complexes
were formed by adding each ligand to Eu(lll) solution at a 1:1 molar ratio. Cyclic
voltammetry was employed to study the electrochemical properties of the selected Eu
ligand complexes. Experinents were conducted under anaerobic conditions using a
three-electrode electrochemical system, comprising a glassy carbon working electrode,

Pt wire counter electrode, and SCE reference electrode.

The ligands are dissolved in 0.25 mM NaOH to yield a 25 mM steution, while
a 50 mM Eu(lll) stock solution was prepared by dissolving EW@1 Milli Q water, or EuOs
in 0.25 mM HCI. As mentioned previously, the Eu(Hijand complexes were formed by
adding each ligand to Eu(lll) solution at a molar ratio of 1:1. Then these Ew{lgand

complexes (EuCt, EWLBAPTA, EtEGTA, and EADTPA) were diluted to a concentration
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of 2.0 mM each in TriHCI buffer (50 mM, pH 8, with 50 mM NaCl) for the cyclic
voltammetry measurements. Figure 3.3 illustrates the result of a cyclic voltammetry
experiment on EuC{ and Eu(lljligand complexes (EUuBAPTA, EtEGTA, and EADTPA).
The redox potential of Huaq""' couple stands at10.45 at pH 8, and it is lowered ta0.63,
T0.87 andT11.09 Vs SHE, respectively, when Eu is chelated with BAPTA, EGTA and DPTA.
These redox potentials span a wide potential range, effectively covering the regiwhere

the redox transformations of the proteins of interest are anticipated to occur.

-1.09 -0.87 -0.63 -0.45
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Figure 3. 3 A) cyclic voltammetrygniC} (black line), EBBAPTA (green line),-EGTA (blue line), and
EuDTPA (red line) at a concentration of 2.0 mM each trTlibuffer TrigHCl buffer (50 mM, pH 8,
with 50 mM NacCl).

It is intriguing to observe that the source of Eu(lll) ion has an impact on the
formation of the Euligand complex. To illustrate this impact, the cyclic voltammetry of
two mixtures is presented in Figure 3.4. When EuCbr EwOs; is dissolved in the

corresponding solvent and mixed with BAPTA solution, a redox species BAPTA is
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formed as evidenced by the redox current (blue line in Figure 3.4). Howevéik(SQ:)s

does not show redox activity dissolved in HCI, nor when mixed with BAPTA (red line in

Figure 3.4).
400 |
200 |
E O
c
o -200 |
= —— EU,(SO,);-BAPTA
@) )
400 b EuCl,-BAPTA
-600 |
-800 |
1 1 1 1 1 1 1

-1.2 -1.0 -0.8 -0.6 -0.4 0.2 0.0 0.2
Potential / V vs SHE

Figure 3. 4 Cyclic voltammetry of EHBAPTA (blue) and £8Q)s-BAPTA.

A significant advantage of Edigand complexes as redox mediators is their very
weak absorption in the ultraviolet and visible spectal range, allowing them not to
interfere with peaks arising from the protein. Commonly, redox mediators with a more
positive potential (in this case, >r'500 mVvs SHE), such as methyl viologen, are organic
molecules that can be reversibly oxidised and reduced.[205] Incorporating
phenosafranine & =1252 mV), benzyl viologenH, = 1359 mV) and methyl viologenH,
=T1446 mV) in the cell was explored to mediate electron transfer with the Fe protein from

nitrogenase.

76



Phenosafranine, benzyl viologen, and methyl viologen were dissolved in MilliQ
water to create three 5 mM stock solutions. Within a SEC cuvette featuring a pathlength
of 1 cm, a 1 mL mixture of these redox mediators was prepared at a concentration of 25
KMby diluting the stock solutions with a 50 mM HEPES pH 8 buffer containing 0.1 M NacCl.
The UWVis SEC setup and three electrodes described in section 3.1.2 were employed to
monitor the changes in the UWis spectra while a continuous potential ofr600 mVvs
SHE was applied over the course of 1 hour. Figure 3.5 depicts the W6 absorption of

the mixture of the aforementioned redox mediators.

At a concentration as low as 25 uM, there is strong absorption at 520 nm due to
phenosafranine (red trace, Figure 3.5), which further complicates upon reduction ab00
mV vs SHE, manifesting as two sharp peaks around 400 nm and broad absorption from
500 nm to 700 nm. This strong UVis absorption complicates data analysis and may
compromise the quantitative determination of redox states inthe protein of interest.
Thus, these mediators were excluded during redox titration with the UVis
electrochemical cell. Later studies of the Fe protein of nitrogenase revealed that while
redox mediators are not mandatory for the transitiorbetween the 1+/2+ states of the
[4Fe-4S] cluster (occurring between approximatelyt500 mV to 1200 mV), Edligand

complexes are essential for the transitiorbetween the 0/1+ states.
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Figure 3. Fhe UWis absorption of a mixture of phenosafranine, benzyl viologen and methyl viologen (25 uM
each)duringreduction.

3.1.4 Preliminary UWis SEC experiment with Azurin

The U\visible spectroelectrochemical cell (UV-Vis SEC cell) wasnitially tested
using azurin, an easily-prepared blue copper protein. Azurin is a small protein
(approximately 14 kDa) that functions as an electron transfer protein by interconverting
the Cu" couple. [206] In its oxidsed form, azurin has a characteristic absorption at
around 630 nm, arising from the liganeémetal charge transfer (LMCT) transition. This3®
nm band vanishes when the protein is reduced, since the fullpccupied d*° orbital of Cu
cannot accept any charge from the ligand. By monitoring changes in the absorption peak
at 630 nm, the redox state of the protein can be determined. Meanwhile, azurin's ability
to be relatively easily overexpressed ik. coli, along with its high yields and purity, make
it a practical choice for this application. [207, 208] The azurinfrom Pseudomonas
aeruginosaused in this study was produced in our laboratory by Wangzhe Li and Tin Lai.

For the UWVis SEC experiment conducted with azurin, redox mediators were

utilised to facilitate rapid electron transfer between the protein and the electrode.
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Specifically, 2,6-dichloroindophenol sodium salt hydrate (DCIP) and potassium
ferricyanide were employed, dissolved in a 50 mM HEPES pH 8 buffer to create a 0.5 mM
stock solution. Azurin was subsequently diluted in the same buffer, containing NaCl at a
0.1 M concentration. he three electrodes were inserted into the UWis cuvette (as
depicted in Scheme 3.2, Section 3.1.2), which contained a total volume of 400 uL of
azurin (final concentration of 50 uM) and a mediator cocktail (final concentration of 5 uM
for each mediator). The electrodes were then connected to the potentiostat.

To initiate the titration, different potentials were applied in 100 mV increments,
allowing equilibration for 10 minutes at each level (+450, +350, and +250 m¥SHE). UV
Vis spectra were subsequently recorded at each potential once equilibrium had been
reached (further details in Figure 3.6 and the associated explanationkquilibrium is
considered to be reached when there is no change between the subsequent spectrum
and the preceding one.

Figure 3.6 illustrates the UWis spectra obtained at the three distinct applied
potentials, clearly showing that the 80 nm peak diminishes as the potential is lowered,
eventually vanishing at +250 mV¥s SHE. This change indicates the reduction of azurin to
Cu'. Selecting mediators for the positive potential range can be challenging, as many
exhibit colour. Nevertheless, the UWVis absorption of both DCIP and potassium
ferrocyanide falls below 550 nm, and thus does not interfere with the region where the
azurin peak (630 nm) is expected. These mediators cause only negligible changes to the
UV-Vis spectra within the applied potential range. From this experiment, the estimated
midpoint potential of the Cu" couple in azurin was found to be approximately +300 mV

vs SHE,aligning with values reported in existing literaturg-292 mV at pH 8[206, 209]
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This preliminary test with azurin demonstrates that the developed UVis SEC cell
is capable of performing redox titration with a small amount of proteinThe U\WVis SEC
cell, designed for protein electrochemistry, includes a working electrode made of
pyrolytic graphite (PGE) known for its mechanical stability and wide potential range
without redox activity €0.2 V to-1.1 V vs SHE). It also features a PGE counter electrode
with a largesurface areaand a homemade saturated calomel electrode (SCE) assiable
reference electrode. The cell's cuvette accommodates small volumes (5@.00 pL) for
sample efficiency. Together, these components ensure the cell's effectiveness and

stability for redox potential studies of proteins.This UV-Vis SECcell will be utilised for

the redox studies of Fe protein in the later sections of this chapter.

3.1.5 Data analysis with Nernst equation

Herein how the Nernst equation is applied in the analysis of experimental data in

this thesis will be demonstrated. In the case of [4Fe4S] cluster of the Fe protein, the
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redox process is a simple oneelectron reduction process without the protonation of the
cluster, the redox process happening on the working electrode for the [F8] cluster is
0Q Y Qz 0Q7Y Eq. 31
Three-electrode cells enable the evaluation of one half reaction independent of

the other. The Nernst equation relates a cell's potential to the concentration of the redox

species present and the standard reduction potential.

0=0 —aé&— Eq. 32
In Equation 3.2,£is the potential applied, £is the standard redox potential of the
ox/red couple vs SHE Ris the universal gas constant (8.314 tB=tmol<), 7 is the
temperature in K, Fis the Faraday constant (96,500 C/mol), and? is the number of
electrons transferred in the reaction. Usually, thd REL) and [ OX are the activities of the
reduced and oxidised species respectively. The concentration of the redox species is
proportional to the intensity of absorbance according to the Beet.ambert law. Assume
the concentration is equal to the activity of the speciesas the solution is diluted, then
the activity is proportional to the intensityof absorbance. So here we define thé¢red|
and [ oA as the relativeconcentrations determined from UV-Vis absorbance intensities
(relative intensities) of the reduced and oxidised [FeS] cluster individually. For a
reversible process where there is no degradation of thfFe-S] cluster, the sum of the
relative intensity of the involved species will be defined as 1.
1 QQ ¢ v p Eq. 33
Therefore:
Ew p 1QQ Eq. 34
The relative intensity of a species will be defined as
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5
‘I'Q’Qé— pmimb Eq. 35

where Ais the absorbance of the UWis beam by the reduced species, and is the
maximum absorbance of this species at the concentration relevant to the experiment.

Rearranging the Nernst equation (Eq. 3.2), tH®x] and [red] are shown as:

£ i P Eq. 36
or.

i QQ p Eqg. 37

p

- AP o

Setting the FPvalue asT10.5 Vvs SHE, n value as 1 (a singlelectron transfer), and
T as 25 °C (298.15 K) the curve of thhex] and [red] against the potential is shown inFigure
3.7. It is shown that at a low potential 0.7 Vvs SHE), the dominant species is the
reduced state. When the applied potential increases, the proportion of the oxidised
species gradually increases, attaining 50% atr0.5 V vs SHE (the redox midpoint
potential). As the applied potential continues increasing, the reduced species keeps

converting to the oxidised sate.
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Figure 3. 7 Changelaiq and [red] against the applied potential. The curve is simulated with Eq. 3.6 and
Eq. 3.7, with£2=T10.5 WsSHE, anah =1.

At the redox midpoint potential En), there is an equal concentration of oxidised
and reduced species If Enis obtained under standard conditiors, (total relative intensity
of all components is 1, 298.15 K, 1 bar), it is the standard redox potentid). TheEnis
an important intrinsic property of a redox species, which represents how easily a species
can be reduced by accepting electrons. A lower redox potential means that the species
is harder to reduce. The UWis SEC cell developed in the earlier section Wibe used to
determine the redox potentials of the Fe protein of nitrogenase and the:lprotein of

nitrogenase homologues.
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Figure 3. 8 Change[afq against the applied potential. The curve is simulated with Eq. 3.6, witlP=T10.5 V
vsSHE, anch =1 (red trace) or 2 separately (black trace).

The value ohis the number of electrons transferred in a redox reaction. It affects
the shape of the curve. As in Figure 3.8yith the £° value asT10.5 Vvs SHE, (a single
electron transfer) and T as 25 °C, the curve of thiepx] and [reqd] against the potentialis
plotted, with n set as 1 (red trace) or 2 (black trace) individually. When=2, the curve is
steeper, meaning that the concentration of species changes more sharply with applied
potential than whenn =1. Therefore, the Nernst equation could be used to determine the
number of electrons transferred during a redox reaction by simulating the curve with
various n valuesuntil it fits the measured one the best. In this thesis, the n values of

Gl YaqURUk 4t W UT Y+FWGI YR It Ws RrethodwWitd Digidlatd | G RU 1T

3.2 Formation and characterisation of the alferrous state of the NifH

3.2.1 Formation of the aflerrous state of the NifH

The allferrous state of NifH represents the oxidation state of interedor this work,
so the formation of this state was initially experimented with. The formation of the all

ferrous state of NifH was carried out similarly as described by Vincengt al.. [40]
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Generally, [4Fe4S] cluster proteins show a broad peak around 410 nm in the 2+ state
and this peak vanishes upon oneelectron reduction to the 1+ state.[210-212]

The NifH samples (2.6 mMyvere received in Tris buffer (pH 8.0, 50 mM), with NaCl
(500 mM) and sodium dithionite (2 mM). As NifH is sensitive to the presence of,@he
sample tubeswere stored by submerging them in liquid Bwithin a cryogenic dewar. The
inclusion of dithionite not only prevents theself-oxidation of NifH but also shields it from
potential O, damage. Before proceeding witha redox titration, the sample's bufferwas
exchanged for CHES buffer (pH 9, 100 mM), containing NaCl (150 mM), sitilg an
Amicon Ultra 8 (0.5 centrifugal filter unit, membrane NMWL, 30 kDa). During this buffer
exchange process, the dithionite is also effectively removed.

NifH was subsequently diluted to a concentration of 0.03 mMvith the same CHES
buffer, and a U\Vis spectrum was recorded (depicted as the black line in Figure 3.9 A).
The emergence of a peak at 380 nm indicates that the NifH is in a partiatlyidised state.
Eu(ll), though a mild reducing agent in solution, gains greater reductive potency when
complexed with polyamino carboxylate ligands such as DTPA, which statsiés the Eu(ll)
form. However, since Eu(IBDTPAcan be oxidised toEu(Il)-DTPAIn the presence of

proton reduction, it is crucial to generate itin situ.
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Figure 3. @): The UWisspectra indicating the formation of thefalirous state NifH ([4F4ST) at pH 8. The
black line is the UVis spectrum of 0.03 mM NifH in its partially oxidised {{&fe/[4Fe-4S]*) state, the cyan
line shows the UWis spectrunof NifHupon the addition of 1 molar equivalent of EITIPA, and the magenta

line shows the UWis spectrum of the [4F4SP state generated upon addition of 2 molar equivalent of-Eu(ll)

DTPAB): the light pink colour of NifH in the cuvette when the-{&festate is gearated at pH 8.

Firstly, to initiate the formation of the allferrous state, one molar equivalent of
Eu(ll) was added to the UAis cuvette containing NifH. Subsequently, one molar
equivalent of DTPA was also introduced, and another UVis spectrum was measured
(as represented by the cyan line in Figure 3.9 A). As evident in the cyan line, the intensity
of the 380 nm peak has diminished, indicating that the protein is undergoing reduction.
To complete the reduction, one more molar equivalent of both Eu(ll) and DTPA were
added, resulting in the magenta line of the UWis spectrum in Figure 3.9 AUpon the
subsequent addition of Eu(Il) andDTPA nochangein the spectrum was observed Thus,
a total of 2 molar equivalents of electrons were introduced to achieve the aferrous
state. Following the addition of two equivalents of Eu(ll) and DTPA, the 380 nm peak
completely disappeared, and a 520 nm peak emerged, along with a change in tbalour
of the protein to light pink (Figure 3.9 B). This 520 nm peak has been previoudbniified

as corresponding to theS = 4 allferrous state of NifH[37]
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3.2.2 Stability of the alferrous state of NifH

In Section 3.2.1, theall-ferrous state of Fe protein was successfully formed by the
addition of two molar equivalents of Eu(IEDTPA. After the generation of this state, when
the cuvette was left inside the UWis spectrophotometer under the N atmosphere of
the glovebox, it was observed that the pink colour faded gradually with time and the 380
nm peak reappeared, indicating reoxidation of the alferrous state. The aliferrous state
has been suggested to be stabilised in the Fe protein compadewith small synthetic
clusters, where this state could be reached but was found to be highly unstablg4, 35]
Probably the allferrous state is reoxidised by protons in the solution since it is formed at
a potential much more negative than the HH, potential. As the redox titration process
to explore the potential of the [4Fe4S] cluster spans several hours, the stability of this
state is of great importance. To thoroughly investigate the stability of the &#rrous state
in NifH under the given emgerimental conditions, UV-Vis spectra were collected at one
minute intervals immediately following the formation of the all-ferrous state. This

allowed for continuous monitoring of its stability at 25°C and pH 8.

The reoxidation of the [4FelSP state of NifH could be monitored by following the
changes in the UWVis spectra over time. Figure 3.10 A shows consecutive Ws spectra
of the NifH measured immediately after the formation of the alferrous state over 30
minutes. The absorbance of thegpeaks at 380 and 520 nm represent the [4F4SF*/[4Fe-
4ST+and [4Fe4SP states of NifH, respectively. It can be seen that while the absorbance
at 520 nm (the [4Fe4 S} state) decreases, the absorbance at 380 nm increaseste [4Fe
ASF'/[AFe-4S}* state). Thisis consistent with the all-ferrous state being reoxidised by
the protons in the solutionslowly over time In Figure 3.10 B, the relative absorbance
intensity for the allferrous state (band at 520 nm) and [4F4SF'/[4Fe-4S}* (band at 380

87



nm), is plotted against time. The curve shows a halife of around 7.5 minutes for the aH
ferrous state at 25°C in 50 mMHEPES pH 8 buffer. It can be clearly seen that after 30 min

the all-ferrous state is completely gone.
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Figure 3. 1@) Consecutive UWis spectra measure to check the stability of théeatbus state at pH &)
Absorbance at 520 nm (magenta pointsfailtous state) and 380 nm (black points, partially oxidised state)
plotted against time at pH 8 and 25 °Cl; the dashed lines indicate the time when the relative intensity at 520 nm
decreased to 50% (the hdlfe of the aliferrous state).

Next, the stability of the altferrous state was examined under various conditions.
The half-life values weredetermined by monitoring the absorbanceat 520 nmuntil it
reached 50% of its original valueTable 3.1 below summarises the results. The stability
of the all-ferrous state at pH 8 was compared to that at pH 9. Studies were also
performed in the presence of MgATP to investigate whether the -#drrous state can be
formed in the presence of MgATP ahhow the stability is affected by MgATP binding. &h
effect of temperature on the formation and stability of the alferrous state was also

studied by performing experiments at 10°C and 25°C.
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Table 31 Stability of the alferrous state of NifH under various conditions and in the presence and absence of

MgATP.
MgATP
Temperature/°C pH ti2/min
presence
No 338
9
Yes 326
10
No a7
8
Yes 43
No 226
9
Yes 102
25
No 7.5
8
Yes 13

Theseresults show the allferrous state to be more stable at the higher pH (longer
half-life time), supporting the hypothesis that the alferrous state gets reoxidised by
proton reduction. Furthermore, the haltlife of the allferrous state at pH 8 is over @
minutes at 10°C compared to around 10 minutes at 25°C for the same pH. Hence, lower
temperature is also beneficial to stabilise the aliferrous state. The allferrous state can
also be formed in the presence of MgATP, though it seems to have relativeilyld
influence on its stability. More experiments areexplored to shed light on how MgATP is
involved in the formation of the aHferrous state and how it affects the midpoint potential
of the [4Fe4SF'/[4Fe-4S]+ and the [4Fe4S}/[4Fe-4SP couples.

3.2.3 Reversibility oformationofthe altferrous state

Reversibility of formation of the alferrous state seems an important feature to

consider when discussing its possible relevance in vivo. Following the stability

experiment performed at pH 8 and 25°C irSection 3.2.2, when NifH was totally re
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oxidised, the reversibility of the formation of the alferrous state was studied by adding
aliquots of Eu(ll}DTPA to the reoxidised Fe protein and see whether the allerrous state
could be formed again. UWis spectra were collected after adding each ralar

equivalent of Eu(IlDTPA, as shown in Figure 3.11.
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Figure 3. 17)green line: the UVis spectrum of the rexidised Fe protein at pH 8. Blue and purple lines: the
UV-Vis spectra collected after adding 1 and 2 molar equivalents of[RURA to the rexidised Fe protein
respectively, to form the dérrous state apH 8.B) UV-Vis spectra showing the d#rrous state formed the

second time (purple line) and left teaxidise again with time (black trace) at pH 8.

The green line in Figure 3.11 A is the-oxidised Fe protein, which has the
characteristic peak around 380 nm arising from [4F&SF*/[4Fe-4S}*. Then, the blue line
was collected after adding 1 molar equivalent of Eu(HDTPA. It can be seen that the
intensity of the peak around 380 nm decreased a bit, but the peak at 520 nm was still not
observed. Hence, as observed in Section 3.2.1, one molamgeivalent of Eu(IlDTPA is
not sufficient to produce the pink superreduced species. However, after adding anther
molar equivalent of Eu(IRDTPA (two equivalents in total), the peak at 520 nm appeared
again (see the purple line, Figure 3.11 A). Thus, it can be concluded that thefaltrous
state of Fe protein could be formed again after rexidising and rereducing the protein,
indicating that its formation is indeed reversible. The UWis spectra of Figure 3.11 A

show how after the allferrous state was formed for the second time (purple line, Figure
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3.11 A), it was also left to reoxidise with time (black line, Figure 3.11 B). The black line
does not exhibit the peak at 520 nm and instead has a peak at around 380 nm, thus
showing that the protein has again been r@xidised probably by the protons in e
solution. To conclude,under the experimental conditions tested (N atmosphere at pH 8
and 25°C) the altferrous state can be formed reversibly. The full reversibility of the all

ferrous state was also observed at pH 9.

3.3 Redox states of Fe protein controlled by electrochemistry

In preliminary tests with azurin, the UWis SEC cell demonstrated its ability to
perform in-situ redox titration on this small protein, effectively determining azurin's
midpoint potential. As the Fe protein is three times larger than azurin, redox mediators
are helpful to facilitate electron transfer between the electrode surface and the protein.
Therefore, it becomes vital to assess whether the UVis SEC cell can control the Fe
protein's oxidation states with the selected redox mediators outlined in seg¢on 3.1.3.
This evaluation aims to establish the potentials of the redox couples under various
conditions. As detailed in section 3.2.1, the alferrous state can be created by adding
two equivalents of Eu(IDDTPA to NifH. However, it remains a point afiterest to explore

whether this all-ferrous state can also be generated electrochemically.

3.3.1 Attempt to form atferrous state electrochemically

A UWVis SEC experiment was undertaken to investigate the electrochemical
reduction of NifH to the allferrous state, as illustrated in Figure 3.12. Within the UVis
SEC cell, 150 pL of NifH (33 pM) was positioned in pH 9 CHES buffer at 10 °C.
Subsequently, Eu(IlDL mediators were introduced to achieve a final concentration of 5

UM for each Eu(ll})L species. The cell was subjected to a negative potential @000 mV
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vs SHE, and UW/is spectra were recorded after equilibrium was reached within the cell.
Over the course of the experiment, the concentration of Eu(li) mediators was

progressively increased to 30 M to investigate whether the d#rrous state could be

formed at a higher concentration in the presence of the redox mediators. A U¥s

spectrum was collected following every addition of the redox mediatorafter the cell

reached equilibrium.

The NifH is at a mixed oxidation state of 1+ and 2+ state when it is combaheith
the Eu(lIBL mediators as indicated by the absorbance at around 380 nm (the black trace
in Figure 3.12 A). After the application of the negative potential 82000 mVvs SHE for an
hour, the absorbance atca 400 nm slightly decreased consistent with elimination of the
2+ state (the purple trace in Figure 3.12 A). The pause time of the potential was
lengthened to see if the aliferrous could be formed. After 2 hours, no peakvas evident
at 520 nm in the spectra, suggesting the allerrous state could not be formed under
these conditions or was reoxidised too rapidly(the green trace in Figure 3.12). The
original concentration of the Eu(llBL mediator is 5 uM of each, including Eu(HDTPA.
More Eu(lIBL mediator stock was added to achieve a higher final concentration of 15 uM
and 30 uM sequentially (the blue anded trace separately in Figure 3.12 A). However, the
optical feature of the allferrous state was still not obsered, regardless of the
concentration of the mediators or the duration of the potential application. This may be

due to the allferrous state re-oxidising more rapidly than it forms.
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Figure 3. 12 Alack trace: the UWis spectra of NifH (33 puM) with the Edl(Ilh)ediators (5 uM each) at open
circuit potential. Purple and green traces: the spectra of NifH after apdl9®@mV for 1 h and 2 h separately.
Blue and red traces: a1000 mV, the Nifldpectra with higher concentration of Euflithediators, 15 uM and

30 puM individually. FiguréasBhe enlarged graph of Figure A from &0 nm.

Based on the above experiments, it can be concluded that the aferrous state
could not be formed electrochemically in the UWVis SEC cell, probably due to the rapid
re-oxidation. As the redox titration could not be performed reductively due to this
conclusion, the possibility of conducting an oxidative titration is explored in the next
step.

3.3.2 Determinngthe potential range for redox titration

To determine the redox potentials of NifH, the potential range of NifH was initially
established using the UWVis SEC technique. A similar NifH solution was prepared in a
UV-Vis cuvette, but two equivalents of Eu(HPTPA were added to the NifH to form thall-
ferrous state. The potential of the cell was sequentially held at1000 mV, 7600 mV, and

7200 mV until the UWVis spectrum did not change at each potential (Figure 3.13).
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Figure 3. 13he UWis spectra of the NifH (33 uM) at different potentials. The potentials were applied at
mV, 7600 mV and200 mV sequentiallyffhe CHES buffer (pH 9, 100 mM) contains 150 mM NaCl and redox
mediators with a final concentration of 5 uM of each Elu@pecies.

At 11000 mV, the aliferrous state is now stabilised as shown in Figure 3.13 (the
black trace). When the potential was increased tor600 mV, the alliferrous state
completely disappeared, and the 1+ appeared instead (the red trace in Figure 3.13).
When the potential was taken more positive, ta200 mV, the 1+ state was oxidised to the
2+ state indicated by the absorption at 410 nm (the blue trace in Figure 3.13). It can be
concluded that NifH could be oxidised in the UWis SEC cell stepwise from the all
ferrous to 1+ and 2+ state. The aflerrous and 1+ states exist betweerr1000 mV andr
600 mV, while the 1+ and 2+ states prevail a600 mV tor200 mV above. This experiment
demonstrated the feasibility for an oxidative redox titration and defined the potential
range required.This finding provided the necessary foundation for further redox titration

experiments.

3.4 Determination of the redox potentials of the NifH
To assess the redox potential of th¢4Fe-4S}° couple, UV-Vis SEC experiments

were conducted. Initial UV-Vis SEC experiments with NifH were done in the presence and
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absence of redox mediators to determine the potential of the [4FR4SP formation.
However, difficulties were encountered as the electrochemical control was perturbed by
the large background current generated by proton reduction at pH 8, which quickly +e
oxidised the allferrous state.

As stated in section 3.2.2, it was discovered that the aflerrous state of NifH is
substantially more stable at pH 9 and 10 °C. Thus, the redox titration of NifH was done
under these conditions.Eu-complexes (EuUBAPTA, EAEGTA, EtDTPA, 10 uM each) were
used as redox mediators for the low potential range, with the different polyamino
carboxylate ligandsgivingEu"" midpoint potentials from 1630 mV tot1090 mV,vs SHE,
spanning the range where the redox chemistry of the [4F&ST*° couple is likely to
happen. The redox midpoint potential of the [4F&SF** couple in NifH has been
reported to be aroundt300 mV,vs SHE in the absence of nucleotides, and this potential
has been observed to decrease by around 120 mV when MgATP is bound to Nif6B]
Thus, it would be interesting to study how nucleotide binding (MgATP and MgADP) affects
the potential for formation of the [4Fe4SP state of NifH. In order to study this,

potentiometric titrations were also performed in the presence of MgATP and MgADP.

3.4.1 Redox titration of NifH in the absence of nucleotides

In Section 3.3.2, the UWis SEC technigue was employed to ascertain the
potential range necessary for the redox titration of NifH. This investigation specifically
centred on the transitions among its various oxidation states: the alferrous state, the
1+ state, and the 2+ state. The determined potential range spanned fromi000 mV tot
200 mVvs SHE. Notably, the redox titration of NifH was initially carried out without
nucleotides, setting a foundation for subsequent, more intricate studies that incorporge

nucleotide binding.
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Prior to the redox titration, 350 pL of NifH (33 pM) was mixed with redox mediators
(10 uM each) in the SEC cell as shown in section 3.1.2, and treated with two molar
equivalents of Eu(I)DTPA to form the alferrous state to start the titration from these.
Subsequently, an oxidative redox titration was performed by applying potentials from
e NMMMLUW q VY W esNSHELLby) éhdl potentiostat at 25 mV potential using
chronoamperometry (Figure 3.14 A). Simultaneously, alterations in the UVis spectra
were monitored in situ using a U\VVis spectrophotometer (Figure 3.14 B)Within the T
1000 toT1150 mV range, the oxidation state of the [4F4S] cluster transitions first to 1+
and then to 2+ as the potential is increased. The absorbance of tladl-ferrous state ([4Fe
4SP) was tracked via the 520 nm peak, whereas thexidised state ([4Fe4SF*) was
observed through the 410 nm peak in the UVis spectra. This redox titration procedure
for NifH was carried out thrice, with the findings illustrated in Figure 3.14. Data points of
the same hue (be it black, blue, or red) denote a sitg dataset, underscoring the
experiment's consistency and repeatability.
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vs SHE. The current (i) is plotted against time (t); BjidJspectra of NifH recorded at various potentials during
its oxidative titration. Eadurve corresponds to a specific potential, illustrating the changes in absorption
characteristics of NifH as it undergoes redox transformations.
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Figure 3.15 displays the results of the analysis, where the relative intensity of the
all-ferrous state and the 2+ state are plotted against the applied potential (represented
in plots A and B respectively) and fitted using the Nernst equation (Eq. 3.6hig oxidative
titration can be distinctly categorized into two regions.
Specifically, plot A (Figure 3.15) reveals the oxidation progression of the [4B§]
Hiezt qUl Wn!l YO WRqt WMWaqVYWNeWt gq¢c qlAWt ce UURUNWGY
range, thereis a noticeable decrease in absorbance at 520 nm. The midpoint potential,
indicative of an equilibrium between 50%oxidised and 50% reduced species, was found
by fitting the data with the Nernst equation (Eq. 3.7). In the absence of nucleotides, the
midpoint potential for the [AFe4SF°H Y e GG IJWs ¢ + WI Jq 31 GvRIHB, lwitha Y WH 13 L

an =0.74 and a correlation coefficientR? = 0.9329.

In plot B (Figure 3.15), the oxidation transition from the 1+ to the 2+ state is
T UGRHqUT AWHY!I I 3t GYUT RUNWqYWGYqUWUqReat W ¢ UNRL
marked by an increasing absorbance at 410 nm. By fitting the data in Figure 3.15 B using
the Nernt qq W hue ¢ q RY U Wb E OWOKE b A Ws JLWT 1T vas SHEWHHE WG RT G
an =0.72 and a correlation coefficientR? = 0.9783 for the [4Fe4SF*** couple, again in
the absence of nucleotides. When these findings are juxtaposed against the literature,
q6 1! W Rt GGc¢! WNYYT WeaRNUGWUqallGlI W2RYeaMOop! Wl JGY
¢ UT We O MM hioth HSHE, for these respective couples. This similarity shows that

the experimental values are in close agreement with established literature.
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Figure 3.15 Redox titration of the [4F%] cluster in NifH of nitrogenase in the absence of nucleotides. NifH, in
CHES buffer (100 mM, pH 9) with 150 mM NacCl as supporting electrolyte. FUSP4fate was formed
adding two equivalents of EW{IDTPA) at pH 9 and 10 °C. It was oxidatively titrated with electrochemistry in the
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mV steps. UWis spectra were takdn situafter reaching redox egjbitium at each potential, to monitor the
peaks at 520 nm (the [4HST state) and 410 nm ([4F4SF*). Black traces are fitted with the Nernst
equation.The data points in the same colour (black, blue, or red) represent one distinct set of data

3.4.2 Redox titration of NifH in the presence of MgATP

In section 3.4.1, the UWis SEC method was used to determine the redox
potential of NifH in the absence of nucleotide, and the experiment outcome exhibited
observable consistency with reported values, underlining the accuracy and reliability of
the adopted methodology. While these findings provide valuable insights into the
inherent redox properties of NifH, biological systems often present a more intricate
matrix of interactions. Among these, the role of nucleotides, particularly MgATP, can
significantly modulate the redox behaviour of proteins, thereby influencing their

functions. Thus, understanding how MgATP affects the redox potential of NifH is pivotal
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for a comprehensive understanding of its biochemical activity. In this section, the effects

of MgATP on the redox potential of NifH is investigated.

Cyclic voltammetry was conducted in the presence of MgATP/MgADP and-Eu
mediators as a control experiment to assess whether nucleotides influence the
mediating capability of the EuL complexes (Figure 3.16). The solution comprised 10 mM
MgChk, 10 mM ATP/ADP, 6 mM Euw_:R mM DTPA, 2 mM BATPA, and 2 mM EGTA. These
compounds were dissolved in a CHES buffer (100 mM, pH 9) with 150 mM NacCl serving

as the supporting electrolyte.

In Figure 3.16, the cyclic voltammograms (CVs) of the Hualone and those in the
presence of MgATP and MgADP are represented by black, red, and blue lines,
respectively. The CV of Ed alone exhibits redox peaks in the range fromD.6 to11.2 V
vs SHE. Interestingly, in the presence of MgADP and MgATP, these redox peaks are
notably absent, indicating that the EudL is not able to mediate electron transfer when
MgADP or MgATP are present. One possible explanation for this observation could be
that MgADP andMgATP interact with the EdL complex, altering its electron transfer
capabilities, perhaps through direct binding or causing a change in its local environment.
Given this interference with electron mediation, itwas attempted to remove excess

MgADP and MgATP after binding to NifH.
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Figure 3.16 Cyclic voltammograms (CVs) showing the electrochdmitaviounf the Edl mediators. The
black trace represents the CV of-Ealone, while the red and blue traces illustrate the CV in the presence of
MgATP and MgADP, respectively. The measurements were performed in a CHES buffer (100 mM, pH 9) with 150
mM NaCl astte supporting electrolyte.

To generate MgAT®ound NifH, a mixture was prepared by combining gen-fold
excess of MgATP (350 uM) compared to Ni(Bb M) This blend was then transferred to
an anaerobic glovebox and kept inside an icebox for a-f®ur binding period.
Subsequently, the mixture was reduced using two molar equivalents of EU(IDTPA. The
corresponding U\tVis spectra for this process can be fond in Figure 3.17. Excess MgATP
was subsequently removed via a buffer exchange using an Amicdsitra 8 filter (0.5
centrifugal filter unit, membrane NMWL, 30 kDa This step was essential since it was
observed that the EuWL mediators could not function as electron mediators in the
presence of an excessive amount of nucleotide. Once the surplus ATP was eliminated, a

redox titration was performed as detailed in section 3.4.1.

Upon inspecting the UWVis spectra of NifH, a noticeable change wasn't
immediately evident post the2-hour MgATP binding period (as depicted by the red line in

Figure 3.17). The only identifiable shift was a 6% decrease in absorbance at 380 nm.
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However, after the reduction using Eu(HPTPA, a distinct absorption peak emerged at
418 nm. This feature differentiates it from the spectra of nucleotiddree NifH (indicated

by the blue line in Figure 3.17)
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Figure 3.17 UWWis spectra comparing NifH befobackline) and after binding (red line) with MgATP and
subsequent reduction with EW{D)TPA (blue line). NifH, in CHES buffer (100 mM, pH 9) with 150 mM NacCl as
supporting electrolyte.

The midpoint potential of the [4Fe4ST*° couple in the presence of MgATP was
T 3aqll &R UI20myvYIHAE Witlihe=9.66 (R2 = 0.9435). This value waslerived from
fitting the relative intensity at 520 nm, representing the allerrous state, in Figure 3.18 A
using the Nernst equation (Eq. 3.7). Notably, this is the inaugural measurement of the
midpoint potential of the [4Fe-4ST+° couple in the presence of MgATP. As discussed in
section 3.4.1, the midpoint potential of the [4Fe4S}*° couple under the same
conditions, but in the absence of MgATP, was found to b&90 mV. This is 43 mV more

negative than its counterpart in the nucleotidefree form.
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Figure 3.18 Redox titration of the [4/%] cluster in NifH of nitrogenase in the presence of MgATP. NifH, in CHES
buffer (100 mM, pH 9) with 150 mM NaCl as supporting electrolyte. Thé32Be@te was formed adding two
equivalents of EU(DTPA at pH 9 and 10°C. It was oxidatively titrated with electrochemistry in the presence of
CWHYHt qec ROWY nWI T Y+ WAWIT ReqVYIl t IOWN G IVHSHE @it 2519nV id@rvats 1 U q R ¢ G |
After reaching redox equilibrium at each potentialMi$\specta were taketn situto monitor the band at 520
nm (the [4Fe4SP state, Figure A) and 410 nm (the 413" state). Black traces are fitted with the Nernst
equation. The data points in the same colour (blue, or red) represent one distinct set of data.

Subsequently, as the +1 state progressed to the +2 state, evident from the relative
intensity at 410 nm (indicating the 2+ state in Figure 3.18 B), the data were fitted using
the Nernst equation (Eq. 3.6). The resulting midpoint potential for the [4F&SF** couple
RUWaq6 IWGIH 13t 13U & BANY nslBHEWithh AQWBY (R3=10.2188). This is 62 mV
GRNG61JI Wadé ¢ Ulla 6 1JLWe MO ML étéllUEog] bsswih i msrd@oningathadd WA ! LW

Watt et al. achieved the MgATHound state of NifH through equilibrium dialysis. In
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contrast, in this study, the MgATHound state was formed by adding an excessive
amount of MgATP to the systenfollowed with buffer exchange This difference in
methodology could explain the observedrariation in results, as there is a possibility that

MgATP may dissociate from NifH during the buffer exchange process.

The measured midpoint potential of the 0/1+ couple of NifH during this redox
titration in the presence of MgATP i$820 mV vs SHE. A key point of ambiguity arises
regarding whether MgATP binds to the diérrous state of NifH when Eu(lHDTPA is
present. Nevertheless, a small peak at 418 nm is observable upon reduction by Eu(ll)
DTPA. Although UWis or CD spectra of the atferrous state don't exhibit noticeable
changes upon the addition of MgATP, Angowt al. demonstrated that MgATP does bind
to the all-ferrous state of NifH when excess Ti(IHgitrate is present. [196] Given the
reduction potential of <rf800 mV for the TV citrate couple, it is suggested that Ti(ll})
citrate donates electrons to the [4Fe4S}* cluster, thus producing the altHferrous state of
NifH. This could provide indirect evidence that the alferrous state NifH forms a relatively

stable binding complex.[40]

Rebeleinet al. conducted EPR analysis of Eu({[pTPAreduced NifH both in the
absence and presence of MgATP. They did not explicitly address whether thefalirous
state of NifH is bound with MgATP. Instead, they assumed it is formed by defayktl]
Notably, the EPR feature and the reduction activity of G@o CO in NifH under these two
conditions were indistinguishable. After reducing NifH with Eu(HDTPA in the presence
of MgATP, four potential NifH forms emerge: nucleotidéree, Mgbound, ATRbound, or

MgATPRbound. Given the observed negative shift in # midpoint potential of the 0/1+
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couple compared to the nucleotide-free state, this potential might be indicative of a
partially MgATPbound NifH.
3.4.3 Redox titration of NifH in the presence of MgADP

In previous analyses, it was discerned that the redox potential of NifH most likely
undergoes modulation upon binding with MgATP. This shift in redox potentexhibits the
impact that nucleotide binding can have on the redox properties of proteins. Apart from
MgATP, MgADP, another key nucleotide, has been documented in literature to influence
the redox potential of certain proteins. Drawing on this knowledge, this sectionadves
into the effects of MgQADP on the redox potential of NifH. Through this invegtion, we
aim to deepen our understanding of howMgADP interaction modulates the redox
behaviourof NifH.

The procedure to obtain MgAD®ound NifH mirrored the method described in the
MgATP section. Afterward, reduction was accomplished using two molar equivalents of
Eu(Il}DTPA. The UWis spectra of this process are presented in Figure 3.19. The
subsequent redox titration was performed in alignment with the protocol detailed in
section 3.4.1.

Upon examining the UWis spectra of NifH, no significant changevas apparent
after the 2hour MgADP binding (as represented by the red line in Figure 3.19). The only
minor alteration observed was a 3% decrease in absorbance at 380 nm. Furthermore,
after reduction with Eu(I}DTPA, the peak at 418 nm, which was evidemt the MgATP
bound NifH at its altferrous state, was absent (as indicated by the blue line in Figure

3.19).
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Figure 3.19 UWis spectra comparing NifH befobdackline) and after binding (red line) with MgADP and
subsequent reduction witBu(INDTPA (blue line). NifH, in CHES buffer (100 mM, pH 9) with 150 mM NacCl as
supporting electrolyte.

The midpoint potential of the [4Fe4S}*° couple in the presence of MgGADP was
T Wql ¢ RUWVT Way¥IHA withhe-9.25FREF0OEGA5). This value was derived from
fitting the relative intensity at 520 nm, representing the alferrous state, in Figure 3.20 A
using the Nernst equation (Eg. 3.7). This value is 32 mV more negative than the midpoint
potential observed in the absen@ of nucleotide at pH 9 and 10 °C.

Subsequently, as the 1+ state progressed to the 2+ state, evident from the relative
intensity at 420 nm (indicating the 2+ state in Figure 3.20 B), the data were fitted using
the Nernst equation (Eq. 3.6). The resulting midpoint potential for the [4F&SF** couple

in the presence of MgM®A L5 ¢ t LUevd SHE Wifhé +0.82 (2= 0.9773.[199]
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Figure 3.20 Redox titration of the [4/%] cluster in NifH of nitrogenase in the presence of MgADP. NifH, in
CHES buffer (100 mM, pH 9) with 150 mM NacCl as supporting electrolyte. FUSP4fate was formed
adding two equivalents of EL{(IDTPA) at pH 9 and 10°C. It was oxidatively titrated with electrochemistry in the
Gl Dt DURDWYnWE WARYHE q¢ RGWYnWI IT Y+ WG RE qY vsSHELMGa We GG R
25 mV interval. After reaching redox equilibrium at each potentilisBpectra were takdn situto monitor
the band at 520 nm (the [4H&7P state, Figure A) and 410 nm (the [4FSF* state). Black traces are fitted with
the Nernst equation. The data points & $ame colour (blue, or red) represent one distinct set of data.

In the study by Wattet al., the midpoint potentials of the [4Fe4SF+** couple were
recorded as 1430 mV andT1490 mV for NifH in the presence of MgATP and MgADP,
respectively. In contrast, in this experiment, the measured values were352 mV andT
413 mV, whenEu(ll}DPTA was also presenfl199] The discrepancy from the literature
values can be attributed to the use of EiL in this methodology and the subsequent
removal of excess MgATP and MgADP after their binding with NifH. This procedure might

have inadvertently removed some nucleotides boundd NifH, potentially yielding a state
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of NifH that is only partially bound to nucleotides. For future studies aimed at measuring
the redox potential of NifH, a more suitable redox mediator is required, especially since
the presence of nucleotides appears to impair the electron mediating capabty of the
Eu-L complexes.

Table 3.2 below presents the midpoint potentials reported in the literature
compared to those obtained from this work. The midpoint potentials for both the [4Fe
4SP** and [4Fe4ST+° couples have been examined, both in the absence and presence

of nucleotides (MgATP/MgADP).

Table 32 Comparison of the midpoint potential of NifH reported previously and obtained from this work

Nucleotide-free MgATP presence MgADP presence
Mid potential
of NifH
Literature Literature Literature
En(2+/1+) -300 mV -430 mV -490 mV
Enm(1+/0) -790 mv N/A N/A

3.5 EPR studies of the NifH

To support the UWVis data, the oxidation states of the [4F&lS] clusters were also
studied by EPR spectroscopy in collaboration with Dr William Myers in the Centre for
Advanced Electron Spin Resonance (CAESR).

Three NifH samples were treated separately witha) 1.5 molar equivalents of
methylene blue,b) 1 molar equivalent of NaDT and) 2 molar equivalents of Eu(IFDTPA,
in order to form the [4Fe4SF, [4Fe-4S} and [4Fe4SP states respectively. The UWis
spectra of these three individual samples were collected to check that the corresponding
states have been formed (Figure 3.21 A). Then the samples were transferred to EPR tubes

(Figure 3.21 B) and frozen in liquid nitrogetio be measured by EPR.
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The EPR spectra of the control samples (methylene blue (green line) and Eu(ll)

DTPA (grey line)) look like the cavity background, thus the features seen in the EPR

spectra of the protein samples can be attributed to the Fe protein. The [4F&SF* state

(blue lines in C and D, Figure 3.21) looks as expectd@13]itis EPR silent, (no EPR signal,

S=0). The EPR spectrum of the [4FHS]* state (red lines in C and D, Figure 3.21), shows

an EPR signal around) = 2, but looks different from what has been published for this

state, suggesting some @-damage during freezind213]
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Figure 3.2A) UV-Vis spectra of NifH at pH 9 and 10 °C : the {45E state (formed adding 1.5 equivalents of
methylene blue, red line), the [4B&]* state (formed adding 1 equivalent of NaDT, blue line), and-the all
ferrous [4Fe4SP state (formed adding two equivalents of EA§TPA, black line). The W6 spectra were
collected separately on each individual samplgPhotos of each state in the EPR tube previous freezing them
in liguid nitrogerC) Perpendicular mode EPR spectra of NifH at 10 K of thed@Festate (formed adding 1.5
equivalents of methylene blue, blue line), the {4B§* state (formed adding 1 equivalent of NaDT, red &nél),
the [4Fe4SP state (formed adding two equivalents of ERINPA, black lineD) The same than C) but
measured in parallel mode. The EPR spectra of methylene blue (green line) aBd EA((Brey line) are also

shown in C) and D).
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In the perpendicular EPR spectrum of the [4FdSP state (black trace in C, Figure
3.21), the [4Fe4SP cluster is silent as expected[36, 214]Use of the parallel mode allows
detection of integer spin systems, and the parallel mode spectrum (black trace in D,
Figure 3.21) shows clear evidence of th8 =4 EPR signal. Th&= 4 state arises when two
Fe(ll) pairs align antiferromagnetically and two Fe(ll) pairs align ferromagnetically as
illustrated in Scheme 3.5. Each Fe(ll) is high spin, tetrahedral wit = 2 and so the
antiferromagnetic pair givesS= 2712 = 0 and the ferromagnetic pair giveS=2 + 2 = 4.

Antiferromagnetic |
$=0

Ferromagnetic
S=4

5=4

Scheme 3.5 The spin state of thefalrous state of NifH

Figure 3.22 A shows four additional samples measured by EPR. NifH samples at
1+ state weretreated separately with: a)1.5 molar equivalents of methylene blueb) 1
molar equivalent of reducedmethyl viologen,c) 2 molar equivalents of reducedmethyl
viologen andd) 1 molar equivalent of Eu(IEDTPA. The EPR spectra of NifH containing
methyl viologen (Figure 3.22 A, blue and cyan) clearly show the rhombic Fe(lll) signal from
the [4Fe4ST* cluster, which is not in agreement with the previously reported data by
Watt et al. where it was suggested that the EPR signal intensity initially diminishepaon
reduction of the [4Fe4S}* state by MV.[38] Interestingly, one equivalent of Eu(HpTPA
leaves a smaller proportion of [4Fe4S}* and gives some [4Fe4SP, which is observable

in parallel mode EPR, as shown in Figure 3.22 (A, red trad8p] A bestfit simulation of
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the EPR signal from NifH reduced with one equivalent Eu{D)TPA is shown in Figure 3.22
(B, red trace), containing two components ofy-matrices of principle components ofa =

[1.9978 1.954 1.8561],b = [2.0160 1.944 1.828], wittbroadenings Y n.lH_[0.062 0.021

M tOM = & 0 TB_0.01274 0.114].

A) — . v Y v v v v v B) — : : v v ’ v v v
W — 0.1 mM Fe prot. + MB, 5K ——210730, 4K
0.1 mM Fe prot. + MV, 12K simulation
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Figure 3.2AlifH EPR data collected atbénd with the microwave field perpendicular to the DC magnetic field.
A) EPR spectra of NifH samples including redox agents methylene blue (MB, black), methyl viologen (MV, blue
and cyan) and Eu¢DTPA (red) were measurediadicated in the figure legend. The asterisk (*) indicated the
signal from MV. The microwave frequency was 9.6426 GHz, while microwave powers were 10 mW for the first
trace and 0.05 mW for the remainder. A Hésimulation of the EudDTPAreduced NiH is shown as the red

trace in B.

The correlation between the EPR and UVis spectroscopic data provides a robust
verification of the redox states of the [4FelS] cluster in NifH. To conclude, the study
revealed that the use of a single equivalent of EUHADTPA in the reduction of NifH leds
to only a partial reduction of the [4Fe4ST cluster. This partial reduction is charactersed
by a smaller proportion of the rhombic Fe(lll) signal, as corroborated by the UXis data.
However, the introduction of an additional equivalent of Eu(HPTPA results in the full
reduction to the all-ferrous state. Furthermore, the EPR spectra of Nifldontaining
methyl viologen also distinctly show the rhombic Fe(lll) signal from the [4F&ST* cluster,
contradicting expectations from previous literature and suggesting the inadequacy of

methyl viologen in fully reducing the [4FelS] cluster to the allferrous state despite its

reducing capability.
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3.6 Redox behaviour of the AnfH
Having established the UWis SEC method with NifH, this method will now be

extended to investigate its counterpart AnfH. AnfH is the reductase component of the
FeFe nitrogenase. Recent advancements in the structural analysis have provided more
clarity to this protein's properties. Specifically, Trnciket al. recently elucidated the
crystal structure of the ADRbound reductase component AnfH to a resolution of 2.0 A.
[200] An inspection of the overall structures reveals that AnfH, originating from the
diazotroph Azotobacter vinelandii aligns structurally with its counterparts NifH and VnfH,
particularly when in the ADPbound state. Moreover, the configuration assumed by the
[AFe-4S}* clusters of AnfH parallels those of NifH and VnfH. Such structural
resemblances are further reinforced by the consistentS = 3/2 and S = 1/2 EPR
resonances in the dithionitereduced 1+ state across these proteins, with Xay
absorption spectroscopy (XAS)/Extended Xray Absorption Fine Structure (EXAFS)

analysis providing additional support.[215]

The resemblance doesn't just halt at structural properties; it extends to the redox
behaviours of these Fe proteins. For instance, VnfH and NifH canansition between
three oxidation states: the oxidised [4Fe4SF*, the reduced [4Fe4S}*, and the super
reduced, all-ferrous [4Fe4SP states.[38] Although it remains uncertain whether AnfH
exhibits similar oxidation behaviours as NifH and VnfH, their shared structural and
electronic characteristics suggest a parallel redox behaviour.[216] Therefore, the
possibility of the formation of the aliferrous state in AnfH is explored, alongside
understanding the electrochemical control over its redoxbehaviour. This investigation
builds upon the SEC UWis method that has been established from previous work with

NifH.
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3.6.1 Formation of the threexidation states of the AnfH

Initially, the feasibility of forming the allferrous state in AnfH was determined. The
procedure to generate this state of the [4FelS] cluster in AnfH followed that outlined in

Section 3.2.1, which involved the addition of Eu(HPTPA to the AnfH sample

To characteiise the different oxidation states of AnfH, UWis spectroscopy was
employed. Three distinct samples of AnfH were individually treated with different agents:
1.5 molar equivalents of methylene blue (MB) to form the [4F&SF* state, 1 molar
equivalent of sodium dithionite (NaDT) to form the [4F4S}* state, and 4 molar
equivalents of Eu(IRDTPA to form the [4FelSP (all-ferrous) state. U\Vis spectra were
subsequently recorded for each of these samples to monitor the oxidation states were

achieved, as illustrated in Figure 3.23 A.

A) 10 ; r . B)
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Figure 3.23 Allhe UWis spectra of AnfH at three oxidation states. The 2+ (blue), 1+ (red}fandatl (black)
states are formed by the addition of methylene blue, sodium dithionite andDE&#M)individually; B) The
picture of the alferrous state AnfH

The UWVis spectral characteristics of the methylene blueoxidised AnfH
(depicted by the blue trace in Figure 3.23 A exhibit a pronounced absorption peak at 406

nm. This is distinct from the broad absorption observed for NifH under similar conditions.
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Absorptions seen beyond 600 nm can be attributed to the presence of methylene blue.
Upon reduction of AnfH with sodium dithionite, there's a notable shift of the peak t421
nm, and two new absorption peaks emerge at 526 nm and 554 nm, as seen in the red
trace of Figure 3.23 A. These three peaks persist even after the addition of EtDITPA.
However, the characteristic broad absorption peak associated with the alferrous state
cluster emerges around 520 nm (indicated by the black trace in Figure 3.23 A.
Accompanying this broad peak, the solution turns a pale pink upon reduction with Eudl)
DTPA (Figure 3.23 B), further validating the formation of the -&rrous state in AnfH.
Consequently, this evidence confirms that AnfH can indeed transition through theame
oxidation states as its NifH and VnfH counterparts, inclusive of the distinctive afierrous

state.

3.6.2 Redox titration attempt on AnfH

It has been established that AnfH also accommodates the same three oxidation
states as its counterpart, NifH. Building on this understanding, the subsequent section
will delve into the measurement of the redox potential of AnfH. Utsing the U\Vis SEC
methodology previously applied to NifH, efforts were made to elucidate the redox
characteristics of AnfH.

At 10 °C, 350 pL of AnfH (139 uM) in pH 9 CHES buffer was introduced inteVis/
SEC cell. Eu(lIlL mediators were then added to achieve a final concentration of 30 uM
for each Eu(lIBL species. Subsequently, four molar equivalents of Eu(iDTPA were
introduced to the AnfH to form the alferrous state. The potential of the UWis SEC cell
was sequentially setfrom 1940 mVto 1140 mVvs SHEwith a 50 mVinterval. At each
potential, the UV-Vis spectrum was monitored until it remained unchanged, after which

a final UMVis spectrum was recorded (Figure 3.24
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At a potential ofT940 mV, the aliferrous state isstabilised, as depicted in Figure
3.24 (shown by thdightest yellow trace). As the potential increased tor140 mV, the UV
Vis spectra exhibited no noticeable alterations (as shown by the red and blue traces in
Figure 3.24). Absorptions at 526 nm and 554 nm, characteristic of the d#rrous state,
persisted even at potentials typically considered positive fof4Fe-4S] clusters. Notably,
the broad peak diminished as the potential increased. However, the absorption at 406
nm, indicative of the 2+ state, wasabsent even atr140 mV. These observations suggest
that while AnfH is resistant to electrochemical oxidation to its 2+ state, it can be oxisied

to the 1+ statefrom the all-ferrous state.
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Figure 3.24 he UWis spectra of the AnfH (139 uM) at different potenfladeries opotentials were applied
fromT940 m\vto 7140 mV sequentiallwith an interval of 50 m\rhe CHES buffer (pH 9. 2700mM) contains 150
mM NaCl and redox mediators with a final concentration of 30 uM oEe@ddhlL species.

The midpoint potential of the [4Fe4S}*° couple of AnfH was determined to be
€613mV vs SHE withn =0.28. This value wasderived from fitting the relative intensity at

520 nm, representing the alferrous state, in Figure 35 using the Nernst equation (Eq.
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3.7). However, the fit was not satisfactoryas a challenge emerged when the absorption

of AnfH in its altferrous state was found to be significantly weaker than that of NifH. Even
at a relatively high concentration of 139 uM, the absorption remained below 0.2, which
casts doubt on the reliability of he derived redox potential values. Further exploration of
this phenomenon is warranted in future studies, potentially focusing on aspects such as

the stability and EPR characteristics of AnfH.
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Figure 3.8 Redox titration of the [4F&S] cluster irAnfH of nitrogenaseAnfH, in CHES buffer (100 mM, pH 9)
with 150 mM NacCl as supporting electrolyte. The J4ERstate was formed adding two equivalents of Eu(ll)
(DTPA) at pH 9 and 10°C. It was oxidatively titrated with electrochemistry in the presence of a cocktail of redox
GUT ReqVYl t IOWNGS IIWE GG i Fr0nj YuGevi\oysBH 6 With &0V nterizal) AftermelachidgLl e
redox equilibrium at each potential, Wié spectra were taken situto monitor the band at 520 nm (the [4Fe
4S7P state. Black traces are fitted with the Nernst equation.

3.7 Conclusion

In this chapter, a novel threeelectrode UV-Vis spectroelectrochemical cell (U

Vis SEC) was developed for studying the redox chemistry of FeS clusters, allowing for in
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situ UV-Vis spectral analysis. This UWis SEC cell comprises a PGE working electrode, a
fritted PGE counter electrode, and a homemade SCE reference electrode. Initially tested
on azurin, the cell was then employed to investigate the Fe protein. Using this setup, the
redox potentials of the [4Fe4S] clusters in NifH and AnfH proteins were studied uref
various conditions. The research also focused on the formation of the aferrous states

in both NifH and AnfH. Additionally, EPR measurements were conducteon NifH to
corroborate findings from the UWVis spectroscopy, offering a comprehensive view of the

redox behaviours of these clusters.

The stability of the aliferrous state of NifH has been studied under various
conditions. These results indicate that this state is more stable at higher pH and lower
temperature, while MgATP has relatively little impact on its stability. In the tested
experimental conditions, the all-ferrous state can be reversibly formed after oxidation. It
has been well established that the alferrous state can be formed using Eu(HDTPA as
the reductant. However, attempts to form the aliferrous state NifH electrochemically in
the UW-Vis SEC cell were unsuccessful. UWis SEC experiments were conducted to
assess the redox potential of the [4FelS]*° couple by an oxidative titration. The
midpoint potentials of the [4Fe-4SF+** couple in NifH were measured att284 mV,1352
mV, andT1413 mV for NifH in the absence of nucleotide, in the presence of MgATP, and in
the presence of MgADP, respectively, with the additional presence of EudDPTA.
ERGROCI O! A6 JWa RT GY R £0dj 1€ G Yia 100 dlR ¢ & 1= Wi¥dddtis TI® NO LG
the [4Fe-4S}+° couple under these respective conditions.

However, due to the potential binding of Eu(ll) to nucleotides, the observed redox

potentials of the [4Fe4S] cluster in NifH might be influenced by nucleotidebound
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clusters. Therefore, EduL redox mediators are not suitable for titration in the presence of
nucleotides. A new, colourless redox mediator needs to be explored to reassess the

redox potential of the [4Fe4ST+° couple in the presence of nucleotide.

The correlation between EPR and UVis spectroscopic data provides robust
verification of the redox states of the [4FelS] cluster in NifH. The study revealed that
using a single equivalent of Eu(HDTPA for the reduction of NifH leads to only a partial
reduction of the [4Fe4S}* cluster. However, the introduction of an additional equivalent
of Eu(IDTPA results in the full reduction to the alferrous state. Furthermore, the EPR
spectra of NifH containing methyl viologen contraditprevious literature, suggesting that
methyl viologen is inadequate for fully reducing the [4Fd4S] cluster to the altferrous

state despite its reducing capability.

The redoxbehavioursof AnfH from the FeFe nitrogenase were also studied. It was
shown that AnfH could adopt the aHlferrous state in the [4Fe4S] cluster, similar to NifH.
Utilising the U\WVis SECmethodology previously applied to NifH, efforts were made to
elucidate the redox characteristics of AnfH. Observations indicate that while AnfH is
resistant to electrochemical oxidation to its 2+ state, it can beoxidised to the 1+ state

from the all-ferrous statel

In future studies, it will be crucial to explore a newgolourless redox mediator to
reassess the redox potential of the [4FelS}*° couple in the presence of nucleotides.
Thena detailed investigation of MgGATP and MgAE#und NifH redox titration will be
planned. This will involve examining the redox potentials in the context of these
nucleotide-bound states, providing insights into how ATP and ADP binding influences the

redox behaviour of NifH. Additionally, the exploration of AnfH will be extended, foging
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not only on its redox potentialsin the presence/absence of nucleotide, but also on
studying its stability and charactersing its EPR features. These investigations are crucial
for a deeper understanding of the redox properties and biological functions of these

proteins.
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Chapter 4 Redox behaviour of the Fe protein
homologues

The recent identification of darkoperative protochlorophyllide oxidoreductase
(DPOR), a homologue to nitrogenases, has expanded our understanding of enzyme
catalysed reductions. [66] DPOR, like nitrogenases, is a twa@omponent metalloprotein
comprising an electron transfer (reductase) component and a catalytic component. This
enzyme plays a crucial role in chlorophyll and bacteriochlorophyll synthesis by reducing
protochlorophyllide (Pchlide) to chlorophyllide (Chlide). During catalysis, the
components of DPOR form a functional complex, facilitating electron transfer for Pchlide
reduction in the N,B, protein. The redox potentials of the {and N.B; proteins remain
unknown, and it is nclear if they can achieve an aiferrous state similar to the Fe protein

in nitrogenase.

The process ofreduction Protochlorophyllide (Pchlide) to Chlorophyllide (Chlide)
in a lightindependent manner involves the kprotein transferring two electrons from an
electron donor, such as reduced ferredoxin (Fey) in vivoor dithionite in vitro, to the N.B;
protein complex (Scheme 4.1 A). This electron transfer is facilitated throughe [4FeT4S]
centre in L, protein which aids in electron transport. Simultaneously, the energy required
for this process is provided by the hydrolysis of tw&TPmolecules. [71, 75]Similarly, in
the nitrogenase system, the Fe protein is initially reduced by ferredoxin or its functional
analogue flavodoxin (Scheme 4.1 B). Postduction, electrons are passed from the
[4Fer4S] cluster in the Fe protein to the FeMo cofactor of the MoR®otein, this time

utilising the Rcluster as an intermediary in the electron transfer process[217]
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2Fd, ., 2H*, 4ATP

DPOR
=
0" 0H OCH;
Protochlorophyllide Chlorophyllide
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B) 8Fd, 4, 8H*, 16ATP
N, > 2NH; +H,

MoFe Nitrogenase

Scheme 4.1Comparisons of the reduction process of Pchlide ardk in vivo. A) DPOR facilitates the trans
addition of hydrogen across the €17zC-18 double bond in protochlorophyllide (Pchlide), leading to the
formation of chlorophyllide (Chlide). This process utilises reduced ferredoxin (Rek) as an electron donor
in vivoand consumes 2 Hand 4 ATP molecules. B) MoFe nitrogenase reducestN NHs, which requires 8
molecules of Feka for electron donationin vivo, along with the consumption of 8 Mand 16 ATP
molecules.

Nitrogenases have been shown to exhibit catalytic activity without the presence
of its electron transfer partner (Fe protein) and ATFFor instance, a study by Miltoret al.
demonstrated the immobilisation of MoFe protein of nitrogenase on an electrode
surface, using cobaltocene as an electron mediator for reatime monitoring, which
allows the MoFe protein to reduce 2 Hto H,, N;*to NH; and NO.®to NHs, independent of
the Fe protein and ATP hydrolysi18]f q LRt LW¢ &+ Y B8Y1) GvdFemptdteitltmqd ¢ a LU,
effectively reduce nitrogenous substrate hydrazine (bHs) to two NH; molecules using a
low-potential reductant EUW'-DPTA(E. =+€1.1 Vvs SHE), in the absence of the Fe protein

or ATPJ219] To date, lightdriven N, reduction without the Fe-protein has been noted in
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instances where the MoFe protein is immobilised on CdS quantum dot20] DPOR is
also capable of catalysing the tweelectron reduction of Ns® or N.H, to NHs, a function
that parallels the activity of nitrogenase in reducing the same substrates[69, 221]
Considering the structural and functional similarities between DPOR and nitrogenase, it
is meaningful to study the activity of DPOR in the absence of its reductase component
(L. protein). This approach could provide valuable insights into the mechanisrof the

enzymeand its potential dependence or reliance on thd.; protein for catalytic activity.

Overall, this chapter concentrates on investigating the redox properties and
electrochemical catalytic activites of dark-operative  protochlorophyllide
oxidoreductase (DPORBeyond the UWVis SEC method developed in Chapter 3, a
potentiometric titration method was established in Section 4.1, using ferredoxin as a
model. Section 4.2 delves into the potential of L2 andN.B; proteins to reach an alt
ferrous state. The subsequent sections, 4.3 and 4.4, focus on determining the specific
redox potentials of L2 andN,B; proteins, respectively. Finally, Section 4.5 presents an
electrochemical analysis of DPOR's activity, examinig the influence of thel. protein's
presence or absence. This cohesive approach provides a comprehensive understanding

of the redoxbehaviour of these proteins in the context of nitrogenasdike activity.

4.1 Development of the potentiometric titration method

4.1.1 Preliminary test with ferredoxin

Experiments © determine the redox potentials (E.) of L, protein and N2B; protein
have been carried out using UV-VIis SEC method that developed in Chapter 3[hese
experiments will be described in Sections 4.3 and 4.4However, efforts to ascertain the

redox potential of N»B, protein using U\Vis SEChave encounteredchallenges. It has
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been observed thatN.B; protein cannot be reduced or oxidsed, even in the presence of
redox mediators. Therefore, a new method is required for the determination of redox
potentials. Potentiometric titration represents a frequently used method for measuring
the redox potential of redox enzymes. It is typically paired with a quantitative
measurement instrument, such as Electron Paramagnetic Resonance (EPR). For
instance, the redox potertial of the cofactors of Saccharomyces cerevisiaeNarl was

determined using an EPRcoupled potentiometric method. [139]

Ferredoxin | (Fd I) fron$pinacia oleraceais a small protein with molecular weight
of 6 kDa exhibiting a knownE, around 400 mVvs SHE [162, 222] The proximity of the
[2Fe-2S] cluster to the surface, as depicted in Figure 4.1, facilitates direct electron
transfer to the electrode. This short distance from the [2F2S] cluster to the surface
eliminates the need for a redox mediator during the redgxocess by the electrode.[222,
223] TheE, of azurin is+292 mV vs SHE and that of Fdl is 400 mV. [162, 209, 222]The
E. of Fd lis closer to that of the [4Fe4S] cluster,[11] making it a better model. In Chapter
3, azurin was used as a model because Fdl was not available at the time of the
development of the U\WVis SEC methodHence it serves herein as a model for testing
and refining the potentiometric titration method when coupled within situ UV-Vis
spectroscopy. This pairing significantly reduces the amount of enzyme required. For
instance, potentiometric titration coupled with Electron Paramagnetic Resonance (EPR)
requires approximately 75 nmol protein per sample, necessitating this amounof each
of the 10 samples. However, when coupled withn situ UV-Vis, the requirement drops

dramatically to around 20 nmol protein for a single titration.
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Figured.1 The crystal structure of ferredoxin | fi§pmacia oleraceaPDB: 1A70

A potentiometric titration method has been developed, in which sodium
dithionite (NaDT) is used as a titrant, for the determination of the redox potential of the
ferredoxin protein. A platinum (Pt) wire and an Ag/AgCl reference electrode were utilised
as the working electrode and the reference electrode, respectively. A set of NaDT
solutions with concentration from 0.01 to 1 mM were prepared as titrant. Ferredoxin,
Gl DGel DT WequwWewrYUHDIUq! ¢cqrRYUWYnWNMW, ~Ws Raqé6R
incremental additions of NaDT. The protein was in a pH 8.5 HEPES buffer (50 mM)
containing 50 mM of NaCl as the electrolyte. A set of NaDT solutions with concentration
from 0.01 to 1 mM were prepared as titrant. A small aliquot, ranging from Q2L L, of the
NaDT solution was added to the mixture in the titration vessel to decrease the potentia
of the protein solution. The addition of NaDT started with the lowest concentration, 0.01
mM. Notably, if more than 10 puL of was necessarily need to decrease the potential by
50 mV, a more concentrated NaDT stock solution was added instead. After each NaDT

addition, the open circuit potential of the ferredoxin solution was measured using an
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AutoLab electrochemistry potentiostat. UMVis spectra of the sample were also obtained

following each NaDT increment.

With the incremental addition of NaDT, the UV absorption of ferredoxin, as
illustrated in Figure 4.2 A, gradually diminishes at 465 nm. This suggests an ongoing
reduction of ferredoxin by NaDT The changes over time in the open circuit potential
(OCP) of the ferredoxin solution after the addition of NaDT are represented in Figure 4.2
B. Each distinct step on the graph corresponds to an individual NaDT addition. Additions
of NaDT continued untilthe OCP no longer displayed significant changes, even when an
excessive amount of NaDT was introduced. Equilibrium was reached af99 mVvs SHE
after a duration of 2686 s. The first step on the graph represents the introduction of a
small aliquot of NaDT solution (0.01 mM) to the protein solution, which promptly led to a
decrease in the OCP. Further additions of NaDT caused the OCP of the protewsiution
to continue stepping down to lower values. After 5570 seconds, the OCP after
equilibration remained static, showing no further changes despite the introduction of &

excess amount of NaDT.
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Figure 4.2 A) The changes in theMiB/absorption of ferredoxin with the gradual addition of sodium dithionite
(NaDT) during the potentiometric titration; B) The temporal variations in the open circuit potential (OCP) of the
ferredoxin solution followirthe introduction of sodium dithionite (NaDT).

The absorbance of UWis light at 465 nm was graphed in relation to the OCP
(Figure 4.3 A), and the first derivative of this plot was subsequently drawn (Figure B)3
This approach facilitated the construction of a titration curve, connecting the open
circuit potential to the UV-Vis absorption. The redox potential of ferredoxin was inferred
from the inflection point on the titration curve,measuring at 422 mVvs SHE Notably,
the redox potential of spinach ferredoxin has been documented at approximately405
mV vs SHEIn earlier literature. [162] Other investigations have reported a similar value,
around 420 mV.[222] The measured redox potential in this study closely aligns with

these previously reported values, thereby confirming the validity of this approach.
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Figure 4.3\) Therelationship between theV-Vis light absorbance at 465 nm and the open circuit potential
(OCP) of the solutigrB) The first derivative of plot A, highlighting the rate of change in absorbance with respect
to the OCP.

This method is considered to provide valuable insight into the redox properties of
proteins, supporting their characterisation, and encouraging applications to other

metalloprotein. This potentiometric method is used in parallel with UWis SECfor the
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attempts of determining the redox potentials ofL; protein and N.B; protein in section 4.3

and section 4.4.

4.2 Exploration of the aliferrous state in DPOR

The involvement of the aliferrous state of the Fe protein in the reduction ol by
nitrogenase is a subject of debate[224] However, experiments have shown that the L
protein of DPOR is capable of engaginig chimeric interactions with the MoFe protein,
and this interaction, particularly with the Y127S mutant of the 4protein, is significantly
enhanced in the presence of ATH225] If the L protein cannot form an altferrous state,
but still manages to reduce some nitrogenase substrates lik&ls;*or N.H, when combined
with the MoFeprotein, it could indirectly suggest that the aliferrous state is not essential
in the catalytic cycle of nitrogenase. Furthermore, since the B, protein is a tetramer
containing two [4Fer4S] clusters, it might also be capable of forming an aflerrous state.
Therefore, this section primarily investigates the possibility of the aflerrous state

formation within DPOR.

4.2.1 Exploration of the aferrous state indprotein

As introduced in section 1.4, the gene coding the:lprotein shares 33% identity of
that of the Fe protein. In addition, they both perform as the reductase for their relative
catalytic enzyme. Due to these structural and the functional similarities of Lprotein to
the Fe protein in nitrogenase, the question arises whether the alérrous state can also
be accommodated in the L protein from this nitrogenase homologue? Hence, the
possibility of forming the allferrous state in L, protein is explored in thissection. The

same method is used to reduce the Lprotein, with Eu(Il}DTPA as the reductant. UWis
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spectroscopy was used to monitor the state of L protein, to check if the characteristic

UV-vis absorption is also observed.

The L protein was diluted to 32 uM in 30QiL buffer. The HEPES (40 mM, pH 7.5)
buffer contains 10 mM MgGJ, 150 mM Nad. The protein solution was placed in the UV
vis SEC cell, then a UWis spectrum was taken; and then Eu(HPTPA from a 25 mM stock
was added to reach a 1 molar equivalent of the,lprotein. 1 molar more equivalent was
added to the L; protein. UV-Vis spectra was taken once equilibrium was reached after
the addition of every molar equivalent of EU(HPTPA. The UWis spectra are shown asn
Figure 4.4 A, with a picture (Figure 4.4 B) of the protein after the addition of two
equivalents of Eu(I)DTPA.Since thelL; protein is a homodimer featuring a singlg4Fer
4S] cluster, one molar equivalent in reference to thel. protein means one molar

equivalent of thecluster. [217]
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Figure 4.4 A) The WXis spectra of the oxidised protein(black trace), and the spectra following the addition of
1 molar equivalent (blue trace) and 2 molar equivalents (green trace) eDEB@;) B) a picture of theprotein
after the addition of two equivalents of EtITPA.

Figure 4.1, black trace shows the oxidisedprotein has an absorption around

420 nm and 580 nm. The absorption at 420 nm is commonly from the ligand metal charge
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transfer (LMCT) in the [4FeISF* cluster in as other FeS cluster containing proteing226]
After the addition of 1 molar equivalent of Eu(HPPTA (Figure 4.4 A, blue trace), the
absorption at 420 nm disappeared, meaning the [4F&S] cluster has been reduced to
1+ state, which does not have absorption at 420 nnj226] Upon the addition of 2 molar
equivalents of Eu(IBDTPA in total (Figure 4.4 A, green trace), there is no sign of a new
raising peak at around 520 nm, neither at other wavelength. The colour is pale yellow
(Figure 4.4 B), which is commonly from the [4F4S}* in the protein, rather than pink
which is from the [4Fa4SP cluster in the Fe protein. It seems like the alferrous state
could not be formed in the wildtype L protein at the presence of excessive amount of
strong reductant as Eu(IBRDTPA. Theresi a dual interest in the study of the Lprotein:
firstly, in exploring whether the L protein ite can form an allferrous state, and secondly,
in using research on the Lprotein to indirectly investigate the redox states that might be
involved in the Fe protein during the nitrogenaseatalysed reduction of No.. The
functioning of the Fe protein involves a dynamic mechanism where ATP hydrolysis is
linked to the conformational alterations of MoFe protein[227-230] It was reported that
Y127S variant of the 4protein shows enhanced nucleotidedependent interaction with
MoFe compared to wildtype L protein and initiates ATPase activity in relation to the
chimeric protein-protein interaction. [231] Future research could further investigate the
all-ferrous state in the Y127S variant of the,lprotein or other alternative reductase of
nitrogenase, expanding our understanding on the necessity of the dirrous state in the
catalytic cycle.
4.2.2 Exploration of the afkrrous state in MB, protein
TheNB; protein only has one[4Fer4S]cluster as in the Fe protein of nitrogenase,

and we were curious about thewhether it can be super reduced to the aliferrous state.
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Hence, the N2B; protein was investigated with its oxidation states monitored by UWis

spectroscopy. [67]

The NB; protein was diluted to 18 pM in 30QlL buffer. The HEPES (40 mM, pH 7.5)
buffer contains 10 mM MgGJ, 150 mM Nad. The protein solution was placed in the UV
vis SEC cell, then a UWis spectrum was taken; andhen Eu(I}DTPA from a 25 mM stock
was added to reach a 1 to 4 molar equivalents with respect to the.R®; protein in the
solution. Data shown in Figure 4.5. Given that the /8, protein is an, i, heterotetramer
with two [4Fer4S] clusters, the term 'l molar equivalent' in relation to BB, protein

denotes one molar equivalent of the entire hB, protein.
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Figure 4.5 The UVis spectra of the oxidiséB; protein (black trace), and the spectra following the addition of
1 molar equivalent (red trace), 2 molar equivalents (purple trace) and 4 molar equivalents (cyan trace) of Eu(ll)
DTPA
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The broad absorption at 420 nm indicates the oxidised state of.B, protein (black
trace Figure 4.5). It can be observed that with the addition of 1 molar equivalent of Eu(ll)
DTPA the absorption at 420 nm decreased (red trace, Figure 4.5) meaning that th&N
protein is getting reduced. Upon the addition of another molar equivalent of EUAIDPTA,
the absorbance further decreased (purple trace, Figure 4.5). With the addition of 4 molar
equivalents of Eu(IRDTPA (cyan trace, Figure 4.5), the further chaagof the U\WVis
spectrum is negligible. Eu(IRDPTA is capable of reducing the M, protein indicated by
the absorbance decrease at 420 nm, however the pink colour and absorption at 520 nm
was missing. It can be preliminarily concluded that the alferrous state could not be

formed in the N:B; protein.

It is observed that neither of the two proteins in DPOR can produce an-#drrous
state, yet they are capable of catalysing the reduction oPchlide to Chlide. Drawing a
parallel with nitrogenases, this might suggest that an alferrous state is not necessarily
formed during the N reduction process. Further work is required to substantiate this

hypothesis.

4.3 Redox titration of the kprotein
In section 3.1 the U\WVisible Spectroelectrochemistry (U\WVis SEC) method has

been established, which was validated on Fe proteins NifH and AnfH. Additionally, the
potentiometric titration method was confirmed using ferredoxin. However, the redox
potential of the L, protein, an analogue of the Fe protein, remains unknown. Therefore, it
is crucial to test the redox potential of the L protein and compare it with that of the Fe

protein. Both the U\WVis SEC and potentiometric titration methods have been employed

to assess the redox potential of the Lprotein.
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4.3.1 UV-Vis SEC titration on protein
The UWVis SEC method is initially utilised to access the redox potential of the L

protein.

In the setup of a UWis SEC cell, 400 pL of:lprotein at a concentration of 40 uM
was introduced. The L protein solution was maintained in a HEPES buffer with a pH of
7.5, comprising 40 mM HEPES, 150 mM NacCl, and 10 mM MgQChe cell was equipped
with three electrodes, including a pyrolytic graphite working electrode. This electrode
was prepared by polishing with sandpaper for three minutes and then sonicating in Milli
Q water to create a clean surface. For the experiment,edox mediators such as
methylene blue, methyl viologen, benzyl viologen, and Eu mediators were added, each
at a concentration of 15 pM. The procedure involved a reductive redox titration, applying
potentials stepwise from 200 to 700 mVvs SHE, in 25 mV increments. Following the
achievement of equilibrium at each potential, a UWis spectrum was recorded and is

displayed in Figure 4.6.
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Figure 4.8J\-Vis spectra ok, proteinrecorded at various potentials during its reductive titration. Each curve
corresponds to a specific potential, illustrating the changes in absorption characteriktipsod¢inas it
undergoes redox transformations.

In Figure 4.6, it is observed that as thapplied potential progressively becomes
more negative, the absorbance at 420 nm gradually decreases. This indicates that,
similar to the Fe protein, the L protein is progressively reduced under reducing
potentials. Furthermore, the relative intensity of the absorbance at 420 nm was plotted
against the applied potentials, as depicted in Figure 4.7. These data were analysed as
described in section 3.1.5. The plot was fitted using the Nernst equation (Eq 3.6),
resulting inn=0.36,En,= 431 £ 5 mV, and?= 0.9867. This can be compared to the NifH
(Fe protein), whose redox potential of the 2+/1+ couple is284 mV. As observed before
during the titration on NifH, the n value is a fraction that is much smaller than 1, and the
fitting is quite off if the n value is set as 1; the reason for the small n value is possibly due

to a slow electron transfer process.
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Figure 4.7 The relative intensity of the absorbance at 420 nm as a function of the applied potentials-diging UV
SEC titration on thie; protein depicted by a dotted line, along with the fitted redutie analysis shown by a
red line (n = 0.3@)nd a simulatedesultbya green line (n = 1).

4.3.2 Potentiometric titration onlprotein

In section 4.3.1 of the study, the redox potential of the; protein was successfully
determined through the application of the UWis SEC method. To corroborate these
findings, a potentiometric titration was additionally conducted on thel, protein. This

subsequent titration employed sodium dithionite (NaDT) as the titrant.

In this experiment, the buffer and redox mediators matched those utilised in the
UV-Vis SEC titration, as outlined insection 4.3.1. A solution of thel, protein was
prepared at a concentration of 35 uM. To maintain consistent mixing throughout the
process, the solution was agitated continuously at 800 rpm using a magnetic stir bar.
Furthermore, sodium dithionite (NaDT), with a concentration of 100 uM, was added t
the solution in sequential aliquots. After each addition of NaDT, the open circuit potential

(OCP) of the protein solution was measured using an AutoLab electrochemistry
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potentiostat. Additionally, UV-Vis spectra of the sample were obtained following each
NaDT addition. The obtained data allowed the construction of a titration curve,
correlating the open circuit potential with the UVVis absorption. The redox potential of

the protein was determined based on the inflection point of the titration curve

In Figure 4.8 A, there is a notable change in the solution's OCP of the solution. At
2000 seconds, under stirring conditions of 800 rpm, the OCP measured40 mVvs SHE
but a complete equilibrium had not been reached. Corresponding to this point, the UV
Vis spectrum is represented by the red line in Figure 4.8 B. Upon adding one aliquot of
NaDT solution, a rapid decrease in OCP was observed, yet equilibrium was still tho
achieved after 1000 seconds. This phase was marked by alterations in the YNs
spectrum (blue trace, Figure 4.8 B) and the emergence of slight white precipitate in the
solution. Subsequent additions of NaDT aliquots continued to show a similar pattern of
OCP decline and UWis background changes. Even after the fourth aliquot of NaDT and
a waiting period of 4000 seconds, equilibrium remained elusive, and more precipitate
was evident, suggesting the denaturation of theé., protein. To determine whether this
denaturation was a reaction conditiondependent phenomenon, the experiment was
replicated under various conditions, including different temperatures and pH levels.
Despite these modifications, the denaturation ofL, protein persisted and could not be
prevented. This observation and its implications will be further elaborated in section

4.4.2.
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Figure 4.8 A) The temporal variations in the open circuit potential (OCH),@irtiteinsolution following the
introduction of sodium dithionite (NaDT); B The changes in théslésorption df; proteinwith the gradual
addition of sodium dithionite (NaDT) during the potentiometric titration

In Section 4.3, two different methods were employed to measure the redox
potential of the L, protein. The first method, UWis SEC method, yielded aif, value of
431 + 5 mWs SHE The second approach, the potentiometric method, did not produce
corresponding data. This was due to the irreversible precipitation of thé&, protein

occurring during the titration process.

4.4 Attempted redox titration of the NB; protein

The NB; protein serves as the catalytic subunit of the Dissimilatory Pyridine
Nucleotide Oxidoreductase (DPOR) complex, playing a crucial role in the reduction of
chlorophyll precursors. Since its initial purification, the interest typically focuses on
understanding its structure, function, and role in biochemical processes][75, 225, 232
234] However, the redox potential of the BB, protein has remained an unresolved
mystery. To date, this vital parameter has not been conclusively determined, marking a

UYqe HOGUWNe GWRUWYe2!l WeUT W1t q¢UT RUNWYnlWaé6 WWGI Ya
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In Section 4.3, the redox potential of the 1protein, which is the electron transfer
partner of NbB;, was successfully assessed using the UWis SEC method. For the M,
protein, two methods have been employed to carry out redox titration. These include the
UV-Vis SEC method developed in Chapter 3, and the potentiometric titration method

introduced in section 4.1.

4.4.1 UV-Vis SEC titration on.B protein

As detailed in section 4.3, the redox potential of the Jprotein was successfully
evaluated using the UWis SEC method. Therefore, this method has also been applied

initially to evaluate the redox potential of the hB; protein.

In a UVVis SEC cell, 400 pL of 48, protein solution at a concentration of 22 pM
was added. To set up a UWis SEC cell, three electrodes were inserted, among which
the working electrode (pyrolytic graphite electrode) was polished with sandpaper for
three minutes and subsequently sonicatedin Milli-Q water to ensure a fresh surface
before use. The MB; protein was preserved in a pH 7.5 HEPES buffer solution. This buffer
consisted of 40 mM HEPES, 150 mM NacCl, and 10 mM Mg@dditionally, to stabilise
the N2B; protein, 1% v/v glycerol was added[235, 236] Mediators, including methylene
blue, methyl viologen, benzyl viologen and Eu mediators, were introduced at a
concentration of 15 uM each. A UWis spectrum was then taken following the addition
of these mediators (black trace, Figure 4.9). Reductive dox titration was performed by
applying potentials in a stepwise manner from positive to negative, ranging froni00 to

600 mVvs SHE, with increments of 100 mV. At each potential step, once the potential

reached equilibrium, a U\tVis spectrum was recorced as shown in Figure 4.9.
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Figure 4.9J\-Vis spectra oN;B; protein recorded at various potentials during its reductive titration. Each curve
corresponds to a specific potential, illustrating the changes in absorption characteribtiBs mfotein as it
undergoes redox transformations.

After adding mediators to the solution, the open circuit potential (OCP) was
measured at 15 mVvs SHE indicating the solution was in a relatively oxidised state. The
mediators, at a concentration of 15 uM, did not exhibit significant absorption, as shown
by the black trace in Figure 4.9. As the applied potential was gradually decreased from
100 mV to 600 mV, a sharp peak at 400 nm and a broad peak at 600 nm were observed,
typically associated with the absorption of the reduced methyl viologen[237] These
absorption properties are crucial for interpreting the actual absorption of the BB
protein. Despite variations in the absorption spectrum, the slope between 4550 nm
remained relatively constant, suggesting that the absorption of the M8, protein did not
undergo significant changes. This observation indicates that the redox mediators
underwent a gradual reduction process. However, the MB, protein could not be reduced,

despite the presence of redox mediators.
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In the previous experiment, glycerol was added due to its potential to stalsk the
N2B. protein. [235, 236]However, glycerol could also increase the solution's viscosity.
Since viscosity significantly influences electron transfer rates in biological systems by
affecting the protein's internal dynamics and the transition between nonadiabatic and
apparent adiabatic transfer mechanisms, [238] additional experiments were conducted
without glycerol to observe if the NB, protein could be reduced in a less viscous solution.
The results showed that the oxidation state of the MB, protein could not be altered,
regardless of the presence or absence of glyceroFurthermore, an oxidative titration
was performed on the NB; protein after reduction with sodium dithionite (NaDT).The
results showedthe N;B; protein could not be re-oxidised electrochemically. This inability
to revert to the original oxidation state electrochemically after reduction or oxidation
might be attributed to the protein's large molecular weight (210 kDa)[69, 75] The
substantial size of the NB; protein could be causing the electron transfer process to be
exceptionally slow. This slow electron transfer rate might be the reason why the

electrochemical redox titration was ineffective.

4.4.2 Potentiometric titration on 4B, protein

In section 4.4.1 of the study, it was demonstrated that thé,B, protein could not
be reduced or oxidised using the UWisible Spectroelectrochemistry (U\VVis SEC)
method. This finding indicated that the electrochemical approaches employed were not
effective for studying the redoxbehaviour of the N.B; protein. Due to this limitation, the
study pivots to an alternative approach outlined in section 4.1, which involves the use of
potentiometric titration. The potentiometric titration for the N.B. protein will utilise

sodium dithionite (NaDT) as the titrant.
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For this experiment, both the buffer and the redox mediators were consistent with
those used in the UWis SEC titration detailed in section 4.4.1. Thé&l;B, protein was
prepared at a concentration of 35 puM. During the procedure, the solution was
continuously stirred using a stir bar at a speed of 800 rpm to ensure uniform mixing.
Additionally, aliquots of sodium dithionite (NaDT), at a concentration of 100 yMvere
introduced into the solution sequentially. The open circuit potentials (OCP) and UVis

spectra were recorded at various stages throughout the experiment, as depicted in

Figure 4.10
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Figure 4.10 A) The temporal variations in the open circuit potential (OCH& fiv@tein solution following
the additionof sodium dithionite (NaDT); B The changes in th¥it/gbsorption dfl,B; protein with the gradual
addition of sodium dithionite (NaDT) during the potentiometric titration

Observations from Figure 4.10 A reveal that, despite prolonged waiting periods
extending up to 1800 seconds, equilibrium was not attained in the potentiometric
titration of the N.B;, protein solution. This was the case even after the addition of NaDT.
Subsequently, the solution became cloudy, indicating the denaturation of theN.B;
protein. This was further confirmed by a U\is spectrum analysis performed after

centrifugation, which showed a 38% decrease in absorbance at 420 nm (Figure 4.10 B).

139



Thisdecrease was attributed to both the reductionby NaDT the amount of NaDTbeing
2.5% molar equivalent ofN.B; protein) and the protein's denaturation. Notably, a similar

phenomenon was observed during the potentiometric titration of the., protein.

Interestingly, this denaturation ofN.B, and L protein was not observed during the
UV-Vis SEC titration The primary difference between the two experimental setups was
that the potentiometric titration involved agitation at 800 rpm. Mechanical forces such
as stirring or agitation are known to cause protein denaturation. Stirring increases the
kinetic energy, potentially disrupting the interactions between amino acids and leading
to protein unfolding. [239] However, stirring is an essential component of potentiometric
titration, making this method unsuitable for the redox titration oN.B; protein, despite its
successful application in the study of ferredoxin. This is also likely the underlying cause
for the denaturation of the L, protein observed during the potentiometric titration in
section 4.3.2. Further attempts were conducted in the absence of glycerol, as described
in section 4.4.1. Nevertheless, these adjustments did not overcome the inherent

instability of N.B, under agitation, which continued to hinder the redox titration process.

The efforts to determine the redox potential of thé\,B, protein using U\*Vis SEC
and potentiometric titration methods have faced significant challenges. One primary
issue using UVVis SEC method is that thé\.B; protein could not be reduced or oxidised,
even in the presence of redox mediators. This may be attributed to the protein's
substantial size, which likely leads to slow electron transfer. Additionally, theN:B
protein demonstrates insufficient stability under the conditions required for

potentiometric titration. These factorsT the large size of the protein and its instability
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under agitation T are probable reasons why the redox potential oN;B, has remained

unreported to date.

However, an alternative approach, such as Electron Paramagnetic Resonance
(EPR), might offer a solution. EPR allows for the assessment of the redox state while the
samples are maintained in a frozen state, potentially circumventing the stability issues
faced in other methods. The drawback of this technique is its requirement for a
significantly larger amount of protein, approximately 33 mg, compared to just 1 mg
needed for the methods currently employed. Despite this limitation, EPR could provide
a viable pathway for advancingour understanding of the No.B; GI YqURUKk + W 1IJT

potential.[240]

4.5 Electrochemical reductioncatalysis of Pchlide with NB; protein

As a homologue of nitrogenasethe possibility of DPORo0 accept electrons from
an electrode and achieve Pchlide reduction, either solely through its catalytic domain
(N2B; protein) or in the combined presence of Land N.B; proteins, is the focal point of
this investigation. The study explores the possibility of reducing Pchlide under an applied
negative voltage, independent of conventional chemical reductants such as sodium
dithionite (NaDT) or Eu(HPTPA. Section 4.4 hidighted the challenges in facilitating
electrochemical redox changes in the\,B; protein. Consequently, this section examines
whether the inclusion of L, protein can assist in these redox processes. Although UV
Visible spectroscopy may not distinctly identify which protein undergoes oxidation or
reduction, the unique spectral characteristics of Pchlide and Chlide offer a means to
detect the formation of Chlide. Thus, if the electrode effectively transfers electrons to the

N2B, protein, the synthesis of Chlide should be observable. This section presents an
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exploration into the electrochemical reduction of Pchlide within a UWis SEC cell,

undertaken in the absence of NaDT.

Assays to test the catalytic reduction of Pchlide were conducted in a UVis SEC
cell. The working electrode was made of pyrolytic graphite, the counter electrode was a
pyrolytic graphite rod in a compartment separated by a frit, and the reference electred
was a homemade Saturated Calomel Electrode (SCE). The applied potential was set at
700 mVvs SHE. A total of four reaction assays were prepared, each with a volume of 150
pL and containing 13 pM Pchlide as the substrate. The reaction buffer consisted4sf
mM HEPES, 150 mM NacCl, and 10 mMgCk, with a pH of 7.5. Reactions were carried
out at 25 degrees Celsius in dark, anaerobic conditions at700 mV vs SHE for 60

minutes.

After incubation, the reaction was quenched with an equal volume of acetone,
and U\tVisible spectra were taken to assess the changes induced by the reaction. The

composition of each assay was adisted in the table below.

Assay N,B, protein L, protein ATP Redox mediators
1 1um X X X
2 1uM X X 5uM
3 1uM 4 uM 10 mM X
4 1pMm 4 uM 10 mM 5uM

The redox mediators included methylene blue, methyl viologen, benzyl viologen,

and EuL mediators, each added at a concentration of 5 uM. These assays were
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guenched after 60 minutes of turnover at 25°C by the addition of acetone to 50% v/v

final concentration. The U\Vis spectra of each assay are depicted in Figure 4.11.
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Figure 4.11 WWisspectra comparison of four reaction assays conducted in-®i8'8EC cell, each with a 150
KL volume and containing 13 uM Pchlide. Assay 1:.NcBpMrotein; assay 2: 1 UNLB; protein with redox
mediators (methylene blue, methyl viologen, benzyl viologen, ahariediators at 5 UM each); assay 3: 1 uM
N.B; protein, 4 UM protein and 10 mM ATP; assay 4: 1N protein, 4 uM., protein, 10 mM ATP, and
redox mediators. Common conditions for all assays included a reaction buffer of 40 mM HEPESNA&D, mM
10 mMMgCt (pH 7.5), carried out at 25°C in dark, anaerobic conditions0® m\Wws SHEfor 60 minutes.
Reactions were quenched after 60 minutes with acetone to a final concentration of 50% v/v.

In this series of assays, the catalytic activity oN.B; protein in the reduction of
Pchlide was investigated under various conditions. Assays 1 and 2 exclusively featured

N:B. protein without its electron transfer counterpart, the L, protein. Assay 2 differed
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from assay 1 by the addition of redoxediators. In both assays, even under an applied
potential of - 700 mVvs SHE, the U\AVisible spectra showed no absorption peak at 666
nm, the characteristic wavelength for Chlide, suggesting that Pchlide remained

unreduced. [232, 233]

Conversely, assays 3 and 4 included both L2 arfd:B; proteins in a 2:1 ratio. These
setups mirrored the standard assay but without sodium dithionite. Assay 4 additionally
incorporated redox mediators. The UWis spectrum of assay 3 revealed that, even after
an hour at- 700 mVvs SHE Pchlide was not reduced. In contrast, assay 4 exhibited an
absorption peak at 666 nm, indicating the successful formation of Chlide. Although the
Chlide absorbance was weak, by applying an extinction coefficient of 42,181 Mcm®
for Chlide in these conditions,[241]it was possible to calculate a specific activity of the

N2B; protein, approximately 0.23 nmol Chlide miri* mg=.

These results elucidate that in a UWis SEC cellN.B; protein alone is insufficient
for the electrocatalytic reduction of Pchlide under an applied voltage. The reduction
process necessitates the presence of the.; protein. Furthermore, it is evident that the
electron transfer from the electrode to thel; protein is not a direct pathway but involves
an indirect mechanism mediated by redox mediators. These mediators initially convey
electrons from the electrode to thel. protein, which, upon reduction and interaction with

ATP, subsequently transfers electronsd N.B; for Pchlide reduction.

Bedendi et al. demonstrated the utilisation of three mediatorsy Ti(lll) citrate,
methyl viologen, and triquay as alternative electron donor to DPOR.[241] While
Bedendiet al. observed DPOR functioning withoutlithionite utilising electrochemically

reduced triquat as the mediator, this work involved the use of a range of redox mediators,
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including methylene blue, benzyl viologen, methyl viologen, and Eu mediators, as
alternative electron donors. In the referenced research, the observed threefold higher
activity of the N.B; protein compared to this study could be attributed to two key factors.
Firstly, a significantly higher concentration of the mediator was used, specifically 400 pM
in contrast to the 5 UM employed here. Secondly, a different mediator, triquat, was
utilised in the experiment.[241] These variations in mediator concentration and type are
likely to have contributed to the enhanced activity of the pB, protein observed in the
research. Overall, we both have confirmed that redox mediators, in conjunction with the

electrode, can substitute for dithionite as a reductant.

In addition to employing the UWis SEC method for assessing thl.B; protein's
reactivity, protein film electrochemistry (PFE) has also been utilised to evaluate the
catalytic activity of immobilised N:B,. The rationale behind this approach is that
immobilisation on an electrode can potentially enhance electron exchange efficieny,
and often can reach a higher local concentration of the protein on the electrode surface.
[242] Moreover, immobilised proteins generally exhibit greater stability than those in free

solution. [243]

Chen's study showcased the interaction of substrates and inhibitors with the
MoFe protein in the absence of the Fe protein, facilitated by redox mediators. This was
achieved using protein film electrochemistry (PFE) combined with infrared
spectroscopy, specifically Protein Film Infrared Electrochemistry (PFIRE)135, 244]In
this process, l-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) and N-
hydroxysulfosuccinimide (NHSS) were used as crosslinkers to attach the MoFe protein

to carboxylated BP2000 particles. Importantly, PFIRE allows for the situ verification of
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enzyme immobilisation. Building upon this concept, this technique was applied to
explore if theN,B; protein, once immobilised, could electrocatalytically reduce Pchlide.
The approach aimed to discern whether confining\.B; protein on the electrode surface
alters its reduction activity and whether it can facilitate Pchlide reduction using electrons

from the electrode rather than its natural reductase partner, the., protein.

It was discovered that N:B; protein could be successfully immobilised onto
BP2000 using EDC and NHSS as crosslinkers. However, due to significant adsorption of
ARSORT JWYUqYW7 A= MMMS LG Ryte BT 'RUDIN IR @ dpR @ 1Btla R 1Y V& 197
to confirm the reduction of Pchlide. Consequently, in the absence of clear evidence of
N.B, protein's catalytic activity, only the experiment's conclusions are presented here
rather than detailed experimental data. For those interested in the topic of PFE, the

research conducted by Vincent, Armstrong, and other leading scientists in this field

offers valuable insights.[164, 245249]

4.6 Conclusion

In this chapter, we have explored various aspects of redox behaviours in DPOR,
particularly focusing on its potential to form an altferrous state, its redox potential, and
its reduction activity in an electrochemical cell. It was discovered that neitherhe L.
protein nor the N,B, protein could be reduced to the aliferrous state by Eu(IRDPTA.
Additionally, a potentiometric titration method was successfully developed and
validated for ferredoxin, which was used to measure the redox potential of DPOR
alongside the UWVis SEC method. The exploration of the, protein's redox potential
through two different methods yielded mixed results. The U¥Wis SEC method effectively

determined an E, value of 431 + 5 mWs SHE, yet the potentiometric method faced
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obstacles due to the irreversible precipitation of the, protein during titration. Regarding
the N2B; protein, both U\-Vis SEC and potentiometric titration methods faced significant
challenges. The primary issue with the UWis SEC method was the inability to either
reduce or oxidise theN;B; protein, even in the presence of redox mediators. This difficulty
was attributed to the protein's substantial size, which likely led to a slower rate of
electron transfer, coupled with its instability under the requied conditions for
potentiometric titration. As a result, the redox potential of theN.B, protein remains
elusive. Further investigations within the UWis SEC cell reactions revealed that under
homogenous catalysis conditions, the reduction of Pchlide solely by th&l,B, protein was
challenging. Conversely, under heterogeneous catalysis conditions, the outcome was
inconclusive due to the strong adsorption of Pchlide on BP2000, which prevented the use
of UV techniques to confirm its reduction to Chlide. Howesr, the presence of bothN.B,
protein and L, protein in the system allowed for the utilisation of electrons from the

electrode to catalyse the reduction of Pchlide.

For future work, it is proposed to investigate the allerrous state of thel, protein
mutant Y127S or other alternative reductases of nitrogenases, as well as their complexes
with the MoFe protein, VFe protein or FeFe protein of nitrogenases, to evaluate their
catalytic activity against various substrates. This approach aims to indirectlyerify the
necessity of the allferrous state for the catalytic activity of the MoFe protein.
Additionally, implementing an EPRcoupled potentiometric method is suggested to
accurately measure the redox potential of theN.B; protein. These methods could provide
deeper insights into the redox characteristics ofN.B, protein, which is crucial for

understanding its function in its mechanism.
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Chapter 5Studies on DdHydAB via IR
microspectroscopy on single crystals

Hydrogen (H) gas, a compelling potential energy carrier, has spurred efforts to
engineer biologicallybased systems for renewable H synthesis. [FeFe] hydrogenasge
like Desulfovibrio desulfuricans HydAB DdHydAB) standas the most efficient enzyme
for proton reduction and hydrogen oxidation, functioning at approximately the
thermodynamic potential of the H/H* couple. Studying the mechanism of this enzyme's
active centre could prove invaluable for designing catalysts that employ eartabundant

metals, such as iron.

In terms of catalytic efficiency, DdHydAB is among the most efficient [FeFe]
hydrogenases known. Its turnover frequency for hydrogen production can be on par with
or even surpass other [FeFe] hydrogenasd250] Its robust performance, even under
challenging conditions, makes DdHydAB a particularly intriguing model for studies
aiming to unravel the mechanisms of biological hydrogen conversion. Furthermore,
DdHydAB exhibits unique properties at the molecular level. For instanc&dHydAB and
CpHydA1l [FeFe] hydrogenase, feature accessory clusters known aschusters along
with the H cluster (more details could be foundn section 1.5, chapter 1.[251] These F
clusters may play a crucial role in electron transfer, influencing the redox states of the

active site, and are not found in all [FeFe] hydrogenases.

The iron atoms in the active site H cluster of [FeFB}drogenases are coordinated
by physiologically urusual CO andCN¢ligands. These ligands serve as superb probes for
Fourier Transform Infrared (FTIR) spectroscopy, given that the vibrational stretching
bands arising in the infrared spectrum are highly responsive to electron density changes
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caused by alterations in the oxidation state of the cluster or protonation. Consequently,
various redox states of the H cluster have been identified using IR spectroscopy on

enzyme in solution [252]

It has been demonstrated that transitioning between redox states
electrochemically is feasible within a NiFe hydrogenase single crysta]178] The slowed
reactivity of the crystal permits resolution of the production kinetics of individual sub
states that would typically coexist simultaneously in solution. The crystalline form also
retards protein dynamics, making possible the detection of FTIRands of bridging CO in
the He.H" and HsedH" states of [FeFe] hydrogenaseswhich are challenging to discern in
protein solution at room temperature(section 5.3). This discovery resolves longtanding
confusion, given that such slowed protein dynamics are usually observednly at low

temperatures. [253]

Additionally, the high protein concentration within the crystal allows for recording
spectra with elevated signatto-noise ratios, facilitating the identification of the bands
corresponding to each active site state. This microspectroscopieelectrochemical
method, previously employed in the study of NiFe hydrogenase crystadésd sigle crystal
of prototypical [FeFe}hydrogenase | fromClostridium pasteurianum (Cpl), [178, 179]

will be extended to the investigation oDdHydAB [FeFe] hydrogenase in this chapter.

The feasibility of electrochemical control over theDdHydAB crystal is explored in
this chapter, with FTIR spectroscopy serving as a monitoring tool for tracking the
transformation of oxidation states. The enzyme DdHydAB was produced by
reconstructing an apo-protein, overexpressed inE. coli, with an artificially synthesised

[Fex(adt)(COXCNY]* ([2FeF*) cofactor, thereby achieving high yields As DdHydAB is

149



sensitive to O, the overexpressedDdHydAB was converted to a stabléHi..« State for

protection against O, and subsequently crystallised in the lab.

The states of theDdHydAB crystal upon electrochemical reduction were tracked
using an electrochemical IR microspectroscopic(ECIRM cell. Within this cell, the pH
dependence of the redox potentials of various states was assessed by titration from pH
5 to pH 8. Furthermore, the impact of pH on the protonation of the states was explored
using the same cell. Potential applications of thé cell for studying nitrogenase and other

redox enzymes will be discussed at the conclusion of this chapter.

5.1 Characterization of DdHydAB after Production and Artificial
Maturation

As described in Section 2.6, apeDhHydAB was overexpressed and purified. The
apo-DdHydAB was then artificially matured to form holeDdHydAB, which was
subsequently incubated in an anaerobic glovebox. These processes were validated and
monitored using SDSPAGE (sodium dodecyl sulfate-polyacrylamide gel
electrophoresis), UV-Vis, and IR spectroscopy.SDSPAGE was used to estimate the
purity of the protein, and to identify the protein by measuring the molecular weight of the
peptide. The supernatant of the lysate after sonication and the eluate that ran through
the IBA column were analysed with SD®AGE. The samp was denatured at 95 °C for 3
minutes prior to being loaded onto an SDS gel (Invitrogen) and electrophoresed for 45
minutes at 200 V for 45 min. An instant blue (Expedeon) was used to dye the gel allowing

the display of the protein bands (Figure 5.1).
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Eluate Lysate

HydA (44 kDa) -

HydB (12 kDa) - .

Figure 5.1 The SBFFAGE of the apbPdHydAB [FeFe] hydrogenase after sttagtin affinity chromatography.

The two bands for appdHydAB were identified in the eluate at 44 kDa (large subunit HydA) and 12 kDa (small

subunit HydB). Lysate is the supernatant after sonication, and eluate was the purified fraction after eluting the

supernatant on a Streptactin Superflow high capacitynmol(iBA) with 2.5 mM desthiobiotin. The band in the
middle is a prestained protein ladder for the determination of molecular weight of the protein bands.

The lane on the right in Figure 5.1 shows fractions of the supernatant of the lysate
after disruption, which shows a great mixture of peptides. This supernatant was purified
with a 20mL IBA column preequilibrated with buffer W. There were only twdbands
shown from the eluate (the left lane in Figure 5.1), which indicates the high purity of the
protein. If taking the prestained protein ladder (NEB, the middle lane in Figure 5.1) as a
reference for the protein molecular weight, the two bands indicate m@acular weights of

44 kDa and 12 kDa, corresponding to the HydA and HydB of tbeHydAB respectively.

During the expression ofDdHydAB, cysteine and ferric ammonium citrate are
supplemented as the sources of sulfur and iron separately for the synthesis of the [4Fe
4S] clusters in apoDdHydAB. The expression and purity of the protein were confirmed by

the SDSPAGE The remaining the concern is whether the [4Fe4S] clusters were
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successfully synthesised in the protein. UWis spectroscopy is a rapidmeans of
inspecting the existence of the [4Fe4S] cluster and determining the concentration of the
apo protein. As seen in the UWis spectrum of the apo protein in Figure 5.2, it shows a
broad absorption around 400 nm, which confirms the integrity of the [4F4S] cluster. In
addition, the molar extinction coefficient of DdHydAB is known to be 52500 Mcm* at

412 nm. [254] The concentration of the apo protein is calculated accordingly based on

the Beer-Lambert law (Eq. 22).
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Figure 5.2 The WVisible absorption spectrum of purified apdHydAB. The apDdHydABsI N = IOP LI, ~ b WRt WRU
8 buffer containing 100 mM FHECI and 150 mM NaCl. The spectrum is measured aerobically in a Cary 60
spectrophotometer using a 1 cm pathlength\U¥ cuvette.

Once the expression of the apddHydAB is confirmed with UWis spectroscopy,
it is followed by the process of artificially maturating the apo protein with a synthetic
[2Fef* cofactor to generate CQinhibited holo DdHydAB (H.«-CO). Theinhibiting CO was
released under a nitrogen atmosphere to produce a putative active enzyme. The IR

spectrum of the sample after CO release is shown as Figure 5.3.
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Figure 5.3 FTIR spectra of putative addigiedhydAB Kl after holddHydAB .- CO) was incubated under N
atmosphere for 48 h at 15 °C for 48 h. Peak values corresponding-tg, tiedH,.-CO states are coloured in
red and green respectively. The protein is in a 25 miACkE 25 mM KCI, pH 8 buffer. The CO ligand oin Fe
holoDdHYdAB .«-CO) was released after the incubation &wto theH., state (structure on the right side).

The structure of the[2Fe}, at the Ho, State is shown in Figure 5.3, where the red
circle is a vacant coordinating site for substrates. When an extrinsic CO binds to this
vacant site, the Ho«-CO state is formed. The predominant features are identical to the
previously reported Hyxstate, mixed with a lesser absorbance from théd..-CO state. [190,
255] The bands labelled with red number in Figure 5.3 arise from thetdtate, and green
are corresponding to the H,-CO state. The three strong stretchindpands a 1801, 1940
and 1965cm* are assigned to the CO in the klstate cluster. They are arisen respectively
from the FerFe bridging carbonyl {CO, 1801cm), the terminal CO ligand at Fe(4CO,
1940cm?) and the terminal CO at Fg(,CO, 1964cm?). The bands at 2094m-and 2079
cm* are from the stretching of terminal CN ligand ofthe Hox state. The terminal binding

of extrinsic CO to the cluster at the distal Fegives rise toa new peak at 201&m™, and
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also causes a positive shift of the band of theCO ligand to 197Zm due to a decrease
Y n LU ab&di-dénding capability of this atom.

It can be concluded that using the recombinant expression method the complete
DdHydAB hydrogenase is successfully produced. It is spectroscopically identical to the

native enzyme, with a predominant k state and small portion of H,-CO state.

5.2 Protection of DdHydAB with oxygerstable Hna: State and
reactivation

Though [FeFe] hydrogenases are highly actifer both H, oxidation and proton
reduction, they aretoo oxygensensitive to have broad applications. Multiple ways have
been explored for the protection of [FeFe] hydrogenases from oxygen damage.
Interestingly, in the native host,DdHydAB is produced aerobically, which persists in an
inactive oxygenstable form known asthe Hin. State. Both Fe atoms of the [2Fe|cluster
adopt Fe(ll) configuration with an additional ligand attached to Re[192] ThisHinac: State
can be reduced to active states with the release of the putative ligand from Fé&Scheme
5.2). [184] The nature of this additional ligand remained unclear until recently when
Rodrguez-Macié et al. reproduced this Hinat State in vitro in the presence of NaS upon
oxidation of DdHydAB. This finding suggested that the additional ligand bound to Fe
could be a sulfur species, likely SH [256] Later the sulfur ligand was confirmed with a
1.65 A crystal structure of this state along with other spectroscopic analyses.g. X-ray
absorption spectroscopy (XAS), and nuclear resonance vibrational spectroscopy
(NRVS)[257] In this Hinaet State, the sample may be taken from the glovebox and exposed
to air for three days, with half of thg2Fe}, cluster retained intact. Hence, for ease of
handling and storage, theDdHydAB used in this chapter was first converted to this state

based on the protocol reported byRodrguez-Macia et al (section 5.2.1). [256] It was
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investigated whether the electrochemical method could be employed to reactivate

DdHydAB from theHina«: State in crystallo (5.2.2).

H
54 % L
@3(Fe"_Fe'[SH]) —_— A{Fe"  Fe"[sH]] St )ﬁn

\ﬁ/ -e \ﬁ/ + H,S ﬁ
0 o) (0]
Hinact Htrans Hox

Scheme 5.2 Schematic structures of theldster in ke, Hransand Hy states fromDdHydAB. The yellow
diamond represents the [4F4S} cluster with the oxidation state labelled. Thecttate is reactivated upon
reduction and the release of th&H ligand.

5.2.1 Preparation of the ii.-state DdHydAB
The Hinaet State of DdAHYdAB was prepared by further oxiding the Hox state with

Hexaammineruthenium (I1l) chloride (HAR) and then treating it with Ba. [256]

In section 5.1, the holoDdHydAB was overexpressed ilk. coli, and converted to
Hox State by incubating in a N atmosphere glovebox. In an anaerobicglovebox, the
DdHydAB produced in section 5.1 was diluted to 0.2 mM with pH 8 buffer (25mM Tris and
25 mM KCI). Hexaammineruthenium (Ill) chloride (HAR)was added to the dilute protein
to 1 mM from a 100 mM stock, ensuring a full conversion at the,, state. Then 10 mM of

Na,S was added from a 1 M stock, followed by further addition of 10 mM HAR.
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The sample was removed from thelovebox and exposed to air. The separation
and purification were performed on a benchtop with the presence of oxygen in the air.
The aggregates were removed by centrifugation for 10 min at 4 °C, 4000 rpm. The
supernatant was eluted through a desalting colmn that was pre-equilibrated with 25
mM Tris buffer (pH 8) containing 25 mM KCI. The alt was concentrated toca 2 mM
using centrifugal concentrators (30 kDa MWCO). The concentrated sample was

examinedby FTIR in a transmission cell.

After treatment with HAR,then Na,S and HAR, the FTIR spectrum of tiadHydAB
(orange integration in Figure 5.4) shows a trend of blue shift towards higher energy,
compared with the FTIR spectrum of the K state (red integration in Figure 5.4). From the
higher wavenumber to the lower, five distinctive peaks, 2106, 2086, 2007, 1983, and 1847
cm?, correspond respectively to the two terminal CN ligands, two terminal CO ligands
and the bridgingcarbonyl pCO of the[2Fe} cluster. The FTIR features of the sample are
identical to that of the previously reportedHina State. [256] Thus, the success of the
conversion of the Hx to Hiax State in the DdHydAB sample is confirmed

spectroscopically.
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Figure 5.4 The FTIR spectrunddflydAB at the state (spectrum at the top); and the spectrum of the H
state DdHydAB being treated widhexaamminerutheniurgill)chloride(1 mM),Na2S(10mM)and
Hexaamminerutheniurfill)chloride(1 mM)sequentiallywhichis dominatedby Hinac: State (spectrumat the
bottom).

5.2.2 Reactivation oDdHydAB from the i« State with electrochemistry

In DdHydAB, theHina: State is known as the inactive state because it is not part of
the catalytic cycle of proton reduction. It is important to investigate whether this state
can be reactivated. This exploration is conducted electrochemically using the SEC IR cell

for anin crystallo sample.

The DdHydAB sample was firstly crystallised with help from Dr Stephen Carr
(Research Complex at Harwell) in a crystallisation buffer (0.1 M Tris, 0.9 M LiCl and 32%
(w/v) PEG 6000). The crystals westudied in crystallisation buffer (pH 8), mixed with 0.5
mM of the redox mediators anthraquinone2-sulfonate (Em =1277 mV), benzyl viologen

(Em =1358 mV), methyl viologenEm =1449 mV), and Eu(IHBAPTAEM =1630 mV).The
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mixture suspending the DdHydAB crystal was placed on the 4 mm diameter working
electrode in a ECIRM cell for manipulation by electrochemistry. It was ensured that the
buffer solution adequately covered the surfaces of all three electrodes. The cell was
sealed with a 25 um PTFE spar and an IRtransparent Cak window. This assembly was
done in a N-purged, anaerobic Glovebox. Silicone sealant was used to make the cell gas
tight. IR spectra were obtained by averaging 512 scans at a resolution of 2 €nfor this
purpose, a Bruker Vertex 80V IR spectrometer and a Hyperion 3000 IR microscope were
employed. A FTIR spectrum was collectedn situ after potential application at 7400 mV

vs SHE for 2 h.

The FTIR spectrum dDdHydAB crystal after potential poise atr400 mVvs SHE is
shown in Figure 5.5. The absorption from théli..« state shown in Figure 5.4 (orange
integration) has completely disappeared and isreplaced by three new sets of peaks. The
strongest absorption at 1940 and 196%&m™ (red integration in Figure 5.5) indicates that
Hox is the predominant state. The peaks at 2100, 2075, 1988, 1975 and 188%™ (grey
integration in Figure 5.5) are identical to those observed previously for from the
native enzyme.[192] Another distinct absorption is at 1894cm (blue integration in
Figure 5.5), itis assigned to the terminal CO bound to fef the [2Fe]; cluster at the HeqH*

state. [258]

From the FTIR spectra, it is observed that a#t00 mV, theHin. State is reactivated
and reduced to a mixture of kkns, Hoxand HegH* states in crystallo. The midpoint potential
previously reported for theHia/Hox¢ 0] UG ¢ WY WRt We O Rsidtdhi itAtHésntudh# 6 LWUR T LU
weaker absorption from the Hans State than that from the H, state. A small fraction of

the Hoxwas further reduced to the H.qH* state.
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Figure 5.5 The FTIR spectrunddiflydAB crystal after potential poisetd00 mV vs SHiathe presence of 0.5
mM of the redox mediators (anthraquinghsulfonate, benzyl viologen, methyl viologen, and EBAR)TA).
Theabsorptionbands from HrandHrans, Hixand HegHare coloured grey, red and blue respectively.

In this section, the oxygenstable state of DdHydAB, H..« State is reproducedin
vitro in the presence of sulphide and oxidant, which is confirmed by FTIR spectroscopy.

It is shown thatthis state in crystallo can be reactivated upon reduction in an IR SEC cell.

5.3 Probing the redox states of DdHydAB in crystallo via IR
microspectroscopy
During the catalytic cycle, there are several intermediates involvedyf which the

Hox State is the most oxidised state. For the easkecollection of their proposed structure,
the catalytic cycle will be presented again here. The terminal CNigand and CO are
excluded from the structure in the scheme for simplicity (Scheme 5.3). For the oxidised
state, the Hinaci, Hrans @and Hox States (introduced in previous Section 1.5), there is a general

arrangement on their spectroscopic features, while the reduced states, ki, HedH*, Hsred,
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HsreaH*, Hhya:oxa@nd Hayared, have been the subject of contentious discussion recently{179,
259] In this section, the state of the reduced states will be probed byhe IR
spectroelectrochemical method, and their FTIR featurs will be discussed (section
5.3.1). In addition, a method to protect the H cluster from oxygen damage and the

formation of the H,-CO state is explored (section 5.3.2).

LN
LN
H, 25(Fe'  Fe'[H1] Hyy0n SfFe Fel])
H % C HsredH+
N 0 d
{
.
Hox'HZ @) Fe' Fe[H,] H/
¢ (

H L

I H. 4.
- LN ‘{' 3 Hhvd. red
'Qim hyd
G
Hp gH* 0]

Scheme 5.3 A model of catalytic cycle of [FeFe] hydrogenase. The electron transfergmmeessipled with
proton transfer. The [4F&S} clusters are shown as yellow cubes labelled with oxidation state; and the terminal

CO andCNeligands othe[2Fe} cluster ardeft outfor simplicity.

5.3.1 The reduction of the Jistate
The Hox state is the most oxidised state among the redox states thaDdHydAB

cycles through during its catalytic action. This state is essential for initiating the catalytic
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process, where it binds protons and facilitates their reduction. As electrons are
transferred to the active site through the FeS clusters, the, state undergoes a series of
reductions and protonations. This leads to the eventual production of hydrogen gas. In
this section the reduction of the Ho« state is studied using an electrochemical IR
microspectroscopic cell, to gain insights into the intricate mechanisms of electron and

proton transfer within the enzyme.

TheDdHydAB crystals were in crystallisation buffer ((pH 5, 0.1 M sodium acetate,
0.9 M LIiCl and 32% (w/v) PEG 6000), mixed with 0.5 mM of the redox mediators
anthraquinone-2-sulfonate (Em =T1277 mV), benzyl viologenBm = 1358 mV), methyl
viologen Em =1449 mV), and Eu(IlBAPTAEM =1630 mV). The suspesion of DAHydAB
crystals was placed on the working electrode in a SEC IR cell for manipulation by
electrochemistry. The method to assemble this cell has been described in section 2.6.
FTIR spectra were cllected in situ after potential application at 7589 mV (Figure 5.6) and

T669 mV (Figure 5.7) vs SHE.

At 1589 mV, the FTIR spectrum of thBdHydAB crystal is noticeably complicated
and shows a mix of several states. There are peaks arising from tHg-CO state, but for

simplicity, the peaks from H,-CO are not labelled in the spectrum.

TheH.qH* state is identified by the absorption at 2079, 2040, 1916 and 1984 ¢n
(blue integration in Figure 5.6), as they are identical to that reported by Mebs al [260]
and by Sommeret alin CrHydA1.[261] In both of their analy®, the 1964 cnm band was
also assigned to H.H*; but a different state Hyqoxappears to be responsible for this

absorbance.[259] The fifth band arising from the bridging CO stretching ofddH* appears
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at 1817 cnft, which is not easy to detect at room temperature, buts revealed at low

temperature. [262]

For the case here, the absorbance at 1964 cfhis too intense to be fromthe Hnyg:red
state which is identified by aweak absorption at 1850 cnt. [259] Along with the bands
at 2089, 1964, 1940 and 1801 cr, it is assigned to theH. state, which is the second
predominant state. The IR spectra of artificially matureddHydAB frequently exhibit a
band at 1985 cnf!, which has been challenging to attribute to any known state of the-H
cluster. [188] Martini et al. have demonstrated that the Hans-like states are formed upon
the reaction of [FeFe] hydrogenases with exogenous Clnd have assigned this band to
the terminal CO ligands in the CRdependent Hns-like state found in the DdHydAB
C178A mutant. Additionally, Martini et al. proposed that a small amount of the CN
dependent Hrns-like state might form during the artificial maturation of the enzyme,
potentially causing the 1985 cnf band. [263] However, observations during maturation,
as depicted in Figure 5.3, suggest otherwisdn this context, the peak at 1985 crft has
been assigned to the Hq.oxState, based on the work by Lorenét al., where it is detected
following a oneelectron reduction from the H, state in CrHydALl [259] Given that the
GYqUUqgRE¢ O WE GG UV SHE [lissiltinglireRIMy@AB (pedtiminantly taking the
one-electron reduced form (Hes Or HeqH*), it is more probable that this intense band

originates from the Hyq.ox State.
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Figure 5.6 The FTIR spectrunddiflydAB crystal after potential poiset&89 mV vs SHiathe presence of 0.5
mM of the redox mediators (anthraquinghsulfonate, benzyl viologen, methyl viologen, and EBAR)TA).
The FTIR basdrom H,, HedH*, Hya.ox@nd Hyareqare coloured red, bluéghtgreen and cyan respectively.

At 1669 mV, the FTIR spectrum gets more complicated (Figure 5. 4new state
HseaH* appeared (purplepeak fitting in Figure 5.7). There are also peaks angy from the
Ho-CO state, but for simplicity the peaks fromH..-CO are not marked in the original
spectrum. At this potential, the predominant state is still the H4H* state, shown by the
peaks at 2079, 2040, 1916 and 1984 cfh(blue integration in Figure 5.7). The bands from
the Hiyareq State are not easy to be individually identified as they overlap with other more
intense bands. For example, 1972 crft from Hyya.ea OVerlaps with 1970 cnf of Hu-CO,
and the absorption at 2078 cnf overlaps withthe 2079 cm® band of H..qH"* state (which
is still the predominate state att669 mV). Also both Hg..s and Huya.ox have absorption at

1956 cm®, so this band cannot be used to distinguish them. However, thedd...s can be
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identified by the absorption at 1850 cn¥, while 1985 cnf! is the signature feature of the

H hyd;ox State .

Figure 5.7 The FTIR spectrunddflydAB crystal after potential poiseré69 mV vs SHiathe presence of 0.5
mM of the redox mediators (anthraquinghsulfonate, benzyl viologen, methyl viologen, and EBAR)TA).
The FTIR basdrom H,, HedH*, HiedH*, Hya.oxand Hyares@recoloured red, blue, purple, light green and cyan

respectively.

For more visible presence of how the state changes at a more negative applied
potential, the spectrum taken att669 mV is subtracted using the spectrum taken at589
mV as a reference (Figure 5.8). The positive bands at 1850¢m@ind 1985 cnf! show that

the population of both Hyarea @and Hya.ox State increases slightly atr669 mv.

From the difference spectrum, a strong peak is shown at 193Z2m® (grey
integration in Figure 5.8) The band at 193Zm* was assigned to theHs.sH" state by

Roseboomet alin 2006.[192] But later the five peaks of this state were identified in 2020,
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