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ABSTRACT

The S-adenosyl-L-methionine (SAM) dependant superfamily of enzymes is capable of
initiating a variety of biologically essential radical reactions. Likewise, bacterial-type
ferredoxins mediate electron transfer to facilitate a broad range of biological redox
processes. Both families of enzymes host a cubic [4Fe-4S]>** motif that initiates and

mediates the reactivity of these proteins.

The synthesis of short peptide maquettes that mimic the conserved cysteine-rich motif
responsible for coordinating the [4Fe-4S] cluster represents an exciting and easy-to-
synthesise tool with which to explore the utility of these systems. In Chapters 2 and 3
of this thesis we describe the preparation of a series of cluster maquettes to gather
information regarding the influence of the local electronic and steric environment on
the formation and redox potential of the cluster, as well as exploring the stability of the
clusters to aerobic conditions. Despite being routinely formed under strict anaerobic
conditions, the use of photoactivated NADH is herein described for the successful
reduction of oxidised [4Fe-4S] cluster when reconstituted in presence of atmospheric
oxygen. Different peptides mimicking both the radical SAM and bacterial-type
ferredoxins families are investigated in this thesis with the aim of producing an
engineered maquette. In Chapter 4 we demonstrate the integration of synthetic,
bacterial ferredoxin-type maquette into a Hz-powered electron transport chain to

showcase the potential utility of these systems within synthetic biology.

Site-selective methods for peptide and protein modification allow for the late-stage
installation of various moieties into peptides and enable protein engineering via
bioconjugation. In Chapter 5 of this thesis, we describe a visible-light-mediated
desulfurative C(sp®)-C(sp?) bond forming method that enables the site-selective

installation of aromatic analogues into small peptides.

Disulphide bonds are well known for playing a key role in defining and stabilising
proteins structures. More recently, data has revealed that disulphide bonds are
crucially involved in oxygen sensing by interacting with oxidising agents. In Chapter 6
of this thesis, we investigate the effect that different amino acids in close proximity to

a cysteine residue involved in the disulphide bond can have on the reduction of the
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disulphide in small peptide models. Computational simulations were conducted to
integrate the experimental data.
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1 INTRODUCTION

1.1 ORIGINS OF IRON-SULFUR CLUSTERS

Iron-sulfur (Fe-S) clusters are classed among the oldest cofactors on earth, with their
presence in numerous metabolic reactions. These systems normally take part in redox
reactions and are composed of iron and inorganic sulfur atoms. Despite the absence
of clear evidence regarding the origins of Fe-S clusters, these are commonly accepted
to have preceded oxygenic photosynthesis; the metabolic pathway that enabled
complex life formation on earth.! When oxygen became more abundant in the
atmosphere, microbes adopted different strategies to prevent Fe-S clusters from
oxidative degradation. Among these adaptations we can find restriction of the clusters
to anoxic environment, reduction of oxygen and other oxidative species, and
mechanisms to repair Fe-S clusters.? All these actions to protect the integrity of Fe-S
clusters showcase the importance these cofactors played in supporting life. Fe-S
proteins were firstly discovered in the 1960 due to a characteristic electrochemical
feature that emerged after exposure of these proteins to reducing agents. This
peculiarity called “g value” had never been observed for any other metalloprotein.®
Following this discovery, hundreds of thousands of proteins where identified that
belonged to this family. The ease with which this family of metalloproteins was
explored is due to the enormous abundance of these proteins, their exclusive
spectroscopic features, and their highly charged nature, which makes their purification
and analysis uncomplicated.* Metalloproteins are generally classified in different sub-
families based on the number of iron and sulfur atoms in their metal centres and on
their electrochemical properties. The major groups are: rubredoxins, characterised by
a [1Fe-4S] cluster; ferredoxins, generally with low-potential and [2Fe-2S], [3Fe-4S],
and [4Fe-4S] clusters; Rieske proteins, characterised by high-potential and [2Fe-2S]
clusters; and high-potential iron-sulfur proteins (HiPIPs), with high-potential [4Fe-4S]
clusters.* Various Fe-S proteins carry multiple binding sites and can therefore host

more than one cluster.

The most common combinations of iron and sulfur in clusters encountered in nature
are represented in Figure 1. These include rhombic [2Fe-2S], and cuboidal [3Fe-4S]
and [4Fe-4S].
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Figure 1 — Most common Fe-S clusters found in nature: 1 rhombic [2Fe-2S], 2 cuboidal [3Fe-4S], and
3 cuboidal [4Fe-4S].

Fe-S clusters are incorporated by proteins via coordination between the iron ions and
the side chains of the amino acids that compose the protein sequence. In the early
stages, it is thought that prebiotically formed peptides stabilised the clusters and that
as life became more complex, the short peptides evolved into proteins.® The thiolate
group of Cys is the most common residue found in the coordination of Fe-S clusters
in proteins, despite other ligands have also been identified.® During the course of
evolution, various family of enzymes have developed to incorporate Fe-S clusters for
a wide range of essential-to-life tasks including catalysis, electron transfer, nitrogen
fixation, gene expression, cofactor biosynthesis, and DNA repair.” In this document,

we focused on two family of enzymes: radical SAM and bacterial ferredoxin.

1.2 RADICAL SAM ENZYMES

The radical SAM superfamily of enzyme was first classified in 2001 and subsequent
bioinformatic studies have revealed it to be one of the biggest protein superfamilies in
nature, with over 400,000 annotated sequences to date stretching over all kingdoms
of life.8-10 This class of enzymes adopt a [4Fe-4S]-cluster and a SAM molecule to
initiate a broad range of radical reactions, most of which occur via generation of a

5’deoxyadenosyl radical (5’-dAdoe) intermediate, as displayed in Scheme 1.

The 5’-dAdo- radical was successfully characterised by Yang et al. via photoinitiated
electron transfer from the reduced form of the cluster [4Fe-4S]** to the coordinated
SAM.1! |sotopically labelled SAM was used in combination with electron paramagnetic

resonance (EPR) and electron nuclear double resonance (ENDOR) spectroscopy to
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identify the radical species. To obtain further details, SAM was labelled with °N at the
amino group and 'O and 3C at the carboxylate group. Labelled SAM was added to
the reduced cluster in presence of pyruvate formate-lyase activating enzyme (PFL-
AE), an enzyme that belongs to the radical SAM family. ENDOR studies registered
signals that were attributed to the interaction between the amino acid moiety of SAM
to the unique iron ion of the reduced cluster.

Even though 2001 marks the identification of the radical SAM protein superfamily, the
discovery of iron metalloenzymes employing SAM to initiate radical reactions precedes
this date by more than a decade.'? For instance, previous studies on the activation of
PFL proved that it required the generation of a stable protein radical, and was initiated
by the presence of SAM, iron, and a molecule from the cell extract now confirmed to
be the PFL-AE.*31* The radical on PFL was then revealed to be located on a specific
Gly residue and has been one of the first stable protein radicals to be characterised.®
Eventually, PFL-AE was proved to contain a catalytically crucial Fe-S cluster and to

implement SAM as a necessary component for the PFL activation.6:17

The key motif of most radical SAM enzymes (= 90%) is a conserved CX3CX@C (where
¢ = Tyr, Phe, His, or Trp), in which the three Cys residues are crucial for the
recruitment of the [4Fe-4S]-cluster, whereas the fourth unique iron site is complexed
to the amino and carboxylate groups of the Met component of SAM, as depicted in

Scheme 1.1819

There also exist variations to this pathway with a different number of residues in
between the three Cys, showing how diverse the primary structure used to generate

this three-dimensional unit can be.20
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Scheme 1 — Formation of the 5-dAdo- radical via homolytic cleavage (Step 1) and hydrogen
atom abstraction (Step 2).

1.2.1 Mechanism of Radical SAM Enzymes

The structure of the [4Fe-4S]-cluster centre and its activation in terms of reactivity are
thought to be analogous throughout all the members of the group.?! Until recently, the
well accepted mechanism for the radical SAM enzymes involved the coordination of
the unique, non-Cys coordinated iron of the [4Fe-4S]-cluster to a SAM molecule
through the amino and carboxylic acid groups of the Met component of SAM (Scheme

2, 1).%2 An electron transfer step from the reduced and catalytically-active state of the
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radical SAM enzymes [4Fe-4S]*-cluster (Scheme 2, 2) to SAM triggers the inner
sphere reductive cleavage of the sulfonium bond S-C5’ of SAM. The electron in this
step is provided by redox active species present in living organisms, such as NADH.
The intermediate 5’-dAdo- radical immediately abstracts a H-atom from a substrate
molecule (Scheme 2, 3) and generates the primary substrate radical (R+) and dAdoH
(Scheme 2, 4).23 Overall, from a SAM molecule and a general substrate R-H, this
mechanism vyields a radical that can undergo organic reactions, as well as a Met
molecule coordinated to the oxidised [4Fe-4S]?* cluster and a 5-deoxyadenosine
molecule.?* Examples include: the formation of a-, B-, and y-thioether linkages;?>-%2

carbon-carbon bond formation;?%-33 methylation;3*3> epimerisation;3¢:3” and tyramine

excision.38
]4 NH2
2+ \ N
SR N=/
H, S®
dAdoH N Hd OH
Methionine -~ ,/
R 00C
© ©
e
1
SAM
RH
,4N NH,
R N \ 1+

Scheme 2 — The mechanism for a radical SAM enzyme begins with the formation of the 5’-
dAdo- radical by one electron reductive cleavage of a [4Fe-4S] cluster-bound SAM, which then
withdraws a proton from the substrate (R) to generate the active radical (Re).

More recently, the organometallic intermediate Q (Figure 2) has been successfully
characterised using EPR and ENDOR spectroscopy using both SAM and [4Fe-4S]
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cluster isotopically labelled, the latter with >’Fe. In this intermediate, the unique iron
ion of the cluster is directly bound to the adenosyl moiety of SAM through a Fe-C
bond.3® The mechanism of formation of this organometallic intermediate has not been
uncovered yet. However, the most plausible theory involves the reductive cleavage of
SAM to generate the 5’-dAdo- radical, which then undergoes oxidative addition to the
oxidised [4Fe-4S]?* cluster.?® The presence of Q in various enzymes proves that this
species is a pivotal intermediate for the mechanism of radical initiation, even if clear
evidence in support of this theory is yet to be discovered. It is plausible that Q plays a
role in re-storing the 5’-dAdoe- radical after its formation from homolytic cleavage of the
Fe-C5 bond (Scheme 1). 4°

S/

Figure 2 — Structure of the organometallic intermediate Q.

1.3 BACTERIAL FERREDOXIN

Radical SAM enzymes have raised interest due to the numerous reactions they
catalyse and the intricated mechanism through which they achieve their purpose.
Conversely, bacterial ferredoxins have so far mainly been investigated to gather more
information about the structural requirements of the protein sequences and the redox
properties of the clusters they incorporate. The bacterial ferredoxin family is involved
in biological pathways such as photosynthesis and respiration, where its main function
is to act as an electron carrier exploiting the redox abilities of the incorporated Fe-S
clusters.*! A class of bacterial ferredoxin, called hydrogenases, employs this electron-

mediating catalyst activity for the biological production or use of hydrogen gas.*? For
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this reason, bacterial ferredoxins have developed a broad variety of cluster nuclearities
and coordination geometry, being therefore able to accommodate all the different
types of Fe-S clusters and using non-cysteinyl amino acids (i.e., His, Arg, Lys, and
Ser) to coordinate them.*® An interesting characteristic of bacterial ferredoxins is that
not only they dispose of different cluster nuclearities, but they are also able to convert
one cluster to another. This ability is the result of an intricated mechanism that allows
bacterial ferredoxins to transport electrons across different species to finally achieve
the required redox process. An example is given by the fumarate and nitrate reduction

(FNR) regulator, as depicted in Scheme 3.%4

* Oz — [4Fe-4SPP*  + Oy

[4Fe-4S]%* Fo2t

[3Fe-4S]"*

Fe¥* +  28%

(fb [2Fe-2S]?*

Scheme 3 — Mechanism for the reaction between a [4Fe-4S]?* cluster and O..

In the first step the [4Fe-4S]?* cluster reacts with Oz to give a superoxide anion (O2)
and the unstable superoxidised species [4Fe-4S]3* cluster. The latter species
immediately releases an Fe(ll) atom to give a [3Fe-4S]** cluster. Subsequently, an
Fe(lll) and two sulfide ions S? are lost from the [3Fe-4S]'* cluster to generate the final
product of this mechanism: a [2Fe-2S]?* cluster. Confirmation of this mechanism were
given by the EPR observation of a transient species with characteristics attributable to
the [3Fe-4S]** cluster. The rate of formation and loss of this latter species matched

with a two-steps mechanism, where the [3Fe-4S]** cluster, after being formed, is
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converted into a [2Fe-2S]?* cluster. Moreover, the presence of the superoxide anion
produced in the first step has been demonstrated by reduction of oxidised cytochrome

c, further confirming this mechanism of action.*®

The crucial structural difference between radical SAM and bacterial ferredoxin families
is the number of Cys residues used to coordinate the cluster. Whereas the earlier
adopts SAM to coordinate the unique iron ion of the Fe-S centre, the latter is provided
with four Cys residues that fully coordinate the [4Fe-4S] cluster. The consistent motif
of the bacterial ferredoxin family is C1XXXC2XXC3XXCs, even though variations have
been described where Ci is located in several amino acids distance from the core
motif. Ferredoxins generally use a cofactor such as flavin adenine dinucleotide (FAD)
or adenosine triphosphate (ATP) to achieve low reduction potentials and initiate the

singe electron transfer process.*®

1.4 INTRODUCTION TO MAQUETTE CHEMISTRY

A maquette is a small peptide with 3 to 16 residues that is either designed or inspired
from a biological protein. In maquette chemistry, this short peptide-based synthetic
models are designed to mimic the macromolecular system of a protein. These
miniaturised proteins contain the minimum set of constituents required for an accurate
replica of defined structures in order to be able to reproduce the desired functions of
the enzyme they mimic. They are generally implemented in this context to replicate
the binding site of Fe-S cluster enzymes to investigate specific properties of these
systems. Questions addressed with the aid of synthetic maquettes include structural
composition of the amino acid sequence, chemical reactions and catalytic activity
occurring around the metal centre, and electronic properties of the peptide-cluster
complex.?” In case of radical SAM enzymes, given a parent motif YCX3CX2CY, the
synthetic peptide could act as a scaffold for the incorporation of a [4Fe-4S]-cluster.
Furthermore, short peptides can extend the capability of the corresponding enzymes
due to the ability of covering a more extended conformational space being easier to
synthesise and isolate. For this reason, maquette chemistry can be implemented not

only to explore native enzymes, thus replicating their functions, but both the
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intervening (X) and flanking (Y) amino acids can be exchanged to investigate novel
combinations that can possibly lead the sequence to show specific characteristics.*2

Because the main characteristic of bacterial ferredoxin arises from its redox properties,
most peptide models replicating this class of enzyme have been designed to untangle
the reduction potential properties of the Fe-S clusters incorporated by these systems.*
The redox properties of this class of enzyme are crucial for understanding how they
catalyse electron transport processes and has therefore been the main focus in most

research groups.

In radical SAM enzymes, Galambas et al., recently proved that maquette chemistry
can also be extended to the radical SAM enzymes motif, and appropriate peptides can
successfully coordinate the redox active [4Fe-4S]-cluster.?® In their study they
investigated both bio-inspired and nascent radical SAM maquettes consisting of 7- to
9-mer peptides, obtaining a high degree of reconstitution, from 80 to 100%. For this
reason, maguette chemistry could possibly be implemented to investigate the stability,
reactivity, and utility of the vast radical SAM family of enzymes by using miniaturised

proteins as scaffolds for the broad radical reactions to take place.

1.5 [4Fe-4S] CLUSTERS IN CATALYSIS

1.5.1 Radical SAM in Catalysis

Over the past decades, an increasing number of organic reactions in nature have been
proved to be catalysed by radical SAM enzymes. Due to their radical-based reactivity,
these enzymes can be implemented in a wide range of reactions. Among the first
discovered radical SAM enzymes there was biotin synthase, which catalyses the
thiophene ring formation during the last step of biotin synthesis (Scheme 4). %0 This
transformation converts dethiobiotin to biotin by inserting a sulfur atom between the

non-activated carbons C6 and C9 of dethiobiotin.>!

The 5’-dAdo+ (see Scheme 2) radical performs H-atom abstraction to generate a
dethiobiotinyl C9 carbon radical (Scheme 4, 1). This radical is immediately
sequestered by a secondary [2Fe-2S]?* cluster presented in the enzyme, to form a C-
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S bond and consequently reduce an iron atom from Fe®* to Fe?* (Scheme 4, 2). At this
stage, a second radical is generated from the 5’-dAdo- intermediate by abstracting a
H-atom on the C6 carbon of dethiobiotin (Scheme 4, 3). The radical attacks the sulfur
of the [2Fe-2S] cluster to yield the thiophene ring of biotin and an unstable 2Fe-S
cluster that possibly dissociates (Scheme 4, 4). >0 This example highlights the utility of

Fe-S clusters as sulfur donors in organic reactions.

o e Dethiobiotin

Scheme 4 — Proposed mechanism for the synthesis of biotin from dethiobiotin, catalysed by the
radical SAM enzyme biotin synthase.

More recently, Caruso et al. identified a wide range of ribosomally synthesised and
post-translationally modified peptides (RiPPs) gene clusters that are responsible for
producing one or more radical SAM enzymes.>? These modified peptides encode
metalloenzymes for the installation of various alterations, some yet to be discovered.
RiPPs consist of peptides with ribosomal origin that can undergo enzymatic post-

translational modification, which are chemical transformations that occur after the

23



peptide sequence has been synthesised (translated) following the transcription of DNA
to RNA in the nucleus of the cells.>® These systems are capable of catalysing chemical
modifications that plays crucial roles in challenging biosynthetic pathways and
mimicking their functions is remarkably difficult. For instance, the radical SAM enzyme
RrrB links the inactivated &-carbon of an Arg side chain to the ortho position of a Tyr-
phenol via the installation of a macrocyclic C-C bond (Scheme 5). This post-
translational crosslink gives rise to an unprecedented 14-membered macrocycle.
Macrocycles are well known for facilitating the transport of ions across the hydrophobic
membrane of cells. Furthermore, macrocycles are becoming more popular in drug
discovery due to their improved pharmacokinetics despite the relatively low molecular

weight, and for showing good drug-like properties for challenging protein targets.>*

H
i{ N RrrB
—_—
SAM

Scheme 5 — Reaction carried out by the radical SAM enzyme RrrB with the newly installed
bond in light blue.

Clark and co-workers recently characterised TqqB, a radical SAM enzyme able to link
the oxygen of a Thr side chain to the a-carbon of a GIn residue, as highlighted in
Scheme 6.6 This reaction constitutes the first aliphatic ether bond formation
performed by a radical SAM enzyme and provides a heterocyclisation strategy for

peptides.

Scheme 6 — Reaction carried out by the radical SAM enzyme TqqgB with the newly installed
bond in light blue.
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Sinner et al., investigated the activity of TokK, a cobalamin-dependent radical SAM
methylase that has been confirmed to catalyse three methylation reactions in a
sequential mechanism to form an isopropyl group attached to the C6 carbon of a
pantetheine-containing carbapenem substrate (Scheme 7).5> What is particularly
interesting about this radical SAM enzyme family is that they use SAM in two different
ways. One equivalent undergoes reductive cleavage via the [4Fe-4S]-cluster to
generate the 5’dAdo- radical (Scheme 7, 1), whereas the second is used as a methyl
donor to obtain the active methyl-cobalamin cofactor (Scheme 7, 2). The radical
obtained in the first step accepts a methyl radical from the cobalamin complex
obtained in the second step to yield the methylated product (Scheme 7, 3). This
methylation is repeated three times in total to achieve the isopropyl moiety (Scheme
7,4).

KGUhner et al. studied the radical SAM heme synthase AhbD, which is capable of
catalysing the oxidative decarboxylation of two propionate side chains of iron-
coproporphyrin Il into the corresponding vinyl groups of heme (Scheme 8).%°
Interestingly, AhbD contains two redox active [4Fe-4S]-clusters of which one is needed
for the canonical reductive cleavage of SAM, whereas the second one is thought to
play a crucial role in electron transfer from the reaction intermediate to a so far

unknown electron acceptor during the final step.

The role of heme in most living organisms is crucial for catalysing enzyme activity.
Being radical SAM enzymes and more in general [4Fe-4S] clusters often found in
cooperation with this cofactor, showcases the importance of these classes of enzymes

that incorporate an Fe-S cluster for the correct functioning of life.
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Scheme 7 — Reaction carried out by the radical SAM enzyme TokK with the newly installed isopropyl
moiety in light blue.
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Scheme 8 — Reaction carried out by the radical SAM enzyme AhbD with the decarboxylated
moiety in light blue.

1.6 IN VIVO AND IN VITRO FORMATION OF [4Fe-4S] CLUSTERS

The mechanism for the formation of [4Fe-4S] clusters in vivo has not been completely

unveiled yet. Studies on the assembly of [4Fe-4S] clusters in mitochondria both in
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human and yeast cells proved that the process is achieved by the action of specific
proteins named iron-sulfur cluster assembly (ISCA).%’ Firstly, a [2Fe-2S] cluster is de
novo assembled by seven different proteins starting from elemental iron and sulfur
obtained from Cys desulfurase.®® Secondly, the [2Fe-2S] cluster is transferred to a
different protein that inserts the cluster into mitochondrial [2Fe-2S]-requiring proteins.
Finally, two [2Fe-2S]?* clusters are assembled into a [4Fe-4S]?* cluster.® It is plausible
that the same mechanism, governed by different proteins, takes place in the cytosol
and nucleus of human cells; however, further studies will be required to confirm this

hypothesis.

The biophysical and chemical principles that govern the formation of synthetic peptide
cluster-maquettes in vitro are, similarly to in vivo, not clear. Using molecular dynamic
simulations, Hanscam et al. investigated the secondary structure of aqueous peptide
models in the first stage of maquettes formation.®® The mechanism they propose is
described in Scheme 9. Firstly, the dissolved short peptides are solvated in the buffer
solution. As the iron solution is added, the ferric ions (Fe3*) are bound to the peptide
at their deprotonated Cys residues and as the sulphide ions (S?) are added, they
spontaneously assemble into [2Fe-2S]?*-clusters. Eventually, upon addition of the final
aliquots of both FeCls and Naz2S solutions two more ferric and sulphide ions are
incorporated into the cluster, resulting in the formation of peptide maquettes each
coordinating an [4Fe-4S]'*-cluster. This final step is thought to be more complex than
a reductive coupling of two [2Fe-2S]?* clusters, however more studies would be

required for a definite answer.

In case of radical SAM maquettes, the unique Fe site of the [4Fe-4S]-cluster that would
be bound to the amino acid moiety of SAM, is instead coordinated by 2-
mercaptoethanol (BME) acting as a fourth ligand in addition to the three Cys of the
synthetic peptide. The use of BME is also crucial to ensure all the Cys residues in the
peptide sequence are kept in the correct oxidation state. When in oxidising conditions,
the thiols (-SH) of Cys residues can react between each other to form disulphide bonds
(S-S). The formation of disulphide bonds is detrimental for the correct synthesis of Fe-
S clusters as the lack of thiols able to coordinate the iron of the cluster could lead to
lower cluster yields. For this reason, reducing agents such as BME and dithiothreitol

(DTT) are often found as additives in Fe-S -cluster maquette reconstitution protocols.
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Scheme 9 — Proposed mechanism for the formation of [4Fe-4S] clusters in vitro.

1.6.1 In Vitro Formation of [4Fe-4S] Cluster Maquettes

Early studies in the field of Fe-S cluster reconstitution demonstrated that these clusters
can be easily formed by simply mixing iron and sulfur in a reductive environment.5!
However, the reconstitution of these clusters in peptides and proteins had proved more
challenging, showcasing the sensitivity of these systems to specific environments and
the importance of robust protocols for their synthesis. The reason for that is explained
by the fact that the insertion of a Fe-S cluster into a protein or a peptide is not a
spontaneous process, as the formation of the cluster itself, but rather a catalysed
one.®? The [2Fe-2S] cluster is considered to be the elementary building block for other,
more complex clusters; and as described in Scheme 9, [4Fe-4S] clusters are currently

thought to be formed by a sort of reductive coupling between two [2Fe-2S] clusters.53

The past and current literature has focused on getting information about what are the
minimal requirements for binding a Fe-S cluster using small peptides that mimic the
more elaborated structures of Fe-S proteins. There are two main approaches for the
synthesis of [4Fe-4S] cluster peptide maquettes. In one method the cluster is
transferred to the peptide from a cluster donor, whereas in the second the cluster is
built in solution and directly coordinated by the peptide. An example of the first
approach involves the use of [4Fe-4S(S-t-Bu)4]% as the cluster donor in presence of a
base and in a solvent such as dimethyl sulfoxide (DMSO).%* The cluster is transferred
to the peptide by a ligand exchange mechanism with the tert-butyl group acting as a
leaving group. Because this technique has not been thoroughly investigated yet, its
application is limited. For example, there is no precedence of the use of this protocol
in aqueous media, and the concentration or nature of the coordinating ligands and the
neighbouring amino acid on the peptide chain has not been fully explored yet. The
second approach is the most studied and the principle is described in Scheme 9. In
this case the Fe-S cluster is generated in situ and directly coordinated by the thiols of
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the Cys residues that compose the peptide. Because this coordination happens
between the thiols of the peptide and the Fe(lll) in solution, peptides are protected on
the C- and N-termini to avoid S,0- and S,N-coordination and ensure S-only

coordination.%®

The amino acids surrounding the Cys residues has also been proved to play a crucial
role in the stability of the cluster maquette. Overall, it was showed that hydrophobic
amino acids favour the electrostatic interaction between the ionic moiety of the Fe-S
cluster and the peptide environment itself.?¢6 The synthesis of peptide maquettes
begins with the equilibration of the peptide in an aqueous buffer in presence of a
reducing agent (generally BME or DTT) in concentration that can vary from 2 to 10%
in volume of the final solution. The use of a reducing agent is required to ensure the
thiols of the Cys residues are in the reduced state and not oxidised into disulphides.®®
The most adopted cluster sources are FeCls and NazS. These reagents are normally
used with a six-fold excess with respect to the peptide.6” The presence of an excess
in solution of these ions favours the formation of the cluster, and any residual Fe3* and
S? ijons form an FeS salt that is insoluble in the aqueous media and easily removed
from the cluster maquette. Despite the initial and final concentration of the ions is not
crucial, provided they are present in excess to the peptide, the order of addition seems
to play a crucial role for the reasons depicted in Scheme 9. Therefore, the iron source

is generally slowly added to the peptide before the addition of the sulfur source.?%.66-
68

1.6.2 Bacterial Ferredoxin Maquettes

Gibney et al. investigated the use of peptide cluster maquettes to better understand
how each amino acid composing the peptide sequence contributes to the assembly of
[4Fe-4S] clusters.® The maquettes they studied were inspired by ferredoxins
containing multinuclear clusters and they implemented both natural proteins and
inorganic model complexes to develop the cluster maquettes. In their studies they
noted that replacing one or two Cys residues out of four led to lower yields of cluster
formation. The cluster could still be formed with BME, hydroxide ion, or another peptide

as the third and fourth ligand; in a similar fashion to what is observed for radical SAM
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maguettes. Replacement of three Cys residues or use of L-Cys alone led to almost
complete loss of cluster reconstitution. The intervening amino acids were also found
to play an important role. A loss of over 10% in yield was registered when all the non-
Cys amino acids were exchanged with Gly residues. Finally, the electrochemical
studies they carried out showed that the cluster resides in an environment with a high
degree of solvent exposure, a common trait among [4Fe-4S] clusters with low

potential.

In a different study, Mulholland et al., investigated the effect of replacing up to three of
the four Cys residues in a sixteen amino acids ferredoxin maquette.%® Starting from
the peptide sequence Ac-KLC1EGGC21AC3GACsGGW-NHz2; all the four Cys residues
where sequentially replaced by an Ala residue. It was observed that replacement of
either C1, C2, or Cs led to an overall loss of 44 to 48%. Replacement of C4 led instead
to a 90% loss in cluster reconstitution, suggesting that the Cys residue proximal to the
C-terminus plays a more crucial role in the cluster formation and stability. Interestingly,
replacement of Cs with either an Ala or a Leu residue led to an identical loss of 48%
in cluster reconstitution, meaning that the presence of a hydrophobic residue in this
position does not greatly affect the cluster formation. Replacement of two Cys residues
with Ala residues in the C2-Cs and C1-C4 positions led to a decrease of respectively
71% and over 95 % in cluster reconstitution, once again demonstrating how the fourth
position is pivotal for the cluster formation and stability. While exogeneous solvent was
thought to coordinate the cluster when only one Cys residue was replaced, gel
permeation chromatography demonstrated that two peptides were required to fulfil the
ligand requirements of the two-Cys containing peptide maquettes. This is an
interesting finding as it proves that despite BME being in larger concentration with
respect to the peptide, the cluster only coordinates two molecules of the latter rather
than two molecules of the former.

Further to this, the importance of non-liganding amino acids for [4Fe-4S] cluster
reconstitution was investigated by Mulholland et al.%® The original, 16-mer peptide
sequence they developed (Ac-KLC1EGGC2lAC3GAC4sGGW-NH2) was shortened to a
7-mer peptide sequence (Ac-C2lAC3GAC4-NHz) by removing all the flanking amino
acids and one Cys residue. This peptide sequence successfully incorporated a [4Fe-

4S] cluster, despite affording a lower yield (29% compared to the 16-mer peptide).
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Replacement of all the non-Cys amino acids with either Gly or Ala resulted in low
cluster-reconstitution, with respectively 6 and 7% yield compared to the original
sequence. Starting from the poly- Gly sequence Ac-C2GGC3GGCs-NH2; they
observed that replacement of one of the Gly residues with an lle residue either in the
second, third, or in the sixth position restored the ability of cluster coordination to
respectively 28, 15, and 27%. On the other hand, replacement of the Gly residue with
an lle residue in the fifth position resulted in complete loss of cluster affinity. This
position proved to be a critical site for cluster-binding and is generally occupied by a
Gly residue in natural ferredoxins. Interestingly, the introduction of an lle residue in the
eighth position of a poly-Gly 16-mer sequence led to an increase in cluster affinity from
11%  (for Ac-GGCiGGGC2GGG3GGC4sGGW-NH2) to  61%  (for  Ac-
GGCi1GGGC2AGC3GGCsGGW-NH?2).

1.7 SPECTROSCOPICAL TECHNIQUES FOR THE
CHARACTERISATION OF [4Fe-4S] CLUSTERS

1.7.1 Ultraviolet-Visible Spectroscopy

Ultraviolet-Visible (UV-Vis) spectroscopy serves as a simple and rapid technique in
Fe-S species investigation. For proteins and peptides containing Fe-S centres the
characteristic absorption occurs in the range of 380-420 nm, due to the ligand-to-metal
charge transfer (LMCT).® In the context of Fe-S-cluster maquette, the ligand is the
thiol group of the Cys residues on the peptide, and the metal is the Fe?*/ Fe3* ion

constituting the cluster, as displayed in Figure 3.

The LMCT complexes results from electrons being transferred from molecular orbitals
(MO) with a ligand-like character, to MO with metal-like character. LMCT complexes
are generally opposed to metal-to-ligand charge transfer (MLCT) complexes, where
the opposite is true, and therefore electrons move from metal-like MO to ligand-like
MO."* In Fe-S-cluster maquettes the ligand, the thiolate moiety, is a good nucleophile
and therefore has a high energy lone pair that can easily transfer its electrons across

the metal orbitals.”? When a LMCT transition occurs, electrons are excited from the
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MOs of the 1r-donor ligand to the MOs of the metal, which are therefore mostly metal

in character.

@ =Fe?/Fe®
€ =s?

Figure 3 — [4Fe-4S] Cluster coordinated by Cys residues.

Unfortunately, UV-Vis spectroscopy is not certain proof of [4Fe-4S]-cluster presence.
The interaction that results in an absorbance event can be produced by any molecule
acting as a ligand for the metal centre. When ferric (Fe®*) ions are mixed with thiol-
containing molecules in aqueous solution, different species can possibly interfere with
the formation of Fe-S cluster coordinated by the Cys-rich motif of the synthetic peptide.
For example, BME has been proved to spontaneously form [2Fe-2S]-clusters when in
sufficiently high concentration.® BME is an additive routinely used in Fe-S cluster
incorporation procedures to ensure the Cys residues of the synthetic peptides are kept
in the reduced form. [2Fe-2S]-clusters have a similar absorption curve to the one of
[4Fe-4S]-clusters, causing uncertainty in addressing which species is presented in
solution. Luckily, [2Fe-2S] clusters are generally less abundant than the corresponding
[4Fe-4S]-clusters. Pme could also form rubredoxin-like complexes that can compete
with the formation of [4Fe-4S]-clusters. These systems are small, iron-containing
molecules that could be generated by the thiol of BME coordinating Fe®* ions in
solution.” These species are similar to the desired Fe-S cluster maquette, but lack
the inorganic sulphide, as depicted in Figure 4.
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Figure 4 — Species potentially formed in presence of Fe3* and SME.

1.7.2 Electron Paramagnetic Resonance Spectroscopy

The characterisation of [4Fe-4S]-cluster maquettes is normally achieved by combining
UV-Vis spectroscopy with EPR spectroscopy. The latter represents a powerful tool for
in-depth characterisation of Fe-S cluster maquettes but requires more effort for sample
preparation and extensive experience for the spectra interpretation. EPR
spectroscopy requires the sample to have unpaired electrons.” Both iron and sulfur
have wide redox chemistry that ranges from Fe (-ll) to Fe (VI), and from S (-ll) to S
(VI). However, due to the limitations imposed by water as the solvent and a synthetic
peptide as the ligand, iron has a limited oxidation state range that spans from Fe(l) to
Fe(lV). When reconstituted, [4Fe-4S]-clusters are in their oxidised [4Fe-4S]?* state,
which is diamagnetic and thus silent for EPR spectroscopy.’® The diamagnetic state
is caused by the presence of two ferrous (2+) and two ferric (3+) atoms in the cluster.
These two sets of pairs are magnetically coupled and therefore have a total spin S =
0 due to the paired electrons. The Fe-S centre needs to be reduced to the
paramagnetic [4Fe-4S]'* (S = V) state to be observed by EPR spectroscopy. This
condition is generally achieved by reacting the oxidised [4Fe-4S]?* cluster with a
reducing agent, such as sodium dithionite (DT, Na2S204) and then allowing an
incubation period before flash-freezing the samples for analysis. In this paramagnetic
state, the cluster is theoretically composed of three ferrous (2+) atoms and one ferric
(3+) atom. However, the unpaired electron is formally delocalised over two atoms of

iron, giving rise to an equal-valence pair (2Fe?*) and a mixed-valence pair (2Fe?5+).76
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An important parameter in EPR spectroscopy is the g-value. This value determines
the resonant field position, which corresponds to the magnetic field at which the
absorption peak is observed for the species analysed. The g-value is also influenced
by the micro-environment surrounding the unpaired electron and is therefore unique
for a given species (i.e., an [4Fe-4S]-cluster coordinated by a synthetic peptide). A
free electron in the vacuum has a g-value ge = 2.0023 and different species with an
unpaired electron can differ slightly or greatly from this value based on the extent of
the interaction with their environment. Normally, transition metals (i.e., iron for Fe-S
clusters) have a discrete spin-orbit coupling, which means that the corresponding g-
value can substantially differ from that of a free electron. The spin-orbit coupling is
defined as the motion of a particle’s spin and the motion of its orbit.”” For this reason,
the g-value for an unpaired electron in a d complex will depend on how much the
orbital angular momentum contributes to the overall magnetic moment of the molecule,
and whether this is parallel or opposed to the spin angular momentum.”® Normally, the
g-value for a species is determined either by accurate measurement of the magnetic
field and frequency of the microwave power, or by referencing an unknown sample to
one with a known g-value. The g-value also provides key information to define the
symmetry of the absorption peak. The majority of [4Fe-4S]-cluster complexes presents
an axial peak where gx = gy < gz. In this situation, one axis (gz) is parallel to the

magnetic field, whereas the other two (gx and gy) are perpendicular.

1.8 AIMS AND OBJECTIVES

The aim of this thesis is to expand the comprehension of Cys-containing peptides both
in biologically relevant processes and in synthetic chemistry. The chapters of this
thesis describe the importance of Cys as a molecular handle that from prebiotic life
played a crucial role in coordinating Fe-S clusters in proteins; and how Cys is used in
cells to cope with oxidative damage. The exploration of a photosynthetic methodology
of Cys residues in peptides will also be explored to further emphasise how this amino

acid can be used to install various modifications.

The aim of Chapters 2, 3, and 4 of this thesis is to provide more details concerning the

use of radical SAM and bacterial ferredoxin peptide maquettes in electron transfer
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processes. Understanding and controlling oxygen-sensitive peptide maquettes could
be of great importance in exploring new ways to access challenging chemical
functionalisation reactions. Pharmaceuticals are often small molecules the synthesis
of which could involve trivial steps; or computational chemistry could point towards
targets that medicinal chemists might find difficult to synthesise. The ability to
overcome these and other challenges could lay behind using nature to catalyse
chemical transformations. The family of radical SAM enzymes presents a myriad of
members capable of catalysing several organic reactions often impossible to replicate
at the current stages of synthetic chemistry. Bacterial ferredoxin proteins are well
known for catalysing the transfer of electrons in several steps critical for bacterial
functions. The application of these models to biotechnology could have an enormous
impact on the future of drug discovery. The high reactivity of the radical generated by
radical SAM enzymes and the high sensitivity to oxygen characteristic of both classes
of enzymes has always presented challenges in the development of these systems in
industrial processes. Our aim is to better understand what the limits of these classes
of enzymes are by synthesising and interrogating small peptides that mimic their
functions. An interesting but so far not deeply investigated idea is to implement short
peptides [4Fe-4S]-cluster maquettes in catalysis. These catalysts could be used to
perform organic transformations that would otherwise be extremely challenging to
achieve. Enzymes are known for being extremely selective and capable of executing
a modification on a substrate among several similar compounds. Peptides can be
quickly and easily synthesised and provide an easier architecture to modify with
respect to proteins. They can also be readily functionalised by changing their flanking
(YY) or intervening (X) amino acids in a sequence with this YCX3CX2CY (radical SAM)
or this YCX3CX2CX2CY (bacterial ferredoxin) pattern. In Chapters 2, 3, and 4 we will
address questions like: how sensitive to oxygen are these systems? What is the redox
potential and how tuneable is it? Can key feature of these peptide maquettes be
changed without affecting the stability or to improve their characteristic? How do these

systems perform when implemented into an electron transport process?

Chapter 5 of this thesis describes the modification of Cys in peptides using a
photosynthetic method. Post-synthetic modifications are crucial for selectively
installing modifications in peptides and proteins, and Cys is often targeted with this

respect due to its unique reactivity. The importance of this chalcogen containing amino
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in proteins is well described in the literature, and the post-synthetic modification
reported in this thesis adds a new transformation that can be achieved using Cys as

the starting point.

Cys residues under the form of disulphide bonds are crucial in cells for oxygen sensing
and this process is further investigated in Chapter 6. The importance of Cys in proteins
spans over various aspects, but in this thesis we focused on exploring its use as a anti
oxidative tool in small peptides. Due to its range of oxidation states, the sulfur atom of
Cys is adopted in cells to store oxygen atoms in radicals that could otherwise cause
damage and affect the correct functioning of the cell. The focus in Chapter 6 is on
understanding how proximal amino acids to the Cys residues can affect the stability of

the disulphide bond when this is exposed to oxidative conditions.
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2 SYNTHESIS AND CHARACTERISATION OF [4Fe-4S] CLUSTER
MAQUETTES

2.1 AIMS AND OBJECTIVES

In this chapter we describe the synthesis and characterisation of a small library of
[4Fe-4S]-cluster maquettes. The intervening (X) and flanking (Y) amino acid of the
canonical key Cys-rich motif YCXnCXnCY will be changed to investigate how these
modifications affect the overall ability of the synthetic peptide to incorporate the cluster.
The synthetic peptides implemented for the cluster reconstitution span across two
different family of enzymes: radical SAM and bacterial ferredoxins. The synthesis of
these systems was performed in strict anaerobic conditions to preserve the cluster
from oxidation, and their characterisation involved the use of both UV-Vis and EPR
spectroscopy. The role of BME as a routinely used reducing agent in cluster-maquette
reconstitution procedure has been extensively investigated. The samples have been
treated with nicotinamide adenine dinucleotide (NADH) followed by photoactivation to
explore if a different source of electrons could be successful in yielding the reduced
[4Fe-4S]'* cluster when the reconstitution procedure is performed in aerobic
conditions. Finally, the replacement of sulphide (S?) with selenide (Se?) has been
studied to further explore the possible modifications achievable with these cluster
maguettes. Selenium has been tested as an alternative to sulfur in the construction of

the cluster, but also in the form of Sec for the synthesis of a selenopeptide.

2.2 RESULTS AND DISCUSSION

2.2.1 Initial Attempts on Radical SAM-type Maquettes

The peptides described in this thesis were all synthesised using Solid Phase Peptide
Synthesis (SPPS) and the fluorenylmethoxycarbonyl (Fmoc) strategy. This
methodology allows for the peptide sequence to be assembled one amino acid at a
time, with the amine moiety being protected with an Fmoc protecting group. The
reaction by-products can be easily removed via washes of the solid support. More
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detailed procedures can be found in the Experimental section, at 8.1 GENERAL
METHODS.

The synthetic peptide Ac-CGGGCGGCY-NH2 (maquettel, MQ1, Figure 5) was
chosen as the first candidate for [4Fe-4S]-cluster incorporation as it proved successful

in the work published in 2019 by Galambas et al.?°

N N N N N
N N N N ; N T NH

L,

MQ1

Figure 5 — Peptide sequence of MQL1.

This synthetic peptide represents the simplest motif with three Cys residues and no
flanking amino acids on either side of the sequence. With only three Cys residues this
peptide mimics the radical SAM motif CX3CX2C and requires BME to act as a fourth

ligand in the coordination of the cluster, as showed in Figure 6.

Figure 6 — [4Fe-4S] Cluster coordinated by three Cys residues and SME.

The first technique we implemented to investigate successful formation of the cluster
maquette was UV-Vis and the results agreed with the reported literature, as showed

in Figure 7.
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Figure 7 — UV-Vis trace for [4Fe-4S]-cluster maquette reconstituted in anaerobic conditions using
synthetic peptide MQ1. Abs. at 420 nm represents the LMCT band for the cluster. The spectrum was
recorded at peptide concentration of 100 uM. The peptide was obtained as a TFA salt after
purification and the buffer is 50mM HEPES, 10mM KCI at pH = 8.0.

The first peak registered at 300 nm is typical of peptides containing Tyr, Trp or Phe,
which can absorb in the aromatic region due to the chromophores presented in their
side chains.”® The characteristic absorbance peak for Fe-S clusters was observed at
approximately 400-420 nm, suggesting the successful formation of the [4Fe-4S]

cluster maquette.

We then proceeded to analyse the sample by EPR spectroscopy. The analysis was
recorded on an anaerobically reconstituted maquette reduced with DT to ensure the
cluster would be in the EPR-visible reduced state [4Fe-4S]'*. The reconstitution
procedure under anaerobic conditions is described in 8.2 GENERAL PROTOCOLS.
Briefly, degassed HEPES 50 mM and KCI| 10 mM buffer at pH = 8.0 was used to
dissolve the peptide. To this solution were progressively added the reducing agent
and fourth ligand BME, and the two solutions of FeCls and NazS for the cluster
formation. Finally, the sample was reduced using DT, transferred into an EPR tube
and flash frozen for the analysis. Before recording the spectrum for the reduced
cluster-maquette we performed the analysis of the buffer and buffer with DT solutions.
All EPR samples were supplemented with glycerol to a final concentration of 10% v/v.

EPR analysis was carried out at the EPSRC National Research Facility (NRF) for EPR

Spectroscopy in Manchester under the supervision of Dr. Muralidharan Shanmugam
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and Prof. David Collison. Dr. Muralidharan Shanmugam ran all the samples and

analysed the results for us.

4x101
2x10-1=

O_....

%101 — Buffer

Empty cavity
-4x10-1

Intensity (Arbitrary Units)

-6x10-14

T T T
1000 2000 3000 4000 5000

Magnetic Field (Gauss)

Figure 8 — X-band cw-EPR spectra at 20 K of a frozen solution of degassed buffer (black trace) and
empty cavity (red trace). EPR spectra were recorded at 5 G MA, with microwave power of 20 dB (~2.2
mW). EPR samples contained glycerol 10% v/v.

Figure 8 shows the trace for the buffer solution (black) compared to the empty cavity
(red) of the instrument. The sharp peak observed at approximately 3300 G was
possibly due to the presence of a radical species. The superoxide radical is sometimes
observed in buffer analysed by EPR and can be produced by one-electron reduction
of oxygen.& Despite the thorough procedure followed for degassing the buffer (see
8.2 GENERAL PROTOCOLYS), it is possible that residual oxygen was still available in
the sample. Unfortunately, the presence of a radical in the buffer could have negative
effects on the analysis of the cluster maquette sample. The second analysis we
performed was on a sample containing a solution of buffer and DT, as presented in

Figure 9.
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Figure 9 — X-band cw-EPR spectra at 20 K of a frozen solution of degassed buffer + DT (black trace)
and empty cavity (red trace). EPR spectra were recorded at 5 G MA, with microwave power of 20 dB
(~2.2 mW). EPR samples contained glycerol 10% v/v.

The trace for the solution DT in buffer was similar to that of pure buffer, and the radical
signal was still present in this sample. We then proceeded by analysing the cluster
maguette samples anaerobically reconstituted both before and after reduction with DT.
The results are displayed in Figure 10 and are compared to the signal for the empty

cavity.

~ 4x10+1

2

S 2x1014

>

© 0 — MQL1 oxidised
=

S .2x107- MQ1 reduced
g Empty cavity
2 4x1014

‘»

c

é -6x101

T T T
1000 2000 3000 4000 5000

Magnetic Field (Gauss)

Figure 10 — X-band cw-EPR spectra at 20 K a frozen solution of degassed (anaerobically
reconstituted in presence of BME) MQ1 oxidised (black trace), dithionite-reduced (gold trace), and
empty cavity (red trace). EPR spectra were recorded at 5 G MA, with microwave power of 20 dB (~2.2
mW). EPR samples contained glycerol 10% v/v.
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The spectrum registered for the reduced sample was comparable to the one recorded
for the oxidised sample, meaning that DT did not produce any effect on the redox
centre of the Fe-S cluster presented in the sample. Alternatively, the reason why the
two spectra were comparable is because no cluster was present in the sample that
could be reduced and observed by EPR spectroscopy. These results were not in
agreement with previous literature, where Galambas et al. were able to successfully
reconstitute an [4Fe-4S]-cluster using an identical synthetic peptide.?® Despite several
attempts at different concentrations of peptide, FeCls and NazS, and BME, all our
efforts could not produce positive results. The reasons behind the negative results
could be explained by different salts of the synthetic peptide after purification (i.e.
formate salt or trifluoroacetate salt) that could have affected the reconstitution
procedure. The synthesis of these cluster maquettes requires extensive care and
experience to ensure every step is followed thoroughly, and perhaps this could have
led to unsuccessful results in the case of MQ1.

Due to the inconclusive results obtained by EPR spectroscopy we questioned whether
the cluster maquette had been successfully synthesised in the first place. UV-Vis
spectroscopy could have possibly given a false positive result due to the interaction
between BME and excess Fe®' in solution. This complex did not show the
characteristic EPR signal due to the absence of a [4Fe4S] cluster in the sample. We
therefore decided to investigate whether the presence of BME could indeed lead to
the formation of an iron complex and compete with the cluster maquette in the
determination of its absorbance. Size Exclusion Chromatography (SEC) is a
purification technique than implements gel filtration to separate small to medium
molecules based on their size. In principle, molecules larger than the largest pores in
the column matrix are excluded from the matrix and are therefore eluted first. On the
contrary, molecules smaller than the largest pore in the matrix penetrates the pores to
varying extent and are therefore eluted after the larger molecules. The columns with
the lowest exclusion limit that could be found on the market at the time of these
experiments were the PD MidiTrap G-10™, produced and commercialised by Cytiva.
The exclusion limit of these columns is 700 Da (or 700 g/mol), which means that
molecules with a lower size than 700 Da would spend more time in the column and be
eluted more slowly than molecules with a size greater than 700 Da. However, the mass

of MQL1 is 816.23 Da, which is not too far from the exclusion limit and could therefore
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lead to impurities presented in the sample. Moreover, the nature of the complexes that
formed during the synthesis could not be determined and it was therefore impossible

to propose a mass for these impurities.

2.2.2 BME and Single Amino Acid Screening

The unsatisfactory results obtained with EPR spectroscopy regarding the maquette
incorporated using peptide Ac-CGGGCGGCY-NHz2 (MQ1), led us to reconsider our
reconstitution procedure, and various control experiments were run and analysed by
UV-Vis spectroscopy. The first point of interest addressed in these experiments was
the reducing agent BME. Due to the higher concentration with respect to the peptide
used in the reaction mixture, and its ability to coordinate Fe3* ions due to the thiol
group, this agent was thought to be interfering with the cluster formation to the point
that all the iron ions were being consumed before reacting with the Cys residues of
the peptide. As a result, the cluster could not be formed and coordinated by the Cys
residues on the peptide sequence. A screening with the synthetic peptide Ac-
CGGGCGGCY-NHz (MQ1) and different concentration of BME was performed with the
aim of investigating how different concentration of this reagent could affect the
coordination between the Cys residues and the iron ions. Five experiments were
performed including four different concentrations of BME and a negative control

without the reducing agent. The UV-Vis traces are showed in Figure 11.

Four concentrations of BME were chosen: 0.18 mM, which is equimolar to the peptide
concentration, 1 mM, 100 mM, and 280 mM, which is equivalent to 2% v/v of the final
solution and was adopted in previous literature for the cluster reconstitution

procedure.?°
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Figure 11 — UV-Vis traces for [4Fe-4S]-cluster maquette reconstituted in anaerobic conditions using
synthetic peptide MQ1. Screening of BME concentration at: 0 (1), 0.18 mM (2), 1 mM (3), 100 mM (4),
and 280 mM (5). Abs. at 420 nm represents the LMCT band for the cluster. The spectrum was
recorded at peptide concentration of 0.18 mM. The peptide was obtained as a TFA salt after
purification and the buffer is 50mM HEPES, 10mM KCI at pH = 8.0.

The results displayed in Figure 11 present a clear peak at approximately 400 nm.
Moreover, the intensity of the peak increases as the amount of BME in the sample is
increased. This outcome supported the hypothesis by which BME participated in a
competitive reaction with the ferric ions and formed a different rubredoxin-type
complex. The concentration of the latter was directly correlated to the concentration of
BME. Entries 1, 2, and 3 showed a green solution accompanied by a dark precipitate,
suggesting that BME was not concentrated enough to coordinate all the Fe3*, which
therefore precipitated with the HS™ ions in solution to form FeS(s) insoluble particles.
The solution of entry 4 had small quantities of precipitate, whereas 5 did not present
precipitate at all, suggesting that the amount of thiol in solution was high enough to
coordinate all the ferric ions. The peak observed in absence of BME, despite low in
intensity, could possibly arise from coordination of a Fe-S cluster by the peptide
sequence. Unfortunately, no EPR spectroscopy was performed on this sample to
confirm this hypothesis. Table 1 provides more details on the concentrations of the

various reagents presented in solution.

The concentrations of FeCls and NazS were kept consistent at 800 uM for all the five
entries, as well as the concentration of peptide at 180 uM. The only variable in this set

of experiments was the concentration of BME.
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To confirm that the characteristic key motif of radical SAM enzymes (CX3CX2C) played

a role in [4Fe-4S]-cluster incorporation, a new set of experiments was subjected to

UV-Vis spectroscopy analysis. These cluster incorporation experiments were run
using two different synthetic peptides: Ac-GGGGGGGGG-NH2 (MQ2) and H2N-

CGGGCGGC-OH (MQ3) (Figure 12).

Table 1 — BME concentration screening. All reported values refer to the concentration of each
component in the reconstitution mixture. The synthetic peptide employed in these experiments was
MQZ1. All solutions presented a green/brown transparent colour.

1 0.18 - 800 800 Black precipitate

2 0.18 0.18 800 800 Black precipitate

3 0.18 1 800 800 Black precipitate

4 0.18 100 800 800 Traces of black
precipitate

5 0.18 280 800 800 No precipitate
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Figure 12 — Peptide sequence of MQ2 and MQ3.
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Both synthetic peptides were used in reconstitution procedure with and without ME.
MQ2 did not contain any Cys residue, and for this reason was not expected to show
any trace of cluster incorporation. This experiment was considered as a negative
control to understand if any peptide sequence, even if not bearing a thiol on the side
chain, could incorporate a Fe-S cluster. The second peptide sequence (MQ3) was
meant to show traces of cluster incorporation as it contained the characteristic motif
of radical SAM enzymes and differed from MQ1 for the absence of a Tyr residue and
the presence of the free carboxylic acid at the C-terminus and the free amine at the
N-terminus. We argued that such a difference in electronics at both termini of the
peptide sequence could have an impact on the cluster formation and stabilisation. The
latter peptide was proved to successfully incorporate a [4Fe4S]-cluster in previous
literature.”® The UV-Vis traces for the four different reconstitution experiments are

showed in Figure 13.
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Figure 13 — UV-Vis traces for [4Fe-4S]-cluster maquette reconstituted in anaerobic conditions using
synthetic peptide MQ2 and MQ3. Abs. at 420 nm represents the LMCT band for the cluster. The
spectrum was recorded at peptide concentration of 80 uM. The peptide was obtained as a TFA salt
after purification and the buffer is 50mM HEPES, 10mM KCl at pH = 8.0.

The experiments run using MQ3 both with (red trace) and without (light-blue trace)
BME showed a curve at around 420 nm, which could be explained by the presence of
an Fe-S species.* The resemblance between the two trends could be reasoned by the
presence of the same species, with the concentration, and thus the intensity, being

enhanced in presence of BME (MQ3, red trace). The bend observed for the
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experiments without BME (MQ3, light-blue trace) could also arise from an interaction
between the thiol group of a Cys and a single Fe3* ion. This interaction would absorb
at the characteristic wavelength of [4Fe-4S]-clusters, despite not being necessarily
due to a Fe-S cluster species. The spectra registered for the experiment run using
MQ2 in absence of BME (MQ2, black trace) showed a flat line, which means that no
Fe-S or Fe---thiol species were produced in those specific conditions. This result
agreed with the expectations as no thiol, either from Cys or BME, was available to
incorporate a cluster. Interestingly, the spectrum for the reaction in presence of BME
(MQ2, gold trace), showed a sharp peak at approximately 490 nm. This wavelength
region is at too high frequency to be correlated to any Fe-S cluster species but has
been found characteristic of rubredoxins species.8! This iron-thiolate complex was
only visible in presence of the poly-Gly peptide, whereas it was not observed in
analogous conditions with different synthetic peptides such as MQ1 and MQ2. A
plausible explanation for this outcome is that the absence of Cys residues on the
peptide made BME the only thiol-containing species in solution that could coordinate
with the Fe3* ions and form a rubredoxin-type system. Since no competitive reactions
could occur due to the inactivity of the synthetic peptide, this complex was the only
species in solution and thus showed an intense signal due to the high concentration.
Despite these experiments providing insightful information regarding the nature of the
synthetic peptides required for binding the ferric ions in solution, the results obtained
could not be considered conclusive. The characteristic absorbance at 420 nm arises
from the interaction between the sulfur atom of either the Cys residue or BME and the
Fe3* ion. Therefore, when experiments performed with synthetic peptides bearing a
Cys residue in absence of BME showed an absorbance increase in the 400-420 nm
range, this could derive from the sole interaction between the Cys residue and a ferric
ion. Both complexes showed in Figure 14 bear the characteristic Fe-thiol interaction
that absorb in the 400-420 nm region.
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Figure 14 — Comparison between a [4Fe-4S] cluster (left) and a Fe3* ion (right) coordinated by three
Cys residues and SME.

For this reason, we concluded that UV-Vis spectroscopy alone could never be a
suitable analytical technique for proving the presence of any Fe-S cluster species

when the crude sample was not eluted through SEC columns.

2.2.3 Bacterial Ferredoxin-Type Maquettes

Since the short sequence of the synthetic peptide MQ1 did not show any proof of Fe-
S cluster assembly, efforts were focused on a different sequence: Ac-
KLCEGGCIACGACGGW-NH2 (MQ4) (Figure 15). This synthetic peptide was proved
to successfully incorporate a [4Fe-4S]-cluster, as confirmed by Mulholland et al.®® The
16-mer peptide was derived from a natural Fe-S protein that belongs to the bacterial
ferredoxin family and presents the classic CX3CX2CX2C motif, with the fourth Cys
ligand located four positions toward the amino terminus. The extra Cys was thought
to be a crucial difference with respect to the 9-mer peptide of MQ1 in incorporating

and stabilising the [4Fe-4S]-cluster.
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Figure 15 — Peptide sequence of MQA4.
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Figure 16 — UV-Vis traces for [4Fe-4S]-cluster maquette reconstituted in anaerobic conditions using
synthetic peptide MQ1 (black trace) and MQ4 (gold trace). Abs. at 420 nm represents the LMCT band
for the cluster. The spectrum was recorded at peptide concentration of 80 uM. The peptide was
obtained as a TFA salt after purification and the buffer is 50mM HEPES, 10mM KCI at pH = 8.0.

Firstly, we proceeded by reconstituting the cluster maquette using synthetic peptide
MQ4 and analysed it by UV-Vis spectroscopy. The reconstitution procedure was
slightly adapted from the previous literature and is described in 8.2 GENERAL
PROTOCOLS. Overall, the synthetic procedure of this cluster maquette was similar to
that of MQ1 and involved the addition of FeCls and Na2S to a solution of peptide and
10% v/v BME in buffer under strict anaerobic conditions. The outcome is showed in

Figure 16 and produced a similar trend to the one obtained using MQ1.

As previously discussed, this outcome could not be considered conclusive and
therefore EPR spectroscopy was required to confirm the successful incorporation of a

[4Fe-4S] cluster into the peptide maquette.

Figure 17 illustrates the EPR measurements of the anaerobically reconstituted MQ4
both before (black trace) and after (gold trace) reduction with DT. These results proved
the presence of a one-electron [4Fe-4S] cluster that was produced when the oxidised

maquette was treated with the reducing agent DT.

This result was encouraging because they reflected the nature of [4Fe-4S]-clusters to
become EPR-visible when reduced from [4Fe-4S]?* to [4Fe-4S]** in presence of DT.82
This means that the incorporation performed in presence of MQ4 led to the formation
of a [4Fe-4S]-cluster that was not visible in the oxidised (black trace) spectra because
in its paramagnetic (+2) state, but when it was reduced to the diamagnetic (+1) state,
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it became detectable. The broad EPR signal observed at the low magnetic field
between 0 and 1000 G was thought to be arising from a high-spin (S = 2) ferrous
centre possibly presented in the FeCls batch used for the cluster reconstitution. The
sharp signal registered at approximately 1500 G was due to high-spin ferric ion that
could be present in solution as the iron source for the cluster is used in excess during
the reconstitution procedure.®® The spectrum for the reduced sample displayed the
characteristic rhombic shape for [4Fe-4S] clusters slightly altered by the presence of
low intensity peaks. These signals were thought to arise from traces of Mn*? ion
possibly contaminating the FeCls salt. To confirm this hypothesis, a sample containing
MnClz in buffer was analysed in the same conditions, the results are displayed in
Figure 18.

As showed in Figure 18, the manganese sextet appears in a similar region of magnetic
field where the characteristic [4Fe-4S]'* cluster is recorded. This outcome
corroborated the idea by which the sample was potentially contaminated by traces of
Mn2*.The sextet produced by Mn?* is characteristic of its | = 5/2 spin number, which
result in six peaks due to the Pascal’s triangle.8* The spectrum recorded for
manganese also matched with literature examples and we therefore concluded that

the signal was associated with manganese in solution.
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Figure 17 — X-band cw-EPR spectra at 20 K of a frozen solution of degassed (anaerobically
reconstituted in presence of BME) MQ4 oxidised (black trace) and dithionite-reduced (gold trace).
Bottom panel is expansion of the area between 2500 and 4000 G. EPR spectra were recorded at 5
MA, with microwave power of 20 dB (~2.2 mW). EPR samples contained glycerol 10% v/v.
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Figure 18 — X-band cw-EPR spectra at 20 K of a frozen solution of a sample containing MnCl; in
buffer. EPR spectra were recorded at 5 G MA, with microwave power of 20 dB (~2.2 mW). EPR
samples contained glycerol 10% v/v.

Dr. Muralidharan Shanmugam produced simulations of the EPR spectrum for the

sample reconstituted using MQ4, which are displayed in Figure 19.

The EPR spectrum was simulated (red dotted trace) by considering two, S =Y species
(species A, pink trace; and species B, blue trace). The spin-Hamiltonian parameters
used to model the experimental (black trace) spectrum are stated in Table 2 and are
in good agreement with the reported values for the reduced [4Fe-4S]** cluster
coordinated with the peptide sequence Ac-KLCEGGCIACGACGGW-NH2.2°
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Figure 19 — X-band cw-EPR spectra of a frozen solution of anaerobically reconstituted,
dithionite reduced, MQ4 cluster measured at 20 K (black trace) and its simulations (red dotted trace
with simulation parameters in Table 2). Magenta asterisk denotes the EPR signal arises from the
buffer control.

Table 2 — Simulated EPR spectroscopies properties for [4Fe-4S]1+ cluster maquettes.

Entry g1 g2 g3
Species A 1.895 | 1.924 | 2.044
Species B 1.876 | 1.933 | 2.073

Ac-KLCEGGCIACGACGGW-NH2 | 2.047 | 1.923 |1.878

Due to the high sensitivity of [4Fe-4S] cluster maquettes to atmospheric oxygen, all
samples were prepared and handled in strict anaerobic conditions, as detailed in 8.2
GENERAL PROTOCOLS. To ensure that these samples were not at any point in
contact with oxygen, control experiments were prepared in aerobic conditions and
analysed by EPR. The samples prepared in aerobic conditions were synthesised
following the same protocols as for the anaerobic reconstitution of cluster maquettes,
but the buffer and all the solutions involved were not degassed and the reaction was
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performed in a standard fume hood. Figure 20 presents the EPR results obtained for
MQ4 oxidised (black trace) and reduced with DT (gold trace) when reconstituted in

aerobic conditions.

These results clearly show how the oxidised and reduced samples presented the
same spectrum, meaning that no cluster was observed for either of the two. This batch
was prepared the same day of the anaerobically reconstituted sample, using the same
peptide, FeCls, Naz2S, buffer salts, and DT. As previously described in Figure 10, the
sharp signal detected in both the oxidised and reduced sample can be attributed to
the buffer solution. The importance of these control experiments was crucial to ensure
that every time a sample was prepared and analysed by EPR spectroscopy the results
could be trusted. The presence of a radical signal in these control experiments run in
aerobic conditions, could potentially indicate a fault in the analysis. Even if not
mentioned, EPR spectroscopy was recorded for all the experiments described in this

thesis both on anaerobically and aerobically reconstituted samples.
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Figure 20 — X-band cw-EPR spectra at 20 K of a frozen solution of aerobically reconstituted in
presence of BME MQ4 oxidised (black trace) and dithionite-reduced (gold trace). EPR spectra were
recorded at 5 G MA, with microwave power of 20 dB (~2.2 mW). EPR samples contained glycerol
10% viv.

Further experiments were performed to investigate how the EPR signals for the
anaerobically reconstituted MQ4 changed when the analysis was obtained at 10, 15,

and 20 K. As displayed in Figure 21, the spectra recorded at 15 and 20 K looked
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similar, with minor differences in the intensity of the signal. On the contrary, the
spectrum obtained at 10 K showed a distorted shape for the rhombic signal.
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Figure 21 — Temperature dependent behaviour of anaerobically reconstituted in presence of SME)
dithionite-reduced MQ4: 10 K (black trace), 15 K (gold trace), and 20 K (light-blue trace). EPR spectra
were recorded at 5 MA, with microwave power of 20 dB (~2.2 mW). EPR samples contained glycerol

10% viv.

In theory, the lowest possible temperature should afford the highest signal intensities
due to the energy difference between the two S = - %2 and S = + %2 energy levels that
are involved in the EPR transition. In order to produce a signal, the electronic
population of these two levels should be as high as possible, and this is achieved at
lower temperatures. However, the experimental results we obtained seemed to
contradict this theory. Figure 22 shows a representation of the electron distribution in
the two energy levels, S = - %2 and S = + Y2, with a slight excess in the lower level.
During an EPR experiment, the electrons in the lower level absorb quanta of energy
and are excited to the higher level of energy. When this happens, the population
distribution is reversed, and more electrons occupy the S = + % level. However, an
absorption signal is only observed in the case where the lower energy level has a
higher occupancy of electrons. Due to the spin-lattice relaxation property of the
sample, some electrons lose energy and move to the lower energy level, thus allowing
the cycle to be repeated. When the electrons relaxation is limited due to the too low
temperature, the electron populations in the two levels reaches an equilibrium more

quickly and therefore the EPR signal is lost.
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Figure 22 — Electrons distribution in the two S = - % and S = + % energy levels. a) absorption. b)
relaxation.

Efforts were then focused to simplify the synthetic peptide MQ4 used for [4Fe-4S]-
cluster incorporation and develop an engineered sequence. The idea was to maintain
the characteristic ferredoxin-type motif (CX3CX2CX2C) that was successful in the
incorporation of a [4Fe-4S]-cluster. All the flanking amino acids both on the C- and N-
terminus on the native sequence of MQ4 were removed, and the internal residues

were all switched to Gly residues as showed in Figure 23.

MQ5

Figure 23 - Peptide sequence of MQ5.

The newly engineered synthetic peptide Ac-CGGGCGGCGGC-NH2 (MQ5) was
subjected to the same incorporation procedure that yield to [4Fe-4S]-cluster with the
native sequence MQ4. UV-Vis traces of the [4Fe-4S]-cluster maquette incorporated

using both synthetic peptides are displayed in Figure 24.

The maquette synthesised using MQ5 produced similar results to those obtained with
MQ4. The trends for oxidised maquettes were identical and characteristic of a ligand-
to-metal interaction with a curve at around 400-420 nm. Even though reduced MQ4
showed a flatten trend, reduced MQ5 displayed a curve in proximity of the Fe-S
species absorption region. This absorption could be explained by a portion of the

cluster population not being fully reduced by DT.
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Figure 24 — UV-Vis trace for [4Fe-4S]-cluster maquette reconstituted in anaerobic conditions using
synthetic peptide MQ4 and MQ5. Abs. at 420 nm represents the LMCT band for the cluster. The
spectrum was recorded at peptide concentration of 80 uM. The peptide was obtained as a TFA salt
after purification and the buffer is 50mM HEPES, 10mM KCI at pH = 8.0.

The EPR spectra of the anaerobically reconstituted MQ5 before and after reduction
are displayed in Figure 25. Only a tiny peak was observed in the reduced sample at
3500 G, proving the presence of a small population of [4Fe-4S]-cluster available in the
sample after reduction with DT. When the reduced samples of MQ4 and MQ5 were
compared to each other, a great difference in cluster population was observed (Figure
26).
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Figure 25 — X-band cw-EPR spectra at 20 K of a frozen solution of degassed (anaerobically
reconstituted in presence of BME) MQ5 oxidised (black trace) and dithionite-reduced (gold trace).
EPR spectra were recorded at 5 G MA, with microwave power of 20 dB (~2.2 mW). EPR samples

contained glycerol 10% v/v.
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Figure 26 — X-band cw-EPR spectra at 20 K of a frozen solution of degassed (anaerobically
reconstituted in presence of BME) dithionite-reduced: MQ4 (black trace) and MQ5 (gold trace). EPR
spectra were recorded at 5 G MA, with microwave power of 20 dB (~2.2 mW). EPR samples
contained glycerol 10% v/v.

Because both MQ4 and MQ5 were prepared following the same reconstitution
procedure and concentration of reagents, the outcome of these results could possibly
be explained by the different synthetic peptide used to incorporate the [4Fe-4S]-
clusters. It was hypothesised that the longer sequence used for MQ4 could partially

fold around the cluster and exert a stability effect that protected the metal cubane from
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its decomposition. The same effect is not guaranteed by the shorter sequences used
for MQ5 and therefore a much smaller concentration of [4Fe-4S] cluster could be

produced.

We proceeded by exploring a cluster-maquette reconstitution protocol that lacked the
reducing agent BME. In the literature, there is no precedent of reconstituting Fe-S
clusters with peptides in absence of reducing agents, and we were therefore the first
to attempt such a methodology. Because the motif for the bacterial ferredoxin
maguettes contains four Cys residues, the synthetic peptide should alone be capable
of coordinating the Fe-S cluster without the aid of an extra ligand. The lack of reducing
agent would allow for an easier purification that does not require separation of the thiol
from the cluster maquette. Moreover, the UV-Vis trace would be a true representation
of the LMCT produced by the [4Fe-4S]-peptide system only, without raising doubts
about the presence of other species formed after the coordination between BME and
excess Fe®* in solution. We used the same synthetic peptide of MQ5 in a reconstitution
protocol that omitted the reducing agent and compared the UV-Vis spectra (Figure
27).
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Figure 27 — UV-Vis trace for [4Fe-4S]-cluster maquette reconstituted in anaerobic conditions using
synthetic peptide MQ5 with and without BME. Abs. at 420 nm represents the LMCT band for the
cluster. The spectrum was recorded at peptide concentration of 80 uM. The peptide was obtained as
a TFA salt after purification and the buffer is 50mM HEPES, 10mM KCI at pH = 8.0.

The difference in absorbance is clear between the two oxidised samples (black trace

and gold trace) reconstituted respectively with and without the reducing agent. The
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oxidised sample reconstituted in absence of BME (gold trace) seems to show a flat
line in proximity of the region where the LMCT absorbs, but this is solely due to the
different scale. The sample reconstituted without reducing agent (gold trace) provides
a true reflection of the Fe-S cluster presented in solution, whereas the sample
containing BME is enlarged by the LMCT effect exerted by the free thiol. The
absorbance observed for the sample reconstituted with BME and subsequently
reduced with DT (light-blue trace) is larger than that of the oxidised sample
reconstituted without BME (gold trace), proving the degree of inflation detected when
the thiol is in use. The reduced sample reconstituted without BME (red trace) displays
a new peak at approximately 310-320 nm, characteristic for excess DT in solution.8®
This peak confirms that the entire population of Fe-S cluster has been successfully
reduced in the sample. However, this peak is not observed for the reduced sample of
the BME-reconstituted sample (light-blue trace), meaning that not all the cluster or the
thiol-iron complex has been reduced. These results confirmed that, when BME is used
in the reconstitution process of the cluster-maquette, UV-Vis analysis could potentially
be misleading. When the oxidised and reduced sample reconstituted using MQ5
without BME were zoomed in, the characteristic absorbance for the ligand-to-metal
charge could be observed in the oxidised sample (Figure 28).
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Figure 28 — UV-Vis trace for [4Fe-4S]-cluster maquette reconstituted in anaerobic conditions using
synthetic peptide MQ5. Abs. at 420 nm represents the LMCT band for the cluster. The spectrum was
recorded at peptide concentration of 100 uM. The peptide was obtained as a TFA salt after
purification and the buffer is 50mM HEPES, 10mM KCI at pH = 8.0.
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To confirm that the LMCT absorbance observed was characteristic for the interaction
between the peptide and the cluster, we synthesised a control peptide where all the
Cys residues have been replaced by Gly residues. The resulting sequence, inspired
by MQ1, was Ac-KLGEGGGIAGGAGGGW-NH:2 (MQ6) (Figure 29).
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Figure 30 shows the comparison of the UV-Vis traces for MQ4 and MQ6. As expected,

MQ6

Figure 29 — Peptide sequence of MQ6.

the sequence lacking the Cys residue showed a flat curve (gold trace) in proximity of
the 400-420 nm range, meaning that no LMCT interaction was observed. On the
contrary, the synthetic peptide with the four Cys residues displayed the characteristic

peak at 400 nm.
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Figure 30 — UV-Vis trace for [4Fe-4S]-cluster maquette reconstituted in anaerobic conditions using
synthetic peptide MQ6. The spectrum was recorded at peptide concentration of 100 uM. The peptide
was obtained as a TFA salt after purification and the buffer is 50mM HEPES, 10mM KCI at pH = 8.0.

This result confirmed that when MQ4 was used to reconstitute the [4Fe-4S] cluster
maquette in absence of BME, the Cys residues were key for the successful

incorporation and stabilisation of the cluster.

61



To prove that the reconstitution procedure could be successful even in absence of the
reducing agent BME, EPR analysis was required. The spectrum for the oxidised and

reduced samples recorded for MQ5 without BME are reported in Figure 31.

EPR spectroscopy confirmed the presence of a population of [4Fe-4S]-cluster being
reduced by the addition of DT to the oxidised sample. These results proved that the
use of BME is not required for the successful incorporation of a cluster when a
magquette bearing four Cys residues is used. However, BME was thought to exert a
stabilisation effect by ensuring all the Cys residues remain reduced in solution before
incorporation of the Fe-S cluster. To study this aspect, we compared the EPR results
recorded for the two MQ5 samples reconstituted both with and without the reducing

agent (Figure 32).
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Figure 31 — X-band cw-EPR spectra at 20 K of a frozen solution of degassed (anaerobically
reconstituted in absence of BME) MQ5 oxidised (black trace) and dithionite-reduced (gold trace). EPR
spectra were recorded at 5 G MA, with microwave power of 20 dB (~2.2 mW). EPR samples
contained glycerol 10% v/v.
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Figure 32 — X-band cw-EPR spectra at 20 K of a frozen solution of degassed (anaerobically
reconstituted) MQ5 dithionite-reduced and reconstituted in presence (black trace) and in absence
(gold trace) of BME. EPR spectra were recorded at 5 G MA, with microwave power of 20 dB (~2.2

mW). EPR samples contained glycerol 10% v/v.

Interestingly, the cluster population produced in presence of BME was lower than that
produced in absence of the reducing agent. It is reasonable to think that an excess of
BME in solution could coordinate a great fraction of the iron ions available to the
synthetic peptide. As a result of this competing reaction, the amount of peptide could
be larger than the amount of Fe3* ions available to compose the cluster. Moreover,
BME is a much smaller molecule than the synthetic peptide and can easily and more

quickly secure the iron ions to form a complex.

Convinced that the peptide sequence could be further engineered to increase the
concentration of Fe-S cluster, we added two flanking amino acids on both the C- and
N-terminus of the peptide. The aim was to increase the length of the synthetic peptide
to improve the folding activity, but also to add a barrier on both sides of the peptide
and not leave the two Cys residues exposed at each ends. The sequence we
synthesised was Ac-GCGGGCGGCGGCG-NHz2 (MQ7) and is showed in Figure 33.
The synthesis of this peptide, as well as all the others presented in this thesis, was
achieved using the Fmoc SPPS strategy and detailed protocols are described in 8.2
GENERAL PROTOCOLS.
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Figure 33 — Peptide sequence of MQ7.

The incorporation of the Fe-S cluster using MQ7 was revised and BME was no longer
included in the protocol. Contrarily to MQ1 that was engineered by taking inspiration
from the radical SAM class of enzymes and exhibited three Cys residues, the synthetic
peptide of MQ6 alone should be able to fully coordinate the four iron ions of the cluster
without the assistance of an extra ligand. In the synthesis of cluster maquettes BME is
generally used as a reducing agent to maintain the Cys residues reduced and avoid
formation of disulphide bonds that would prevent the ligand-to-metal interaction with a
detrimental effect on the cluster coordination by the peptide. For this reason, BME is
frequently found as an additive in the reconstitution buffer for cluster maquettes or,
more in general, to ensure the stability of peptides bearing Cys residues.® Figure 34
shows the UV-Vis spectra recorded for the Fe-S cluster maquette sample
reconstituted using MQ7 without BME.
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Figure 34 — UV-Vis trace for [4Fe-4S]-cluster maquette reconstituted in anaerobic conditions using
synthetic peptide MQ7. Abs. at 420 nm represents the LMCT band for the cluster. The spectrum was
recorded at peptide concentration of 80 uM. The peptide was obtained as a TFA salt after purification

and the buffer is 50mM HEPES, 10mM KCI at pH = 8.0.

The oxidised sample (black trace) showed the characteristic curve at approximately
420 nm, as expected for the LMCT of a Fe-S cluster. Due to the absence of BME in
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the sample, the signal recorded was a true reflection of the concentration of Fe-S
cluster in solution. Under these circumstances, UV-Vis spectroscopy could be used to
determine whether the reconstitution procedure had been successful or not and could
act as an alternative to EPR spectroscopy. The sample treated with DT (gold trace)
showed conversion from the oxidised [4Fe-4S]?* cluster to the reduced [4Fe-4S]**
species. A peak appeared at approximately 310-320 nm that is characteristic of excess
DT in solution.®> The UV-Vis traces for sample reconstituted with MQ7 looked similar
to those obtained for MQ5; and when the four traces were plotted together, they nearly

superimposed with each other (Figure 35).

1.0-
S ga-

E 0.8

3 06- — MQ5 ox
e MQ7 ox
S 0.4

‘g - MQ5 red
(79}

o - MQ7 red
202

300 400 500 600

Wavelength (nm)

Figure 35 — UV-Vis trace for [4Fe-4S]-cluster maquette reconstituted in anaerobic conditions using
synthetic peptide MQ5 and MQ7. Abs. at 420 nm represents the LMCT band for the cluster. The
spectrum was recorded at peptide concentration of 80 uM. The peptide was obtained as a TFA salt
after purification and the buffer is 50mM HEPES, 10mM KCI at pH = 8.0.

Again, when the spectra for the oxidised samples obtained using MQ4 (Ac-
KLCEGGCIACGACGGW-NH2) and MQ7 (Ac-GCGGGCGGCGGCG-NH2) were
compared, the difference in intensity of the peaks was more evident (Figure 36).

Such a difference in absorbance could be explained by two reasons. Firstly, the
presence of BME in MQ4 could interact with the excess of Fe3* in solution and produce
the LMCT with the characteristic peak in absorption between 400 and 420 nm.
Secondly, the absence of reducing agent in MQ7 could lead to partial oxidation of the
Cys residues, limiting the formation of [4Fe-4S] clusters. Disulphide bond formation in

small peptides and proteins has been shown to be favoured in basic conditions, at pH

65



greater than 8.5.%7 The buffer used for the cluster-maquette reconstitution procedure
has a slightly basic pH of 8.0, but lower than the optimal pH for the disulphide bond
formation. For this reason, we speculated that the free thiol on the Cys residues should
be favoured, providing adequate conditions for the cluster incorporation. The EPR
analysis for the sample produced using MQ7 proved the presence of a [4Fe-4S] cluster
in the sample treated with DT, as showed in Figure 37.
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Figure 36 — UV-Vis trace for [4Fe-4S]-cluster maquette reconstituted in anaerobic conditions using
synthetic peptide MQ4 and MQ7. Abs. at 420 nm represents the LMCT band for the cluster. The
spectrum was recorded at peptide concentration of 80 uM. The peptide was obtained as a TFA salt
after purification and the buffer is 50mM HEPES, 10mM KCI at pH = 8.0.
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Figure 37 — X-band cw-EPR spectra at 20 K of a frozen solution of degassed (anaerobically
reconstituted in absence of BME) MQ7 oxidised (black trace) and dithionite-reduced (gold trace). EPR
spectra were recorded at 5 G MA, with microwave power of 20 dB (~2.2 mW). EPR samples
contained glycerol 10% v/v.

The sample treated with DT showed the presence of a small peak, confirming that the
[4Fe-4S]-cluster maquette was successfully synthesised. The reconstitution
procedure in absence of BME showed reproducible results that could be extended to
different synthetic peptides. For this reason, we decided to synthesise a final maquette
with the bacterial ferredoxin motif. This synthetic peptide was obtained by adding a
Tyr residue to the C-terminus of the previous maquette, yielding the peptide sequence
Ac-GCGGGCGGCGGCGY-NH2 (MQ8) (Figure 38). The presence of a Tyr residue
acts as a UV-Vis spectroscopy handle by absorbing at approximately 280 nm due to
the conjugated system of its side chain, therefore facilitating the purification of the

peptide.
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Figure 38 — Peptide sequence of MQ8.

Due to the similarity of this peptide sequence to the other previously investigated (MQ5
and MQ8), similar results were expected for both the UV-Vis and EPR analysis. The
UV-Vis spectroscopy results for the oxidised and reduced samples are displayed in
Figure 39.
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Figure 39 — UV-Vis trace for [4Fe-4S]-cluster maquette reconstituted in anaerobic conditions using
synthetic peptide MQ8 in absence of BME. Abs. at 420 nm represents the LMCT band for the cluster.
The spectrum was recorded at peptide concentration of 80 uM. The peptide was obtained as a TFA
salt after purification and the buffer is 50mM HEPES, 10mM KCI at pH = 8.0.

The reconstitution procedure was performed in absence of BME, and therefore the
characteristic peak observed at 400 nm reflected the presence of a Fe-S cluster. The
sample treated with DT showed a flattened trace in proximity of the region where the
LMCT absorbs, proving that the cluster was reduced from the 2+ to the 1+ oxidation
state. A peak at 310 nm was also detected in the reduced sample, confirming that DT
was in excess and successfully reduced the totality of the cluster species in solution.
The EPR analysis proved the presence of a reduced [4Fe-4S]'* cluster in the sample
exposed to DT, as displayed in Figure 40.
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Figure 40 — X-band cw-EPR spectra at 20 K of a frozen solution of degassed (anaerobically
reconstituted in absence of BME) MQ8 oxidised (black trace) and dithionite-reduced (gold trace). EPR
spectra were recorded at 5 G MA, with microwave power of 20 dB (~2.2 mW). EPR samples
contained glycerol 10% v/v.

As for the other two engineered synthetic peptides MQ5, and MQ7; MQ8 too showed

low intensity for the cluster population. Figure 41 compares the EPR results obtained
for the reduced samples MQ5, MQ7, and MQ8.
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Figure 41 — X-band cw-EPR spectra at 20 K of a frozen solution of degassed (anaerobically
reconstituted in absence of BME) dithionite-reduced: MQ4 (black trace), MQ7 (gold trace), and MQ8
(light-blue trace). EPR spectra were recorded at 5 G MA, with microwave power of 20 dB (~2.2 mW).

EPR samples contained glycerol 10% v/v.
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The results obtained for the three different Fe-S cluster maquettes reconstituted in
absence of BME were all comparable to each other. These results proved that
synthetic peptides that only differed for the flanking amino acids on both the C- and N-
terminus did not provide great effect on the reconstitution capabilities of the maquette.
Figure 42 compares the EPR results obtained for MQ8 to those obtained when the

cluster maquette was reconstituted using MQ4 in absence of BME.

This outcome demonstrated that, in absence of BME, the engineered MQ8 was more
successful in coordinating a [4Fe-4S] cluster with respect to the native-inspired MQ4.
To conclude, we were able to produce an engineered maquette that proved successful
in reconstituting an [4Fe-4S]-cluster and showed positive results when analysed using
both UV-Vis and EPR spectroscopy. Furthermore, we developed a new reconstitution
protocol for the synthesis of Fe-S cluster maquettes that did not involve the use of
BME as a reducing agent. We envision that this synthetic procedure could be of great
help when using cluster maquettes as catalyst in organic reactions or in electron
transport chain, as it removes a particularly reactive chemical from the reaction mixture

and does not require the sample to be eluted through SEC columns for purification.
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Figure 42 — X-band cw-EPR spectra at 20 K of a frozen solution of degassed (anaerobically
reconstituted in absence of BME) dithionite-reduced: MQ4 (black trace) and MQ7 (gold trace). EPR
spectra were recorded at 5 G MA, with microwave power of 20 dB (~2.2 mW). EPR samples
contained glycerol 10% v/v.
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2.2.4 Radical SAM-Type Maguettes

Confident with the positive result obtained with the native maquette belonging to the
bacterial ferredoxin family, we focused our efforts in re-exploring the radical SAM class
of enzymes. In this attempt we modified the native sequence MQ4 (Ac-
KLCEGGCIACGACGGW-NH2) by removing the Cys residues closer to the C-
terminus. The newly produced MQ9 (Figure 43) thus differed only in this single amino
acid exchange relative to MQ4, but because it missed one Cys residue, it displayed
the characteristic motif of radical SAM enzymes (CX3CX2C); the full sequence was Ac-
KLCEGGCIACGAGGGW-NH2 (MQ9).

* Nﬁr“* fwr ﬁ o *Nﬁr“*mr”*mr“*w

8H

In this case, because the synthetic peptide bears only three Cys residues, BME is

MQ9

Figure 43 — Peptide sequence of MQ9.

required in the reconstitution protocol to ensure the cluster could be successfully
coordinated by the maquette. The UV-Vis analysis performed on the oxidised and

reduced sample are showed in Figure 44.
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Figure 44 — UV-Vis trace for [4Fe-4S]-cluster maquette reconstituted in anaerobic conditions using
synthetic peptide MQ9. Abs. at 420 nm represents the LMCT band for the cluster. The spectrum was
recorded at peptide concentration of 80 uM. The peptide was obtained as a TFA salt after purification

and the buffer is 50mM HEPES, 10mM KCI at pH = 8.0.

The characteristic peak at 420 nm was observed for the oxidised sample and as
expected, treatment with DT flattened the curve in the reduced sample. However, due
to the presence of the free thiol acting as an extra ligand, UV-Vis analysis could not
be considered satisfactory to confirm the presence of a [4Fe-4S]-cluster. For this

reason, EPR analysis was carried out and the results are presented in Figure 45.
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Figure 45 — X-band cw-EPR spectra at 20 K of a frozen solution of degassed (anaerobically
reconstituted in absence of BME) MQ9 oxidised (black trace) and dithionite-reduced (gold trace). EPR
spectra were recorded at 5 G MA, with microwave power of 20 dB (~2.2 mW). EPR samples
contained glycerol 10% v/v.
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EPR spectroscopy confirmed the presence of a reduced [4Fe4S]'* cluster when the
sample was treated with DT (gold trace). However, the population was at low
concentration and therefore the signal was weak. It is plausible that the amount of DT
used was not enough to successfully reduce both the maquette and the BME-iron ions
complexes produced in presence of an excess of these two reagents. As explored for
the bacterial ferredoxin maquettes, we investigated the effect of the amino acid
residues on the capabilities of the maquette to coordinate the cluster. For this reason,
we changed all non-Cys residues to Gly, apart from the Trp residue on the C-terminus,
and we left all the flanking amino acids. The sequence of the engineered synthetic
peptide Ac-GGCGGGCGGCGGGGGW-NH2 (MQ10) is displayed in Figure 46.
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UV-Vis analysis was consistent with the expectations and showed an absorption peak

MQ10

Figure 46 — Peptide sequence of MQ10.

in the range between 400 and 420 nm for the oxidised sample (Figure 47, black trace).
To reiterate, this absorption could not be considered satisfactory for the presence of a

[4Fe-4S] cluster, due to the use of BME in the reconstitution process.
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Figure 47 — UV-Vis trace for [4Fe-4S]-cluster maquette reconstituted in anaerobic conditions using
synthetic peptide MQ10. Abs. at 420 nm represents the LMCT band for the cluster. The spectrum was
recorded at peptide concentration of 80 uM. The peptide was obtained as a TFA salt after purification

and the buffer is 50mM HEPES, 10mM KCI at pH = 8.0.
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EPR spectroscopy confirmed the presence of a reduced Fe-S cluster in the sample
treated with DT, as presented in Figure 48.

Unfortunately, the cluster population obtained with MQ10 was extremely low and the
signal was barely distinguished from the baseline. When the EPR analysis obtained
for the reduced sample of both MQ8 and MQ9 were compared, the difference in signal

intensity and shape was substantial (Figure 49).

These results confirmed that, as well as for the bacterial ferredoxin motif, the amino
acid residues play a role in the cluster maquette reconstitution. Interestingly, the
engineered poly-Gly sequence MQ8 (Ac-GCGGGCGGCGGCGY-NH2) produced
better results compared to the native sequence MQ4 (Ac-KLCEGGCIACGACGGW-
NHz) when the cluster was reconstituted in absence of BME. In this case, the poly-Gly
sequence MQ10 (Ac-GGCGGGCGGCGGGGGW-NH?2) yielded a smaller population
of [4Fe-4S] cluster when compared to the native-inspired sequence MQ9 (Ac-
KLCEGGCIACGAGGGW-NH2). Overall, these results proved that a maquette
mimicking the radical SAM family of enzyme could be produced provided the CX3CX2C

motif is retained.
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Figure 48 — X-band cw-EPR spectra at 20 K of a frozen solution of degassed (anaerobically
reconstituted in absence of BME) MQ10 oxidised (black trace) and dithionite-reduced (gold trace).
EPR spectra were recorded at 5 G MA, with microwave power of 20 dB (~2.2 mW). EPR samples

contained glycerol 10% v/v.
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Figure 49 — X-band cw-EPR spectra at 20 K of a frozen solution of degassed (anaerobically
reconstituted in absence of BME) dithionite-reduced: MQ9 (black trace) and MQ10 (gold trace). EPR
spectra were recorded at 5 G MA, with microwave power of 20 dB (~2.2 mW). EPR samples
contained glycerol 10% v/v.

2.2.5 Reactivity of [4Fe-4S] Cluster Maquettes to Molecular Oxygen

To investigate the reactivity of [4Fe-4S]-cluster maquettes towards molecular oxygen,
we analysed by EPR spectroscopy samples that were prepared in aerobic conditions.
As previously described, all samples analysed by EPR spectroscopy were prepared
in both anaerobic and aerobic conditions, the latter as a control. Dr. Muralidharan
Shanmugam once attempted to use a different reducing agent (NADH) with respect to
DT to investigate whether this could be powerful enough to induce the reduction from
the 2+ to the 1+ state in a [4Fe-4S] cluster. The samples were synthesised following
the same reconstitution protocol used in previous experiments (see 8.2 GENERAL
PROTOCOLYS), but this time outside a glove box and using non-degassed solvents.
Previously, photoactivated NADH was used as an electron donor to reduce a [2Fe-
2S]?* cluster, showcasing the property of this coenzyme as a powerful reducing
agent.®8 The photoactivation of NADH at 365 nm triggers the release of solvated
electrons and radical species that can reduce redox centres in fluid or frozen
samples.®® We postulated that the [4Fe-4S] cluster could be formed in aerobic
conditions and that the use of photoactivated NADH could access the reduced, 1+,
state of the cluster to convert it into an EPR-visible species. This hypothesis assumes

that the cluster is successfully formed and coordinated by the peptide in an oxygen-
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rich environment. Scheme 10 displays the reaction involved in these experiments,
where photoactivated NADH is oxidised to reduce the cluster from the 2+ to the 1+

oxidation state.

[4Fe-4S]?* [4Fe-4S]"*

Scheme 10 — Schematic photoactivated NADH reduction of a [4Fe-4S] from the 2+ to the 1+ oxidation
states.

The first experiment was performed using MQ4 to incorporate the Fe-S cluster in
presence of BME. In this case, we hypothesized that reconstitution of the cluster-
maguette in an oxygen-rich atmosphere required the reducing agent to ensure the
thiols of the Cys were in the reduced oxidation state. Once the cluster maquette was
reconstituted, the sample was transferred into an EPR tube and flash frozen in liquid
nitrogen for analysis. Figure 50 displays the EPR analysis of the cluster maquette
sample to which NADH was added, before (black trace) and after (gold trace)

photoactivation of NADH.

From the EPR results it is clear how before activation of NADH at 365 nm (black trace),
the only signal observed was the one produced by the buffer solution. After
photoactivation of NADH (gold trace), the characteristic rhombic signal for the [4Fe-
4S]-cluster became visible. It is plausible to think that the oxidised [4Fe-4S]?* cluster
was successfully synthesised in aerobic conditions and using non-degassed solvents.
Interestingly, when the aerobically reconstituted sample was treated with DT, no
reduced [4Fe-4S]'* cluster could be detected, as presented in Figure 51. The oxidised
(black trace) and DT-reduced (gold trace) samples displayed a similar trend and the
only signal observed was the buffer background signal.
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Figure 50 — X-band cw-EPR spectra at 20 K of a frozen solution aerobically reconstituted in presence
of BME of MQ4 pre (black trace) and post (gold trace) photoactivation of NADH at 365 nm. EPR
spectra were recorded at 5 G MA, with microwave power of 20 dB (~2.2 mW). EPR samples
contained glycerol 10% v/v.
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Figure 51 — X-band cw-EPR spectra at 20 K of a frozen solution aerobically reconstituted in presence
of BME of MQ4 oxidised (black trace) and dithionite-reduced (gold trace). EPR spectra were recorded
at 5 G MA, with microwave power of 20 dB (~2.2 mW). EPR samples contained glycerol 10% v/v.

Interestingly, despite DT being successful in reducing the Fe-S cluster in anaerobically
reconstituted samples, this was not the case when the sample was synthesised in
aerobic conditions. When the EPR results for the NADH-photoactivated sample was
compared to that of the anaerobically reconstituted sample in presence of BME and
treated with DT, it was clear that the population of reduced cluster obtained by

photoactivation of NADH was in lower concentration (Figure 52).
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It is arguable that, despite BME being used as an additive for the aerobically
reconstituted sample, the amount of oxygen was enough to partially oxidise the Cys
residues of the synthetic peptide, preventing them from coordinating the cluster. To
explore the reproducibility of these findings, we performed a similar experiment but on
the radical SAM-inspired maquettes MQ9 (Ac-KLCEGGCIACGAGGGW-NHz2) and
MQ10 (Ac-GGCGGGCGGCGGGGGW-NHz). Again, the samples were reconstituted
in aerobic conditions with BME and then flash frozen prior exposure to DT. The EPR
spectra of both MQ9 and MQ10 in presence of NADH before and after photoactivation
are displayed in Figure 53.
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Figure 52 — X-band cw-EPR spectra at 20 K of a frozen solution reconstituted in presence of SME of
MQ4 anaerobically reconstituted (black trace) and aerobically reconstituted after NADH
photoactivation (gold trace). EPR spectra were recorded at 5 G MA, with microwave power of 20 dB
(~2.2 mW). EPR samples contained glycerol 10% v/v.
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Figure 53 — X-band cw-EPR spectra at 20 K of a frozen solution aerobically reconstituted in presence
of BME of MQ9 and MQ10 pre (respectively black and gold trace) and post (respectively light-blue
and red trace) NADH photoactivation. EPR spectra were recorded at 5 G MA, with microwave power
of 20 dB (~2.2 mW). EPR samples contained glycerol 10% v/v.

As previously observed for the bacterial ferredoxin MQ4  (Ac-
KLCEGGCIACGACGGW-NH?2), the EPR signals before photoactivation of NADH only
showed the background signal of the buffer (black and gold traces). After
photoactivation at 365 nm, the characteristic rhombic signal for the reduced [4Fe-4S]**
cluster became visible for both MQ9 and MQ10, respectively light-blue and red traces.
Interestingly, the analysis for the poly-Gly MQ10 showed a more intense signal,
implying a larger population of cluster present in the sample. This result contrasts with
that presented in Figure 49, where the cluster population coordinated by MQ9 was
proved to be larger than that coordinated by MQ10 when the samples were
reconstituted in anaerobic conditions and reduced using DT. It is plausible that,
because the analysis was carried on two different batches of samples, one aerobically
and one anaerobically reconstituted, the cluster reconstitution was not consistent
between the two samples and therefore produced a slight difference in the intensity of
the EPR signals.

Inspired by our findings regarding the avoidable use of BME as a reducing agent for
the reconstitution of cluster maquettes, we tested the NADH photoactivation of
aerobically reconstituted samples in absence of the thiol. In this experiment we were
interested in investigating whether the presence of BME was again required for the
successful incorporation of the cluster in the synthetic peptide, or if it could be
superfluous. The cluster was reconstituted using both MQ4 and MQ8 (Ac-
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GCGGGCGGCGGCGY-NH2) in aerobic conditions. The EPR results are displayed in
Figure 54 and displays the traces before and after photoactivation of NADH.
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Figure 54 — X-band cw-EPR spectra at 20 K a frozen solution aerobically reconstituted in absence of
BME) of MQ4 and MQ8 pre (respectively black and gold trace) and post (respectively light-blue and
red trace) NADH photoactivation. EPR spectra were recorded at 5 G MA, with microwave power of 20
dB (~2.2 mW). EPR samples contained glycerol 10% vi/v.

From these results we deduced that no reduced cluster species could be detected
after photoactivation of NADH at 365 nm. The signals registered before and after
activation were identical and no traces of a [4Fe-4S]'* could be detected by EPR. We
therefore concluded that BME is required for the successful incorporation of a [4Fe-
48] cluster using both bacterial ferredoxin and radical SAM inspired maquettes when
the reconstitution is attempted in aerobic conditions. These results were, to the best
of our knowledge, never presented before, and could lead to new applications of these
Fe-S cluster maquettes in less strict anaerobic conditions. With these experiments we
concluded that Fe-S clusters can be successfully reconstituted in aerobic conditions
using the peptide maquettes discussed. These findings were never discovered or
described in the literature before, to the best of our knowledge. To achieve the reduced
[4Fe-4S]'* cluster, the more powerful reducing activity of photoactivated NADH was
required, as DT did not yield the expected results. The presence of 10% BME proved
crucial for the successful reconstitution of the cluster in aerobic conditions. We believe
that under aerobic conditions the formation of disulphide bonds is boosted, with a
detrimental effect on the presence of reduced thiols that can coordinate the iron ions

of the cluster. For this reason, the presence of a reducing agent is required to ensure
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all the Cys residues in solution are kept in the reduced state. Overall, these results
showcase the stability of Fe-S cluster maquettes to oxidizing conditions and provide

an example of how these systems evolved to survive in ambient atmosphere.

2.2.6 Exchange of Sulfur by Selenium in [4Fe-4S] Cluster Maquettes
2.2.6.1 Synthesis and Characterisation of a Selenopeptide [4Fe-4S] Cluster Maquette

Here we describe the use of selenium as an alternative to sulfur in the reconstitution
of cluster maquettes. The abundance of selenium in the Earth’s crust is much lower
with respect to that of sulfur. The estimated abundance for sulfur is 0.035 %, compared
to 5x10° % for selenium; 7000 times lower.?° The difference in abundance is perhaps
the reason why life, and in particular bacteria governed by Fe-S clusters, adapted to
the use of sulfur as a mediator of electrons rather than selenium. Selenium is indeed
crucial for the constitution of selenoproteins, i.e. proteins where Cys is replaced by
Sec, that governs crucial roles in our body such as DNA synthesis, reproduction,
hormone metabolism, and anti-oxidative protection from free radicals and oxidative
agents.®! Another reason why selenium has not been deeply studied in iron cluster
formation, is its increased reactivity with respect to sulfur, caused by the greater
polarity and therefore lower strength of the C-, N-, and O-Se bonds compared to those
formed with sulfur.®? In the literature, examples can be found where Cys or Met have
been replaced by Sec in proteins and small peptides, mainly for the augmented
properties of selenium in acting as a probe.%® Selenium has an atomic mass number
higher than that of sulfur (79 and 32 respectively), which produces a considerable
change in the vibrational properties of the modified proteins and peptides, making the
Se-containing molecules more suitable for a range of spectroscopic techniques
including EPR, Raman and X-ray absorption spectroscopy.®® In this case, the
conversion from Cys or Met to Sec is achieved by either chemical synthesis or
chemical modification of the protein. In other examples, selenium is used instead of
sulfur for the reconstitution of Fe-Se clusters. This process involves treatment of the
cluster-protein species under inert conditions with an acid (either hydrochloric or
trichloroacetic acid) to allow the inorganic sulfur of the cluster to escape as H2S.%? The
resulting apoprotein is then treated with either reduced elemental selenium (Se®) or

selenite (Se*4) to coordinate the Fe-Se cluster, as illustrated in Scheme 11.
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Scheme 11 — Exchange of S* by Se? in [4Fe-4S]-clusters.
More recently, Buscagan et al., observed the exchange of sulfur by selenium in a [4Fe-
4S] nitrogenase protein when this was treated with potassium selenocyanate.®* This
Fe nitrogenase protein governs the ATP mediated electron transfer to the nitrogenase
molybdenum-iron (MoFe) protein during nitrogen fixation. Nitrogenases are enzyme
complexes produced by bacteria to convert atmospheric nitrogen to ammonia, which
is a more useful source of life.®> Most nitrogenase complexes are composed of a MoFe
protein that is thought to contain the active site where Nz is converted into NHs, and a
Fe-S protein that catalyse the transformation by transporting electrons. Because of the
chalcogenide exchange observed, the Fe-S protein is now considered to provide an
active site where small molecules reacting with the nitrogenase could be directly
bound. These finding could lead to study new molecules that successfully produce
ammonia from atmospheric N2, with several applications in everyday life. Our efforts
in this chapter were aimed at understanding how selenium could be used as an

alternative for sulfur in [4Fe-4S]-cluster maquettes.

We firstly investigated the synthesis of a peptide where a Cys residue was exchanged
with Sec. The synthesis of the Sec building block is described in 8.4 COMPOUNDS
SYNTHESIS. The sequence was inspired from the poly-Gly MQ7, where the Cys
closer to the N-terminus was replaced with Sec to achieve Ac-
GUGGGCGGCGGCGY-NH2 (MQ11) (Figure 55).
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Figure 55 — Peptide sequence of MQ11.
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This synthetic peptide only had one Cys residue replaced with Sec, but we speculated
that it could provide insightful information in whether a [4Fe-4S]-cluster could be
incorporated by this sequence. The reconstitution of the cluster was performed using
DTT, and the detailed procedure is described in 8.2 GENERAL PROTOCOLS. Briefly,
DTT was used as a reducing agent to ensure both the thiol and the selenol groups
would remain in the reduced state, similarly to what is achieved in presence of SME.
Figure 56 presents the UV-Vis spectroscopy analysis obtained when the oxidised and

reduced samples were analysed.

These results clearly show the presence of a peak at approximately 420 nm for the
oxidised peak, which is turned into a flat line when the sample is exposed to the
reducing agent DT. The absorbance observed for the reduced sample from 240 to
approximately 370 nm saturated the spectrophotometer, possibly because of the
excess DT in solution. However, this did not affect the results of the analysis as the
area around 400 and 420 nm was clear and showed the expected signal. The faint
absorption peaks detected at approximately 300 nm in the oxidised sample could
instead be assigned to the Tyr conjugated system of the synthetic peptide. Despite the
mechanism of action for DTT being different to that of BME (Scheme 12), both present
a thiol moiety that, as previously discussed, could coordinate the excess Fe®' in

solution to produce a misleading signal.®®
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Figure 56 — UV-Vis trace for [4Fe-4S]-cluster maquette reconstituted in anaerobic conditions using
synthetic peptide MQ11. Abs. at 420 nm represents the LMCT band for the cluster. The spectrum was
recorded at peptide concentration of 80 uM. The peptide was obtained as a TFA salt after purification

and the buffer is 50mM HEPES, 10mM KCI at pH = 8.0.
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Scheme 12 — Mechanism for the reduction of disulphide bonds with 1) DTT and 2) BME.

For this reason, we proceeded by running EPR spectroscopy analysis (Figure 57), to
confirm the successful incorporation of a cluster using the selenopeptide MQ11.
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Figure 57 — X-band cw-EPR spectra at 20 K of a frozen solution of degassed (anaerobically
reconstituted in presence of DTT) MQ11 oxidised (black trace) and dithionite-reduced (gold trace).
EPR spectra were recorded at 5 G MA, with microwave power of 20 dB (~2.2 mW). EPR samples

contained glycerol 10% v/v.

Despite low in intensity, a signal was observed in the reduced sample (gold trace) with
a peak at approximately 3500 G, characteristic of a reduced [4Fe-4S]** cluster. The
sample prior treatment with DT (black trace) only presented the background noise for
the buffer solution. These results confirmed that a [4Fe-4S] cluster could be
successfully reconstituted even if one of the Cys residues along the peptide sequence
is replaced by a Sec residue. Unfortunately, due to lack of time, further exploration of
Sec-containing peptides could not be investigated. However, these results pose the
basis for future studies involving the use of selenopeptides for the incorporation of

[4Fe-4S]-clusters and the examination of this new class of cluster maquettes.

2.2.6.2 Attempt on the Reconstitution of a [4Fe-4Se] Cluster Maquette

Finally, we investigated the use of selenium as a replacement for sulfur in the formation
of a cluster to be coordinated by a Cys-containing peptide. The idea was to use sodium
selenite (Na2SeQ3) instead of sodium sulphide (Naz2S) for the construction of a [4Fe-
4Se] cluster, in which the Fe ions would be coordinated by the Cys residue of the
peptide. For doing so, we selected the engineered poly-Gly MQ8 that was inspired by
the bacterial ferredoxin family and therefore bears four Cys residues capable of

coordinating all iron ions of the cluster. The reconstitution procedure was slightly
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adjusted from previous literature, and a detailed method can be found in 8.2
GENERAL PROTOCOLS.®? In brief, the peptide was equilibrated in HEPES and KClI
buffer solution at pH = 8.0 with 50-fold excess of DTT. FeCls dissolved in buffer was
added followed by the source of Se?; both were used in 32-fold excess with respect
to the synthetic peptide. The selenium source was separately prepared by dissolving
and mixing for five minutes a solution of Na2SeOs in buffer containing DTT. The
resulting mixture was left stirring for one hour before being analysed by UV-vis and

EPR spectroscopy.
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Figure 58 — UV-Vis trace for [4Fe-4S]-cluster maquette reconstituted in anaerobic conditions using
synthetic peptide MQ8. The spectrum was recorded at peptide concentration of 80 uM. The peptide
was obtained as a TFA salt after purification and the buffer is 50mM HEPES, 10mM KCI at pH = 8.0.

Unfortunately, no LMCT interaction could be observed in the UV-Vis analysis (Figure
58). The oxidised sample (black trace) presented a flat line in proximity of the 420 nm
region, meaning that no interaction occurred between the Cys residues of the synthetic
peptide and the iron ions of the Fe-Se cluster. This result suggested that the [4Fe-
4Se]-cluster species was not successfully obtained. The sample treated with DT (gold
trace) showed an incremented absorbance, and a flat line across the range between
330 and 600 nm. Overall, the absorbance observed for both the oxidised and reduced
samples was higher than usual, possibly suggesting the presence of particulate in
solution that increased the absorbance due to scattering of the radiation.®” This
hypothesis was supported by the values registered in the range between 240 and 330
nm, where the values of absorbance saturated the detector and therefore masked the
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sample trend. The results described in Figure 58 cannot be trusted due to the high
absorbance values obtained and the high value of the baseline. Despite the negative
results obtained with UV-Vis spectroscopy, the sample was subjected to EPR analysis

to gather more information about its nature (Figure 63).
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Figure 59 — X-band cw-EPR spectra at 20 K of a frozen solution of degassed (anaerobically
reconstituted in presence of DTT) MQ8 oxidised (black trace) and dithionite-reduced (gold trace). Se?
was used instead of S2- for the cluster constitution. EPR spectra were recorded at 5 G MA, with
microwave power of 20 dB (~2.2 mW). EPR samples contained glycerol 10% v/v.

Unfortunately, EPR spectroscopy confirmed the absence of a [4Fe-4Se]'* species in
the sample exposed to DT (gold trace). The spectrum recorded assumed the shape
of a multiplet and was possibly due to manganese presented in the iron source, as

previously discussed.

2.3 CONCLUSION AND FUTURE WORK

To conclude, both the radical SAM and bacterial ferredoxin families of enzyme have
been investigated to engineer synthetic enzyme sequences and successfully
incorporate a reduced [4Fe-4S] cluster. The cluster has been characterised using both
UV-vis and EPR spectroscopy. Modification of standard reconstitution procedure for
cluster maquettes has allowed the successful incorporation of a cluster using a
bacterial ferredoxin-inspired peptide in absence of the reducing agent BME. This novel

procedure, despite yielding lower concentration of cluster maquette, could be of use
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in applications where reactive additives are not tolerated. Moreover, the absence of
BME consents the use of UV-Vis spectroscopy as a reliable tool for the

characterisation of cluster maquettes.

Attempts aimed at modifying the radical SAM-inspired peptide sequence by changing
both intervening and flanking amino acids did not produce improved results compared
to the original peptide sequence, therefore further exploration in this area should be
undertaken. Moreover, the use of SAM in place of BME for the reconstitution of the
cluster could be explored. The use of SAM would allow for the enzyme moiety to be
mimicked, possibly allowing for the formation of the active radical to catalyse chemical
modifications. These modifications could initially target the side chain of amino acid

residues on the peptide sequence, but also other functionalities linked to the peptide.

Formation and reactivity of the cluster maquette was then explored in presence of
oxygen. Aerobically reconstituted samples were treated with NADH and
photoactivated at 365 nm to show the presence of a reduced [4Fe-4S]!* cluster by
EPR spectroscopy. Identical samples treated with DT as the reducing agent did not
provide the same result, showcasing the ability of photoactivated NADH as a powerful
reducing agent. Unfortunately, observation of the reduced cluster was only possible
when the sample was reconstituted in presence of BME. These findings allow for the
cluster maquette to be reconstituted in non-strict anaerobic conditions, broadening the
potential applications. However, a deeper investigation is required to understand the
reasons behind the mandatory presence of BME in the reaction mixture to allow for
the successful formation of reduced cluster.

Finally, one of the Cys residues was replaced by the amino acid Sec in a bacterial
ferredoxin-inspired maquette. The peptide sequence obtained was implemented in the
reconstitution of a [4Fe-4S]-cluster; and EPR spectroscopy confirmed the presence of
a reduced Fe-S species. Future studies should be aimed at substituting all the four
Cys residues with Sec to explore the effect on cluster reconstitution and EPR signal.
Unfortunately, the use of selenium as an alternative to sulfur for the cluster
reconstitution did not produce successful results. Efforts should be aimed at optimising
this synthetic methodology. Furthermore, a [4Fe-4Se] cluster could be incorporated by
a Sec-containing peptide, to investigate a novel species with potentially different

spectroscopic characteristics.
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3 REDOX PROPERTIES OF [4Fe-4S] CLUSTER MAQUETTES

3.1 INTRODUCTION

Bacterial ferredoxin proteins can be classified into two different families based on their
redox potential values. The first one is the HiPIPs family, which consist of small
proteins with a reduction potential that ranges between -0.14 and 0.16 V vs saturated
calomel electrode (SCE).?? Ferredoxin proteins are mostly present in photosynthetic
bacteria where, thanks to their high redox potentials, they are able to serve as an
electron donor and acceptor for tetraheme cytochrome.®® The high redox potential of
HiPIPs is thought to derive from the conformation in which the [4Fe-4S] cluster is
located. This is indeed coordinated by the four Cys residues of the protein surrounded
by hydrophobic amino acids. This hydrophobic pouch allows for the cluster to be
inaccessible to the solvent and results in a higher redox potential for the interchange
between [4Fe-4S]*? and [4Fe-4S]*V*3.7 HiPIPs are opposed to low potential bacterial
ferredoxins, which present a redox potential that spans from -0.49 to -0.89 mV vs SCE.
This class of ferredoxins is normally found in anaerobic bacteria where they conjugate
substrate oxidation with the reduction of FAD, nicotinamide adenine dinucleotide

phosphate (NADP*) and other coenzymes for the correct function of living organisms.”’

3.2 AIMS AND OBJECTIVES

In this chapter we describe the analysis carried out to determine the redox potentials
of three different [4Fe-4S]-cluster maquettes (Figure 60). This small variety of
maguettes includes two peptide sequences bearing four Cys residues (MQ4: Ac-
KLCEGGCIACGACGGW-NH2, and MQ8: Ac-GCGGGCGGCGGCGY-NH2); and one
peptide sequence that presents three Cys residues and one Sec residue (MQ11: Ac-
GUGGGCGGCGGCGY-NH2). The [4Fe-4S]-cluster was incorporated into three
different synthetic peptides to investigate how the environment provided by the
different amino acids can alter the redox activity of the cluster. Different amino acids
in close proximity to the Cys residues involved in the coordination of the cluster could
indeed provide both steric and electronic effects that are expected to influence the
redox potentials of the maquette. The aim of these experiments was to determine the
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accurate redox potential at which the cluster maquettes are oxidised and reduced. The
information would then be used to find a biological pathway in which to use the cluster
maguette as either a reducing or oxidising agent. Ultimately, this would prove the utility
of cluster maquettes as electron transport agents in bio-catalysis. The aim of this
chapter is not just to determine the redox potentials of these cluster maquettes to
gather more information about the ability of these miniaturised system to model
proteins. We intent to probe the tuning of the redox potentials of these clusters to build
synthetic and semi-synthetic electron transfer systems to be employed in synthetic

biology and biotechnology.
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Figure 60 — Peptide sequence of MQ4 (top), MQ8 (middle), and MQ11 (bottom) used for the cyclic
voltammetry experiments.

3.3 ELECTROCHEMICAL PRINCIPLES OF [4Fe-4S] CLUSTERS

Electrochemical analysis is implemented to gather information regarding the reduction
and oxidation of redox active species, in this case the Fe-S cluster coordinated by the
synthetic peptide. The redox ability of the cluster maquette can be used to catalyse a
suitable biological pathway that requires either a reducing or an oxidising agent.

Furthermore, determination of the accurate potential at which the cluster maquette is
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reduced and oxidised is valuable information to investigate the tunability of this
biocatalyst. Ideally, the redox potential could be shifted to higher or lower potentials
by changing the peptide sequence, while keeping the consistent Cys-rich motif

required for the coordination of the cluster.

The main characteristic of Fe-S clusters that made them so attractive for enzymes
when they firstly started to spread in prebiotic life was their ability to exchange
electrons. This attribute quickly became essential for enzymes that are required to
catalyse biochemical pathways involving electron transfer reactions. Electrochemistry
is a key tool when it comes to measuring the flow of electrons in such chemical
systems. In [4Fe4S]-cluster maquettes, the electron exchange takes place as a redox
process involving the metal complex formed by the interaction between the four iron
atoms and the four sulphide ions. When reconstituted, [4Fe-4S] clusters are in the
oxidised +2 state with two iron ions in the +3 oxidation state and two iron ions in the
+2 oxidation state. When the cluster is reduced, only one iron ion is in the +3 oxidation

state, whereas three iron ions are now in the +2 oxidation state (Scheme 13).

T 1+

[4Fe-4S]%* [4Fe-4S]1*

Scheme 13 — Reduction of a [4Fe-4S] cluster. Iron atoms in red and sulfur atoms in yellow.
The oxidation state for the iron atoms is showed in red (+3) and black (+2).

When using a reducing agent to reduce the [4Fe-4S]-cluster in a chemical system, the
source of electrons is a chemical species, such as DT. DT is a popular reducing agent
in biochemistry and has a potential of approximately -0.9 V when measured at pH =
7.0 and compared to SCE.®2 The reduction carried out by DT is thought to happen via
formation of the radical species SOz has suggested from Equation 1.
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S,0,2 =— 250,

20,7 + H,0 === HSO; + H' + &

HSO;, =~— 250, + H*
Equation 1 — Equations describing the dissociation of the dithionite anion (S204%).

When in water or in a buffer at close-to-neutral pH, DT dissolves into 2Na* and the
dithionite dianion S204%. The latter undergoes monomerisation to give the radical
species SOz, which is the species thought to act as the actual reducing agent when
DT is used in a chemical reduction.®® The sulfur dioxide radical is subjected to a one-
electron oxidation to give the bisulphite HSOs". This one-electron oxidation step fits
with the reduction of the Fe-S cluster of the maquette in the chemical reduction
process showed in Scheme 14. The sulfur atom in this step is oxidised from the +3
oxidation state in SOz to the +4 oxidation state in HSOz3". The final step involves the

ionisation of the bisulphite ion to SOz? at a pH of approximately 6.9.82

]2+

+ SO,” + H,0 + HSO;” + H*

|

[4Fe-4S]%* [4Fe-4S]™*

Scheme 14 — Chemical reduction of a [4Fe-4S] cluster. Iron atoms in red and sulfur atoms in
yellow.

In this redox reaction, one electron is transferred from DT to the Fe-S cluster. The
reason why this happens is because the lowest unoccupied molecular orbital (LUMO)
of the oxidised cluster is at a lower energy than the electron in the highest occupied
molecular orbital (HOMO) of DT (Scheme 15).1% The driving force of this process is
therefore the energy associated with the electron that is being transferred from one
species to another, and more in particular in the energy difference between the
respective HOMO and LUMO.
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HOMO SO,

LUMO [4Fe-4S]?*

Scheme 15 — Electron transfer from the HOMO of SO, to the LUMO of the oxidised [4Fe-
4S]?* cluster.

When an electrode and a potentiostat are used instead of a reducing agent in an
electrochemical reaction, the electrons are transferred from the electrical conductor to
the cluster. The energy of the electrons on the surface of the electrode can be
increased or decreased by modulating the voltage applied to the electrode from the
potentiostat. This means that the energy associated to the electrons is not fixed, in
contrast to the energy of the electron in the HOMO during the electrical reduction
process. Once the energy of the electrons on the electrode is higher than the energy
level of the LUMO of the oxidised cluster, one electron is transferred to the HOMO,

resulting in the cluster being reduced (Scheme 16).
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Electrode Electrode Electrode

Scheme 16 — Electron transfer from the electrode to the LUMO of the oxidised [4Fe-4S]**
cluster.

While a chemical reduction of the oxidised cluster can be performed by simply adding
DT, or another reducing agent, to a solution of the cluster; the electrochemical version
of this redox process requires an electrochemical cell to be set up. Figure 61 shows
the electrochemical cell setup used to collect the data in our experiments.
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Figure 61 — Electrochemical cell setup. The working electrode (W) is a glassy carbon electrode, the
counter electrode (C) is a platinum wire, and the reference electrode (R) is a SCE.

The electrochemical cell always consists of a working electrode, which is the
component on the surface of which the electrochemical event happens. The working
electrode is directly connected to the potentiostat so that the potential applied to the
electrical conductor can easily be adjusted. The counter electrode is required to close
the circuit and therefore accept the current flowing from the working electrode and
through the solution where the redox active analyte is dissolved. Because the current
is registered as the electrons flow from the working to the counter electrode, when the
redox active species absorbs or donate electrons these can be measured as a change
in the flow and therefore produce a voltammogram. Finally, the reference electrode is
used as a reference against which the potential of another electrode can be measured.
The reference electrode has a stable potential that is measured based on a known
redox reaction, and for our experiments we used SCE. Its reaction is reported in

Equation 2 and involves elemental mercury and Hg(l) chloride.

Hg,Cl, + 2¢° <— 2Hg + 2CI
Equation 2 — Equation describing the redox reaction in a SCE reference electrode.

The equilibrium in this reaction is between Hg(l) chloride and elemental mercury.
Because mercury has an oxidation state of +1 in the salt form, it requires one electron
to be reduced to the elemental state, where it has an oxidation state of 0. The chloride

94



salt of Hg(l) is also known as “calomel”, hence the name for the reference electrode
based on this reaction.1%*

Before being analysed, all samples were supplemented with a 100 mM concentration
of NaCl as a supporting electrolyte. Supporting electrolytes are necessary to increase
the solution conductivity and reduce the resistance. Once the adequate potential is
reached for electrons migration from the electrode, the supporting electrolyte migrate
to balance the charge and close the circuit. The supporting electrolyte keeps the ionic
strength of the solution to a high level and ensure that the electric field remains
homogeneous and does not get perturbed by the reduction or oxidation of the
analytes.%

3.4 RESULTS AND DISCUSSION

3.4.1 Buffer and Controls

All analysis were performed following the international union of pure and applied
chemistry (IUPAC) convention and moving from high potentials to low potentials. The
reason why we decided to start at high potential and move towards lower values was
due to the oxidation state of the reconstituted cluster maquette. When synthesised,
cluster maquettes are in their oxidised (+2) state, which can be converted to the

reduced (+1) state.

The procedure we followed for the synthesis of [4Fe-4s]-cluster maquettes involved
the addition of FeCls and Na2S to a buffer solution where the synthetic peptide was
dissolved. In order to identify the characteristic reduction and oxidation peaks for the
cluster maquette, the Fe3* and S? sources, as well as the buffer solution, were firstly
analysed. As for any spectroscopic measurements, it is important to determine
whether the buffer or any other reagent used in the reaction mixture contributes to the
overall absorption of the sample to accurately assign each peak. Figure 62 shows the
measurement obtained for the 50 mM HEPES and 10 mM KCI buffer solution at pH =
8.0.
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Figure 62 — Cyclic voltammogram for the buffer solution 50 mM HEPES 10 mM KCI at pH = 8.0.

As expected, no peaks were detected for the buffer solution, meaning that no redox
active species were identified. Measuring the redox profile of the buffer solution not
only informed us that no redox active species were present in solution, but it also gave
us an idea of what the potential window of this buffer is in the specific conditions that
we used to measure it. In this case, the redox potential window for this buffer was
determined between -1.2 and 0.6 V. Every solvent has a specific potential window in
which no redox activity is expected to happen and in which the solvent can therefore
be considered stable. The solvent window can be affected by different variables,
including the supporting electrolyte used and the nature of the working electrode.
Water, for example, normally has a narrow electroactive window, ranging from ~-0.7
V to ~0.7 V when at pH = 7.0 and determined using a SCE as the reference
electrode.®? What happens to the solvent at lower and higher potentials than its
electroactive window, is that it begins to be reduced and oxidised. Because the solvent
is in much higher concentration with respect to any other redox active species
dissolved into it, the reduction and oxidation events of the solvent completely mask
any other activity and therefore make it impossible to observe the redox profile of the

analytes.
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Figure 63 — Cyclic voltammogram for FeCls in 50 mM HEPES 10 mM KCI at pH = 8.0.

The sample containing FeCls displayed a tiny reduction peak at -0.45 V, and an
oxidation peak at 0.12 V, as shown in Figure 63. The most common oxidation states
for iron are +2 and +3. Because iron is in the +3 oxidation state in FeCls, the cyclic
voltammetry measurement was expected to only show a reduction peak for its
reduction to Fe?*. However, only a small reduction peak was detected for this sample
at -0.45 V, whereas a much more intense peak was registered for an oxidation event
at 0.12 V. This could be referred to the oxidation of Fe3* to Fe**. It is possible that the
range in which the analysis was performed, was not wide enough to cover the full
redox cycle for FeCls, meaning that only its oxidation from +3 to +4 was observed.
This scenario could happen because the portion of the sample that is affected by the
measurement is only that in the area surrounding the electrode, and fresh Fe*2 would
be available at every new cycle to be reduced. To investigate the nature of this peaks
and to understand whether they were linked between each other, we decided to

shorten the redox potential from -1.2 t0 0.6 V to 0 to 0.6 V, as showed in Figure 64.
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Figure 64 — Cyclic voltammogram for FeCls in 50 mM HEPES 10 mM KCI at pH = 8.0.

In this way we were able to avoid the reduction event at -0.45 V, which caused the
oxidation peak observed at 0.12 V to disappear too. We therefore concluded that the
two redox events were related to each other. It is possible that some impurities
presented in the FeCls batch were responsible for the redox activity that we observed,
but that the potential window provided by the buffer we used was not wide enough to

cover any of the reduction or oxidation related to the Fe3* ions.

The cyclic voltammetry profile for Na2S showed a reduction and an oxidation peak

respectively at -0.774 V and -0.068 V, as displayed in Figure 65, and was comparable
to that of previous literature.103
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Figure 65 — Cyclic voltammogram for Na,S in 50 mM HEPES 10 mM KCI at pH = 8.0.

The reduction peak was not expected to be observed because sulphides, in which
sulfur has an oxidation state of -2, normally represents the most reduced state for this
element. It is plausible that due to the absence of reducing agents in solution (i.e.,
BME or DTT), a portion of the S? oxidised to the -1 oxidation state and was therefore
reduced during the cyclic voltammetry measurement. On the positive potential, the
oxidation peak was expected to be registered and it refers to the oxidation of S?to S
1, Towards the end of the potential range, close to 0.5 V, it is possible to notice that
the current value increases possibly to detect a second oxidation peak. However, this
is not fully identified. Sulfur has other oxidation states apart from -1 and -2, however,
because only one electron is associated with each peak, we can assume that the other
oxidation states are not available in the potential range in which the measurement was
performed. Furthermore, 0.5 V is also very close to the limit of the potential range
given by the buffer, which means that the peak could also be related to oxidation of

the solvent.

3.4.2 Cyclic Voltammetry of [4Fe-4S] Cluster Maquettes in absence of BME

All the experiments presented here were run on samples reconstituted under
anaerobic conditions with peptides synthesised using the Fmoc-SPPS strategy, as
detailed in 8.2 GENERAL PROTOCOLS. Due to difficulties encountered in the
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purification of the samples via SEC columns, these experiments were performed in
absence of the reducing agent BME, unless otherwise mentioned. The decision to
reconstitute the samples in absence of the thiol was taken to ensure that no other
chemicals, apart from those necessarily required for the cluster formation, would
interfere with the analysis. The first maquette to be analysed was the one obtained
using synthetic peptide Ac-KLCEGGCIACGACGGW-NH2 (MQ4) in the coordination of
the [4Fe-4S] cluster. The cyclic voltammetry spectrum for this cluster-maquette is
showed in Figure 66.
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Figure 66 — Cyclic voltammogram for the [4Fe-4S] cluster coordinated by synthetic peptide MQ4 in 50
mM HEPES 10 mM KCI at pH = 8.0. Sample reconstituted in absence of BME.

The main features of this cyclic voltammogram consist in a single cathodic peak (Ep.c)
at -0.429 V vs SCE (-188 mV vs. standard hydrogen electrode (SHE)), and a single
anodic peak (Ep,a) at -0.112 V vs SCE. As described in Figure 67, the Epc is defined
as the peak potential reached by the cathodic current (ip,c).2°* The Ep. is achieved
when all the sample at the surface of the electrode has successfully been reduced,
and therefore corresponds to the reduction peak. On the contrary, when the potential
is scanned from negative to positive values, the anodic current (ip,a) is produced. The
peak reached by ip,a is called Ep,a, and corresponds to the sample at the surface of the

electrode being completely oxidised. In this case, the peak is called the oxidation
peak.19
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Figure 67 — Voltammogram of a single oxidation-reduction process.104

The redox potential was consistent to that observed in previous literature and identified
the maquette in a range closer to that of HiPIPs. The peptide sequence used to
incorporate this cluster was representative of a ferredoxin maquette that belongs to
the Peptococcus aerogens bacteria.®® The original ferredoxin belongs to the low
potential family of enzymes, which contrasts with our experimental results. The reason
why the reduction peak of this maquette does not fit the range of the protein the
sequence is representative of, could be explained by the fact that taking a section of
the sequence from the Peptococcus Aerogens ferredoxin could have influenced its
redox potential. Despite the original ferredoxin is part of the low potential family,
decreasing its length might have caused the redox potential to increase. It is worth
mentioning that apart from Glu, all the other amino acid residues that constitutes the
synthetic peptide are hydrophobic, and if the peptide sequence is long enough to fold
around the cluster that it coordinates, this could help keeping the solvent away and
increase the redox potential. To further prove that the reduction and oxidation events
observed where characteristic of the anaerobically reconstituted sample, MQ4 was
used to reconstitute a sample in aerobic conditions. The cyclic voltammogram
recorded for the aerobically assembled maquette is displayed in Figure 68.
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Figure 68 — Cyclic voltammogram for the aerobically reconstituted [4Fe-4S] cluster coordinated by
synthetic peptide MQ4 in 50 mM HEPES 10 mM KCI at pH = 8.0. Sample reconstituted in absence of
BME.

As expected, the voltammogram did not show the characteristic reduction and

oxidation peaks observed for the maquette sample synthesised in anaerobic
conditions.

The second cluster maquette that was analysed by cyclic voltammetry was the one
incorporated using synthetic peptide Ac-GCGGGCGGCGGCGY-NHz2 (MQ8). This
sequence is two amino acids (12.5 %) shorter with respect to the previous and is
almost entirely composed by Gly residues. This peptide is shorter than the previous
one and slightly less polar, with an isoelectric point of pH = 0 compared to pH = 5.8
for MQ4. For these reasons, the redox potential fingerprint was not expected to be
dissimilar from that of the previous maquette. As showed in Figure 69, the shape of
the spectra is almost identical, and so are the redox potentials for both the Epc and

Ep.a peaks, with respectively -0.471 V vs SCE (-230 mV vs. SHE) and -0.108 V vs
SCE.
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Figure 69 — Cyclic voltammogram for the [4Fe-4S] cluster coordinated by synthetic peptide MQ8,
Sample reconstituted in absence of BME.

The reduction peak came with a 42 mV difference with respect to that of the previous
maguette, whereas a change of only 4 mV was observed for the oxidation peak.
Overall, the shift happened towards lower redox potentials, and it is plausible that it
was caused by the different environment and length of the new maquette. Again, to
prove that these redox potential values where characteristic of the synthetic [4Fe-4S]

cluster maquette, we performed cyclic voltammetry analysis on a sample that was
reconstituted in aerobic conditions.
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Figure 70 — Cyclic voltammogram for the aerobically reconstituted [4Fe-4S] cluster coordinated by
synthetic peptide MQ8. Sample reconstituted in absence of SME.
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The results presented in Figure 70 proved that no reduction and oxidation events were
observed for the sample reconstituted in presence of atmospheric oxygen. This
outcome confirmed that the cyclic voltammogram showed in Figure 69 presents the
reduction and oxidation potentials of the cluster maquette synthesised using MQ8. A
common feature of the cyclic voltammograms showed in Figure 66 and Figure 69
respectively for MQ4 and MQS8 is that ip,a is significantly lower than ip,c. The peaks were
also offset from the reduction process. The degree of irreversibility in our samples is
unusual, however, quasi-reversible processes have previously been noted in synthetic
[4Fe-4S]?** systems.1% A quasi-reversible process is obtained when Epc and Epa
(Figure 71 (b)) are far from each other and the mid-point redox potential (Ei2) is not
close to the two peaks.1%” On the contrary, a reversible system (Figure 71 (a)) is
characterised by an Epc and Ep.a close to each other, with E1/2 being at or close to the
two peaks. In an irreversible reaction (Figure 71 (c)), the potential required to fully
reduce or oxidise the species is higher, therefore resulting in a broader peak.

Due to the non-classical shape of the voltammograms obtained for MQ4 (Figure 66)
and MQ8 (Figure 69), E1/2 could not be accurately determined. However, based on the
measured Epc, the Ei2 are expected to be at more positive potentials than those
typically observed for ferredoxin proteins (-300 to -700 mV vs. SHE) or the previously
reported non-acetylated version of MQ4 (H2N-KLCEGGCIGCGACGGW-NH2, -350
mV vs. SHE).%6.108 |nterestingly, our data were closer to that registered for a 16-mer
peptide similar to MQ4, but with a single Ala to Gly substitution (Ac-
KLCEGGCIGCGACGGW-NH?2), which registered an Ep,c of -289 mV vs. SHE.1%°

(a) Reversible (b} Quasi-reversible (c) Irreversible
IJI 'JI. lI L

Ip.z )
P 0.2

[
AN B

Ep,: E1iz Ep,a E E

Ep,c EZ Ep,a EZ Ep,a

Figure 71 — Cyclic voltammograms for a reversible (a), quasi-reversible (b), and irreversible (c)
systems in a typical redox reaction.197
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The final cluster-maquette to be analysed was the peptide sequence Ac-
GUGGGCGGCGGCGY-NH2 (MQ11), employed for the incorporation of a [4Fe-4S]
cluster. In this peptide sequence, the Cys residue on the N-terminus was replaced by
a Sec residue. Proteins containing selenium are normally oxidoreductases involved in
the defence of the organism against oxidants. In selenoproteins, the selenium residue
is close to a Cys residue to form a ring that can be used for redox regulation of
intracellular signalling.11° Despite sulfur and selenium having similar electronegativity,
respectively 2.58 and 2.55, Sec is a more reactive nucleophile due to the lower pKa
value of the selenol moiety (5.43) with respect to the thiol moiety (8.22).1!! This means
that at physiological pH, and in the buffer solution in which our experiments were
performed, Sec would predominantly exists as a selenolate anion (R-Se’), whereas
the equilibrium for the Cys residue would be towards the neutrally charged thiol.!!
Previous literature about the redox potentials of Cys and Sec unprotected amino acids
reported respectively -0.233 V and -0.488 V with NADPH as a reference.''? The
difference of 250 mV clearly state how Sec is a significantly more powerful reducing
agent than Cys. This study did not investigate the redox potential of Cys and Sec in a
peptide sequence, and therefore does not give any suggestion on how proximal amino
acid residues or the overall environment could affect the reducing properties of the two
moieties. Studies on the redox potentials of Sec-containing peptides and their relative
Cys-containing homologs showed how the shift in redox potential can be as little as
20-25 mV.'19 The factors to account that influence the redox potentials are multiple
and include the solvation of the peptide sequence, the pKa of the amino acid residues,
the weak forces, the entropy, and the nucleophilicity.1*?® Figure 72 shows the cyclic

voltammogram for the cluster maquette reconstituted using synthetic peptide MQ11.
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Figure 72 — Cyclic voltammogram for the [4Fe-4S] cluster coordinated by synthetic peptide MQ11 in
50 mM HEPES 10 mM KCI at pH = 8.0. Sample reconstituted in presence of DTT.

Again, the redox profile was similar to those obtained for MQ4 and MQ8. The Ep,c was
registered at -0.476 V vs SCE (-235 mV vs. SHE), which is 47 mV lower than that of
bacterial ferredoxin MQ4, and 5 mV lower to that of maquette MQ8, reconstituted using
the poly-Gly peptide. The Epa was observed at -0.113 V vs SCE. This potential was
similar to both MQ4 and MQ8 and was respectively only 1 mV and 5 mV lower. Overall,
exchanging one Cys residue for one Sec residue did not play a significant role in
affecting the redox potential of the maquette. Interestingly, despite a substantive
difference in the electrochemical properties of the single amino acid Cys and Sec, their

difference is not perpetuated when they are part of a longer peptide.

Figure 73 shows how the cyclic voltammograms for the three different maquettes
compared with each other. It is clear that the shape and relative position of both the
oxidation and reduction peaks all have similarities. Minor differences were observed
for the reduction and oxidation peaks, but the ranges in which the two redox events
were registered were consistent throughout the three cluster maquettes. The reduction
peaks for the three maquettes were determined between -0.476 and -0.429 V vs. SCE,
whereas the oxidation peaks were all registered between -0.108 and -0.113 V. the
shape of the voltammograms is somewhat unusual, but overall consistent with a
reversible system, despite quasi-reversible processes have previously been reported

for [4Fe-4S]?** systems.1% Due to the uncommon shape of the voltammograms, the
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mid-point redox potentials could not be determined. However, given the oxidation and
reduction potentials, the mid-point values are likely to be higher than those typically
seen for ferredoxin proteins (-300 to -700 mV vs. SHE) and the previously reported
non-acetylated version of MQ4 (-350 mV vs SHE).%61%8 Qur results are closer to those
registered for a 16-mer ferredoxin-like maquette with one single Ala to Gly substitution
relative to MQ4, which presented a reduction potential of -289 mV vs. SHE.%8
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Figure 73 — Comparison of the cyclic voltammograms for the [4Fe-4S] cluster coordinated by
synthetic peptides MQ4 (black trace), MQ7 (gold trace), and MQ10 (light-blue trace) in 50 mM HEPES
10 mM KClI at pH = 8.0.

3.4.3 Cyclic Voltammetry of [4Fe-4S] Cluster Maquettes in Presence of BME

Despite the fact that no reducing agent was used in the synthesis of the maquettes
presented in the previous discussion, and the incorporation of the cluster was afforded
by simply mixing the selected peptide with FeCls and NazS; an experiment was
performed using BME in the reconstitution process. The cluster maquette previously
discussed were also not eluted through SEC columns due to issues related to the size
of the peptides being too close to the size limit of the pores. Briefly, the peptide was
dissolved in the buffer solution containing 5% v/v of BME. Once the peptide was
dissolved and equilibrated in solution, the Fe3* and S? ions sources were added. BME
is frequently used in the synthesis of Fe-S cluster maquettes as it ensures the Cys

residue on the peptide or protein are fully reduced and in the optimum redox state to
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coordinate the iron ions of the cluster. Firstly, a sample of pure BME in buffer was
subjected to the potentiostat voltage to determine its cyclic voltammogram. Figure 74
shows the reduction profile for BME in 50 mM HEPES 10 mM KCI buffer at pH = 8.0.
Due to the powerful reducing activity of BME, no reduction event was expected to be
observed and the voltammogram was consistent with this anticipation. At
approximately 0.2 V, the thiol begins to be oxidised and results in an increase in
current.
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Figure 74 — Cyclic voltammogram for BME in 50 mM HEPES 10 mM KCl at pH = 8.0.

Figure 75 shows the cyclic voltammogram for the maquette reconstituted using
peptide MQ8 in presence of BME (black trace). Compared to the cyclic voltammogram
of the maquette reconstituted without the reducing agent (gold trace), the notable
difference relies in the suppression of both the reduction and oxidation peaks. This
effect is clearer on the oxidation peak, as this assumed a flattened shape. The
reduction peak was also affected by the suppression, as the current value did not
reach the same value when the thiol was presented, however, the shape of the peak
remained consistent. The oxidation peak also seemed to be shifted to higher potential,
but this effect could also be caused by the different shape of the peak. We could argue
that the addition of thiol to such a higher concentration with respect to the peptide,
could influence the binding between the cluster and the Cys residues. It is plausible
that the thiol of BME is exchanging the thiol of the Cys residue, causing the reduction

and oxidation peaks to be gradually suppressed due to a competitive reaction exerted
by BME.
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Figure 75 — Comparison of the cyclic voltammograms for MQ8 in 50 mM HEPES 10 mM KCl at pH =
8.0 reconstituted in presence (black trace) and in absence (gold trace) of BME.

To further investigate this result, twenty more equivalents of BME with respect to the
peptide concentration were added to the solution.
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Figure 76 — Comparison of the cyclic voltammograms for MQ8 in 50 mM HEPES 10 mM KCl at pH =
8.0 reconstituted in presence of BME (black trace) and after addition of further 20 equivalents of BME
after reconstitution (gold trace).

Figure 76 shows the voltammograms registered before (black trace) and after (gold

trace) the addition of the extra equivalents of thiol, however no difference was
observed, and the two spectra are identical to each other.
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Figure 77 — Comparison of the cyclic voltammograms for MQ8 in 50 mM HEPES 10 mM KCl at pH =
8.0 after addition of further 20 (black trace) and 100 (gold trace) equivalents of BME after
reconstitution.

The addition of further one hundred equivalents of thiol with respect to the peptide
caused the suppression effect on the oxidation peak to be even greater, as displayed
by the gold trace in Figure 77. The decrease in current had also increased on the
reduction peak, despite this being still visible. Two hundred more equivalents of BME
were added and the resulting cyclic voltammogram is showed in Figure 78.
Interestingly, the results were different from what could be anticipated. Based on what
happened after the addition of twenty and one hundred equivalents, it was expected
that both the oxidation and reduction peaks would be suppressed until no more visible.
However, the reduction peak increased in intensity, and the thiol oxidation became
more visible. This result implied that the cluster was still present, and the addition of
thiol increased its response towards the reduction. It is also plausible that by this point
all the peptide was completely exchange by BME in coordinating the Fe3* ions and
therefore the reduction peak was purely determined by the redox activity of the
interaction between the thiol and the iron ions. Another explanation to describe the
reason why the reduction peak was still visible, but the oxidation peak was not, is that
BME could be interacting with the reduced cluster to form a complex that then prevents
the cluster to be oxidised.
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Figure 78 — Comparison of the cyclic voltammograms for MQ8 in 50 mM HEPES 10 mM KCI at pH =
8.0 after addition of further 100 (black trace) and 200 (gold trace) equivalents of BME after
reconstitution.

One final addition of BME was performed to bring the final concentration to five

hundred equivalents with respect to the peptide concentration, as showed in Figure
79.
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Figure 79 — Comparison of the cyclic voltammograms for MQ8 in 50 mM HEPES 10 mM KCl at pH =
8.0 after addition of further 200 (black trace) and 500 (gold trace) equivalents of BME after
reconstitution.

The pattern seemed to be similar to the previous addition of reducing agent, however
the reduction peak was shifted towards higher potential and the oxidation peak
increased greatly and became broader. At this point, the volume of BME was

approximately 9% of the solution, and it was therefore acting as a co-solvent.
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3.5 CONCLUSION AND FUTURE WORK

To conclude, in this chapter we investigated the redox properties of [4Fe-4S] cluster
magquettes by cyclic voltammetry measurements. The reduction and oxidation
potentials were successfully observed for the three different maquettes synthesised in
absence of the reducing agent BME. As the presented data was collected from
samples that were not eluted through SEC columns, cyclic voltammetry was carried
out on control samples of peptides, NazS, and FeCls. The reagents used for maquette
formation were also combined under aerobic conditions, under which the cluster
formation was not observed. Only when the reagents were combined under anaerobic
conditions the values discussed were observed. Therefore, all these control analyses
confirmed that the redox events detected where due to the [4Fe-4S]-cluster being
sequentially reduced and oxidised. Because the maquettes were not eluted through
SEC columns, we cannot rule out alternative unidentified molecular species

accounting for the lower than expected Epc and Ep,a values.

MQ8 showed a reduction peak 42 mV vs. SCE towards lower redox potentials when
compared to MQ4. This drop can be considered as a considerable shift and gives us
confidence for the possibility of tuning the redox potentials of these systems. These
values are overall in agreement with ferredoxin proteins and with a previously reported
acetylated version of MQ4. The shape of the obtained voltammograms is quasi-
reversible, which is not unusual, but literature examples generally display reversible
patterns. MQ11 presented a reduction profile that was shifted by 45 mV vs. SCE
towards lower potentials when compared to MQ4. Interestingly, MQ8 and MQ11
showed similar values, meaning that the single amino acid change (Cys for MQ8 and
Sec for MQ11) does not play a more pivotal role than the overall peptide sequence.
The effect of BME on the redox potentials were also investigated when MQ8 was
reconstituted in presence of the reducing agent. Further additions of the thiol showed
suppression of the oxidation peak and a shift towards firstly lower and then higher

redox potentials based on the concentration of BME added to the sample.

In future work, different peptide sequences could be synthesised to incorporate an
[4Fe-4S] cluster and generate a library to better model the change of redox potential
based on the amino acids used to build the synthetic peptide. Different amino acids

bearing various charges and polarity in the side chain could be implemented in the
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peptide sequence to modulate the redox potential of the maquette. Furthermore,
different reducing agent could be implemented to observe how these affect the
reduction and oxidation of the cluster maquette. More analysis would be required to
fully understand what causes the suppression of the oxidation peak in presence of

BME, and the shifts on the reduction event.
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4 INTEGRATION OF [4FE-4S] CLUSTER MAQUETTES IN AN
ELECTRON TRANSPORT PATHWAY

4.1 INTRODUCTION TO HYDROGENASE

Biological reactions mainly rely on intramolecular electron-transfer pathways to
exchange electrons and fulfil their scope. These processes couple external electron
donors and acceptors, and frequently implement redox cofactor catalysts such as Fe-
S clusters to speed up the process. Exploiting the fundamental mechanism that
governs the energetic and kinetic properties of intermolecular electron transfer could
have tangible application in the control of catalysis. Among the most studied biological
processes that take place in nature, hydrogen oxidation and proton reduction
represent one of the most interesting and profitable cycle. Exploiting the potential of
this process could lead to new ways of converting hydrogen into a green source of
energy.!!* Hydrogenases are enzymes that catalyse the reversible oxidation of
molecular hydrogen (H2) to two protons and two electrons (H* + 2e°).1%° This reversible
oxidation of Hz catalysed by hydrogenases is achieved by a specialised Fe-S cluster
named H-cluster. The direction in which this redox process goes depends on the redox
coupling partner, which is required by the enzyme to complete the cycle.'® The
[FeFe]-hydrogenase used in our experiments is CaHydA from Clostridium
acetobutylicum, this has a natural redox partner that is a bacterial-type 2[4Fe-4S]
ferredoxin expected to bind the N-terminus of the enzyme via the so-called F-domain.
The turnover frequency (TOF) is described as the number of chemical conversions of
a substrate molecule that a single active site of an enzyme is able to execute.''” The
TOF is measured in kcat, which corresponds to (moles of product/second)/(moles of
enzyme) or as s*. The TOF for the physiological process between the CaHydA

hydrogenase and its ferredoxin redox partner has been calculated to be 901 + 225 s

1118

4.2 AIMS AND OBJECTIVES

The metabolic process used by microbes to produce energy involves H2 as the main

source of energy. Enzymes such as the hydrogenase family that contains Fe-S
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clusters are widely adopted by microbes in this metabolic pathway. In this process, the
enzyme is reduced to favour the oxidation of molecular hydrogen to two atoms of H*.
To complete the cycle, a coupling partner is required for the hydrogenase to be
oxidised. Nature has developed a partnership between different Fe-S proteins to fulfil
this redox step, meaning that a second enzyme oxidises the hydrogenase.*® Due to
the low reduction potential of the oxidised (2+) and reduced (1+) [4Fe-4S]-clusters,
these systems fall in the redox window of hydrogen metabolism and could potentially
be implemented as components for Hz-technology in tandem with hydrogenase
proteins. In Chapter 4 we describe the implementation of a [4Fe-4S]-cluster maquette
in the mimicked metabolic pathway that couples the reduction of a hydrogenase
enzyme with the oxidation of molecular hydrogen. We sought to substitute the natural
coupling partner for the Hz-oxidation process catalysed by the CaHydA hydrogenase
and the bacterial-type ferredoxin, by substituting the latter for our cluster maquette. In
particular, we describe the use of an [4Fe-4S]-cluster maquette that acts as the
oxidising agent for the hydrogenase, which then oxidises molecular hydrogen to H*
(Figure 80). MQ8 was selected to act as the catalytic partner in a biologically relevant
electron transport process. This maquette showed the highest conversion in [4Fe-4S]-
cluster incorporation by EPR spectroscopy, as described in Chapter 2 of this thesis.

2H* [CaHydA],.q Mq-[4FedS)?*

H, [CaHydA]_, Mq-[4Fed4S]*, .4

Figure 80 — Integration of the peptide-cluster-maquette MQ8 (Ac-GCGGGCGGCGGCGY-
NH2) as the terminal electron acceptor within a hydrogenase catalysed Hz-oxidation pathway.
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4.3 RESULTS AND DISCUSSION

4.3.1 Experimental Set-Up

Assembly of the cell in which the experiments were performed consisted in a 1 mL
guartz cuvette containing the cluster maquette in 50 mM HEPES and 10 mM KCI buffer
at pH = 8.0 (Figure 81). The cuvette was sealed under anaerobic conditions to ensure

the cluster never came in contact to atmospheric oxygen.

Figure 81 — Quartz cuvette containing the [4Fe-4S] cluster maquette sample sealed under anaerobic
conditions.

Once the cuvette was removed from the glove box under anaerobic conditions,
molecular hydrogen was bubbled through the solution for a period of five minutes. This
step ensured that the solution and the head space of the cuvette would be completely
saturated with hydrogen. The concentration of hydrogen in solution could not be
accurately determined, however, literature shows that the solubility of hydrogen gas in
water at 25 °C at a pressure of one atmosphere is approximately 1.55 milligrams per
kilogram of water.'?° Given a volume of 700 microliters of sample, the mass of
hydrogen dissolved in solution can be estimated at approximately 1.09 nanograms (or
0.77 M). The volume of hydrogenase added to conduct the experiments was of 2 pL
and the final concentration of enzyme in the sample was 0.2 mg/mL, or 7.6 nM.

The first challenge in proving the utility of the cluster maquette in acting as a coupling
partner in the metabolic pathway that ultimately leads to the oxidation of molecular
hydrogen was finding a suitable analytical technique. Different options were available
to determine the appearance or consumption of one of the partners. The first option

we evaluated was to determine the concentration of hydrogen in the head space.
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Hydrogen is being consumed during the cycle to produce H*, and therefore
determining the consumption of the former could provide us with a measure of how
efficient the [4Fe-4S]-cluster maquette was as a coupling partner. An issue with this
option is that the initial concentration of hydrogen in solution could not be determined,
being this in large excess with respect to both the maquette and the hydrogenase.
Moreover, taking in consideration the equilibrium between the hydrogen dissolved in
solution, and that present in the head space of the cuvette would have led to
complicated calculations. A second option we evaluated was to determine the
concentration of enzyme by using UV-Vis spectroscopy. The first measurement to be
registered would be the absorbance for the oxidised cluster presented in the enzyme
before oxidation of the molecular hydrogen dissolved in solution. The second analysis
would be the absorbance of the cluster after the enzyme oxidises the gas. We
previously described how the interaction between the cluster and the amino acid
ligands results in a visible absorbance that can be observed with a spectrophotometer.
The oxidised, 2+, cluster absorbs at approximately 420 nm, whereas the reduced, 1+,
cluster does not absorb UV radiation. In this case, a drop in absorbance would be
expected given the oxidised cluster is progressively reduced as it oxidises the
molecular hydrogen dissolved in the buffer. The issue with this procedure is given by
the low concentration of enzyme presented in solution with respect to the cluster
maguette. Because they both absorb in the same region of wavelength, the absorption
of the maquette would mask the absorption produced by the enzyme. Given a
concentration of 0.6 mg/mL of peptide and assuming 100% conversion for the Fe-S
cluster reconstitution, the concentration of maquette in solution would be 0.6 mg/mL.
The concentration of enzyme in the stock solution was 0.2 mg/mL, and 2 pL were used
in the experiments. This led to an enzyme concentration of 0.00057 mg/mL, which is
approximately 1000-fold lower than the maquette concentration. The final option
available was to monitor the concentration of [4Fe-4S]-cluster maquette throughout
the experiments. Contrary to the enzyme, the cluster maquette was present in a
concentration high enough to be analysed. Its absorbance was expected at 420 nm
due to the interaction between the iron atoms of the cluster and the thiol moiety of the
peptide. We therefore chose to determine the concentration of the cluster maquette in
solution prior to the addition of molecular hydrogen and enzyme. The observed value
would have then been compared to the absorbance showed by the cluster following

its reduction in presence of the enzyme.

117



4.3.2 Hydrogenase Experiments on Purified [4Fe-4S] Cluster Maguette Samples

We have previously shown how the presence of free thiol BME can coordinate with
excess Fe?* ions in solution to yield a coordinated compound that, due to its similar
nature to the cluster maquette, absorbs at an identical wavelength. The use of this
thiol in the reconstitution of Fe-S cluster maquettes therefore masks the observation
of the latter when UV-Vis spectroscopy is the analytical tool implemented for their
observation. The first option we evaluated was to reconstitute the Fe-S cluster
maguette using the standard procedure that involves BME to ensure all Cys residues

are reduced, and we then proceeded to purify the cluster using SEC columns.

This chromatographic technique allows for the separation of molecules in solution
based on their size and molecular weight. Briefly, when the solution is loaded on top
of the column, the small molecules are trapped in the pores of the adsorbent stationary
phase. The molecules small enough to be held by the depression on the surface of
the beads, or that enter the channels that cross the beads are therefore slowed in
passing through the stationary phase. On the contrary, bigger molecules are allowed
to freely elute through the column and can be collected in the first fractions. The SEC
columns used in these experiments had an exclusion limit of 700 g/mol. This means
that every molecule with a molecular mass lower than 700 g/mol would be trapped by
the stationary phase, whereas molecules with a higher molecular weight would be
allowed to quickly elute. BME has a molecular weight of 78.13 g/mol, and therefore
should be slowed down by the stationary phase. On the other side, the cluster
maguette has a mass of approximately 1500 g/mol, however, this molecular weight is

still close to the limit of the SEC column since the cluster is not a globular protein.

An issue encountered when firstly using these SEC columns was regarded to the
logistics involved when moving the columns into the glove box. SEC columns are pre-
packed with a 20% ethanol in water storage solution that has not been degassed,
meaning that it might contain dissolved oxygen. All solutions that are used in the glove
box in this text have previously been degassed using the freeze-pump-thaw method
described in 8.2 GENERAL PROTOCOLS. However, it was logistically difficult to
degas the SEC columns using a similar procedure, and no other protocols were found
online. The best option seemed to be to transport the columns inside the glove box as

they were purchased and equilibrate them with degassed buffer once in anaerobic
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conditions. The columns were therefore moved inside the glove box and equilibrated
with 20 mL of buffer before the sample was loaded (see 8.2 GENERAL PROTOCOLS
for a detailed description of how the sample was loaded on SEC columns). When the
sample containing the Fe-S cluster maquette reconstituted in presence of MQ4 (Ac-
KLCEGGCIACGACGGW-NH2) and BME was loaded on the column, a red band
quickly appeared while eluting the stationary phase (Figure 82).

Figure 82 — SEC column used for the purification of the [4Fe-4S] cluster maquette sample. The red
band is circled in black.

This band was thought to be the cluster maquette eluting through the pores. A dark
green-brown layer stacked on top of the stationary phase and was hypothesised to be
FeS solid particles formed due to excess of FeCls and Na2S used in the reconstitution
mixture. BME was thought to be slowly eluting through the column at a much lower
pace with respect to the cluster maquette and was therefore expected to be separated
from the Fe-S cluster maquette. The red band eluting from the SEC column was
collected in three different fractions, which were analysed by UV-Vis spectroscopy
(Figure 83).
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Figure 83 — Comparison of UV-Vis trace for the three fractions collected after purification by SEC
columns. Samples were analysed directly, and concentrations could not be quantified.

The spectrum for FR1 proved the absence of any species absorbing at approximately
420 nm, the characteristic wavelength at which the LMCT interaction is observed for
Fe-S cluster maquettes. FR2 showed an absorbance at 420 nm, but the absorbance
registered was low and the peak not sufficiently defined from the baseline. In addition
to the peak at 420 nm, a peak at approximately 280 nm was observed that is
characteristic for the amino acid Trp.”® This observation raised confidence towards the
successful purification of the cluster maquette from the salts and the thiol used in the
reconstitution mixture. The UV-Vis spectrum for FR3 showed a similar result to that of
FR2, but with a stronger absorbance. This fraction contained most of the red band that
eluted from the SEC column and had a volume of approximately 2mL. Because the
volume of sample loaded was of 2 mL, it is possible that the additional volume of buffer
required to completely elute the cluster maquette through the column diluted the
sample by some degree. FR3 was selected for the experiments with molecular
hydrogen and the hydrogenases due to the stronger signal registered by its spectrum.
Initially, the sample was sparged with molecular hydrogen for five minutes and a
spectrum was recorded to monitor any change in absorbance. As showed in Figure
84, the absorbance dropped slightly after the addition of hydrogen to the solution.
Despite being only a modest change in absorbance, this could imply that the presence

of hydrogen affected the cluster stability to a certain extent.
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Figure 84 — Comparison of UV-Vis trace for FR3 before (black trace) and after (gold trace) sparging
with Ho.

Once the enzyme was added to the solution this was left reacting for approximately
ten minutes and then analysed by UV-Vis spectroscopy. The hydrogenase enzyme
that we used, CaHydA from Clostridium acetobutylicum, incorporates two [4Fe-4S]-
clusters that would also absorb at approximately 420 nm. The recorded spectrum is

showed in Figure 85 along with the trace before the addition of enzyme.
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Figure 85 — Comparison of UV-Vis trace for FR3 after sparging with H, before (black trace) and after
(gold trace) addition of enzyme and equilibration for 10 minutes.

The different absorbance registered before and after addition of the enzyme gave clear

evidence that the oxidised cluster-maquette was progressively reduced in presence of
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the enzyme. The reaction mixture was analysed again after five minutes to confirm

that the absorbance did not drop further, and the spectrum is displayed in Figure 86.
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Figure 86 — Comparison of UV-Vis trace for FR3 after enzyme addition and equilibration for 10 (black
trace) and 15 (gold trace) minutes.

The two spectra looked very similar and therefore it was assumed that an equilibrium
was reached, and the absorbance would not have decreased any further. The
experiment with the hydrogenase was repeated to record a time-point analysis and
investigate if the absorbance would sharply or gradually decrease over a period of
time. The result would give an idea of how quickly the [4Fe-4S]-cluster is reduced in
presence of the hydrogenase and molecular hydrogen. Figure 87 shows the
absorbance trend for the reduction from [4Fe-4S]?* to [4Fe-4S]** registered at 420 nm.
From this experiment we concluded that the reduction of the cluster happens gradually

over ten minutes and eventually reaches an equilibrium between the two species.

To investigate if the cluster-maquette could be re-oxidised after being reduced in
presence of molecular hydrogen and the hydrogenase, we decided to expose the
reaction mixture to oxygen. To do so, we used a syringe to pump 5 mL of ambient
atmosphere in the quartz cuvette containing the reaction mixture. A spectrum was

recorded after this experiment and is showed in Figure 88.
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Figure 87 — Absorption trend registered from time zero to 10 minutes at 420 nm for sample FR3
sparged with H, and treated with enzyme.
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Figure 88 — Comparison of UV-Vis trace for FR3 sparged with H after addition of enzyme and
equilibration for 10 minutes (black trace) and after exposure to atmospheric oxygen (gold trace). Left
panel is expansion of the area where the peak was observed.

The presence of molecular oxygen had a small positive effect on the absorbance of
the reaction mixture. A slight peak appeared at approximately 420 nm, suggesting that
the cluster was still available after its reduction, and it could be re-oxidised in presence
of an oxidant (i.e., the oxygen available in ambient atmosphere). We then proceeded
to add an extra aliquot of enzyme to the reaction mixture to explore whether the re-
oxidised cluster could also be re-reduced. Figure 89 shows the spectrum for the

reaction mixture after the addition of enzyme (gold trace), proving that the cluster can
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be reduced again after being exposed to oxygen, but only to a certain extent. In this
case, the reduction in absorbance from the pre-reduction (black trace) and post-
reduction (gold trace) proves that the oxidised cluster can act as a catalytic oxidising

agent in the electron transport process and be reduced.
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Figure 89 — Comparison of UV-Vis trace for FR3 sparged with H; after addition of enzyme and
exposure to atmospheric oxygen (black trace), and after addition of further enzyme (gold trace).

When compared to the spectrum registered after the first reduction (Figure 90, black
trace), it is possible to notice that the second reduction (Figure 90, gold trace) did not

reach the same level of absorbance.
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Figure 90 — Comparison of UV-Vis trace for treatment with enzyme during the first (black trace) and
second (gold trace) reduction cycles. Left panel is expansion of the area where the peak was
observed.
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The ability of the maquette to retain its interaction with the cluster during a redox cycle
would be of great interest. If the cluster is stable in these conditions and can be cycled
between the oxidised (2+) and reduced (1+) state, it could be used as a catalyst in

iterative processes.

Unfortunately, when the quartz cuvette containing the reaction mixture was open to
dispose of the content an unpleasant odour of thiol could be detected. This was
presumed to be arising from residual BME present in the sample. Despite the
purification step performed using the SEC columns, we concluded that a certain
amount of thiol co-eluted with the cluster-maquette. Even a small quantity of thiol in
solution could be responsible for a strong smell to be detected, however, its presence
could be altering the nature of the cluster maquette interaction affecting the result of
the analysis. We have previously described how BME can coordinate with iron ions in
solution to produce a similar result to that observed for the peptide interaction with the
cluster. If the SEC purification successfully removed all iron particles in solution, the
thiol that co-eluted in the final sample would not be able to coordinate with any Fe?*
ions to produce the misleading interaction that could be observed in the UV-Vis
spectrum. However, the presence of thiol in solution with the purified maquette could
be detrimental for its stability. BME could indeed act as a scavenger and progressively
substitute the peptide in the interaction with the cluster, gradually decreasing its

concentration.

4.3.3 Hydrogenase Experiments on [4Fe-4S] Cluster Maquettes in Absence of BME

To avoid contamination of the samples and false negative or false positive results, we
decided to reconstitute the cluster maquette in the absence of BME, and therefore
exclude this uncontrollable variable from the experiments. For these experiments we
coordinated the Fe-S cluster using synthetic peptide MQ7 (Ac-
GCGGGCGGCGGCGY-NH2), as this was the candidate that showed the best EPR
results among the bespoke maquettes that we developed. The first spectrum was
recorded on the reconstituted sample before sparging hydrogen in the reaction mixture
(Figure 91).
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Figure 91 — UV-Vis absorption for MQ8. The spectrum was recorded at peptide concentration of 100
UM,

When comparing this spectrum to the one recorded for the cluster maquette purified
by SEC, the absorbance values are notably higher possibly because the sample was
not diluted by extra buffer in the elution process. Another difference is given by the
smaller peak observed at 280 nm, and this is because in this case the peak is
characteristic of Tyr instead of Trp. This amino acid showed a weaker peak possibly
because of the lower grade of complexity of the surrounding amino acid, which might
have decreased the degree of conjugation. The extinction coefficient for Tyr and Trp
are respectively € = 1280 M-1cm™ and € = 5690 M-1cm-?, therefore resulting in different
absorption values.'?* Moreover, Tyr normally gives stronger peaks at higher pHs, but
always in the range between 230 and 300 nm, as observed for the spectra displayed
in Figure 91.122 The sample was then sparged with molecular hydrogen for five
minutes and the reaction mixture analysed (Figure 92). As previously observed for the
sample purified by SEC columns, no major changes in the UV-Vis trace were recorded

and the sample was assumed to be stable and in equilibrium.
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Figure 92 — Comparison of UV-Vis trace for MQ8 before (black trace) and after (gold trace) sparging
with H». The spectrum was recorded at peptide concentration of 100 pM.

The enzyme was added to the reaction mixture and left reacting for 20 minutes. The
UV-Vis spectrum recorded after this time is displayed in Figure 93 and shows a clear
drop in absorbance in the characteristic area where the oxidised cluster maquette
absorbs. The decrease in absorbance does not lead to a flat spectrum, meaning that
the cluster population is not fully reduced in these conditions. Instead, it is plausible

that an equilibrium was reached between the oxidised and reduced cluster.

1.5

=)

<

E — MQ8 +H,
o 1.0

2 MQ8 + H,
3 + Enzyme
o

3

S 0.5-

1 1
240 440 640

Wavelength (nm)

Figure 93 — Comparison of UV-Vis trace for MQ8 sparged with H; before (black trace) and after (gold
trace) addition of enzyme. The spectrum was recorded at peptide concentration of 100 puM.
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The time-points determined for the reduction of the cluster maquette is displayed in
Figure 94. The peak maximum was observed at 420 nm, and this wavelength was

therefore selected for the time-points observation.
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Figure 94 — Absorption trend registered from time zero to 20 minutes at 420 nm for MQ8 sparged with
H> and treated with enzyme.

From the graph we concluded that the equilibrium is reached after approximately 15
minutes from the addition of enzyme, and then the trend comes to a plateau. To
determine what the trend would look like in case the cluster maquette would be fully
reduced, we added DT to the reaction mixture. DT is a reducing agent commonly
implemented in biological experiments that has a reduction potential of approximately
-0.420 V vs SCE.1? Figure 95 displays the spectra recorded before and after addition

of DT to the reaction mixture after the hydrogenase experiment.

The spectrum registered after the addition of DT (gold trace) showed a reduced value
of absorbance around 420 nm, which is expected for a completely reduced cluster.
The peak at approximately 315 nm is characteristic for DT accumulation.®> This
observation proves that the Fe-S cluster is fully reduced as the excess dithionite
absorbed in the UV-Vis spectrum. The overall reduction profile observed in the area
around 420 nm is showed in Figure 96.
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Figure 95 — Comparison of UV-Vis trace for MQ8 sparged with H, after addition of enzyme before
(black trace), and after addition of DT (gold trace). The spectrum was recorded at peptide
concentration of 100 puM.
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Figure 96 — Comparison of UV-Vis trace for MQ8 (black trace), after H2 sparging and enzyme
addition (gold trace), and after reduction with DT (light-blue trace). Left panel is expansion of the area
where the peak was observed.

The absorbance before and after addition of enzyme was respectively 0.84 and 0.73
mAU, and the drop was therefore of 0.11 mAU after the addition of hydrogenase. The
reduction with DT decreased the absorbance to 0.58 mAU. Overall, the absorbance

decreased by 42% after the addition of enzyme, when considering the value observed
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after the addition of DT as the maximum reachable. Despite not being a great
percentage, this number is close to 50%, which could suggest an equilibrium between

the oxidised and reduced cluster being achieved.

To further explore the activity of the cluster maquette in presence of the hydrogenase,
we performed a series of experiments where the cluster was exposed to different
concentrations of enzyme. This investigation was begun by adding a smaller volume
of hydrogenase solution to the sample containing the cluster maquette sparged with
hydrogen. In the previously reported experiments, we used 2 uL of a 0.2 mg/mL, or
3.05 pM, solution of enzyme. Figure 97 shows the time points taken at 420 nm for the
standard experiment and for an experiment where we used 0.2 pL of a 0.2 mg/mL

solution of hydrogenase.
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Figure 97 — Comparison of the absorption trend registered from time zero to 20 minutes at 420 nm for
MQ8 sparged with H» and treated with 0.1-fold (black trace) and 1-fold (gold trace) of enzyme.

The cluster maquette treated with 0.1-fold the concentration of enzyme seemed not
the be reduced over the course of twenty minutes. The absorbance decreased from
0.82 mAU to 0.80 mAU, for an overall drop of 0.02 mAU. It is plausible that the
concentration of enzyme was too low to initiate the cycle and most of the cluster
population remained in the oxidised state. On the other hand, the standard sample
registered a drop of 0.13 mAU, from 0.82 mAU to 0.69 mAU. Because the experiment
where we decreased the concentration of hydrogenase did not produce any interesting

results due to poor conversion to the reduced cluster, we moved on to explore how
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the system behaved under incrementing concentration of enzyme. We started by
adding twice the amount of enzyme, and therefore 4 pL of a 3.05 puM stock solution of
enzyme. The gold trace showed in Figure 98 represents the standard concentration of
enzyme (7.6 nM), whereas the light-blue trace represents the twice as much
concentrated (15.3 nM). Despite the start and end point being similar between one
another, the rate at which the absorbance decreased was much faster for the sample
treated with twice the amount of enzyme. After five minutes the absorbance registered
for the standard sample was 0.72 mAU, whereas the absorbance for the twice as
concentrated sample was 0.69 mAU. The plateau for the first experiment was reached
after approximately 13.5 minutes, whereas it was reached in 6.5 minutes in the second

case.

A similar trend was observed when the cluster was exposed to a concentration three
times higher than the standard (22.9 nM), the trace of which experiment is coloured in
red. The volume of enzyme stock solution used for this experiment was 6 pL. Again,
the absorbance decreased quickly during the first three minutes, before reaching a
plateau. The cluster maquette exposed to three times the concentration of enzyme
reached a plateau in absorbance after approximately 3.5 minutes. In this case, the
absorbance registered after ten minutes from the beginning of the time-points analysis
was 0.69 mAU and was already close to the lowest value registered for this sample.
The final experiments we performed involved the addition of ten-times the
concentration of enzyme with respect to the original experiment. In this case we
exposed the cluster maquette to 20 pL of a 0.2 mg/mL stock solution for a final
concentration of enzyme of 76.3 nM. The drop of absorbance registered for this
experiment (light grey trace) happened much faster than for the previous ones. A
consequence of this is the time at which the plateau was reached, which was less than
one minute after the enzyme was added to the cluster maquette sparged with

hydrogen.
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Figure 98 — Comparison of the absorption trend registered from time zero to 20 minutes at 420 nm for
MQ8 sparged with H, and treated with various concentrations of enzyme.

Interestingly, apart from the experiment run using 0.1-times the concentration of
enzyme, all the other entries reached the same value of absorbance over the course
of the time-points analysis. It is plausible that the first entry would have also reached
the same value provided the assay was run for an adequate period of time. It was
hypothesised that increasing concentrations of enzyme would have led to higher
reduction profiles for the cluster maquette and therefore lower values of absorbance.
The fact that this hypothesis did not manifest could be explained by the reduction of
the cluster maquette being governed by the overall environment in which the
experiments where performed. Factors including pH of the buffer, concentration of
hydrogen dissolved in solution, and concentration of the cluster maquette where all
consistent within all these experiments and probably had a stronger influence on the
reduction of the cluster. Finally, we explored the correlation between the enzyme
concentration used in these experiments and the reaction rate for the reduction of the
cluster. The reaction rate describes how quickly the cluster maquette was reduced, or
how quickly the absorbance decreased, and is expressed in mAU per seconds. The

resulting plot is displayed in Figure 99.
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Figure 99 — Plotting of the reaction rate vs the concentration of enzyme.

The data points followed a linear trend meaning that the rate of reduction of the cluster
maguette increases as the concentration of enzyme in solution is increased. The pace
for the cluster maquette reduction is therefore adjustable by changing the amount of
enzyme that we add to the reaction mixture. This result confirms that the synthetic
maguette can directly interact with the enzyme resulting in productive electron transfer.
The TOF for our electron transfer process was determined at a value of 79 + 5.8 s,
assuming a cluster concentration equal to that of the peptide concentration of the
sample. Based on the comparison of the EPR data for the reconstitution of MQ4 with
BME and MQ8 without BME, the extent of MQ8 cluster reconstitution appears to be
approximately 40% relative to MQ4. When this correction is taken into consideration,
the TOF is closer to 31 + 5.8 s, with respect to 901 + 225 s for the original redox
partners. For this reason, we can conclude that the TOF our semi-synthetic redox
system is at least one order of magnitude lower than the physiological redox

partnership that take advantage of two [4Fe-4S] clusters.18

4.4 CONCLUSION AND FUTURE WORK

In conclusion, we described the interactions between a synthetic cluster maquette and
a hydrogenase in a hydrogen-rich environment. The challenges encountered during

the purification of the cluster maquette using SEC columns were overcome by
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changing the reconstitution procedure and avoiding the use of BME. The absence of
the reducing agent did not affect the formation of the cluster maquette and revealed
the robustness of these systems. We proceeded by describing the utilisation of a
synthetic cluster maquette in a hydrogen-powered biological pathway. The electron
transport chain that we explored links the reduction of a cluster maquette to the
oxidation of a hydrogenase, which is reduced by the oxidation of molecular hydrogen
to hydrogen ions. We argue that explorations of this kind could find industrial
applications in the market that grows around hydrogen and its use as a more

environmentally friendly source of energy.

In the future, further exploration in the synthetic peptide sequences could lead to new
cluster maquettes able to achieve the reduction of a higher portion of the cluster
population. This could have a positive impact on the efficiency of the electron transport
chain and on the amount of hydrogen oxidised. The use of different reducing agent to
improve the cluster formation in the reconstitution step could also be explored.
However, purification of the synthetic maquette from the latter would be vital to ensure
the electron transport chain is not affected by any residuals. The use of a maquette
reconstituted using a Sec-containing peptide would also be of interest, especially if it
produces different trends in the rate of reaction.
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5 VISIBLE-LIGHT-MEDIATED CYSTEINE DESULFURISATION AND
B-ARYLATION IN PEPTIDES

5.1 INTRODUCTION

Bioconjugation refers to the modification of an amino acid within a peptide or a protein
to form a stable covalent link with a chemical moiety. This technique aims at modifying
the affinity, stability, and physicochemical properties of the biomolecule of interest to
enable its application in various fields. Examples of functionalities in which modified
biomolecules can be implemented are imaging of specific biomarkers, delivering of
drugs to targeted cells, revealing of enzyme functions, and determination of proteins
biodistribution.'?* It is vital for the bioconjugation strategy to maintain the structure of
bioactive molecules intact. In their native cellular environment, peptides and proteins
are often folded into secondary and tertiary structures. These intricate and delicate
arrangements can be easily disrupted by fluctuations in the pH and temperature, and
by the activity of reagents. Breakdown of the structure of the biomolecule eventually
lead to complete loss of its function.?® It is therefore mandatory for bioconjugation
methodologies to implement mild and biocompatible reaction conditions that involve
aqueous buffered solvents, ambient temperature, atmospheric pressure, and
physiological pH. In addition, an ideal bioconjugation strategy should be chemo- and
regioselective to ensure only the targeted residue of the peptide is modified in the
desired conformation. Finally, it is key that bioconjugation strategies lead to stable
conjugates, proceed with fast reaction kinetics, and avoid formation of toxic by-
products.'?8 For this reason, many strategies have been developed in past and recent

years to improve and expand the knowledge in this area.'?’

5.2 AIMS AND OBJECTIVES

Inspired by the present literature that aims at Cys modification in peptides, we noticed
that there were few methodologies that targeted the direct arylation of polypeptide
scaffolds. We therefore developed a strategy that allows for the arylation of Cys in B—
position via desulfurisation. This protocol allows for the formation of a stable C(sp?)-

C(sp?) bond via visible-light-mediated desulfurisation, it is selective for the residue
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Cys, and it is carried out in an aqueous buffer/organic solvent mixture. The utility of
this methodology lies in extending the scope for Cys modification in peptides.
Biologically relevant molecules (i.e., fluorescent tags, drugs carrier, biomarkers etc.)
could be appended to the targeted residue before desulfurisation to suppress its
reactivity. This strategy also allows for the insertion of non-canonical or modified amino
acids. Finally, the C-C bond formed with this strategy is more stable in physiological
conditions than the thioether moiety obtained with non-desulfurisation methods,

allowing for a more stable modification.

5.3 METHODOLOGIES FOR THE MODIFICATION OF CYSTEINE

5.3.1 Introduction to Bioconjugation Strategies with Cysteine

Most bioconjugation techniques involving peptides rely on the nucleo-/electrophilicity
or acid-base nature of the amino acid side chains, such as those of Cys and Lys, to
introduce a chemical modification. Particularly, Cys is one of the most targeted
residues among the endogenous amino acids in peptides and proteins. The relatively
low natural abundance of Cys in the proteome (1-2%), means that modification on this
residue allows for higher selectivity and less chances of isoform mixtures. Moreover,
Cys displays a unigue reactivity with respect to other amino acid side chains, given by
the relatively high nucleophilicity of the thiolate moiety (pKa = 8.2).128 Together, these
characteristics of Cys and its thiol moiety, render it suitable for both ionic and radical
reactions, with a constant interest for milder and more selective strategies for its
continuous growth in bioconjugation chemistry. A wide range of reactions is described
in the literature and include nucleophilic substitution'28-130 and addition3-137, thiol-ene

chemistry'38, and metal-free!® or transition-metal-catalysed arylation4°.

5.3.2 Michael Addition Strategy

Michael addition using maleimides and other electrophiles, is one of the most
investigated strategies for modifying the Cys thiolate into a thiosuccinimide bond. 128
A broad range of methodologies have been proposed and some maleimide-thiol
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conjugation products are also currently present on the market (i.e. Cimzia, an
antibody-drug conjugate used for the treatment of Crohn’s disease).'** Scheme 17
represents the general reaction involving a thiol and a maleimide reagent to afford the

thiosuccinimide product.
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Scheme 17 — Cys-mediated modification with maleimide reagents. R’ = metalloenzymes, fluorescent
tags, radio labels, polymers, drugs, lipids, and albumin-binding moieties.

Succinimide thioether bond formation between maleimides and Cys offers many
advantages including the high selectivity, the solubility of all reagents in aqueous
solvents, and the lack of by-products formation. Furthermore, maleimide reagents can
be functionalised on the nitrogen atom to install a broad range of conjugation partners,
as highlighted in Scheme 17, starting by appending an alkene and functionalising it.
128 problems with the sensitivity of the succinimide thioether moiety were highlighted
especially in reducing environments and near-physiological conditions, where retro-
Michael addition and hydrolysis of the bond could affect this bioconjugation strategy,

as showed in Scheme 18.128

Ring-opening R’

o. OH R i | Retro-Michael
, hydrolysis (0] N mIe o h o
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Scheme 18 — Ring-opening and retro-Michael of maleimide-thiol conjugates.

In particular, the retro-Michael pathway results in free maleimide in solution that was
observed to form conjugates with albumin.'#> Conversely, ring opening of the
maleimide moiety could be triggered by hydrolysis. In this case, however, the product
formed is stable and does not release any free drug. These two downsides of the
Michael addition pathway could also be limited by positioning specific substituents on

the ring that can affect the pKa of the protons next to the carbonyl groups.
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5.3.3 Photocatalytic Modification of Cysteine
5.3.3.1 Introduction

During the past two decades, photocatalysis has been widely investigated to achieve
chemical transformations in organic synthesis. This, along with the growing interest in
peptides as drug candidates, is leading to a constant rise in photocatalytic strategies
for the incorporation of chemical moieties in these bioactive molecules.*3 One of the
advantages of photocatalysis lies in the use of milder conditions to activate the organic
substrate. More traditional radical processes often require high energy reagents or
initiator to trigger the radical formation, which can potentially lead to unwanted
reactivity on other sites of the bioactive molecule. In addition, most organic substrates
are not capable of absorbing light in the visible range and possess energy barriers too
high to be overcome at room temperature, which makes photocatalytic reactions highly
selective and with little chances for side reactions.'¥ Another advantage of
photochemistry is given by the application of visible-light irradiation as a green and
traceless reagent that helps preserving the fragile architecture of the bioactive
substrates.'# Finally, the strong dependence of photocatalytic reactions on the photon
flux, makes their reaction kinetic easily controllable by simply turning off the light
radiation.'*® The ease with which photochemical reactions can be controlled and
guenched makes them the ideal strategy for bioconjugation methodologies, and
drastically simplify the purification step by circumventing the need for quenchers in the

reaction mixture.

5.3.3.2 Principles of Photocatalytic Modifications

In photochemistry, the organic substrate (Sub) (i.e., a Cys residue in a peptide), is
activated, and subsequently modified, by the ability of a photocatalyst (PC) to be
excited by visible light and convert the absorbed energy into an electrochemical
potential. The PC in its excited state is able to engage in a single electron transfer
(SET) the substrate by acting as either an electron donor or acceptor, depending on
the respective redox potentials. This step forms a radical on the organic substrate and
activates it towards the desired reactivity.1** Most catalytic cycles begin with the

visible-light-mediated excitation of a PC, which can be either an organic or a transition-
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metal-based molecule (Scheme 19). Different PCs possess different absorption
maxima, and it is therefore crucial to select the most appropriate source of visible light
to optimise the PC response.!4’ The excited state photocatalyst (PC*) is quenched by
following a SET pathway that results in either reduction or oxidation of the substrate.
In oxidative quenching, PC* transfers an electron to the substrate (or an oxidant),
generating the oxidised photocatalyst PC**. Conversely, in reductive quenching the
excited PC is quenched by accepting an electron from the substrate (or a reductant),
and the reduced photocatalyst PC* is formed. At this point a radical is formed on the
substrate (i.e., the substrate is activated), and it can undergo reactions such as atom
abstraction, nucleophilic or electrophilic attack, and bond cleavage.?¢

Sub or [Red] Sub or [Ox]
PC*
® @ S]
Sub® or[Red] Sub®  or [Ox]

. : .9 .® o .
Reductive quenching PC PC Oxidative quenching
Sub or [Ox] — Sub or [Red]

PC

Sub'@ or [Ox] © 5ub'® or [Red] @

Scheme 19 — Reductive and oxidative quenching cycle of a PC.126

5.3.3.3 Photocatalytic Oxidation of Cysteine

Photochemistry has been widely implemented to catalyse reactions involving the
chemical modification of Cys that previously involved too harsh conditions to be used
for bioconjugation strategies. An example in this context is the formation of disulphide
bonds; a crucial tool for integrity, folding, and oxygen sensing in peptides and proteins.
Traditionally, disulphide bonds formation in peptides required strong oxidising agents
(i.e., iodine or potassium ferricyanide) and/or harsh conditions (i.e. acidic pH) to be
successful.*® Due to these strong conditions, orthogonal protection of Cys residues

is frequently needed to limit the reactivity of other functionalities on the peptide chain,
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therefore adding extra steps to the strategy. Greener conditions were developed as
well and included the use of DMSO or atmospheric oxygen to catalyse the oxidation
of intramolecular Cys residues in peptides.1#%1%0 |imitations of these two strategies
included the complication of removing DMSO upon completion of the oxidation, and
the slow reaction rates when using molecular oxygen to catalyse disulphide bonds
formation. Noel and coworkers developed a strategy that circumvented these
limitations by adopting milder conditions (visible light, ambient temperature, and
neutral-pH buffer solutions), and by accelerating the reaction rates via the use of either
Eosin Y or TiO2 as PCs (Scheme 20).15%.152 Examples of biologically relevant peptides
presenting a disulphide bond obtained with this strategy were the neuropeptide and
peptide hormone oxytocin, the thiuram disulphide therapeutic disulfiram, and the

reduced form of the lipid-binding peptide y1fatc.151:152

O,
Eosin Y or TiO,

-

Phosphate buffer

Scheme 20 — Disulphide formation in Cys-containing peptides catalysed by Eosin Y or heterogeneous
TiO2 PC.

This strategy showed selectivity towards Cys when performed on fully deprotected
peptides, and great tolerance with sensitive amino acid residues (Glu, Arg, Tyr, Trp,
His). The method was performed in flow to achieve faster reaction rates and improved
irradiation of the reaction mixture. As a limitation to this method, due to the high
sensitivity towards the gas-to-liquid mass transfer effect between the solution and

atmospheric oxygen, the reaction cannot be easily scaled up.

5.3.3.4 Photocatalytic C-S Bond Formation with Cysteine

Another widely investigated bioconjugation tool for Cys-containing peptides regards
alkylation strategies. Among this broad family of reactions, the reactivity between thiols
and alkenes has been deeply studied as a click approach with numerous advantages
including having rapid reaction rates, being regioselective, allowing for a broad scope
with numerous commercially available alkenes, and being insensitive to oxygen and

water.'3® The radical thiol-ene reaction represents one of the most common strategy

140



to install a thioether moiety and results from the anti-Markovnikov addition of a thiol on
an olefin (Scheme 21).1%3

Radical
initiator %R' . H

R R S

Scheme 21 — Proposed mechanism for the photocatalytic thiol-ene reaction of Cys residues.
The proposed mechanism for the radical thiol-ene reaction catalysed by transition
metal PC is showed in Scheme 22. Photoexcitation from a visible-light source
promotes a MLCT that afford an oxidised excited state of the ruthenium catalyst. This
species rapidly undergoes reductive quenching with the thiol to generate a thiyl radical
cation and the reduced catalyst. The radical cation is deprotonated to afford the thiyl
radical, which subsequently adds across the olefin in an anti-Markovnikov orientation.
The alkyl radical abstracts a hydrogen atom from another thiol to afford the
hydrothiolated product and another equivalent of thiyl radical. Alongside this
photocatalytic cycle, the reduced catalyst is most likely re-oxidised to its ground state

by a molecule of atmospheric oxygen.1>*
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Scheme 22 — Mechanism of the thiol ene photocatalytic reaction catalysed by ruthenium.

Numerous photocatalytic approaches for the C-S bond formation using the thiol-ene
strategy have been developed over the past years. Tyson et al. in 2014 proposed a
visible-light-mediated hydrothiolation of olefins that proceeds in water using a
ruthenium PC.1%3 The suitability of this method for bioconjugation was tested by

reacting a series of biologically relevant olefins partner with glutathione, a tripeptide
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formed by a Cys coupled onto a Gly residue and the carboxyl group of glutamate side
chain that is an endogenous antioxidant found in most living cells.’®®> As showed in
Scheme 23, the examined coupling partners included alkene modified polyethylene
glycol (PEG) oligomers, biotin, protected sugars, and azides. A limitation of this
methodology is that it requires p-toluidine as an essential redox mediator to circumvent
the slow reaction rate of the direct photooxidation of the thiol with the ruthenium
catalyst. The thiyl radical cation step is therefore omitted, and the thiyl radical is directly

generated by a more rapid electron transfer event via a p-toluidine radical cation.'>3
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Scheme 23 — Visible-light-mediated photocatalytic coupling of glutathione with different alkenes in
aqueous media.

Another useful strategy to label Cys residues is given by arylation of its thiol moiety.
In this context, Vara et al. developed a transition-metal catalysed Cys arylation
procedure and tested its suitability for bioconjugation purposes on glutathione.% As
showed in Scheme 24, the photochemical cycle is initiated by photoactivation of the
ruthenium PC, which, in presence of a hydrogen atom transfer (HAT) silicate reagent,
generates the required thiyl radical. Precisely, homolytic cleavage of the C-Si bond
upon oxidation of the silicate leads to a carbon-centred radical that abstracts a
hydrogen atom from the Cys thiol to generate the thiyl radical. This radical is trapped
by the Ni(0) species and enters the cross-coupling cycle. After oxidative addition of
the aryl bromide, the reductive elimination steps yield the desired thioarylated product

with the newly installed C(sp®)-S bond.
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Scheme 24 — Proposed mechanism for the Ni/photocatalytic cycle and thioarylation reaction.

Aryl bromides were used in this procedure as coupling partners in the oxidative
addition step, allowing for a wide scope of arylated products. It was found that various
aryl halides greatly affected the final yield of this reaction, as the scope ranged from
14% (with a para-alcohol) to 83% (with 4-bromobenzyl boronic acid). A variety of
functional groups decorating the aryl bromide coupling partners were tolerated
(carboxylate groups, alcohol, ether, sulphonamide, amide, and nitrile). This
thioarylation method was successfully applied to a 9-mer, fully deprotected peptide
containing an internal Cys and an array of amino acids with a reactive sidechain (Trp,
His, Glu, and Tyr), even if lower peptide concentrations were required for the full
conversion. A limitation of this strategy was found to be the use of toxic and non-green
DMF as solvent, and water was tolerated only up to 2% by volume.’” A different
photocatalytic approach to Cys arylation in peptides was proposed by Noel et el. in
2017.1%8 In this work, aryl radicals were generated from benzene diazonium salts in
presence of the PC Eosin Y. The thiol moiety of the Cys residue was then used to trap

the electrophilic aryl radical and yield the thioarylated product. In this case, the radical
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is not formed on the thiol group of Cys (i.e., as a thiyl radical), but it is generated on
the coupling partner. The diazonium salts are generated in situ in presence of tert-
butyl nitrate, p-toluensulfonic acid, and an aryl amine. A wide range of amines
containing electron deficient and electron donating groups were tolerated. This
procedure was performed on a model peptide in biologically-like conditions (aqueous
phosphate buffer at pH = 8.0) and afforded the arylated peptide after an irradiation
time of 30 minutes. Interestingly, the presence of other nucleophilic sites on the
peptide (Lys and Ser residues side chain) did not affect the modification, proving the
selectivity of this strategy. Limiting this procedure could be the fact that due to the
highly reactive conditions required for the formation of diazonium salts in situ, pre-

made diazonium salts were required to preserve the delicate nature of the peptide.

Another example of Cys arylation was proposed by Beard et al. in 2019, when they
developed a method for the ligand-directed labelling of a Cys residue on a protein
surface.'® The biomolecule of interest was an anti-apoptotic BCL-2 protein and
current anticancer target, human MCL-1. The strategy they adopted was to attach the
ruthenium PC to the N-terminus of a 19-mer peptide known to successfully bind the
target protein. The mechanism of reaction was not proposed, but in similar reaction
pathways, the excited state of the ruthenium PC loses an electron towards a sacrificial
oxidant (ammonium persulfate or atmospheric oxygen), and catalyses the reaction
between the amino acid residues (i.e. Cys or Tyr) and an electron-rich dimethylaniline
that acts as a radical trapping agent.®° In this example, Bon and co-workers were able
to functionalise the aniline with a fluorescent and a biotinylated label. This strategy
was proved to be working smoothly even in a mixture of structurally related proteins,
highlighting the selectivity for the Cys residue on the targeted MCL-1 protein. Finally,
it was noted that complete conversion could not be achieved and irradiation for a time
longer than 1 minute led to increased concentration of oxidised protein species,

possibly resulting from oxidation of the protein by the PC.

5.3.3.5 Cysteine Desulfurisation in Peptides

A different tool in bioconjugation involves the chemical ligation between two peptides

bearing one an N-terminal unprotected Cys residue, and the other a C-terminal
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thioester.'®! This is one of the most widely used condensation technique for peptide
segments to synthesise longer peptides or proteins, and involves a

transthioesterification and S-to-N acyl transfer steps (Scheme 25).
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Scheme 25 — Native chemical ligation and desulfurisation reaction.

The free thiol of a Cys residue is a key component of this ligation technique. However,
as described earlier, Cys has a low abundance and most proteins either do not contain
this residue or, if it is present, it might not be located in a region suitable for a ligation
site. For this reason, desulfurisation methods are of great importance after the ligation
step, to convert the no longer desired Cys residue into Ala. Ala is more abundant in
the proteosome, and therefore gives a greater choice of ligation function. Precedent
desulfurisation methods employed palladium or Raney nickel under a stream of Ha.
However, such harsh conditions were generally not compatible with specific functional
groups and led to low recovery of the desired product.16? An alternative protocol was

developed in 2007 and involved the use of a phosphine and a radical initiator to
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desulfurise a range of peptides containing a Cys residue. The issues with this method
involved the high temperature (between 37°C and 65°C) required for the radical
initiator to be activated, and an excess of tris(2-carboxyethyl)phosphine (TCEP) to
drive the reaction to completion.'®® Gao et al., developed a visible-light-induced
desulfurisation method for cysteinyl peptides that is catalysed by a ruthenium PC and
triphenylphosphine-3,3,3-trisulfonic acid.'®? This strategy proceeds in aqueous or
agueous/organic solvent mixtures at room temperature to convert Cys residues into
Ala. These milder conditions were suitable to different functional groups and were
successfully implemented in the ligation of poly- and glycopeptides. The reaction
mechanism was proposed based on previous studies on phosphine radical traps
(Scheme 26). Firstly, the ruthenium PC is excited by accepting a photon from the
visible light. The activated ruthenium catalyst intermediate is then reduced by the thiol
moiety to produce the reduced ruthenium catalyst and the thiyl radical cation. As
previously seen for the thiol-ene reaction mechanism, the thiyl radical cation is
deprotonated to yield the thiyl radical. At this point, the thiyl radical is attacked by the
phosphine to form a phosphoranyl radical, which undergoes B—scission to produce an
alanyl radical. Finally, the alanyl radical is protonated by a second thiol group to yield
the desulfurised product and a further equivalent of thiyl radical. Concerted with this
catalytic cycle, the reduced ruthenium catalyst is re-oxidised to its starting ground state

by either molecular oxygen or other oxidative species.6?
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Scheme 26 — Proposed mechanism for the Ru-catalysed desulfurisation of Cys residues.
In our research group, two methodologies for the desulfurative C-C bond formation on
Cys residues were recently investigated.1%4165 Both works described the protocol for
a light-mediated reaction that enabled the site-selective modification of peptides and
proteins via desulfurative C(sp®)-C(sp®) bond formation (Scheme 27).165 The

mechanism proceeds via formation and interception of an alanyl radical using the
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water-soluble phosphine TCEP to favour the desulfurisation process via a
phosphoranyl radical.6316 Various radical traps were investigated that allowed the

installation of various moieties, including biologically relevant biotin.

/\/O or )’\/\O

’ 2.2

Scheme 27 — Cys-selective peptide/protein modification via desulfurative C(sp?3)-C(sp?) bond
formation.

These bioconjugation methodologies were successfully applied for the modification of

small proteins, respectively ubiquitini®> and a histone H4 protein.164

5.4 RESULTS AND DISCUSSION
5.4.1 Introduction

In this chapter, the selective visible-light-mediated arylation via desulfurisation for Cys-
containing small peptides is described (Scheme 28). In this strategy, a new C(sp?)-
C(sp?) bond is formed upon desulfurisation of the Cys thiol with the aim of expanding
the chemical diversity in the proteome and provide a new tool in post-synthetic
modification of peptides. Previous studies in the group involved the trapping of
desulfurisation with persistent radical (2,2,6,6-tetramethylpiperidin-1-yl)oxyl (TEMPO)
that allowed for the post-synthetic installation of various moieties appended to the
radical traps.'%°1%6 The coupling partners chosen for this B-arylation strategy were
phenyl boronic acids. The feasibility of using aryl boronic acids in a nickel-catalysed
arylation reaction of Cys was previously showcased by Hanaya et al. in 2019.167 In
their work, this Cys modification tool was successfully tested on various peptides (6-
to 15-mer) and on a protein (bovine serum albumin) in an N-methylmorpholine buffer

(10 mM, pH = 7.5). Boronic acids are known to have good stability and solubility in
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aqueous buffered solvents and are therefore considered to be suitable reagents for
bioconjugation techniques.

TCEP
Ni(OAc),
Ir(11) cat.
A =450 nm
10% MeCN in NMP buffer

EWG

B(OH),

Scheme 28 — General conditions for the desulfurisation and B-arylation reaction on Cys residues.

The initial conditions we screened are described in Scheme 28 and consisted of 5 mol
% of Ir(ll) PC and 5 equivalents of Ni(ll) salt as co-catalyst, 25 equivalents of TCEP,
and 5 equivalents of boronic acid as the coupling partner. Presence of the phosphine
in the reaction mixture was required to achieve the desulfurisation of the Cys residue,
as previously described by Gao et al.'%2 The Ni(ll) salt was proved to be necessary for
catalysing the arylation step in previous work.1%6.167.168 The solvent we selected for this
method was a mixture of 0.01 M NMM buffer with 10% acetonitrile. The percentage of

acetonitrile was required to fully solubilise the Ir(ll) PC in the reaction mixture.
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Figure 100 — Peptide sequence of 1.

5.4.2 Boronic Acid Screening

We began by screening a range of boronic acids bearing different functional groups in
ortho-position. The substrate selected for this reaction was the model peptide Ac-CAY-
NH2 (1) (Figure 100). This small peptide provides a Cys residues required for the
transformation, as well as a Tyr residue to introduce complexity to the molecule that

can test the robustness and selectivity of the modification. Moreover, the Tyr residue
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makes the purification of the peptide easier due to the absorption in the aromatic

region.

Table 3 — Boronic acid screening and corresponding yields.

Entry Boronic Acid Product Isolated yield (%)
NO,
¢ -NHz
1 2-Nitrophenyl Ao A A 32
H o
2
CN
Y,NHZ
2 2-Cyanophenyl Ac A 25
H
o
3
CF,
y-NH2
3 2-Trifluoromethyl Ao A A 23
H 0
4
(0]
NH,
NH,
4 | 2-Carbamoxyphenyl . A 16
N
(o]
5
(0]
OH
_NH,
5 2-Carboxyphenyl Ao A -
N
(0]
6
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OMe

6 2-Methoxyphenyl Ace A -

7 3-Nitrophenyl w -

0N

8 4-Nitrophenyl o L X -

The results presented in Table 3 showed that the nitro group in ortho-position to the
boronic acid gave the best isolated yield (Entry 1, 32%). Other electron withdrawing
groups in ortho -position also showed good yields with respectively 25% for the cyano
group (Entry 2) and 23% for the trifluoromethyl group (Entry 3). The slightly activating
amide group in 2-position to the boronic acid gave very poor conversion to the
arylated-desulfurised product, with only 16% isolated yield (Entry 4). The carboxamide
group has limited electron withdrawing power, which could explain the lower
conversion towards the arylated product. Finally, the carboxylic acid group in ortho-
position was unreactive, despite its inductive effect to deactivate the aromatic ring
(Entry 5). These results were partially in agreement with previous reports, where the
nitro group in 2-position proved to be the best electron deficient substituent.®” The
presence of the electron donating and activating methoxy group in ortho-position
(Entry 6) hampered the reactivity of the substrate in this arylation reaction, confirming
that electron withdrawing, deactivating groups were required for this reactivity to take
place. Previous literature in a similar methodology reasoned the higher reactivity
displayed by the nitro group with the need of an electron deficient 1T system as well as

a o—electron-withdrawing effect.'6” To further confirm that the electron withdrawing
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group was required in ortho-position to the boronic acid, the nitro group was moved
around the aromatic ring, in meta (Entry 7) and para (Entry 8) positions. Again, these
two regioisomers were not reactive, proving that the deactivating substituent was

required to be placed in 2-position to the boronic acid.

To further extend the scope of this methodology we synthesised a range of boronic
acids starting from the corresponding aryl iodide, following a previous literature.5°
Briefly, the aryl iodide was reacted with phenyl magnesium chloride to achieve the I-
Mg exchange, which was stable at temperatures below -40 °C. Further reaction with

the electrophile trimethyl borate afforded the corresponding boronic acid (Scheme 29).

1) PhMgClI
2) B(OCH3)s
NO, 3) 2M HCl NO,
! \«B(OH),
|/ Z |/ >
R R

Scheme 29 — Synthesis of functionalised ortho-nitrophenylboronic acids.

The three functionalities that we selected were: methyl (10), methoxy (12), and fluorine
(14). The methyl and methoxy groups were appended in meta position to the boronic
acid, whereas the fluorine substituent was attached in para position. All these three
modified boronic acids were successfully installed onto the model peptide Ac-CAY-
NH2 (Table 4), widening the scope of this proposed desulfurisation and arylation

technique for small peptides.

Yields consistent with the other boronic acid explored previously were observed for
the 5-methyl boronic acid (Entry 1, Table 4). Interestingly, the 4-fluoro-2-nitrophenyl
boronic acid (Entry 3, Table 4) afforded the modified peptide 15 in higher yields than
those observed for the 2-nitrophenyl boronic acid (Entry 1, Table 3). Finally, the 5-
methoxy boronic acid (Entry 2, Table 4) gave poor yields for the desulfurisation and -

arylation modification, affording only 8% of the modified peptide 13.
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Table 4 — Boronic acid scope.

Entry Boronic Acid Product Isolated yield (%)

NO,

Is
1 B(OH), Ac A 25
10 H o

NO, NH
/@[ MeO y Nz
|
2 MeO B(OH), Ac. A 8

12 H o
13
F NO,
F NO,
\@[ Y,NHZ
3 B(OH), Acsy A 33
14 H oo

In an effort to further extend the scope of this methodology towards more biologically
relevant molecules, we opted for the synthesis of 19. This molecule had the potential
to extend the utility of this arylation technique to biologically relevant experiments,
including protein modification. Biotin is indeed small in size and therefore unlike to
disturb the natural activity of the biomolecule. Moreover, biotin presents an
exceptionally strong binding affinity towards avidin and streptavidin, which makes it an
ideal tool for isolating biotinylated molecules.1’® In these experiments, biotin is
attached to the peptide or protein of interest, often to the amino group of the sidechain
in a Lys residue, and then bond to streptavidin beads. The high affinity between biotin
and streptavidin ensure that this interaction is fast, and with high specificity. Once the
peptide or protein is subjected to the enzyme assay, the magnetic beads to which
avidin or streptavidin is bound are easily separated from the rest of the solution,
simplifying the purification and isolation of the biological molecule from other reagents.
The high affinity with which biotin binds to avidin and streptavidin is of great interest
because such a high affinity interaction is difficult to replicate via H-bonding and

electrostatics in synthetic systems. These interactions arise between the valeric acid
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moiety of biotin and the lipophilic region of the protein binding pocket.'”! Issues were
encountered during the synthesis of this analogue that prevented us from testing the
feasibility of this reactivity in our proposed arylation and desulfurisation strategy
(Scheme 30). Initially, Biotin (15) was reacted with in situ formed hydrogen chloride to
convert the carboxylic acid into a methyl ester (16), to install the methoxy group as a
good leaving group. This intermediate was reacted with ethylendiamine to form an
amide bond (17), as previously described in a method for the condensation of -
ketoesters with amines.'’? In the next step, the primary amine of 17 was expected to
react with the carboxylic acid of 18 and afford the expected product 19, but this
reaction was not successful and both high resolution mass spectrometry (HRMS) and
nuclear magnetic resonance (NMR) only showed the unreacted starting materials. The
reactivity was assumed to be hampered by the presence of the boronic acid on the
aromatic ring of 18, therefore 17 was instead reacted with the aryl iodide 21, with the
intent of installing the boronic acid moiety in a second instance. The modified biotin
analogue 17 was successfully attached to the carboxylic acid of the aryl iodide 21.
However, when this was reacted under the conditions previously described in Scheme
29 to afford the corresponding boronic acid (20), the expected product was not
obtained. Instead, HRMS showed two peaks that corresponded to the mass of the
mono- and bis-boronic acid. Interestingly, the I-Mg exchange step did not occur, and
the aryl iodide was apparently subjected to mono- and di-borination. Due to the lack
of time, efforts could not be put into further expanding this or other analogues to widen
the scope of this methodology.
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NH NH NH
H H H
H MeOH H MeOH H q
OH e oM e N
S /\/Y S l//\/Y e S W ~"NH,
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I B(OH),
21

22 20

Scheme 30 — Reaction scheme for the attempted synthesis of biotin ortho-nitrophenylboronic acid
(20).
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5.4.3 Proposed Mechanism

The proposed mechanism for this reaction is described in Scheme 31, and its
formulation was based on prior studies of radical-mediated Ni(ll)-catalysed
reactions.'62173.174 The Ni(ll) salt is initially reduced to Ni(l) by the Ir(Il) PC, which is
oxidised to Ir(lll). TCEP acts as a ligand for the reduced Ni species, which further binds
to the boronic acid in the trans-metalation step. At this stage, a single electron transfer
step regenerates the Ir(ll) PC by oxidising the Ni(l) to Ni(ll). Concurrently to this cycle,
the Ir(lll) PC forms a thiol radical cation on the Cys residue. This intermediate, upon
deprotonation, forms a thiyl radical that reacts with TCEP to form a phosphoranyl
radical. Rearrangement of this intermediate yields an alanyl radical and a sulfur
phosphide, which thanks to the high dissociation enthalpy for the S=P bond is the
driving force of this step. The alanyl radical is trapped by the Ni(ll) species through the
radical addition step. Finally, reductive elimination from the oxidised Ni(lll)
intermediate yield the final product and restore the Ni(l)-TCEP species.
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Scheme 31 — Proposed mechanism for the Ir- and Ni-catalysed desulfurisation and (-arylation of Cys
residues in small peptides.

5.5 CONCLUSION AND FUTURE WORK

In conclusion, a novel method for the desulfurative B-arylation of Cys residues in small
peptides has been developed. This method uses TCEP as a desulfurative agent to
generate a radical in B-position to the Cys residue. Low equivalents of the
corresponding boronic acid are coupled via the activity of an Ir(ll) PC and a Ni(ll) co-
catalyst. The reaction is performed in aqueous buffer with 10% of organic solvent at
neutral pH and is completed in one hour. Initially, a study was performed to identify
the most effective electron-withdrawing group that was required to be placed in ortho-
position to the boronic acid. The nitro group was selected as the best candidate.

Despite moderate yield, the installation of a range of non-canonical aromatic amino
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acids was described, proving the feasibility of this strategy for the post-synthetic
modification of small peptides.

In the future, the installation of different moieties could be attempted to further expand
the utility of this method particularly towards more biologically relevant substrates. In
an attempt to increase the moderate yields obtained so far, the Cys residue could be
moved to the C- or N-terminus to test if this has an effect on the reaction. This strategy
could be optimised and carried out on a protein to showcase its utility in a substrate
with a higher level of complexity. Computational modelling studies could be
implemented to further understand the mechanism of action behind this desulfurisation
and B-arylation reaction. This information could be used to explore different ligands

and substrates to further extend the utility of this bioconjugation strategy.
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6 REDUCTION MONITORING OF DISULPHIDE BONDS IN PEPTIDES

6.1 INTRODUCTION

Disulphide bridges are key elements known for playing a crucial role in structural
stabilisation and folding of a wide variety of peptides and proteins, including enzymes,
immunoglobulins, hormones, and toxins.1’> Of the 90 000 proteins contained in the
Protein data bank, 21% feature at least one disulphide bond and the percentage
increases when only structural and extracellular matrix proteins are considered.’®
Formation of a disulphide bond involves a two-electron oxidation process that links
two side chain sulfur atoms of spatially proximal Cys residues, yielding an oxidised
cystine (S-S) from two sulfhydryl groups (S-H). The extent of architectural stabilisation
provided by the presence of disulphide bridges can be measure by the entropy of the
system. The entropy measures the thermal energy of the system that is not available
for producing useful work. Because work can only be obtained from the motion of
ordered molecules, the entropy of a system also defines the molecular disorder or
randomness.'’” Low entropy means a regular and highly ordered system, whereas
high entropy results from a disordered and less stable system. The presence of a
covalent crosslink between two sections of a polypeptide chain significantly decreases
the conformational freedom of the strand. Restriction of the conformational space
leads to a decrease in the entropy of the system, resulting in stabilisation of the

unfolded state of the protein.1’8

Disulphide bonds are also key tools in defending biochemical systems against
oxidative damage, thanks to their anti-oxidative properties. Most living organisms,
including humans, use O2 as the terminal electron acceptor in energy production
processes because of its great electrophilicity.1’® However, if the reduction of oxygen
is not complete and water is not formed, reduced forms of molecular oxygen can be
produced that still contain electrophilic oxygen and are therefore reactive. These
oxidants are called reactive oxygen species (ROS) and they can oxidise vital
biochemical compounds such as lipids, fatty acids, proteins, and the nitrogenous
bases of DNA, overall inducing oxidative damage to the system.8 For instance, the
superoxide radical (O27) is produced by NADPH oxidases and can be partitioned into
H202 by the activity of superoxide dismutase.®! Both O2™ and H20: are by-products
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of the oxygen metabolism and can induce oxidative damage if not regulated. Nitric
oxide synthases produce the oxidative agent nitric oxide (NO-), which is a signalling
molecule involved in a variety of pathophysiological processes such as inflammation,
cell apoptosis, smooth muscle relaxation and neurotransmission.'®2183 Reaction of
O2™ with NO- can generate the strong oxidant peroxynitrous acid (ONOOH) that was
found to contribute in the pathogenesis of inflammatory processes, neurodegenerative
disorders, sepsis, and others.'® Another example of oxidative damage is given by the
generation of myeloperoxidase by polymorphonuclear neutrophils, macrophages and
monocytes. This leukocyte-derived enzyme can react with H202 to catalyse the
formation of powerful two-electron oxidants such as hypochlorous acid (HOCI),

hypothiocyanous acid (HOSCN), and hypobromous acid (HOBr).18%

Disulphide bonds results from the oxidation reaction of the sulfhydryl (SH) group of
two Cys residues, moving from an oxidation state of -2 at the sulfur atom to an
oxidation state of -1 at each of the two linked sulfur atoms in the cystine moiety
(Scheme 32). Disulphide bonds can be formed either between two Cys residues of the
same peptide sequence (intra-molecular, Scheme 32, 1), or between Cys residues

belonging to two different sequences (inter-molecular, Scheme 32, 2).
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Scheme 32 — Biological and chemical oxidation of Cys residues for disulphide bond formation.

This interaction acts as a molecular “staple” that secures the 3D structure of the chain
by imposing distance and angle constraints between the 3-carbon and y-sulfur atoms
of the two joined Cys residues.® In cellular environment the oxidation of sulfhydryl
groups to form disulphide bridges is catalysed by enzymes such as protein disulphide
isomerases or thioredoxin in a process called oxidative protein folding.®” Cleavage of

disulphide bridges in proteins could potentially result in collapsing of the native
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conformational and biological functions. On the other side, failure in disulphide bonds
formation may result in protein aggregation and consequent cellular stress and cell

death.188

Recently, attention has been focused on the artificial introduction of disulphide bridges
in peptides and proteins to obtain enhanced stability and pharmacokinetic profiles in
the corresponding analogues. An example in this context is given by insulin, a small
peptide hormone that is crucial in controlling the glucose homeostasis and that already
contains three disulphide bonds. Vinther et al., showed that the addition of a fourth
disulphide bond led to increased affinity for the insulin receptor, augmented
glucodynamic potency, and an increase of 34.6 °C in the melting point.1°

More recently, disulphide bonds were found to rapidly react with available lone pairs
of electrons provided by biological oxidants. These findings proved that disulphides
are redox active species that can catalyse enzymatic reactions and coordinate protein
function by directly modify the enzyme activity through a conformational change.
Disruption of disulphide bridges in biologically active peptides and proteins is often
associated with a loss in their function and activity.1’® For this reason, understanding
the causes that control the oxidation of disulphides could help in regulating the stability
and pharmacokinetic properties of peptides and proteins containing linked Cys
residues. When the disulphide bond is cleaved in presence of HOCI, for example, the
product does not correspond to the reduced Cys residues, and this is due to the
oxidative conditions induced by the oxidative agent. Karimi et al. identified a series of
oxidation species produced by disulphide bond cleavage in presence of HOCI, as
detailed in Scheme 33.1%° Thiosulfinate 24 is the first intermediate isolated after
treatment of the cyclised peptide 23 with HOCI. Following further oxidation or slow
hydrolysis, 24 is converted into the thiosulfonate 25. Subsequent oxidation of the
disulphide-S-monoxide and disulphide-S-dioxide yields a number of oxidised products
where the disulphide bond was cleaved. These species included the bis-sulfenic acid
26, the sulfinic acid 27, and the sulfonic acid 28. In Scheme 33 only oxidation
happening at the N-terminal residue is reported, however, evidence was detected for

a similar process occurring at the C-terminal Cys residue as well.
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Scheme 33 — Oxidation species produced from an intra-molecular disulphide bond after treatment
with agueous HOCI.

6.2 AIMS AND OBJECTIVES

In Chapter 6 we investigated the reactivity of disulphide bonds toward the oxidative
agent HOCI in three different 6-mer, N-acetylated peptide sequences. The peptide
sequences were synthesised with a consistent spacing between the two Cys residues
(Ac-CAGACY-NH2, Ac-CEGACY-NH2, and Ac-CKGACY-NHz). An intra-molecular
disulphide bridge was synthetically introduced between the proximal Cys residues,
and monitoring of the S-S bond reduction was explored using high performance liquid
chromatography (HPLC) analysis. The synthesis of the cyclised peptides is described
in General Protocols for Chapter Six. The three selected sequences were non-native,
6-mer peptides, all differing for the residue in the second position from the N-terminus.
These three peptides were chosen as a starting point for the analysis. They provided
small sequences with two Cys residues required for the formation of an intramolecular
disulphide bond and an aromatic residue (Tyr) to assist purification. The different
residues we examined were Gly, Glu, and Lys, which conferred respectively no
charge, a negative charge, and a positive charge next to one of the Cys residues
involved in the disulphide bond, when the peptide is dissolved at physiological pH.
Figure 101 shows the structures for the three reduced peptides (Gly 29a, Lys 30a, and
Glu 31a) and the respective cyclised peptides (Gly 29b, Lys 30b, and Glu 31b).
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Figure 101 — Synthetic peptides utilised for the reduction monitoring of disulphide bonds.

The reduction of the intramolecular disulphide bridge installed in the synthetic peptide
was performed with HOCI, a reactive species containing a nucleophilic oxygen that
was reported as an oxidative agent in biochemical processes. Following optimisation
of the reaction conditions, monitoring of the reduction profile was conducted by
analytical HPLC and characterisation of the products was performed with LC-MS. The

scope of this effort was to produce preliminary data that, alongside computational
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experiments, could provide an insight in whether different residues, local steric, and
electrostatic environment placed next to one of the two Cys residues involved in the
disulphide bond could play a role in stabilising the cyclic peptide and slow the reduction
of the disulphide bond and the activity of HOCI.

6.3 RESULTS AND DISCUSSION

6.3.1 Preliminary Computational Calculations

6.3.1.1 Principal Component Analysis

Molecular dynamic simulations were produced for all the three synthetic peptides
bearing a disulphide bond: Ac-CAGACY-NH2 (29b), Ac-CEGACY-NH2 (30b), and Ac-
CKGACY-NHz2 (31b). From now on, both reduced (29a, 30a, and 31a) and oxidised
(29b, 30b, and 31b) peptides will be abbreviated to the amino acid sequence only and
the N- and C- termini modifications, respectively acetylated (Ac) and amide (NH2), will

be omitted.

First of all, principal component analysis (PCA) was performed to explore the free
energy landscape of the different cyclised peptides and determine their relative cluster
centres. PCA is a statistical technique that reduces the dimensionality of a dataset and
increases the interpretability while minimising the loss of information. This result is
obtained by generating new uncorrelated variables, the principal components, that
maximise the statistical information.’®* Figure 102 displays the results for the free
energy landscape map of synthetic peptide CAGACY (a), CEGACY (b), and CKGACY
(c). The energy landscape provides a mapping of all the possible states of the system
and describes all the conformation and the spatial positions of the interacting

functional groups.
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Figure 102 — Estimated free energy landscape of peptide CAGACY (a), CEGACY (b), and CKGACY

(c) along the distribution of PC1 and PC2 constructed using 1498500 snapshots from 299.7 ns of MD
simulation (1498503 snapshots for CAGACY). PCA was carried out by calculating root-mean-square
deviation (RMSD) of all backbone atoms including Cf and S atoms of Cys from the reference average

structure.

As detailed by the legend on the right-hand side of each graph, low-energy areas are

characterised by dark-blue colours, whereas high-energy areas are characterised by

red colours. Each of these regions define an ensemble of energetically stable

structures.

The free energy landscape maps for the three peptide sequences were analysed using

the clustering method InfleCS. This tool was implemented to extract well-defined core

states from the energy landscape, and the results are showed in Figure 103.
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Figure 103 — Results from clustering using the InfleCS method. The final density landscape consists
of 19 Gaussian components for CAGACY (a), 13 for CEGACY (b), and 16 for CKGACY (c). The
identified core states based on the estimated density on a 100 x 100 grid, are coloured by cluster

labels. Cluster centres and transition points are shown as white squares and grey dots, respectively.
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The state populations obtained from InfleCS from each peptide sequence were plotted
against their probability to gather an idea of the most energetically favoured clusters.

The results are presented in Figure 104.
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Figure 104 — Normalised state populations for synthetic peptide CAGACY (a), CEGACY (b), and
CKGACY (c). The coloured dots in the plot refer to each clustering presented in Figure 103.

Four population states were identified for synthetic peptide CAGACY (5, 7, 16, and

17). The structures representing each cluster centre are shown in Figure 105.
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Figure 105 — Structures representing the cluster centres extracted from dominant clusters 5 (a), 7 (b),
16 (c), and 17 (c) for synthetic peptide CAGACY. The structures are visualised with VMD.

InfleCS clustering for synthetic peptide CEGACY produced one population state (13)
that emerged from the others. The structure related to the centre of this cluster is

showed in Figure 106.

Figure 106 — Structure representing the cluster centre extracted from dominant cluster 13 for synthetic
peptide CEGACY. The structure is visualised with VMD.

Synthetic peptide CKGACY was characterised by three population states at high
probability, and the structures related to each cluster centre, respectively 3 (a), 11 (b),

and 12 (c), are showed in Figure 107.
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Figure 107 — Structures representing the cluster centres extracted from dominant clusters 3 (a), 11
(b), and 12 (c) for synthetic peptide CEGACY. The structure is visualised with VMD.

InfleCS clustering analysis provided the most stable configurations for each cyclised
peptide, describing the atoms and bonds orientation in which the three peptides were
most likely to exist.

6.3.1.2 Reaction Enthalpy Calculations

Reaction enthalpy (ArH°) calculations were performed using quantum mechanics
(QM). It is thought that oxidation of disulphide bonds begins with formation of a
RIS*(CI)SR? intermediate (Scheme 3). Reaction between the disulphide bond and
HOCI can be fast and stabilisation of the RS-CI species can occur by a remote lone
pair of electrons or neighbouring sulfur atoms.%? The aim of these calculations was to
understand if, and how, the three different amino acid residues played a role in the
stabilisation of the intermediate. The reaction of interest is showed in Scheme 34.
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Scheme 34 — Reaction investigated by A/H° calculations.

To perform ArH® calculations, four cluster centers were taken that best represented
the InfleCS clustering plot of each peptide. An example is showed in Figure 108 for

synthetic peptide CAGACY.
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Figure 108 — Circled clusters from the InfleCS clustering were selected to sample the most
diverse peptide conformations along both variables PC1 and PC2.

A chlorine atom was bound to the sulfur atoms involved in the disulphide bond in each

of the four possible conformations, as showed in Figure 109.

Figure 109 — Four different combinations for the S-ClI bond on the disulphide bridge. A total of 48
structures (16 for each peptide) were analysed. Green ball = Cl, yellow ball = S, grey ball = C, and
white ball = H.
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The energy enthalpy values for the S-ClI bond are reported in Table 5. These values
were plotted in Figure 110 for an easier interpretation.

Table 5 — AH295 (kJ/mol)) values (highlighted numbers) given in kJ/mol for all the chlorinated structures
of each peptide. The chosen notation was X-Y, where X is a letter, and Y is a number. The letter refers
to the characteristic amino acid of each peptide (A = CAGACY, K = CKGACY, and E = CEGACY),
whereas the number refers to the cluster centre. The double-digit numbers (1-1, 1-2, 2-1, and 2-2) refer
to the four different combinations of S-Cl bond on the disulphide bridge (see Figure 110). All geometries
and vibrational frequency calculations were obtained with the M05-2X/6-31G(d) method using implicit
SMD water solvation model. Zero-point vibrational energies and enthalpic temperature corrections were
obtained from scaled M05-2X/6-31G(d) vibrational frequencies using scaling factors from literature.®
Single-point energies were obtained with M06-2X/6-311 + G(3df.2p) including SMD solvation and
thermal corrections. Energies are given in kJ/mol, and they represent condensed-phase enthalpies at
298 K. All density functional QM calculations were carried out using Gaussian 16.193

A-15 1-1|59.71 | K-12 |1-1 | 46.52 | E-9 1-1|81.32

1-2 | 67.95 1-2 | 65.84 1-2 | 75.49
2-1 7141 2-1 | 69.22 2-1|85.70
2-2 | 84.24 2-2 | 54.54 2-2 | 75.81

A-8 1-1|44.54 | K-3 1-1 4352 | E-4 1-1 | 92.04

1-2 | 60.46 1-2 | 61.59 1-2 | 87.26
2-1|74.22 2-1 | 43.09 2-1|80.43
2-2 | 41.52 2-2 | 54.43 2-2 | 87.42

A-7 1-1|68.76 | K-5 1-1|71.68 | E-5 1-1 | 54.02
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1-2 | 75.63 1-2 | 56.91 1-2 | 52.45

2-162.11 2-1|77.69 2-1|59.48

2-2 | 88.64 2-2 | 50.76 2-2 | 48.07

A-16 |1-1|74.07 |K-11 |1-1|61.83 |E-13 |1-1|75.26
1-2 | 82.37 1-2 | 78.92 1-2 | 62.88
2-1|58.52 2-1|65.38 2-1(72.92
2-2 | 86.48 2-2 | 68.81 2-2 (36.13
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Figure 110 — A/H°29s trend for chlorinated structures of CAGACY, CKGACY, and CEGACY peptides in
water. Different colours represent the cluster from the PCA plot: red is top-left cluster, blue is bottom-
left cluster, green is bottom-right cluster, and purple is top-right cluster. Different patterns represent
the chlorine atom position on the disulphide bridge: solid fill is the sulfur atom closer to the C-
terminus, and checkerboard pattern is the sulfur atom closer to the N-terminus.
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For both cyclised peptides CAGACY and CKGACY the bottom-left cluster of the
InfleCS clustering (green marker) seemed to be the most stable, with the first two
structures being the lowest in reaction enthalpy. The rest of the structures did not seem
to follow a specific trend. For CEGACY the cluster showing the lowest reaction
enthalpy was the bottom-right one (green marker). This peptide also covered the
widest range in reaction enthalpy, showing both the lowest and the highest overall

value, respectively 36 and 92 kJ/mol.

6.3.1.3 Sulfur-Chlorine Bond Length

Once all structures were obtained for the three synthetic peptides, the length of the
sulfur-chlorine bond was measured per each structure. The results are gathered in
Table 6.

Table 6 — Bond (S-CI) length (A) values (highlighted numbers) given in A for all the chlorinated structures
of each peptide.

A-15|1-1 [2.07 |K-12|1-1 (2.18 |E-9 |1-1 [2.03

1-2 |2.05 1-2 12.06 1-2 12.03
2-1 |2.17 2-1 |2.02 2-1 [2.03
2-2 |12.04 2-2 |2.05 2-2 |2.03

A-8 |1-1 (214 |K-3 |1-1 (212 |E-4 |1-1 |2.03

1-2 |2.06 1-2 12.05 1-2 12.03
2-1 |2.05 2-1 |2.06 2-1 |2.03
2-2 |2.07 2-2 |2.04 2-2 [2.03
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A-7 |11 1206 [K-5 [1-1 |2.03 |E-5 |1-1 |2.07
1-2 |2.05 1-2 |2.08 1-2 12.05
2-1 |2.05 2-1 |2.04 2-1 |2.05
2-2 12.03 2-2 |2.04 2-2 |2.15
A-16 |1-1 [2.06 |K-11|1-1 |[2.03 |E-13 |1-1 [2.02
1-2 |2.03 1-2 12.04 1-2 12.05
2-1 [2.05 2-1 |2.16 2-1 [2.06
2-2 |2.03 2-2 |2.04 2-2 |2.40

These values were also plotted in Figure 111 for an easier interpretation.
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Figure 111 — S-CI bond length (A) vs AH°29s for chlorinated structures of CAGACY, CKGACY, and
CEGACY peptides in water. Different colours represent the cluster from the PCA plot: red is top-left

cluster, blue is bottom-left cluster, green is bottom-right cluster, and purple is top-right cluster.

Different patterns represent the chlorine atom position on the disulphide bridge: solid fill is the sulfur
atom closer to the C-terminus, and checkerboard pattern is the sulfur atom closer to the N-terminus.
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The overall trend observed in Figure 111 indicated that the S-Cl bond distances
negatively correlated with the calculated AH°® values, namely the lowering of the
reaction enthalpy corresponded to the increasing in the S-Cl bond distance. While
most of the S-CI distances were found to be roughly around 2.1 A, the exception of
2.4 A was observed in the case of one conformation in the CEGACY peptide. This
outcome was probably due to the stabilising effect of the neighbouring oxygen and
nitrogen atoms that are able to donate electrons to the empty orbital of the sulfur atom,
which then results in a decrease of the reaction enthalpy. The formation of a bond
between oxygen and sulfur would certainly benefit the reaction enthalpy of the first
step, but might interfeer with the overall reactivity of the intermediate in the following
steps. In particular, this feature might be important when considering the next step of
the mechanism, which is the hydrolisis of the intermediate (addition of a water
molecule to the sulfur atom and cleavage of the S-Cl| bond). Moreover, if the
intermediate is too stabilised, it would be less likely to react during the following step.
More computational data wil be required for better understanding the overall forces in

place.

All of our calculated reaction entalphies are relatively high (35-39 kJ/mol). The nature
of the interactions stabilising the product is electrostatic and takes place between the
nitrogen or the oxygen atoms from the peptide, which are partially negatively charged
due to their electronegativity (respectively 3.04 and 3.44), and the positively charged
sulfur atom involved in the disulphide bridge bonded to the chlorine atom (the S-CI
bond is polarised). The chlorine atom is involved in two different types of interaction.
It is negatively charged due to its electronegativity (3.16), and thus interact with
positively charged atoms. However, it also has an o-hole, which involves a region of
positive electrostatic potential on the extension of the covalent S-ClI bond, and thus
can interact with negatively charged atoms.'®* Generally, the structures analysed
showed the chlorine atom pointing away from the rest of the molecule, probably to

avoid steric hindrance.

CKGACY showed overall lower ArH° values with respect to the other two peptides.
This could possibly be explained by the number of interactions generated (formation
of stable macrocycles) between the negatively charged oxygen and nitrogen atoms

surrounding the peptide that coordinate the positively charged sulfur atoms. As a result
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of these interactions, the formation of a macrocycle was observed as the conformation
with the lowest enthalpy (Figure 112 — bottom structure).
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Figure 112 — CKGACY structures showing highest (top, K-11 1-2) and lowest (bottom, K-3 2-

1) values of AH°. Top structure: interaction with a nitrogen atom that leads to the formation of a four-

membered heterocycle. Bottom structure: interaction with two oxygen atoms and one nitrogen atom
that led to two macro cyclisation of respectively 10 and 7 atoms.

The lowest AH° value was 36.13 kJ/mol and belonged to CEGACY. The structure
related to this value showed a strong interaction between the positively charged sulfur
atom bonded to chlorine, and the negatively charged oxygen atom (Figure 113).
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Figure 113 — CEGACY structures showing highest (top, E-4 1-1) and lowest (bottom, E-13 2-
2) values of AH°. Top structure: interaction similar to that of CAGACY peptide with the lowest
enthalpy. Bottom structure: strong interaction between the sulfur atom and an oxygen atom that leads
to the formation of a five-membered heterocycle, as well as proton transfer from the peptide bond
nitrogen to the oxygen of the carboxylic group on the Glu sidechain.

Despite the CKGACY peptide showed three interactions with the formation of two
macrocycles and a rigid structure, its AH° was higher (43.09 kJ/mol), meaning that
the proximity of the oxygen atom to the sulfur atom of CEGACY induced a stronger
stabilization of the peptide. The peptide CAGACY showed medium values of enthalpy
for the S-Cl bond cleavage. The structure related to the highest and lowest enthalpies
presented some degree of interaction between the positively charged sulfur and the

surrounding oxygen and nitrogen atoms (Figure 114).
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Figure 114 — CAGACY structures showing highest (top, A-7 2-2) and lowest (bottom, A-8 2-2)

values of A;H°. Top structure: only one interaction with a nitrogen atom that leads to the formation of a
four-membered heterocycle. Bottom structure: interaction with the same nitrogen atom and the

additional interaction with an oxygen atom that leads to the formation of a six-membered heterocycle.

To conclude, CKGACY presented the lower average of reaction enthalpies, despite
the lowest overall value was reported for synthetic peptide CEGACY. CAGACY
showed the highest values of ArH®, even though they did not differ too much from the
other two peptides. These results suggest that either a negative (CEGACY) or a
positive (CKGACY) charge neighbouring one of the Cys residues involved in the
disulphide bond increases the overall stability of the intermediate.

6.3.2 Chemical Reduction of Disulphide Bonds
6.3.2.1 Optimisation of Reduction Conditions

Peptide CKGACY (30b) was selected for the initial optimisation of the disulphide
bridge reduction. Four different concentrations of HOCI were tested in the presence of
the cyclised peptide. This screening was aimed at understanding what concentration
of oxidative agent was required to reduce a significant amount of disulphide bond to
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be monitored by analytical HPLC. Too little HOCI could lead to a slow reaction or no
reduction of the disulphide bond, whereas too much oxidative agent could result in a
too quick cleavage of the S-S bridge to be observed via HPLC. No screening of
solution buffer was performed as phosphate buffer 0.1 M at pH = 7.4 was found to be
the best in previous literature.1®® NaOCI is stable in basic conditions, and it is
commercially available at a pH of 10-11. Dissociation of NaOCl at pH ~ 7.0 leads to in

situ formation of HOCI, as described in Equation 3.1%

NaOCl + H,O HOCI + NaOH

Equation 3 — Dissociation of NaOCI in water.

After addition of activated NaOCI solution, under the form of HOCI, to the peptide in
phosphate buffer at pH = 7.4, the reaction mixture was left for 12 h and then analysed
by HPLC. Four different concentrations of HOCI were tested (0.1 mM, 0.5 mM, 1 mM,
and 5 mM) and the results are showed in Figure 115. The compound absorbing before
4.5 minutes corresponds to the cyclised peptide 30b, while the peak at 5.0 minutes

was recognised as a product of the disulphide bond cleavage.
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Figure 115 — Reaction optimisation for the reduction of the disulphide bond on Peptide CKGACY
(30b) using HOCI.

The optimisation experiment run at concentration of 5 mM was repeated with different
batches of both peptide and acid, but still showed no peaks in the analytical trace. This
outcome was not expected as full hydrolysis of the peptide should only happen in
presence of strong acids or bases and at high temperatures.’®” Despite the

concentration of HOCI not being high enough to promote the full hydrolysis of the
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peptide, even if the HOCI concentration was too high, this should have only cleaved
the disulphide bond showing only one peak for the non-cyclised peptide. Even in the
remote possibility where the acid was cleaving the amide bond resulting in a disruption

of the peptide chain, Tyr is aromatic and should have been visible at 280 nm.

Concentrations of 0.1 and 0.5 mM were not strong enough to successfully cleave the
disulphide bond and only a trace of the non-cyclised product was observed. HOCI
concentration of 1 mM was selected as the best candidate as it showed a good
cleavage profile for the disulphide bond. Most of the cyclised peptide was still present
after 12 hours, but the cleavage profile was successful enough to proceed with a
longer experiment and the characterisation of the disulphide bond cleavage products.
Time point measurements were taken across 177 hours to explore the cleavage trend
of cyclised peptide CKGACY, and the areas of both the cyclised and non-cyclised
peaks in the HPLC traces were determined. The areas for the cleaved peptide were
plotted against time to show the trend of the disulphide bond cleavage, as showed in
Figure 116.

w
o

N
o
|

=
o
|

|

1 1
20 40 60 80 170

Time (h)

Area of reduced S-S bond (%)

o

Figure 116 — Trend for the area of reduced disulphide vs. time for the reduction of disulphide bond on
Peptide CKGACY (30b) using HOCI. Values from 80 h to 160 h were compressed for easier
interpretation.

The data fitted with an exponential association trend (red curve). It was noticed that
after 40 hours the oxidative agent was not able to further cleave the cyclised peptide

and a plateau was reached in the relative area percentage of the oxidation product.
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For this reason, it was concluded that the reaction monitoring of the disulphide bond
cleavage on the three synthetic peptides would have been monitored over 40 hours

with a scan every 60 minutes.

6.3.2.2 Monitoring of Disulphide Bridge Reduction in Synthetic Peptide Ac-CAGACY-
NH2

Synthetic peptide CAGACY (29b) was the first to be analysed after treatment with the
oxidative agent HOCI. The chromatograms for both the non-cyclised (29a) and
cyclised (29b) peptides are showed in Figure 117, along with the respective structures.
Despite a small difference in the elution times of both peptides, the cyclised peptide

was eluted earlier, proving it to be the most polar species between the two.
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Figure 117 — Comparison of the UPLC traces for the reduction of the disulphide bond on peptide
CAGACY. Reduced peptide 29a eluted after 5.1 min, oxidised peptide 29b eluted after 4.9 min.
Analytical method 5-40% B over 5 min, 210 nm.

The reduction profile of the synthetic peptide CAGACY during the monitored period
was characterised by a great number of peaks (Figure 118), implying high reactivity of
the cyclised peptide towards the oxidative agent HOCI. However, likely due to the low
concentration of the species present in solution, LC-MS was not successful in

identifying all of the oxidation products, and only a few of them were investigated.
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Figure 118 — UPLC traces showing the reaction profile for the reduction of the disulphide bond on
peptide CAGACY (29b) from time zero (black trace) to 40 hours (light-grey trace).

Looking at the chromatograms showed in Figure 118, it is clear that the species eluting
before 5 minutes was predominant throughout the monitored period. The other
identified peaks had a much more symmetrical shape in the early stages of the
monitored period, between time zero and 20 hours. The shape progressively flattened,
and the peaks seemed to be splitting after 30 hours. The reason why this happened
is not clear, as the mass spectrum of those peaks only showed one mass.
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Figure 119 — UV-Vis trace for the reaction mixture after 40 hours, with the main products
indicated by an arrow.
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Figure 119 shows that many products were formed after exposure of the cyclised
peptide to the oxidative environment formed in presence of HOCI. Despite the number
of compounds noticed in the chromatogram, LC-MS was only able to detect a few of
them. The five species characterised by mass spectrometry are highlighted with an

arrow in Figure 119.

The first compound to be identified was unreacted starting material 29b, the structure
of which is showed in Figure 120. The mass spectrum obtained from LC-MS matched

the peptide sequence.
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Figure 120 — Structure (top) and HRMS spectrum (bottom) for compound 29b. Calculated mass:
625.20 [M+H] *.

The sulfinic acid 32 showed in Figure 121 was recognised by LC-MS as the second
product to be eluted. The peak related to this product appeared more defined during
the first 20 hours of monitoring, whereas its concentration decreased, and the peak
flattened at the end of the monitored period. The oxidation state of the sulfur taking
part in the sulfinic acid moiety is +2, whereas the sulfur atom involved in the disulphide

bridge has an oxidation state of -1.

A similar trend was followed by the sulfonic acid (33), identified by LC-MS as the
oxidation product eluting at approximately 5.5 minutes. The structure showed in Figure
122 matched the molecular weight observed in the respective chromatogram. While
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the sulfur atom involved in the disulphide bond has an oxidation state of -1, the sulfur
atom of the sulfonic acid has an oxidation state of +4.
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Figure 121 — Structure (top) and HRMS spectrum (bottom) for compound 32. Calculated mass:
659.20 [M+H] *.
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Figure 122 — Structure (top) and HRMS spectrum (bottom) for compound 33. Calculated mass:
675.20 [M+H] *.

181



The last two compounds identified by LC-MS were oxidation products of the cyclised
peptide in which the disulphide bridge remained intact. As previously described in
Scheme 33, these species are considered to be intermediates between the disulphide
bridge and the oxidation and consequent cleavage of the S-S bond. The first one to
be eluted was the thiosulfinate (34) showed in Figure 123, the structure of which
matched the molecular weight displayed in the respective mass spectrum. The sulfur

atom involved in the thiosulfinate moiety has an oxidation state of +1.
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Figure 123 — Structure (top) and HRMS spectrum (bottom) for compound 34. Calculated mass:
641.20 [M+H] *.

The last oxidation product to be characterised was the thiosulfonate 35 eluted at
approximately 6 minutes. The mass detected by LC-MS matched the structure showed

in Figure 124, and in this case the oxidation state of the sulfur atom is +3.
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Figure 124 — Structure (top) and HRMS spectrum (bottom) for compound 35. Calculated mass:
657.19 [M+H] *.

Figure 126 shows the trend of the relative area percentages for the characterised
peaks over the 40 hours of monitoring. It is clear that all species presented did not

deviate much from the original concentration observed at time zero.
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Figure 125 — Relative area (%) vs. time (h) for the five species characterised after 40 hours from
exposure of the cyclised peptide CAGACY (29b) to HOCI.
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The unreacted cyclised peptide (29b) was overall the most abundant species with a
relative area that increased from 43% to 69%. The thiosulfinate (34) could not be
distinguished from the baseline after approximately 30 hours, and its trend saw a
decrease in the relative area from 10% to 5%. On the other hand, the concentration of
the thiosulfonate (35) slightly increased from 11% to 17% over the monitored period.
This outcome could be explained by the fact that the thiosulfonate is an oxidation
product of the thiosulfinate and the concentration of the first is therefore expected to
increase. Both oxidation products resulting from the cleavage of the disulphide bond
showed a steady trend over the monitored period. The sulfinic acid (32), despite an
irregular tendency, remained at a consistent 8% of relative area percentage. Sulfonic

acid (33) experienced a slight decrease from an average of 8% to an average of 5%.

6.3.2.3 Monitoring of Disulphide Bridge Reduction in Synthetic Peptide Ac-CKGACY-
NH2

Synthetic peptide CKGACY (30b) was the second peptide to be monitored after
addition of HOCI. Figure 127 shows the HPLC traces of the reduced (30a) and oxidised
(30b) sequences and the corresponding structures. Elution times of the cyclised and
non-cyclised peptides were similar, but the cyclised one was eluted slightly earlier than

the non-cyclised one.

After addition of HOCI to the reaction mixture, the disulphide bond cleavage was
monitored via HPLC over a period of 40 hours with an aliquot of solution being
analysed every 60 minutes. Figure 128 shows five different time points taken at time

zero and every 10 hours from the beginning of the reaction.
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Figure 126 — Comparison of the UPLC traces for the reduction of the disulphide bond on peptide
CKGACY. Reduced peptide 30a eluted after 4.6 min, oxidised peptide 30b eluted after 4.3 min.
Analytical method 5-40% B over 5 min, 210 nm.
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Figure 127 — UPLC traces showing the reaction profile for the reduction of the disulphide bond on
peptide CKGACY (30b) from time zero (black trace) to 40 hours (light-grey trace).

As presented in Figure 127, after addition of HOCI, monitoring of the reduction process
showed conversion of the oxidised peptide (eluting at 4.3 minutes) to a less polar
intermediate that was eluted at 7 minutes of the analytical method. Over the analysed
40 hours, this intermediate was nearly completely consumed, and four different
compounds appeared to be the stable products. These oxidation products of the

disulphide bond were all eluted between minutes 5 and 6 of the analytical method and
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showed decreased polarity with respect to both the cyclised and non-cyclised
peptides. Other peaks were identified in the HPLC trace of the reduction monitoring
after 40 hours; however, their concentration was too low to clearly distinguish them
from the baseline and LC-MS was not successful in their characterisation. Therefore,
efforts were focused on investigating the nature of the six peaks displayed in Figure
128.
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Figure 128 — UV-Vis trace for the reaction mixture after 40 hours, with the main products
indicated by an arrow.

The numbers in Figure 128 refer to the oxidation products identified after exposure of
the synthetic peptide to the oxidative conditions exerted by HOCI. LC-MS was
implemented to investigate the nature of these compounds. Due to incomplete
conversion of the starting material to a single product, the presence of all intermediates

at the end of the 40 hours led to clear characterisation.

The first compound to be eluted was identified with unreacted cyclic peptide (30b) as
showed by the two matching chromatograms in Figure 129.
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Figure 129 — Comparison of the UPLC traces for peptide 30b (back trace) and the reaction mixture
after 40 hours (gold trace).

The molecular weight was confirmed by the mass spectrum showed in Figure 130.
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Figure 130 — Structure (top) and HRMS spectrum (bottom) for compound 30b. Calculated mass:
682.26 [M+H] *.

Compound 40 was identified as the main component of the reaction mixture at time
zero, but its concentration dropped over the monitored period, as showed by the

decrease in its absorbance peak in Figure 127. This trend could imply that this species
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is an intermediate of the reduction profile, but it is not stable and either progressively
degrades into other products, or the presence of HOCI in solution further oxidises it.
LC-MS helped in characterising this compound as the thiosulfinate 40 shoed in Figure
131. The disulphide bond is retained in this compound, but one Cys residue is oxidised
by HOCI. The oxidation state of sulfur goes from -1 when involved in the disulphide
bond, to 0 when the disulphide-S-monoxide is formed. As previously described by
Nybo et al., the thiosulfinate is an intermediate of the oxidation process through which
the disulphide bond undergoes before full cleavage of the S-S bridge.'®® This explain
why its concentration experiences such a steep decline as this intermediate is further

oxidised to yield other oxidation products.
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Figure 131 — Structure (top) and HRMS spectrum (bottom) for compound 40. Calculated mass:
699.20 [M+H] *.

Further oxidation of the thiosulfinate led to formation of the thiosulfonate 36 showed in
Figure 132, as proved by the mass recorded in the respective spectrum. The oxidation
state of the sulfur atom involved in the thiosulfonate bond is +3, with respect to 0 when
the sulfur atom was involved in the thiosulfinate, and -1 when it was involved in the
disulphide bond.
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Figure 132 — Structure (top) and HRMS spectrum (bottom) for compound 36. Calculated mass:
714.25 [M+H] *.

The other three peaks identified by LC-MS, were recognised as oxidation products
obtained from the oxidation of one of the two Cys residues involved in the disulphide
bridge after its cleavage. All these three products increased in concentration over the
monitored time, meaning that the reaction equilibrium was shifted towards their

formation as the reaction went to completion.

Compound 37 was isolated as the sulfonic acid showed in Figure 133, and its structure

was confirmed by the respective mass spectrum.
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Figure 133 — Structure (top) and HRMS spectrum (bottom) for compound 37. Calculated mass:
732.26 [M+H] *.

37 was the oxidation product recorded in highest concentration at the end of the
monitored period. This result means that the equilibrium of the disulphide bond
cleavage and further oxidation of the participating Cys residues is driven towards full
oxidation of the sulfur atom. The oxidation state goes indeed from -1 on the sulfur
involved in the disulphide bond, to +4 on the sulfur taking part in the sulfonic acid

moiety.

38 was eluted at a similar time to the sulfonic acid, and it was identified as the sulfinic

acid showed in Figure 134, as confirmed by the mass spectrum.
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Figure 134 — Structure (top) and HRMS spectrum (bottom) for compound 38. Calculated mass:
716.26 [M+H] *.

The oxidation state of sulfur in 38 goes from -1 when taking part in the disulphide bond,

to +2 when the sulfinic acid is produced.

The final mass spectrum reported by LC-MS matched the structure of the sulfenic acid
39 showed in Figure 135. In this case, cleavage of the disulphide bridge led to
oxidation of the sulfur atom from -1 to 0. Interestingly, this compound was not reported

by Karimi et al., where only the di-sulfenic acid was observed.1%
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Figure 135 — Structure (top) and HRMS spectrum (bottom) for compound 39. Calculated mass:
700.27 [M+H] *.

It is noteworthy to mention that compounds 36 and 37 were the most abundant
oxidation products in the reaction mixture at the end of the monitored period and
presented the two highest oxidation state on the sulfur atom, respectively +4 and +2.
This outcome emphasises how disulphide bonds can be a critical tool to ensure
effective quenching of reactive species that could hamper the correct functioning of
living organisms. They provide an active nucleophile for all species containing an
electrophilic oxygen that could potentially lead to oxidative damage if not blocked.

Figure 136 shows the relative area percentage trend for the five different main

products identified at the end of the disulphide bond reduction monitoring.
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Figure 136 — Relative area (%) vs. time (h) for the five species characterised after 40 hours
from exposure of the cyclised peptide CKGACY (30b) to HOCI.

As previously discussed, compound 36 was the most abundant at the beginning of the
reaction monitoring, and its relative area progressively decreased from an average of
63% to an average of 7%. Compounds 32 and 33 followed a similar trend, being almost
absent at the beginning of the reaction, but their relative areas gradually incremented
to respectively 22% and 30% by the end of the monitored period, making them the
second and third most abundant products in the reaction mixture. These two
compounds also had the two highest oxidation states for the sulfur atom, respectively
+3 for the thiosulfonate and +4 for the sulfonic acid. Therefore, it is plausible that the
reaction equilibrium is shifted towards the most oxidised intermediates in the
conditions we reported. However, due to the similar moiety of 32 and 36, the
thiosulfonate was expected to follow a similar trend to the thiosulfinate, and thus being
in high concentration at the beginning of the reaction, before dropping in concentration
to yield products where the disulphide bridge was cleaved. The sulfenic acid 34 was
the second least abundant species throughout the course of the monitored period, and
its final relative area was 4%. The products in lowest concentration were the sulfinic
acid 35, the relative area of which reached only 2% at the end of the monitored period.
The cyclic peptide 30b did not experience a noticeable fluctuation over the course of
the reaction and the relative area overall increased by less than 10%. It is plausible
that after the initial oxidation carried by HOCI to yield compound 36, the cyclic peptide
was not affected by the presence of the oxidative agent. The equilibrium for 30b

seemed to be slightly reversible, with the cyclic peptide being partially reformed, as
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described by the moderate increase in relative area percentage that went from an

average of 24% to an average of 33%.

6.3.2.4 Monitoring of Disulphide Bridge Reduction in Synthetic Peptide Ac-CEGACY-
NH2

The last experiment was performed using synthetic peptide CEGACY (31b) as the
substrate for monitoring the oxidation activity of HOCI. An intramolecular disulphide
bridge was installed as previously described for CAGACY (29b) and CKGACY (30b),
and the reduction of the disulphide bond and further oxidation of the sulfhydryl moiety

was investigated.
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Figure 137 — Comparison of the UPLC traces for the reduction of the disulphide bond on peptide
CEGACY (31b).

Figure 137 shows the chromatograms for both the reduced (31a) and oxidised (31b)

peptides and their structures.
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Figure 138 — UPLC traces showing the reaction profile for the reduction of the disulphide bond on
peptide CEGACY (31b) from time zero (black trace) to 40 hours (light-grey trace).

The chromatogram at time zero showed in Figure 138 described a species eluting at
approximately 4.5 minutes. However, the relative area of this compound progressively
decreased over the course of the monitored period, and it was no longer present in
the final sample after 40 hours. To characterise this product, the reaction was repeated
and analysed immediately with LC-MS. The peak was identified with the thiosulfinate
41 showed in Figure 139. The structure of this intermediate was confirmed by the mass
spectrum and the oxidation state of the sulfur atom increased from -1 in the disulphide

bond to +1 in the thiosulfinate moiety.
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Figure 139 — Structure (top) and HRMS spectrum (bottom) for compound 41. Calculated mass:
699.20 [M+H] *.

In contrast to the thiosulfinate 40 produced by synthetic peptide CKGACY (Figure
128), product 41 was eluted first in the analytical method and was therefore the most
polar species. It must also be mentioned that compound 40 was the most abundant at
the beginning of the monitored period, and despite its concentration progressively
decreased, it was still observed after 40 hours. On the other side, compound 41 not
only was second in concentration to the unreacted cyclised peptide 31b but was also
not stable enough to survive the 40 hours of monitoring. Because of the high similarity
between the two oxidation products 40 and 41, the difference that resulted in such an
opposed outcome could only be addressed with the amino acid residue next to the
Cys at the N-terminus of the synthetic peptide. It is plausible that Lys could interact
with the thiosulfinate moiety to help and stabilise it, whereas the Glu residue cannot
provide the same extent of interaction and stabilisation.

The second compound eluting in the chromatogram showed in Figure 138 was
identified with unreacted cyclised peptide 31b. The mass spectrum in Figure 140

confirmed the molecular weight of the oxidised peptide.
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Figure 140 — Structure (top) and HRMS spectrum (bottom) for compound 31b. Calculated mass:
683.20 [M+H] *.

The mass spectrum showed in Figure 141 matched the structure of the thiosulfonate

42. The oxidation state of the sulfur atom involved in this intermediate is +3, with

respect to an oxidation state of -1 when the sulfur atom takes part in the disulphide

bridge.

The most abundant peak among the oxidised products showed in the chromatogram

of Figure 138 was characterised as the sulfonic acid 43, as proved by the mass

spectrum in Figure 142. In this case the oxidation state of the sulfur atom increased to

+4,
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Figure 141 — Structure (top) and HRMS spectrum (bottom) for compound 42. Calculated mass:
715.19 [M+H] *.
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Figure 142 — Structure (top) and HRMS spectrum (bottom) for compound 43. Calculated mass:
733.20 [M+H] *.

In agreement with the findings observed for synthetic peptide CKGACY (30b), the
most stable oxidation product for synthetic peptide CEGACY (31b) was again the
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sulfonic acid 43. This outcome corroborated the hypothesis by which disulphide
bridges represent an effective sink for electrophilic oxygen trapped in reactive species.
Moreover, this species has one of the higher oxidation states for the sulfur atom (+3)
and it is therefore plausible that the equilibrium of the reaction is shifted towards the

most oxidised products.

The last compound to be eluted was the sulfinic acid 44, and its structure was matched
by the mass spectrum displayed in Figure 143. While the sulfur atom involved in the
disulphide bond has an oxidation state of +1, the sulfur atom taking part in the sulfinic

acid moiety shows an oxidation level of +2.
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Figure 143 — Structure (top) and HRMS spectrum (bottom) for compound 44. Calculated mass:
717.21 [M+H] *.
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As displayed in Figure 144, the cyclised peptide 31b did not experience a significant
fluctuation in the relative area percentage and remained steady at approximately 55%

throughout the monitored period.
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Figure 144 — Relative area (%) vs. time (h) for the five species characterised after 40 hours from
exposure of the cyclised peptide CEGACY (31b) to HOCI.

The thiosulfinate 41 was in moderate concentration at the beginning of the reaction
monitoring with a relative area of 20%, but it dropped below a detectable level over 26
hours. Thiosulfonate 42 had a steady trend over the 40 hours of monitoring, with a
final relative area of 5%. The two oxidation products formed after cleavage of the
disulphide bond, respectively the sulfonic acid 43 and the sulfinic acid 44, where the
second and third most abundant species at the end of the monitored period. The
average of the relative area percentage for 43 went from 0% to 19%, and that of 44
increased from 5% to 10%.

6.4 CONCLUSION AND FUTURE WORK

Molecular dynamics studies were employed to evaluate how the presence of different
amino acid residues, and thus variations in local steric and electrostatic environment,
affected the oxidation of an intra-molecular disulphide bond. The results were

accompanied by experimental data, proving that the electronic environment that
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surrounds the Cys residues involved in the disulphide bond plays a role in its
stabilisation and cleavage in presence of the oxidative agent HOCI. In particular, the
presence of a Lys or Glu residues next to one of the Cys involved in the disulphide
bond decreased the enthalpy values for the respective intermediates. This means that
those intermediates were overall more stable than those related to peptide CAGACY
(red 29a and ox 29b).

The characterisation of the oxidation products formed after treatment of the cyclic
peptides with HOCI clearly showed different trends depending on the nature of the
amino acid residues proximal to the sulfur atoms involved in the disulphide bond.
Cleavage of the disulphide bond in synthetic peptide CAGACY showed little
conversion to the oxidation products. These results indicate that a neutral charge close
to the disulphide bridge possibly hampers the activity of HOCI. The presence of a
positive charge in the surroundings of the disulphide bond, as per synthetic peptide
CKGACY (red 30a and ox 30b), led to complete conversion of the cyclic peptide to a
thiosulfinate intermediate. The two most abundant species at the end of the monitored
period, the thiosulfinate and the sulfonic acid, carried the highest oxidation states on
the sulfur atom. This outcome demonstrates that oxidation of the disulphide bond is
favoured in presence of a positive charge, and the equilibrium is shifted towards the
highest oxidation state on the sulfur atoms. In case of synthetic peptide CEGACY (red
31a and ox 31b), a negative charge proximal to the disulphide bond seemed to have
impeded the oxidation activity of HOCI. The thiosulfinate was again the oxidation
intermediate formed at the early stages, but the cyclic peptide was overall the most

abundant species at the end of the monitored period.

The results obtained experimentally were in partial agreement with the computational
studies. The latter showed that presence of oxygen and nitrogen atoms on the side
chain proximal to the sulfur atom involved in the disulphide bond, stabilises the S-S-
Cl intermediate with electrostatic interactions. Despite synthetic peptide CKGACY
showed a macro cyclisation that was favoured by the chlorine atom interacting with
two oxygen atom and one nitrogen atom, synthetic peptide CEGACY recorded the
lowest enthalpy due to formation of a five-membered ring that strongly stabilised the

intermediate.
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Overall, the results gathered in this chapter expanded our understanding regarding
the reactivity of disulphide bonds in the presence of oxidative agents. Diverse reactivity
was observed when amino acids bearing side chains with different charges were
employed. The oxidation products characterised agreed with previously published

literature.
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7 THESIS CONCLUSIONS AND FUTURE WORK

In this thesis we have described some of the applications of Cys-containing peptides
at the frontiers between chemistry and biology. Cys is an amino acid that, thanks to its
unique reactivity, finds broad and diverse uses in biological systems. The aim of this
thesis is to enlarge the number of these uses and understand how these can be
implemented in everyday life to support development. Being Cys the main focus, we
studied its applicability both in biological processes and in chemical modification

reactions.

Chapter 2, 3, and 4 looked at the production and consequent application of a [4Fe-
4S]-cluster maguette where the Cys residues of a synthetic peptide coordinate the iron
ions of an inorganic cluster. This system was applied to a biological process where
synchronized redox events involving the synthetic maquette, H2, and a hydrogenase
led to the production of H*. These three chapters described the full process of a
project; beginning by engineering a synthetic peptide that could successfully
incorporate a [4Fe-4S]-cluster, moving through the analysis of the maquette to
determine the redox potential, and finding a suitable application in a biological system.
This case study demonstrates the application of a synthetic maquette in an electron
transport process that could in future be further investigated and optimized to find an
industrial application. Initial optimization of the method for the incorporation of a [4Fe-
4S]-cluster in a synthetic peptide proved challenging, as described in Chapter 1. The
method required various adjustments both in terms of peptide sequence and
concentration of the different reagents to achieve satisfactory results. Despite
successful synthesis of a [4Fe-4S]-cluster maquette being eventually obtained using
a small library of peptides, the overall yields were modest as showed by the EPR data.
Future efforts could be focused at optimising the reconstitution process to improve the
yield of this methodology, perhaps exploring different buffer solutions, order of addition
of the reagents, a different reducing agent or diverse peptide sequences. The
experiments described in Chapter 3 looked at determining the redox potentials of the
synthesized [4Fe-4S]-cluster maquettes. The measurements were obtained with
success and used in Chapter 4 to accurately select a suitable electron transport
pathway to catalyse. However, this experiment could be further explored in the future

by analysisng a sample reconstituted in presence of BME as this would allow for a
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higher concentration of [4Fe-4S]-cluster maquette. Chapter 4 described the use of a
[4Fe-4S]-cluster maquette in combination with H2 and a hydrogenase to generate H*.
The results described in this chapter showcase the biotechnological application of a
[4Fe-4S]-cluster maquette in the Hz industry. Limitations of this methodology that could
impact its scalability are the strict anaerobic conditions required to ensure the redox
process is successful. Future works could be focused on determining whether the
experiment is successful at higher concentration of O2, and how the redox reaction is

affected at a bigger scale.

Chapter 5 looked at the use of Cys residues in peptides as handles to be modified and
increase the chemical diversification for, as an example, drug discovery. In this chapter
we proposed a novel photochemical modification of Cys residues that via
desulfurisation of the thiol functional group yields a nitro-substituted Phe moiety. We
envision that this methodology will find application in late-stage modification of Cys
residues in both small peptides and proteins to quickly introduce functionalized
hydrophobic groups. In the future, the scope of this methodology could be increased
by extending the number of boronic acids used. The biologically relevant biotin-
inspired boronic acid proved challenging to be synthesized and its preparation could
not be achieved. Future efforts could be focused at exploring different synthetic route
for its preparation, and the synthesis of other biologically relevant boronic acids to
expand the scope of this methodology as a bioconjugation tool. Furthermore, more
complex peptides and small proteins should be tested as a substrate for this synthetic

method to prove its robustness in more elaborated systems.

In Chapter 6 we investigated the stability of intramolecular disulphide bonds in small
peptides under exposure to oxidative conditions. Disulphide bonds are employed in
cells as a defense against oxidative damage thanks to the wide oxidation state range
of sulfur. In our project, various amino acids proximal to one of the Cys residues
involved in the disulphide bond were installed to determine the effect of steric and
electronic to the overall stability of the disulphide bridge. Molecular dynamics
simulations were used to model the bond lengths and reaction enthalpies for the
cleavage of the disulphide bond. Experimental data aimed at determining the main
products of the disulphide bond cleavage. We hope that merging computational

simulations and experimental data on a wider library of peptides containing

204



intramolecular disulphide bridges could produce a tool to aid synthesis of more stable
peptides and proteins that can better respond towards oxidative damage. Further
studies could be aimed at expanding the library of peptides analysed under oxidative
conditions. For example, longer peptide sequences should be included to better mimic
larger proteins. The intramolecular disulphide bridge could be installed between Cys
residues positioned further away than three amino acids to investigate how the size of
the cyclised peptide affects its stability under oxidative conditions. Computational
studies could be further explored for instance by running molecular dynamics
simulations of the peptide sequences in solution at physiological pH, to gather more
information about the most stable conformation of the peptides.

Overall, we have positively impacted the common knowledge about Cys and Cys-
containing peptides in both biology and chemistry. Crucial to this amino acid, we have
described and further investigated biological processes and chemical modification that

could have a meaningful repercussion on the scientific community and on our society.
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8 EXPERIMENTAL

8.1 GENERAL METHODS

Nuclear Magnetic Resonance (NMR) Spectroscopy: Samples were analysed on a
Bruker AVII 400 NMR system (*H-NMR frequency 400MHz: C-NMR frequency
101MHz). Chemical shifts are given in parts per million (ppm) and coupling constant
(J) are given in Hertz (Hz). All spectra are referenced to solvent residual signals: CDCl3
(d 7.26 [*H]) (3 77.16 [*3C]), DMSO-ds (d 2.50 [*H]) (d 39.52 [*3C]), CD3OD (d 3.31
[*H]) (D 49.00 [*3C]). 'H-NMR data is reported as chemical shift (5), multiplicity (s =
singlet, d = doublet, t = triplet, g = quartet, dd = doublet of doublets, ddd = doublet of
doublet of doublets, dt = doublet of triplets, or m = unassigned multiplet), relative
integral, coupling constant, and assignment where possible. For *°F NMR an internal

standard was used (a,a,a-trifluorotoluene: -63.72 ppm).

High-Resolution Mass Spectrometry (HRMS): Samples were analysed on a Bruker
MicrOTF Focus Il by Electron Spray lonisation (ESI) operating in positive or negative

ionisation mode.

Analytical High-Performance Liquid Chromatography (HPLC): Samples were
analysed on a Thermo Scientific Ultimate 3000 uHPLC system equipped with a
photodiode array (eAPDA) detector (A =210, 254, 280, and 400 nm). Peptide samples
were analysed using a Waters SunFire 5 pm, 2.1 x 150 mm column (C-18) operating
at a flow rate of 0.6 mL/min. The mobile phase was composed of 0.1% trifluoroacetic
acid (TFA) in water (Solvent A) and 0.1% TFA in acetonitrile (Solvent B). The analysis

of the chromatograms was conducted using Chromeleon 7 software.

Preparative HPLC: Samples were purified on a Waters 1525 binary pump HPLC
equipped with a dual wavelength UV detector set to 210 nm and 280 nm. Purification
was performed on a Waters SunFire 5 pm, 19 x 150 mm preparative column (C-18)
operating at a flowrate of 6 mL/min. The mobile phase was composed of 0.1% TFA
in water (Solvent A) and 0.1% TFA in acetonitrile (Solvent B). The gradient used is

specified for each compound.

Semi-Preparative HPLC: Samples were purified on a Waters 1525 binary pump

HPLC equipped with a dual wavelength UV detector set to 210 nm and 280 nm.
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Purification was performed on a Waters SunFire 5 um, 10 x 150 mm semi-preparative
column (C-18) operating at a flowrate of 5 mL/min. The mobile phase was composed
of 0.1% TFA in water (Solvent A) and 0.1% TFA in acetonitrile (Solvent B). The

gradient used is specified for each compound.

Electrochemical Measurements: Experiments were performed under strictly
anaerobic conditions at room temperature on a CH Model 600E Series
Potentiostat/Galvanostat with a three-electrode cyclic voltammetry configuration.
Saturated calomel electrode (SCE) was used as the reference electrode. A platinum
wire was used as the counter electrode. Glassy carbon electrode was used as the
working electrode. Prior to experiments, the working electrode was polished with
alumina slurry starting with 1 um, followed by 0.3 um, and 0.05 pum particles. 100 mM
NaCl was added to all samples as a supporting electrolyte. CHI600E Electrochemical
Analyzer was used for data acquisition and manipulation. Values were reported vs
SCE. Redox experiments of the [4Fe-4S]-cluster maquette were evaluated by

monitoring faradaic current for both oxidation and reduction processes over ten cycles.

UV-Visible Spectroscopy: Experiments were performed at room temperature on an
Agilent Cary 5000 UV-Vis-NIR spectrophotometer, controlled by UVProbe software
(Version 2.5). All measurements were performed in gas-tight quartz cuvettes with 0.5
cm optical path length. All blank and sample solutions were freshly prepared in

anaerobic conditions and immediately analysed.

Electron Paramagnetic Resonance (EPR) Spectroscopy: All samples were
analysed by Dr Muralidharan Shanmugam at the University of Manchester on a Bruker
ELEXSYS-E580 X-band EPR spectrometer with the microwave power set to 30 dB
(0.2 mW), the modulation amplitude set to 5 G, a time constant of 41 ms, a conversion
time of 41 ms, a sweep time of 84 s, the receiver gain set to 60 dB and an average
microwave frequency of 9.384 GHz. All annealing measurements were performed
using a 1-propanol and liquid N2 solvent mixture, and all samples were annealed for
the specified times (see main text) at the temperature stated. All samples were
measured as a frozen solution at 20 K, unless otherwise indicated. The analysis of the
continuous wave EPR spectra was performed using EasySpin toolbox for the Matlab
program package (Version 9.2.0.556344).
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Molecular Dynamics: MobaXterm was used as Unix terminal for Windows to access
the High-Performance Computing (HPC) provided with the Operating System (OS)
Ubuntu 18.4. and cuda 10.1 (Nvidia Quadro K1200). The program used for MD was
AMBER 16 (cuda). 3D visualisations of the MD were run using VMD 1.9.3 (cuda).

Materials

Unless otherwise indicated, commercial materials were used as received. Amino
acids, coupling reagents, and resins were obtained from CEM, GL Biochem,
Fluorochem, or Novabiochem. Reagents that were not commercially available were

synthesised as outlined for each specific compound.
Solid Phase Peptide Synthesis (SPPS)

Preloading Rink Amide Resin: Rink amide resin was initially swollen in anhydrous
CH2Cl2 for 30 min and then washed with CH2Cl2 (5 x 3 mL) and DMF (5 x 3 mL). This
was followed by removal of the Fmoc group via treatment with 20% piperidine/DMF (3
mL, 2 x 5 min). The resin was washed with DMF (5 x 3 mL), CH2Cl2 (5 x 3 mL) and
DMF (5 x 3 mL). DIC (4 eq.) and Oxyma (4 eq.) were added to a solution of Fmoc-AA-
OH (4 eq.) in DMF (final concentration 0.1 M of amino acid). After 5 min of pre-
activation, the mixture was added to the resin and shaken at r.t. for 2 h. The resin was
washed with DMF (5 x 3 mL), CH2Cl2 (5 x 3 mL) and DMF (5 x 3 mL). The resin was

consequently submitted to iterative peptide assembly (Fmoc-SPPS).

Preloading 2-Chlorotrityl Chloride Resin: 2-Chlorotrityl chloride (CTC) resin was
initially swollen in anhydrous CH2Cl2 for 30 min and then washed with CH2Cl2 (2 x 3
mL). A solution of Fmoc-AA-OH (0.5 eq. relative to resin functionalisation) and iPr2Net
(2 eq. relative to resin functionalisation) in CH2Cl2 (final concentration 0.1 M of amino
acid) was added and the resin shaken at r.t. for 16 h. The resin was washed with DMF
(5 x 3 mL) and CH2Cl2 (5 x 3 mL). The resin was treated with a solution of
CH2Cl2/MeOHY/iPr2Net (17:2:1 v/viv, 3 mL) for 1 h and washed with DMF (5 x 3 mL),
CH2Cl2 (5 x 3 mL), and DMF (5 x 3 mL). The resin was consequently submitted to
iterative peptide assembly (Fmoc-SPPS).

Determination of Amino Acid Loading: The resin was treated with 20%
piperidine/DMF (3 mL, 2 x 3 min — the volume was accurately measured) and washed
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with DMF (5 x 3 mL), CH2Cl2 (5 x 3 mL) and DMF (5 x 3 mL). Both the 20%
piperidine/DMF solutions were combined and collected; 20 pL were placed into a clean
volumetric flask and diluted to 10 mL in 20% piperidine/DMF. The UV absorbance of
the resulting fulvene-piperidine adduct (¢ = 7800 Mt cm!) was measured at A = 301
nm using a solution of 20% piperidine/DMF as the blank. The loading was determined
using the following equation:

_ AxdfxV

mol =
€

Where A = absorbance, df = dilution factor, and V = volume of 20% piperidine/DMF.
Manual Iterative Peptide Assembly (Fmoc-SPPS)

General Amino Acid Coupling: A solution of protected amino acid (4 eq.), DIC (4
eg.), and Oxyma (4 eq.) were dissolved in DMF (final concentration 0.1 M of amino
acid). After 5 min of pre-activation, the mixture was added to the resin and shaken at
r.t. for 1 h. The resin was washed with DMF (5 x 3 mL), CH2Cl2 (5 x 3 mL) and DMF
(5x3mL).

Capping: Acetic anhydride/pyridine (1:9 v/v, 3 mL) was added to the resin and shaken
for 3 min. The resin was washed with DMF (5 x 3 mL), CH2Cl2 (5 x 3 mL) and DMF (5
x 3 mL).

Fmoc Group Deprotection: The resin was treated with 20% piperidine/DMF (3 mL, 2
x 3 min) and washed with DMF (5 x 3 mL), CH2Cl2 (5 x 3 mL) and DMF (5 x 3 mL).

Cleavage: For peptide containing Cys: A mixture of TFA, triisopropylsilane (TIPS),
thioanisole, and water (85:5:5:5 v/v/v/v) was added to the dried resin and shaken at
r.t. for 3 h. The resin was washed with TFA (3 x 2 mL). For peptide containing Sec (U):
a mixture of TFA, trimethylsilyl trifluoromethanesulfonate (TMSOTY), thioanisole, and
m-cresol (66:18:11:5 v/v/v/v) was added to the dried resin and shaken at -4°C for 1 h.
The resin was washed with TFA (3 x 2 mL). For all other peptides: A mixture of TFA,
triisopropylsilane (TIPS), and water (90:5:5 v/v/v) was added to the dried resin and
shaken at r.t. for 3 h. The resin was washed with TFA (3 x 2 mL).
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Work-Up: The combined solutions were concentrated under a stream of N2 to <5 mL.
Diethyl ether (40 mL) was added to precipitate the peptide and the suspension was
centrifuged at 4000 rpm for 10 min. The pellet was dissolved in a mixture of 0.1% TFA

in water/acetonitrile, purified by preparative HPLC and analysed by HRMS.
Automated Peptide Assembly (Fmoc-SPPS)

Automated Fmoc-SPPS was performed either on a Biotage Initiator™ Alstra or on a
CEM Liberty Blue 2.0 peptide synthesiser. General synthetic procedures were carried
out in accordance with the specifications detailed by the manufacturers. Final peptide

cleavage and work-up were performed as previously described for manual SPPS.

8.2 GENERAL PROTOCOLS

General Protocols for Chapter Two

General Reconstitution Protocol for [4Fe-4S]-Cluster Maquette with BME in

Anaerobic Conditions

Methodologies for cluster assembly into the required apo-peptide were adapted from
previous protocols.??7> All steps of the reconstitution procedure were performed,
unless otherwise indicated, in strict anaerobic conditions in an MBraun UNllab LMF
Glovebox Workstation at Oz concentrations < 0.1 ppm. All solutions and buffers were

degassed as described later in the text.

Peptide (1 pmol) was equilibrated under gentle stirring with BME (200 pL, 10% v/v of
final solution) and 50 mM HEPES 10 mM KCI buffer at pH = 8.0 (1560 puL) at r. t. for
30 min. FeCls (120 pL of a 50 mM solution) was added in twenty increments (20 x 6
ML) over a period of 30 min. Naz2S (120 pL of a 50 mM solution) was added in ten
increments (10 x 12 pL) over a period of 10 min. The reaction mixture was equilibrated
under gentle stirring at r.t. for 1 hour, before being centrifuged (13 000 rpm for 5 min).
The supernatant was discharged, and the solution was transferred into an Eppendorf
tube.
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After reconstitution, maquettes solutions were diluted with 50 mM HEPES 10 mM KClI
buffer at pH = 8.0 prior to UV-Vis spectroscopy analysis to various concentrations, as

detailed in the text.

General Reconstitution Protocol for [4Fe-4S]-Cluster Maquette with

Dithiothreitol in Anaerobic Conditions

Methodologies for cluster assembly into the required apo-peptide were adapted from
previous protocols.?%7592 All steps of the reconstitution procedure were performed,
unless otherwise indicated, in strict anaerobic conditions in an MBraun UNllab LMF
Glovebox Workstation at O2 concentrations < 0.1 ppm. All solutions and buffers were

degassed as described later in the text.

Peptide (1 umol) was equilibrated under gentle stirring in a solution of DTT (0.7 mg, 5
pmol, 5 eq. with respect to the peptide) in 50 mM HEPES 10 mM KCI buffer at pH =
8.0 buffer (1560 pL) at r. t. for 30 min. FeCls (120 pL of a 50 mM solution) was added
in twenty increments (20 x 6 pL) over a period of 30 min. Naz2S (120 pL of a 50 mM
solution) was added in ten increments (10 x 12 uL) over a period of 10 min. The
reaction mixture was equilibrated under gentle stirring at r.t. for 1 hour, before being
centrifuged (13 000 rpm for 5 min). The supernatant was discharged, and the solution
was transferred into an Eppendorf tube.

After reconstitution, maquettes solutions were diluted with 50 mM HEPES 10 mM KCI
buffer at pH = 8.0 prior to UV-Vis spectroscopy analysis to various concentrations, as

detailed in the text.

General Reconstitution Protocol for [4Fe-4S]-Cluster Maquette without BME in

Anaerobic Conditions

Methodologies for cluster assembly into the required apo-peptide were adapted from
previous protocols.?%7> All steps of the reconstitution procedure were performed,
unless otherwise indicated, in strict anaerobic conditions in an MBraun UNIllab LMF
Glovebox Workstation at O2 concentrations < 0.1 ppm. All solutions and buffers were

degassed as described later in the text.
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Peptide (1 pmol) was equilibrated under gentle stirring in 50 mM HEPES 10 mM KCI
buffer at pH = 8.0 buffer (1760 pL) at r.t. for 5 min. FeCls (120 pL of a 50 mM solution)
was added in twenty increments (20 x 6 pL) over a period of 30 min. Naz2S (120 uL of
a 50 mM solution) was added in ten increments (10 x 12 pL) over a period of 10 min.
The reaction mixture was equilibrated under gentle stirring at r.t. for 1 hour, before
being centrifuged (13 000 rpm for 5 min). The supernatant was discharged, and the

solution was transferred into an Eppendorf tube.

After reconstitution, maquettes solutions were diluted with 50 mM HEPES 10 mM KCI
buffer at pH = 8.0 prior to UV-Vis spectroscopy analysis to various concentrations, as
detailed in the text.

General Protocol for Degassing of Buffer Solution — Freeze-Pump-Thaw Method

The buffer used for the cluster-maquette reconstitution protocol was HEPES 50 mM
KCI 10 mM at pH = 8.0. The buffer solution was prepared in aerobic conditions using
Milli-Q water. Once prepared, the buffer had a pH ~ 4.5, and was adjusted to the
required value using a solution of NaOH 10 M in Milli-Q water. The buffer solution was
transferred into a Schlenk round-bottom flask equipped with a glass stopcock and
sealed with a glass lid. Vacuum grease was applied to both the stopcock and lid to
ensure better sealing. The round-bottom flask was connected to the Schlenk line with
the stopcock closed and immersed in liquid N2 to completely freeze the buffer solution
(Figure 148-A). The stopcock was opened, and the frozen buffer solution was
exposed to active vacuum for 5 minutes while the flask was kept in liquid N2 (Figure
148-B). After 5 minutes, the stopcock was closed, and the buffer solution was allowed
to thaw (a warm-water bath was used to speed the process) (Figure 148-C). The
presence of bubbles escaping from the solution while this is thawing indicates the
presence of dissolved gases in solution (Figure 148-D). The freeze-pump-thaw
procedure was repeated four times to ensure no gases were dissolved in the buffer
solution. After the final repetition, the stopcock was closed, and the buffer solution was
allowed to thaw. The flask was disconnected from the Schlenk line, and a plastic clip

was used to hold the glass lid. Finally, the flask was transferred into the glovebox.
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Figure 145 — Freeze-Pump-Thaw method for degassing of buffer solutions.

General Protocol for EPR Samples Preparation

EPR samples were prepared, unless otherwise indicated, in strict anaerobic conditions
in an MBraun UNllab LMF Glovebox Workstation at O2 concentrations < 0.1 ppm. All
samples contained 10% glycerol as cryoprotectant.1%8 Aliquots of freshly reconstituted
maguettes (final concentration 250 uM based on peptide) were reduced using a freshly
prepared solution of DT (final concentration 500 uM). After 5 minutes of incubation
with DT, samples were transferred into EPR tubes, capped with rubber septa, and
flash frozen in liquid N2. EPR samples were shipped to Manchester in a dry shipper

and stored in liquid N2 or in a -86 °C freezer prior to data collection.
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General Protocols for Chapter Three
General Protocol for Cyclic Voltammetry Cell Assembly

[4Fe-4S]-cluster maquette samples were reconstituted in an MBraun UNllab LMF
Glovebox Workstation at Oz concentrations < 0.1 ppm as previously described. The
samples were reconstituted to achieve a final volume of 4 mL and treated with NaCl
to a final concentration of 100 mM. The cell was assembled as depicted in Error!
Reference source not found.. A 10 mL glass drum vial was charged with the [4Fe-
4S]-cluster maquette solution supplemented with 100 mM NaCl, and the three
electrodes were inserted in the vial. Particular care was paid to ensure the active
components of the electrodes were fully submerged in the solution and not in contact
with each other. Experiments were performed in the range between -1.2 and +0.6 V
vs. SCE. More detailed parameters are expressed in the caption of each spectrum in

the main text.

General Protocols for Chapter Four
General Protocol for SET Process Catalysed by [4Fe-4S]-Cluster Maquette

Samples were handled in a Whitley A85 TG Anaerobic Workstation and analysed on
a Shimadzu UV-2600 Spectrophotometer. The hydrogenase used in these
experiments was Clostridium acetobutylicum CaHydA. After reconstitution, [4Fe-4S]-
cluster maquettes were diluted 4-folds (175 pL of maquette in 525 pL of buffer),
transferred into a quartz cuvette and sealed with a rubber turnover stopper. Samples
were purged with hydrogen for 5 minutes. Aliquots of CaHydA were prepared in an
LC-MS vial sealed with a silicone screw cap. A gastight syringe (10 pyL) was used to

transfer the stock solution of hydrogenase CaHydA to the cluster-maquette samples.
General Protocol for [4Fe-4S]-Cluster Maquette Purification by SEC Columns

When indicated, reconstituted samples were purified using PD MidiTrap G-10 SEC
columns in strict anaerobic conditions in an MBraun UNIlab LMF Glovebox
Workstation at Oz concentrations < 0.1 ppm. The SEC column was equilibrated with
degassed HEPES 50 mM, KCI 10 mM at pH = 8.0 for a total volume equivalent to 5
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packed bed volumes (Figure 146, A). After equilibration, 1 mL of sample was loaded
on top of the column (Figure 146, B) and allowed to completely enter the packed bed
before addition of 0.7 mL of degassed buffer (Figure 146, C). When the sample
completely entered the packed bed, additional buffer was added for elution (Figure

146, D). Fractions were collected in LC-MS vials or Eppendorf tubes.

Figure 146 — SEC for [4Fe-4S]-cluster maquette purification. A) SEC column pre-loading of the
sample. B) loading of the sample (brown solution) on top of the column. C) and D) progressive elution
of the sample through the column by gravity.
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General Protocols for Chapter Five
Photochemical Reaction Setup

iNextStation blue LED strip lights wrapped inside a Pyrex dish were used as the light
source (Figure 147). 8 mL screw cap vials were used as the reaction vessels. Reaction
mixtures were prepared inside a standard fume hood, and transferred into the LED
dish after the pH was adjusted.

Figure 147 — Photochemical reaction setup.

Optimised General Protocol for Cysteine Desulfurisation and B-Arylation

TCEP 25 eq.
Ni(OAc), 5 eq.
Ir(Ill) cat. 0.05 eq.

A =450 nm OH
SH 50% MeCN in NMM buffer
(6] -
H o H

(OH)2

Scheme 35 — Schematic synthesis for the Cys desulfurisation and B-arylation reaction of small
peptides.

To Ac-CAY-NH2 (5 mg, 12.6 pmol) dissolved in MeCN : 0.01 M NMM in H20 (50 : 50,
2.52 mL), was added a solution of TCEP (25 eq., 0.5 M stock solution in H20) and
(Ir[dF(CF3)ppy]2(dtbpy))PFs (0.05 eq., 1 mM stock solution in MeCN). The reaction
mixture was diluted to a final peptide concentration of 0.5 mM with MeCN : 0.01 M
NMM in H20 (50 : 50, 1.13 mL) and the pH was adjusted to 7.8 — 8.2. Quickly, Ni(OAc)2
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(5 eq.,0.5 M stock solution in H20) followed by phenylboronic acid (5 eq.) were added.
The pH of the reaction mixture was adjusted to 7.8 — 8.2 and the reaction vessel was
placed into blue LEDs and left stirring at r.t. for 1 hour. After this time, the crude

reaction mixture was filtrated and purified by preparative RP-HPLC
General Protocol for the Synthesis of Nitro-Phenylboronic Acids

1) 2M PhMgCI, THF

_~_NO; -60 °C, 15 min _~_NO;
NN 2) B(OCHs)s, 30 min B(OH),
3) 2M HCI

Scheme 36 — Schematic synthesis of functionalised ortho-nitrophenyl boronic acids.

Substituted nitrophenylboronic acids were synthesised following an adapted literature
procedure.'%® A dry 25 mL two-neck round bottom flask equipped with a magnetic
stirrer was charged with the corresponding aryl iodide (4 mmol). The round bottom
flask was sealed with a rubber turnover stopper and connected to a Schlenk line. Dry
THF (6 mL) was added, and the resulting mixture was cooled to -90 °C in an
acetone/liquid N2 bath. PhMgCI (2 M in THF, 2.2 mL, 4.4 mmol) was added dropwise
and the reaction mixture was left stirring at -90 °C for 15 min. Trimethyl borate (4.8
mmol, 536 pL) was added dropwise and the reaction mixture was left stirring at -90 °C
for 30 min. After 30 min the round bottom flask was removed from the acetone/liquid
N2 bath, and the reaction mixture quenched with 2 M aq. HCI (4 mL). The reaction was
extracted with Et2O (3 x 20 mL), the organic layers were combined, dried over Na2S0Oa,
fillered, and concentrated under reduced pressure. The crude residue was

recrystallised from ethyl acetate.
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General Protocols for Chapter Six

General Protocol for the Inter-Molecular Formation of Disulphide Bond in

Peptides
o=(
O NH
R
NH 20% DMSO in H,0 —NH
HS SH rt., 16 h 0{ S,
N —_— NH s
w w ©
NH HN No. SNH, NH HN No. SNH,
o _ﬁ o)
0
OH OH
3 HO._O
A8 T
AanAns
NH, e

Ala Lys Glu

Scheme 37 — Schematic synthesis for the intra-molecular disulphide bond formation on peptides 29a
(Ac-CAGACY-NHy), 30a (Ac-CKGACY-NHy), and 31a (Ac-CEGACY-NH,).

Oxidised peptides (29b, 30b, and 31b) were synthesised following an adapted
literature procedure.*® After cleavage and work-up, the crude peptide (29a, 30a, and
31a) was dissolved in 20% DMSO/water (final concentration 1 uM of peptide) and
stirred at room temperature for 16 h. The progress of the reaction was monitored by
analytical HPLC and HRMS. After completion of the reaction, the solution was directly
subjected to purification by preparative HPLC. Cyclised peptides were purified using

a linear gradient 5-40% Solvent B over 30 minutes.
General Protocol for Disulphide Bond Oxidation by Hypochlorous Acid

To a 50 uM solution of cyclised peptide (29b, 30b, or 31b) in phosphate buffer
(phosphate buffer: 0.1 M, pH = 7.3) in a LC-MS vial, a solution of HOCI in phosphate
buffer (0.1 M, pH = 7.3) was added (final concentration 50 uM of peptide and 1 mM of
HOCI). The mixture was quickly shaken, and the progress of the reaction was
monitored by analytical HPLC using a linear gradient 5-40% Solvent B over 5 minutes.
HOCI was generated in situ by diluting NaOCI in phosphate buffer (0.1 M, pH = 7.3).
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General Protocol for Appendix 2
General Protocol for the Reduction from Sulfone to Sulfinic acid

Synthetic peptides 46 and 47 after cleavage were lyophilised to a dry solid before
being re-dissolved in dH20 : MeOH (1:1, 0.5 mL) and stirred at r.t.. A solution of NaBHa4
in dH20 (20 eq. with respect to peptide in max. 0.1 mL of solvent) were added and the
mixture stirred at r.t. in an Eppendorf vial (2 mL) and monitored by HPLC until complete

conversion was observed.
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8.3 PEPTIDE SYNTHESIS

Synthesis of Ac-CGGGCGGCGY-NH2 (MQ1)

OH
0 SHH 0 4O SHH ) e
)LN N\)I\N/\H/N\)J\N N\)J\N/\H/N\)J\N OH
H oo H o H o Ho§ i H §
SH

Peptide MQ1 was synthesised using general automated synthesiser protocols with
microwave assistance on rink amide resin (0.2 mmol). The crude peptide was purified
by preparative RP-HPLC (10-60% B over 30 min) and lyophilised to produce the
desired peptide (MQ1, 175 mg, 0.114 mmol, 57% vyield).
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Figure 148 — Analytical HPLC trace and ESI MS of pure Ac-CGGGCGGCY-NH; (MQ1). Analytical
gradient 10-60% B over 30 min, 210 nm. Calculated Mass: 840.21 [M+Na]*, observed mass: 839.23
[M+Na]*.
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Synthesis of Ac-GGGGGGGGG-NH2 (MQ2)
PPN P NN 1 S 1 SN ¢
N N N N
S R D e

Peptide MQ2 was synthesised using general automated synthesiser protocols with
microwave assistance on rink amide resin (0.2 mmol). The crude peptide was purified
by preparative RP-HPLC (10-60% B over 30 min) and lyophilised to produce the
desired peptide (MQ2, 49 mg, 0.086 mmol, 43% yield).
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Figure 149 — Analytical HPLC trace and ESI MS of pure Ac-GGGGGGGGG-NH2 (MQ2). Analytical
gradient 5-80% B over 30 min, 210 nm. Calculated Mass: 538.20 [M+Na]*, observed mass: 538.20
[M+Na]*.
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Synthesis of HaN-CGGGCGGC-OH (MQ3)

SHH o o SHH o o
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SH

Peptide MQ3 was synthesised using general automated synthesiser protocols with
microwave assistance on rink amide resin (0.2 mmol). The crude peptide was purified
by preparative RP-HPLC (10-60% B over 30 min) and lyophilised to produce the
desired peptide (MQ3, 78 mg, 0.128 mmol, 64% yield).
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Figure 150 — Analytical HPLC trace and ESI MS of pure H:N-CGGGCGGC-OH (MQ3).
Analytical gradient 10-80% B over 30 min, 210 nm. Calculated Mass: 635.14 [M+Na]*, observed
mass: 634.88 [M+Na]*.
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Synthesis of Ac-KLCEGGCIACGACGGW-NH2 (MQ4)
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Peptide MQ4 was synthesised using general automated synthesiser protocols with
microwave assistance on rink amide resin (0.2 mmol). The crude peptide was purified
by preparative RP-HPLC (10-60% B over 30 min) and lyophilised to produce the
desired peptide (MQ4, 249 mg, 0.162 mmol, 81% vyield).
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Figure 151 — Analytical HPLC trace and ESI MS of pure Ac-KLCEGGCIACGACGGW-NH; (MQ4).
Analytical gradient 10-60% B over 5 min, 210 nm. Calculated Mass: 1568.62 [M+H]*, observed mass:
1568.66 [M+H]*.
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Synthesis of Ac-CGGGCGGCGGC-NH2 (MQ5)
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Peptide MQ5 was synthesised using general automated synthesiser protocols with
microwave assistance on rink amide resin (0.2 mmol). The crude peptide was purified
by preparative RP-HPLC (2-40% B over 30 min) and lyophilised to produce the desired
peptide (MQ5, 106 mg, 0.120 mmol, 61% vyield).
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Figure 152 — Analytical HPLC trace and ESI MS of pure Ac-CGGGCGGCGGC-NH; (MQ5). Analytical
gradient 2-40% B over 5 min, 210 nm. Calculated Mass: 894.20 [M+Na]*, observed mass: 893.21
[M+Na]*.
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Synthesis of Ac-KLGEGGGIAGGAGGGW-NH2 (MQ6)
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Peptide MQ6 was synthesised using general automated synthesiser protocols with
microwave assistance on rink amide resin (0.2 mmol). The crude peptide was purified
by preparative RP-HPLC (10-100% B over 30 min) and lyophilised to produce the
desired peptide (MQ6, 150 mg, 0.110 mmol, 54% vyield).
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Figure 153 — Analytical HPLC trace and ESI MS of pure Ac-KLGEGGGIAGGAGGGW-NH; (MQ6).
Analytical gradient 10-100% B over 5 min, 280 nm. Calculated Mass: 1384.67 [M+H]*, observed
mass: 1384.70 [M+H]*.
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Synthesis of Ac-GCGGGCGGCGGCG-NH2 (MQ7)
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Peptide MQ7 was synthesised using general automated synthesiser protocols with
microwave assistance on rink amide resin (0.2 mmol). The crude peptide was purified
by preparative RP-HPLC (2-40% B over 30 min) and lyophilised to produce the desired
peptide (MQ7, 85 mg, 0.086 mmol, 43% vyield).
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Figure 154 — Analytical HPLC trace and ESI MS of pure Ac-GCGGGCGGCGGCG-NH; (MQ7).
Analytical gradient 2-40% B over 5 min, 210 nm. Calculated Mass: 1008.24 [M+Na]*, observed mass:
1007.25 [M+Na]*.
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Synthesis of Ac-GCGGGCGGCGGCGY-NHz2 (MQ8)
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Peptide MQ8 was synthesised using general automated synthesiser protocols with
microwave assistance on rink amide resin (0.2 mmol). The crude peptide was purified
by preparative RP-HPLC (2-40% B over 30 min) and lyophilised to produce the desired
peptide (MQ8, 165 mg, 0.140 mmol, 72% vyield).
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Figure 155 — Analytical HPLC trace and ESI MS of pure Ac-GCGGGCGGCGGCGY-NH; (MQ8).
Analytical gradient 2-40% B over 5 min, 280 nm. Calculated Mass: 1171.30 [M+Na]*, observed mass:
1170.32 [M+Na]*.
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Synthesis of Ac-KLCEGGCIACGAGGGW-NH2 (MQ9)
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Peptide MQ9 was synthesised using general automated synthesiser protocols with
microwave assistance on rink amide resin (0.2 mmol). The crude peptide was purified
by preparative RP-HPLC (20-90% B over 30 h) and lyophilised to produce the desired
peptide (MQ9, 158 mg, 1.04 mmol, 52% vyield).
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Figure 156 — Analytical HPLC trace and ESI MS of pure Ac- KLCEGGCIACGAGGGW-NH>
(MQ9). Analytical gradient 20-90% B over 5 min, 280 nm. Calculated Mass: 1521.65 [M+H]*,
observed mass: 1522.66 [M+H]*.
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Synthesis of Ac-GGCGGGCGGCGGGGGW-NH2 (MQ10)
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Peptide MQ10 was synthesised using general automated synthesiser protocols with
microwave assistance on rink amide resin (0.2 mmol). The crude peptide was purified
by preparative RP-HPLC (2-40% B over 30 min) and lyophilised to produce the desired
peptide (MQ10 117 mg, 0.94 mmol, 47% yield).
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Figure 157 — Analytical HPLC trace and ESI MS of pure Ac-GGCGGGCGGCGGGGGW-NH2 (MQ10).
Analytical gradient 2-40% B over 5 min, 280 nm. Calculated Mass: 1261.39 [M+Na]*, observed mass:
1261.39 [M+Na]*.
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Synthesis of Ac-GUGGGCGGCGGCGY-NH2 (MQ11)
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Peptide MQ11 was synthesised using general automated synthesiser protocols with
microwave assistance on rink amide resin (0.2 mmol) up to the 12" amino acid (Gly).
The Sec building block (45) was synthesised following the procedure described earlier
and manually coupled following general manual coupling protocol. The crude peptide
was purified by semi-preparative RP-HPLC (2-95% B over 1 h) and lyophilised to
produce the desired peptide (MQ11 15 mg, 0.013 mmol, 38% yield).
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Figure 158 — Analytical HPLC trace and ESI MS of 90% pure Ac-GUGGGCGGCGGCGY-NH>
(MQ11). Analytical gradient 2-40% B over 5 min, 280 nm. Calculated Mass: 1195.27 [M+H]*,
observed mass: 1194.39 [M+H]*.
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Synthesis of Ac-CAY-NH2z (1)

OH

Peptide 1 was synthesised using general automated synthesiser protocols with

microwave assistance. The crude peptide was purified by preparative RP-HPLC (2-

40% B over 30 min) and lyophilised to produce the desired peptide (1 60.6 mg, 0.15
mmol, 76% vyield); *H NMR (400 MHz, DMSO) & 9.15 (s, 1H, OH), 8.21 (d, J = 6.9 Hz,
1H, sec. amide), 8.11 (d, J = 7.8 Hz, 1H, sec. amide), 7.69 (d, J = 8.2 Hz, 1H, sec.
amide), 7.26 (s, 1H, sec. amide), 7.06 (s, 1H, sec. amide), 6.98 (d, 2H, Ar-H), 6.63 (d,
J=8.2 Hz, 2H, Ar-H), 4.39 — 4.25 (m, 2H, CH2), 4.16 (p, J = 7.0 Hz, 1H, CH), 2.88 (dd,
J=13.9,5.1 Hz, 1H, CH), 2.79 — 2.58 (m, 3H, CHa), 2.34 (t, J = 8.4 Hz, 1H, CH), 1.87
(s, 3H, CHs), 1.24 (s, 1H, SH), 1.15 (d, J = 7.1 Hz, 3H, CHz3); 13C NMR (101 MHz,
DMSO) 6 172.78, 171.66, 169.92, 169.57, 155.77, 130.09, 127.73, 114.85, 55.02,
53.94, 48.78, 36.63, 26.14, 22.50, 17.75.
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Figure 159 — Analytical HPLC trace and ESI MS of pure Ac-CAY-NH: (1). Analytical gradient 5-60% B
over 5 min, 280 nm. Calculated Mass: 419.14 [M+Na]*, observed mass: 419.14 [M+Na]*.
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Synthesis of reduced Ac-CAGACY-NH:2 (29a)
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Peptide 29a was synthesised using general automated synthesiser protocols with
microwave assistance. The crude peptide was purified by preparative RP-HPLC (5-
40% B over 30 min) and lyophilised to produce the desired peptide (29a 103.1 mg,
0.16 mmol, 80% vyield).
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Figure 160 — Analytical HPLC trace and ESI MS of pure Ac-CAGACY-NH; (29a). Analytical gradient
5-40% B over 5 min, 210 nm. Calculated Mass: 651.19 [M+Na]+, observed mass: 650.21 [M+Na]+.
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Synthesis of oxidised Ac-CAGACY-NH: (29b)
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Peptide 29b was synthesised from 29a following the protocol detailed in section
General Protocols for Chapter Six (29b 75.2 mg, 0.12 mmol, 75% vyield).
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Figure 161 — Analytical HPLC trace and ESI MS of pure Ac-CAGACY-NH> (29b). Analytical gradient
5-40% B over 5 min, 210 nm. Calculated Mass: 649.17 [M+Na]+, observed mass: 648.19 [M+Na]+.
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Synthesis of reduced Ac-CKGACY-NH:2 (30a)
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Peptide 30a was synthesised using general automated synthesiser protocol with
microwave assistance. The crude peptide was purified by preparative RP-HPLC (5-
40% B over 30 min) and lyophilised to produce the desired peptide (30a 97.2 mg, 0.14
mmol, 89% yield).
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Figure 162 — Analytical HPLC trace and ESI MS of pure Ac-CKGACY-NH; (30a). Analytical gradient
5-40% B over 5 min, 210 nm. Calculated Mass: 685.26 [M+H]+, observed mass: 685.28 [M+H]+.
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Synthesis of oxidised Ac-CKGACY-NH: (30b)

Peptide 30b was synthesised from 30a following the protocol detailed in section
General Protocols for Chapter Six (30b 71.6 mg, 0.10 mmol, 75% yield).
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Figure 163 — Analytical HPLC trace and ESI MS of pure Ac-CKGACY-NH> (30b). Analytical gradient
5-40% B over 5 min, 210 nm. Calculated Mass: 683.24 [M+H]+, observed mass: 683.27 [M+H]+.
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Synthesis of reduced Ac-CEGACY-NH:2 (31a)

o Mo g o
)J\N/([(N\.)J\N/\H/N\.)J\NLH/N\.)J\NHZ
R oo R Doow I

Peptide 31a was synthesised using general automated synthesiser protocols with
microwave assistance. The crude peptide was purified by preparative RP-HPLC (5-
40% B over 30 min) and lyophilised to produce the desired peptide (31a 85.1 mg, 0.12
mmol, 62% yield).
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Figure 164 — Analytical HPLC trace and ESI MS of pure Ac-CEGACY-NH; (31a). Analytical gradient
5-40% B over 5 min, 210 nm. Calculated Mass: 709.19 [M+Na]+, observed mass: 708.21 [M+Na]+.
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Synthesis of oxidised Ac-CEGACY-NH:2 (31b)

Peptide 31b was synthesised from 3la following the protocol detailed in section
General Protocols for Chapter Six (31b 77.3 mg, 0.11 mmol, 94% yield).
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Figure 165 — Analytical HPLC trace and ESI MS of pure Ac-CEGACY-NH> (31b). Analytical gradient
5-40% B over 5 min, 210 nm. Calculated Mass: 706.23 [M+Na]+, observed mass: 706.19 [M+Na]+.
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8.4 COMPOUNDS SYNTHESIS

Synthesis of (5-methyl-2-nitrophenyl)boronic acid (10)

B(OH),
Synthesised using general procedure outlined in General Protocol for the Synthesis of
Ortho-Nitro-Phenylboronic Acids in General Protocols for Chapter Five (10 580 mg,
3.21 mmol, 80% vyield). White crystalline solid: mp 257-260 °C, *H NMR (400 MHz,
DMSO) 6 8.04 (d, J = 8.4 Hz, 1H, Ar-H), 7.41 — 7.30 (m, 2H, Ar-H), 2.41 (s, 3H, CH3);
13C NMR (101 MHz, DMSO) &6 148.24 (C), 145.37 (C), 134.53 (C), 133.09 (CH), 129.90

(CH), 123.14 (CH), 21.41 (CHs); HRMS calc. for C7H9BNOa4: 180.95 [M-H], found:
180.97 [M-H].

Synthesis of (5-methoxy-2-nitrophenyl)boronic acid (12)

MeO B(OH),

Synthesised using general procedure outlined in General Protocol for the Synthesis of
Ortho-Nitro-Phenylboronic Acids in General Protocols for Chapter Five General
Protocols for Chapter Five (12 678 mg, 3.44 mmol, 86% yield). White solid, mp 155-
158 °C, *H NMR (400 MHz, DMSO) 5 7.41 (d, J = 9.2 Hz, 1H, Ar-H), 6.27 (dd, J = 9.2,
2.8 Hz, 1H, Ar-H), 6.17 (d, J = 2.8 Hz, 1H, Ar-H), 3.12 (s, 3H, CHz); 3C NMR (101
MHz, MeOD) & 164.86 (C), 143.27 (C), 132.66 (C), 125.22 (CH), 115.68 (CH), 114.32
(CH), 55.26 (CHs3).
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Synthesis of (4-fluoro-2-nitrophenyl)boronic acid (14)

B(OH),
Synthesised using general procedure outlined in General Protocol for the Synthesis of
Ortho-Nitro-Phenylboronic Acids in General Protocols for Chapter Five General
Protocols for Chapter Five (14 675 mg, 3.65 mmol, 91% yield). White solid, mp 166-
169 °C, *H NMR (400 MHz, DMSO) & 7.20 (m, J = 9.0, 1.4 Hz, 1H, Ar-H), 6.77 (dd, J
=7.1,1.5Hz, 2H, Ar-H); 13C NMR (101 MHz, DMSO) & 162.76 (C), 160.30 (C), 151.10

(CH), 134.40 (C), 121.43 (CH), 110.30 (CH); 1°F NMR (376 MHz, DMSO) & -111.81
(dt, J = 9.1, 7.0 Hz).

Synthesis of methyl 5-((3aS,4S,6aR)-2-oxohexahydro-1H-thieno[3,4-d]imidazol-
4-yl)pentanoate (17)

17 was synthesised following an adapted literature procedure.l’?> A solution of
hydrogen chloride was firstly prepared by the dropwise addition of acetyl chloride (1.5
mL, 20.05 mmol) to ice cold MeOH (10 mL) over 10 min. The solution was stirred for
5 min and added to a suspension of d-biotin (16, 1.0 g, 4.1 mmol) in MeOH (10 mL).
The r.m. was warmed to room temperature and stirred for 1 h (the solution changes
from non-homogeneous to colourless) before being evaporated under reduced
pressure. The crude was redissolved in MeOH : CH2Cl2 (5 : 95, 50 mL) and washed
with saturated aqueous NaHCOs (3 x 20 mL). The organic layer was isolated, dried
over MgSOQOs, filtered, and evaporated under reduced pressure to yield the titled
compound (0.7 g, 66 % yield) as a white solid: mp 153-157 °C; *H NMR (400 MHz,
DMSO) 6 6.43 (s, 1H, NH), 6.35 (s, 1H, NH), 4.32 — 4.28 (m, 1H, CH), 4.13 (ddd, J =
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7.7, 4.4, 1.9 Hz, 1H, CH), 3.58 (s, 3H, CHs), 3.10 (ddd, J = 8.6, 6.2, 4.4 Hz, 1H, CH),
2.82 (dd, J = 12.4, 5.1 Hz, 1H, CH), 2.57 (d, J = 12.4 Hz, 1H, CH), 2.30 (t, J = 7.5 Hz,
2H, CH2), 1.66 — 1.26 (m, 6H, CH3); 13C NMR (101 MHz, DMSO) 5 173.31 (C), 162.70
(C), 61.02 (CH), 59.18 (CH), 55.33 (CH), 51.19 (CHs), 39.85 (CH>), 33.09 (CHz), 28.00
(CH2), 27.97 (CH2), 24.47 (CH2). These spectral properties agreed with previously
reported literature.16®

Synthesis of N-(2-aminoethyl)-5-((3aS,4S,6aR)-2-oxohexahydro-1H-thieno[3,4-
d]imidazol-4-yl)pentanamide (18)

H NH
H H
N
S '/W \/\NHZ

o

To a solution of 17 (0.7 g, 2.7 mmol) in MeOH (24 mL) was added ethylendiamine (10
mL, 150 mmol) and the r.m. was stirred at 60 °C for 48 h before being evaporated
under reduced pressure. The crude was triturated with excess ethyl acetate.
Lyophilisation led to the titled compound (690 mg, 89% yield) as a white solid: *H NMR
(400 MHz, DMSO) 6 7.75 (t, J = 5.6 Hz, 1H, sec. amide), 6.43 (s, 1H, NH), 6.36 (s,
1H, NH), 4.34 — 4.26 (m, 1H, CH), 4.16 — 4.08 (m, 1H, CH), 3.14 — 3.06 (m, 1H, CH),
3.02(q,J=6.2 Hz, 2H, CH), 2.82 (dd, J = 12.4, 5.1 Hz, 1H, CH), 2.61 — 2.51 (m, 4H,
CH and CH2), 2.06 (t, J = 7.4 Hz, 2H, NH2), 1.66 — 1.24 (m, 7H, CHz2and CH); *3C NMR
(101 MHz, DMSO) & 172.05 (C), 162.72 (C), 61.04 (CH), 59.19 (CH), 55.42 (CH),
45.99 (CH2), 42.15 (CH2), 41.37 (CH2), 35.21 (CH2), 28.22 (CH2), 28.03 (CH2), 25.29
(CH2); HRMS calc. for C12H22N402S: 286.15 [M+H]*, found: 287.15 [M+H]*.
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Synthesis of 4-iodo-3-nitro-N-(2-(5-((3aS,4S,6aR)-2-oxohexahydro-1H-
thieno[3,4-d]imidazol-4-yl)pentanamido)ethyl)benzamide (22)

To a solution of 4-iodo-3-nitrobenzoic acid (0.2 g, 0.7 mmol) in DMF (2 mL) were added
DIC (110 pL, 0.7 mmol) and Oxyma (100 mg, 0.7 mmol). The resulting mixture was
left stirring at r.t. for 5 min.. After this time, A solution of 18 (100 mg, 0.35 mmol) in
DMF (2 mL) was added. The resulting mixture was left stirring at r.t. for 16 h. After this
time, DMF was evaporated, and the crude orange oil was re-dissolved in ethyl acetate
(50 mL). The organic layer was washed with H20 (5 x 25 mL) and brine (3 x 25 mL).
The organic layer was separated, dried over MgSO4, and evaporated under reduced
pressure to yield the titled compound (163 mg, 83%) as a white solid. *H NMR (400
MHz, DMSO) 6 8.93 (t, J = 5.4 Hz, 1H, sec. amide), 8.36 (t, J = 1.9 Hz, 1H, Ar-H), 8.23
(d, 3 =8.2 Hz, 1H, Ar-H), 8.01 (t, J = 5.4 Hz, 1H, sec. amide), 7.90 — 7.82 (m, 1H, Ar-
H), 6.39 (d, J = 20.0 Hz, 2H, NH), 4.33 — 4.25 (m, 1H, CH), 4.12 — 4.05 (m, 1H, CH),
3.33-3.28 (m, 2H, CH2), 3.22 (g, J = 6.2 Hz, 2H, CH>), 3.06 — 2.99 (m, 1H, CH), 2.79
(dd, J=12.4,5.1 Hz, 1H, CH), 2.57 (d, J = 12.4 Hz, 1H, CH), 2.06 (t, J = 7.4 Hz, 2H,
CH.), 1.63 — 1.55 (m, 1H, CH), 1.54 — 1.46 (m, 2H, CH2), 1.46 — 1.37 (m, 1H, CH),
1.35 — 1.21 (m, 2H, CH2); ¥*C NMR (101 MHz, DMSO) & 172.36, 163.74, 162.70,
153.19, 141.44, 135.46, 131.88, 123.43, 92.14, 60.99, 59.19, 55.38, 39.84, 39.40,
37.96, 35.22, 28.14, 28.01, 25.21; HRMS calc. for C19H23INsOsS: 560.05 [M-H]-, found:
560.05 [M-H]-.
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Synthesis of (R)-2-amino-3-((4-methoxybenzyl)selanyl)propanoic acid (48)

OMe

Se

OH
HZN/Q(

@)

A 100 mL round-bottom flask was charged with selenocystine (1.8 g, 5.3 mmol)
dissolved in 0.5 M NaOH (5 mL). NaBH4 (1.7 g, 43 mmol) dissolved in water (10 mL)
was added dropwise and the r.m. stirred in an ice-bath. After the vigorous reaction has
subsided (the solution changes from yellow to colourless), the mixture was acidified to
pH = 6.0 by the dropwise addition of glacial acetic acid. p-Methoxybenzyl chloride
(1.44 mL, 10.6 mmol) was added dropwise, and the r.m. was stirred at room
temperature for 1 h. After 1 h the r.m. was concentrated under reduced pressure and
recrystallisation from hot water led to the title compound (2.7 g, 88% yield) as a white
solid: *H NMR (400 MHz, DMSO) & 8.67 (s, 2H, NH2), 7.30 — 7.21 (m, 2H, Ar-H), 6.87
—6.77 (m, 2H, Ar-H), 4.23 — 4.14 (m, 1H, CH), 3.87 (s, 2H, CH>), 3.82 — 3.67 (m, 3H,
CHz2), 3.01 —2.90 (m, 2H, CH2); 13C NMR (101 MHz, DMSO) 6 178.38, 174.63, 169.67,
163.72, 159.42, 158.10, 155.88, 150.36, 145.93, 140.72, 130.83, 130.06, 129.31,
124.06, 117.43, 115.54, 113.86, 113.66, 102.91, 58.27, 55.07, 52.28, 49.17, 47.96,
40.15, 39.94, 39.73, 39.52, 39.31, 39.10, 38.89, 27.00, 22.32; HRMS calc. for
C11H16NOsSe: 290.03 [M+H]*, found: 290.03 [M+H]*. These spectral properties

agreed with previously reported literature.199:200
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Synthesis of (R)-2-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)-3-((4-

methoxybenzyl)selanyl)propanoic acid (49)

48 (2.2 g, 7.5 mmol) was dissolved in water (20 mL) to make a slurry and

OMe

trimethylamine (1.1 mL, 7.5 mmol) was added. A solution of N-(9-
fluorenylmethoxycarbonyloxy)succinimide (2.53 g, 7.5 mmol) in acetonitrile (20 mL)
was added and a second equivalent of trimethylamine (1.1 mL, 7.5 mmol) was added.
Acetonitrile was added to fully dissolve all solutes and the r.m. was stirred at room
temperature for 1 h. After this time the r.m. was acidified to pH = 2 with 1M HCI (10
mL) and extracted with ethyl acetate (1 x 30 mL). The organic layer was washed with
1M HCI (3 x 20 mL). The combined aqueous layers were extracted with ethyl acetate
(3 x 20 mL). The organic phases were combined, dried over MgSQOs, filtered, and
concentrated under reduced pressure. The crude residue was purified via flash
chromatography (0-20% MeOH in CH2Cl2) to yield the titled compound (2.17 g, 57%
yield) as a pale yellow solid: *H NMR (400 MHz, CDCI3) & 7.75 (dd, J = 7.6, 2.5 Hz,
2H, fluorene), 7.59 (q, J = 6.8 Hz, 2H, fluorene), 7.39 (td, J = 7.5, 3.4 Hz, 2H, fluorene),
7.35—-7.26 (m, 2H, fluorene), 7.18 (d, J = 8.2 Hz, 2H, Ar-H), 6.80 (d, J = 8.0 Hz, 2H,
Ar-H), 5.58 (d, J = 7.8 Hz, 1H, sec. amide), 4.66 (g, J = 6.0 Hz, 1H, fluorene), 4.41 (d,
J=7.1Hz, 2H, CH2), 4.23 (t, J = 7.1 Hz, 1H, CH), 3.75 (s, 3H, CH3), 3.49 (s, 2H, CH>),
2.10 (s, 1H, CH), 2.00 (s, 1H, CH); 3C NMR (101 MHz, CDCI3) d 172.26, 169.37,
158.73, 146.99, 143.74, 142.39 (d, J = 4.5 Hz), 141.82, 141.43, 140.84, 137.50,
130.53, 130.17, 127.91, 127.26, 125.23, 120.77, 120.15, 115.12, 114.21, 58.03,
55.39, 53.81, 50.95, 47.20, 27.79, 25.47; HRMS calc. for C2sH2sNOsSeNa: 534.08
[M+Na]*, found 534.08 [M+Na]*. These spectral properties agreed with previously

reported literature. 199.200
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8.5 SYNTHESIS OF MODIFIED PEPTIDES

Synthesis of (S)-2-acetamido-N-((S)-1-(((S)-1-amino-3-(4-hydroxyphenyl)-1-
oxopropan-2-yl)amino)-1-oxopropan-2-yl)-3-(2-nitrophenyl)propanamide (2)

NO, OH

L O
Ac. N NH
(o} \:)J\H 2

N
H 0] 0]

Peptide 2 was synthesised using the general procedure outlined in Optimised General
Protocol for Cysteine Desulfurisation and B-Arylation in General Protocols for Chapter
Five. The crude r.m. was filtrated, purified by semi-preparative RP-HPLC (2-40% B
over 30 min) and lyophilised to produce the desired modified peptide (2 1.96 mg, 4.03
pmol, 32% yield).
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Figure 166 — Analytical HPLC trace and ESI MS of pure 2. Analytical gradient 2-40% B over 5 min,
280 nm. Calculated Mass: 508.18 [M+Na]*, observed mass: 508.17 [M+Na]*.
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Synthesis of (S)-2-acetamido-N-((S)-1-(((S)-1-amino-3-(4-hydroxyphenyl)-1-
oxopropan-2-yl)amino)-1-oxopropan-2-yl)-3-(2-cyanophenyl)propenamide (3)

CN OH

b0
Aoy, Nyk” NH,

H ) @)

Peptide 3 was synthesised using the general procedure outlined in Optimised General
Protocol for Cysteine Desulfurisation and B-Arylation in General Protocols for Chapter
Five. The crude r.m. was filtrated, purified by semi-preparative RP-HPLC (2-40% B
over 30 min) and lyophilised to produce the desired modified peptide (3 1.47 mg, 3.15
pmol, 25% yield).
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Figure 167 — Analytical HPLC trace and ESI MS of pure 3. Analytical gradient 2-40% B over 5 min,
280 nm. Calculated Mass: 466.20 [M+H]*, observed mass: 467.15 [M+H]".
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Synthesis of (S)-2-acetamido-N-((S)-1-(((S)-1-amino-3-(4-hydroxyphenyl)-1-
oxopropan-2-yl)amino)-1-oxopropan-2-yl)-3-(2-
(trifluoromethyl)phenyl)propenamide (4)

CF, OH

e
Ac. N NH
c N \?//u\\H 2

H O O

Peptide 4 was synthesised using the general procedure outlined in Optimised General
Protocol for Cysteine Desulfurisation and B-Arylation in General Protocols for Chapter
Five. The crude r.m. was filtrated, purified by semi-preparative RP-HPLC (2-40% B
over 30 min) and lyophilised to produce the desired modified peptide (4 1.47 mg, 2.9
pmol, 23% yield).
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Figure 168 — Analytical HPLC trace and ESI MS of pure 4. Analytical gradient 2-40% B over 5 min,
280 nm. Calculated Mass: 531.49 [M+Na]*, observed mass: 531.39 [M+Na]*.
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Synthesis of 2-((S)-2-acetamido-3-(((S)-1-(((S)-1-amino-3-(4-hydroxyphenyl)-1-
oxopropan-2-yl)amino)-1-oxopropan-2-yl)amino)-3-oxopropyl)benzamide (5)

O

OH
NH,

e
Ac. N NH
N %m ’

H oo 0

Peptide 5 was synthesised using the general procedure outlined in Optimised General
Protocol for Cysteine Desulfurisation and B-Arylation in General Protocols for Chapter
Five. The crude r.m. was filtrated, purified by semi-preparative RP-HPLC (2-40% B
over 30 min) and lyophilised to produce the desired modified peptide (5 0.98 mg, 2.02
pmol, 16% yield).
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Figure 169 — Analytical HPLC trace and ESI MS of pure 5. Analytical gradient 2-40% B over 5 min,
280 nm. Calculated Mass: 484.53 [M+H]*, observed mass: 485.11 [M+H]*.
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Synthesis of (S)-2-acetamido-N-((S)-1-(((S)-1-amino-3-(4-hydroxyphenyl)-1-
oxopropan-2-yl)amino)-1-oxopropan-2-yl)-3-(5-methyl-2-
nitrophenyl)propenamide (11)

NO, OH

Peptide 11 was synthesised using the general procedure outlined in Optimised
General Protocol for Cysteine Desulfurisation and 3-Arylation in General Protocols for
Chapter Five. The crude r.m. was filtrated, purified by semi-preparative RP-HPLC (2-
40% B over 30 min) and lyophilised to produce the desired modified peptide (11 1.57
mg, 3.15 umol, 25% yield).
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Figure 170 — Analytical HPLC trace and ESI MS of pure 11. Analytical gradient 2-40% B over 5 min,
280 nm. Calculated Mass: 499.52 [M+H]*, observed mass: 500.49 [M+H]".
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Synthesis of (S)-2-acetamido-N-((S)-1-(((S)-1-amino-3-(4-hydroxyphenyl)-1-
oxopropan-2-yl)amino)-1-oxopropan-2-yl)-3-(5-methoxy-2-

nitrophenyl)propenamide (13)
NO, OH

MeO H 0]
Ac. N NH
(6] N \:)‘k” 2

H O O

Peptide 13 was synthesised using the general procedure outlined in Optimised
General Protocol for Cysteine Desulfurisation and 3-Arylation in General Protocols for
Chapter Five. The crude r.m. was filtrated, purified by semi-preparative RP-HPLC (2-
40% B over 30 min) and lyophilised to produce the desired modified peptide (13 0.52
mg, 1.01 umol, 8% yield).
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Figure 171 — Analytical HPLC trace and ESI MS of pure 13. Analytical gradient 2-40% B over 5 min,
280 nm. Calculated Mass: 515.52 [M+H]*, observed mass: 516.48 [M+H]".
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Synthesis of (S)-2-acetamido-N-((S)-1-(((S)-1-amino-3-(4-hydroxyphenyl)-1-
oxopropan-2-yl)amino)-1-oxopropan-2-yl)-3-(4-fluoro-2-
nitrophenyl)propenamide (15)

F NO, OH

e
Ac. N NH

H 0] @)

Peptide 15 was synthesised using the general procedure outlined in Optimised
General Protocol for Cysteine Desulfurisation and 3-Arylation in General Protocols for
Chapter Five. The crude r.m. was filtrated, purified by semi-preparative RP-HPLC (2-
40% B over 30 min) and lyophilised to produce the desired modified peptide (15 2.09
mg, 4.16 umol, 33% yield).
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Figure 172 — Analytical HPLC trace and ESI MS of pure 15. Analytical gradient 2-40% B over 5 min,
280 nm. Calculated Mass: 503.49 [M+H]*, observed mass: 504.49 [M+H]*.
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(5-methyl-2-nitrophenyl)boronic acid (10)
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13C-NMR
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trophenyl)boronic acid (14)
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13C-NMR
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19F-NMR
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imidazol-

Synthesis of methyl 5-((3aS,4S,6aR)-2-oxohexahydro-1H-thieno[3,4-d]

4-yl)pentanoate (17)

H-NMR
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3C-NMR
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Synthesis of N-(2-aminoethyl)-5-((3aS,4S,6aR)-2-oxohexahydro-1H-thieno[3,4-

d]imidazol-4-yl)pentanamide (18)

H-NMR
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3C-NMR
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4-iodo-3-nitro-N-(2-(5-((3aS,4S,6aR)-2-oxohexahydro-1H-

thieno[3,4-d]imidazol-4-yl)pentanamido)ethyl)benzamide (22)
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Synthesis

H-NMR
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3C-NMR
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(R)-2-amino-3-((4-methoxybenzyl)selanyl)propanoic acid (48)

H-NMR
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13C-NMR
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(R)-2-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)-3-((4-

methoxybenzyl)selanyl)propanoic acid (49)

of

Synthesis

H-NMR
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3C-NMR
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APPENDIX 2

This appendix describes efforts focused on the synthesis of three peptides for a
collaboration with Prof. Michael Holdsworth and Prof. Neil Oldham from the University
of Nottingham. The focus of this research sought to better understand the enzymatic
activity that governs oxygen-sensing in plants. It was hypothesized that specific
enzymes in plants can add oxygen to the sulfinic acid moiety at the N-terminus Cys
residue of certain proteins to trigger its arginylation and subsequent proteasomal
degradation.?°! This process is thought to play a key role in the way plants regulate
the concentration of oxygen and therefore respond in high or low levels of oxygen in
the organism. To explore this oxygen sensing pathway, the synthesised peptides will
be exposed to a plant extract containing the enzymes that add oxygen to the sulfinic
acid moiety at the N-terminus of the synthetic sequence.

The first peptide to be synthesised was H2N-CGGAIISDYAPLVTK(Biotin)-OH (45,
Figure 173). The synthesis for building block 51 used to afford 45 is described later in
the text of APPENDIX 2. This sequence was required as a control, to investigate
whether the enzymes in the plant extract would add oxygen on a Cys residue, even if

the latter would not be in the oxidised form of a sulfinic acid.

NH

0
H
HN?é‘M\/\)LNH
OH H S
0 0 0
H H H H
N N N H
z o = l¢] . 0
Y 'OH

Figure 173 — Peptide sequence of 45.

HS OH
33 s
HaN N N/ﬁ(Ni NN N NS
3 HoJ & HAJ HoJo

0

The second peptide to be synthesised was H2N-C(SO2)GGAIISDYAPLVTK(Biotin)-
OH (46, Figure 174). This peptide sequence is the representation of the protein
substrate on which the enzymes presented in the plant extract are meant to add

oxygen to trigger the arginylation of the oxidised N-terminus.
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Figure 174 — Peptide sequence of 46.

Peptide sequence 46 presents a sulfinic acid moiety on the N-terminus. The synthesis
of building blocks 51 and 54 used for the synthesis of modified peptide 46 is described
later in the text of APPENDIX 2. After cleavage of the peptide from the resin (see 8.1
GENERAL METHODS for more details), the sulfone moiety was reduced to the sulfinic
acid by treatment with sodium borohydride (see 8.2 GENERAL PROTOCOLS for more
details).

Finally, peptide H2N-RC(SO2)GGAIISDYAPLVTK(Biotin)-OH (47, Figure 175) was
synthesised as a further control. In this case, the control experiment would be to
investigate whether the plant extract adds oxygen to the peptide even if the Arg residue

is already present at the N-terminus.

H%wwﬂr %ﬁahﬂﬁﬁg

f

HN

PN

HNZ “NH,
Figure 175 — Peptide sequence of 47.

Again, the synthesis for building blocks 51 and 54 used for achieving modified peptide

47 is described in 8.4 COMPOUNDS SYNTHESIS. All three peptides presented a

biotinylated Lys residue at the C-terminus so that the sequence could be bound to

streptavidin magnetic beads. Streptavidin binds to biotin with high affinity and this will

allow the peptide to be easily isolated from the plant extract for characterisation.

At the time of writing, the pull-down assay to purify the peptides from the plant extract

is on-going. Once this stage is optimised, MS techniques will be implemented to fully
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characterise the peptides and to understand if the expected arinylation or other
modification were triggered by the enzymatic extract.
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Synthesis of H2N-CGGAIISDYAPLVTK (Biotin)-OH (45)

Peptide 45 was synthesised by manually loading the first amino acid (51) following
general manual coupling protocol on CTC resin (0.2 mmol). The rest of the peptide
sequence was synthesised using general automated synthesiser protocols with
microwave assistance. The crude peptide was purified by semi-preparative RP-HPLC
(5-60% B over 30 min) and lyophilised to produce the desired peptide (45 196 mg,
0.113 mmol, 57% vyield).
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Figure 176 — Analytical HPLC trace and ESI MS of pure (45). Analytical gradient 5-60% B over 10
min, 280 nm. Calculated Mass: 1732.85 [M+H]*, observed mass: 1733.87 [M+H]".
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Synthesis of HaN-C(SO2)GGAIISDYAPLVTK (Biotin)-OH (46)

Peptide 46 was synthesised by manually loading the first (Lys-biotin, 51) and final
(Cys-S0Oz2, 54) amino acids following general manual coupling protocol on CTC resin
(10 umol). The rest of the peptide sequence was synthesised using general automated
synthesiser protocols with microwave assistance. After cleavage, the crude peptide
was treated with NaBHa4 (2 eq.) in EtOH (final concentration of peptide = 1mM) for 3 h
to achieve the benzothiazole deprotection and reduction to the sulfinic acid. The crude
peptide was purified by semi-preparative RP-HPLC (5-60% B over 30 min) and
lyophilised to produce the desired peptide (46 2.2 mg, 1.25 pumol, 12% vyield).
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Figure 177 — Analytical HPLC trace and ESI MS of pure (46). Analytical gradient 5-60% B over 10
min, 280 nm. Calculated Mass: 1764.84 [M+H]*, observed mass: 1765.97 [M+H]".
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Synthesis of Ho2N-RC(SO2)GGAIISDYAPLVTK (Biotin)-OH (47)

*N*W%Smf M%@w??@wf

HNf

HzﬁZ\NH

Peptide 47 was synthesised by manually loading the first (Lys-biotin, 51), and final two
(Cys-SO2 54, and Arg) amino acids following general manual coupling protocols on
CTC resin (10 umol). The rest of the peptide sequence was synthesised using general
automated synthesiser protocol with microwave assistance. After cleavage, the crude
peptide was treated with NaBHa4 (2 eq.) in EtOH (final concentration of peptide = 1mM)
for 3 h to achieve the benzothiazole deprotection and reduction to the sulfinic acid.
The crude peptide was purified by semi-preparative RP-HPLC (5-60% B over 30 min)
and lyophilised to produce the desired peptide (47 1.6 mg, 0.83 umol, 8% yield).
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Figure 178 — Analytical HPLC trace and ESI MS of pure (47). Analytical gradient 5-60% B over 10
min, 280 nm. Calculated Mass: 1921.95 [M+H]+, observed mass: 1922.97 [M+H]+.
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Synthesis of (((9H-fluoren-9-yl)methoxy)carbonyl)-L-lysine (50)

NH,

@)
Q. Aoy o
O
50 was synthesised following an adapted literature procedure.?°> Fmoc-Lys(Boc)-OH
(1 g, 2.1 mmol) was dissolved in a solution of TFA:H20:TIPS (90:5:5 v/v/v, 5 mL) and
stirred at r.t. for 1 h. Completion of the reaction was followed by HRMS. After 1 h, the
solvent was evaporated under reduced pressure, water was added and washed with
Et20. Lyophilisation led to the titled compound (0.71 g, 92% yield) as a white powder
that was utilised without further purification: *H NMR (400 MHz, DMSQ) 6 7.90 (d, J =
7.5 Hz, 2H, fluorene), 7.78 (s, 1H, carboxylic acid), 7.73 (dd, J = 7.5, 3.6 Hz, 2H,
fluorene), 7.63 (d, J = 8.0 Hz, 1H, sec. amide), 7.42 (td, J = 7.5, 1.1 Hz, 2H, fluorene),
7.33 (td, J =7.4, 1.2 Hz, 2H, fluorene), 4.35 — 4.27 (m, 2H, CH2), 4.23 (9, J =6.9, 6.2
Hz, 1H, CH), 3.93 (ddd, J = 9.7, 8.0, 4.6 Hz, 1H, fluorene), 2.78 (tt, J = 7.9, 3.6 Hz,
2H, CH2), 1.77 — 1.48 (m, 4H, CH2), 1.38 (td, J = 11.9, 11.1, 6.0 Hz, 2H, amine); *C
NMR (101 MHz, DMSO) & 173.87, 173.87, 156.22, 143.86, 143.81, 140.75, 129.00,
127.67, 127.09, 127.09, 125.28, 125.28, 120.15, 120.15, 65.59, 53.62, 47.55, 30.19,

26.53, 22.58, 16.16; HRMS calc. for C21H2sN204: 369.18 [M+H]*, found: 369.18
[M+H]*.
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Synthesis of N2-(((9H-fluoren-9-yl)methoxy)carbonyl)-N6-(5-((3aS,4S,6aR)-2-
oxohexahydro-1H-thieno[3,4-d]imidazol-4-yl)pentanoyl)-L-lysine (51)

H S

51 was synthesised following an adapted literature procedure.?°® To biotin (594 mg,
2.4 mmol) in DMF (5 mL) was added HATU (1.08 g, 2.9 mmol) and iPrz2Net (0.85 mL,
4.9 mmol). After 5 min of pre-activation, the mixture was added to a solution of 50 (300
mg, 0.8 mmol) in DMF (3 mL), and the r.m. was left stirring at room temperature for 2
h. After this time, cold aq. HCI (pH = 2.0, 500 mL) was added, the precipitate was
filtered and washed with cold aq. HCI (pH = 2.0, 3 x 200 mL), and H20 (3 x 200 mL).
Lyophilisation led to the titled compound (438 mg, 93% vyield) as a white fluffy solid
that was utilised without further purification: *H NMR (400 MHz, DMSQ) 6 7.89 (d, J =
7.5 Hz, 2H, fluorene), 7.76 (d, J = 5.7 Hz, 1H, sec. amide), 7.73 (d, J = 7.8 Hz, 2H,
fluorene), 7.61 (d, J = 8.0 Hz, 1H, sec. amide), 7.42 (t, J = 7.4 Hz, 2H, fluorene), 7.36
— 7.30 (m, 2H, fluorene), 6.42 (s, 1H, CH), 4.30 — 4.20 (m, 4H, fluorene, CH2, CH),
4.13 —4.10 (m, 1H, CH), 3.91 (ddd, J = 9.6, 8.0, 4.7 Hz, 1H, CH), 3.10 — 3.06 (m, 1H,
CH), 3.04 — 2.98 (m, 2H, CH), 2.84 — 2.77 (m, 1H, CH), 2.57 (dd, J = 12.4, 4.0 Hz,
1H, CH), 2.20 (t, J = 7.4 Hz, 1H, CH), 2.04 (t, J = 7.4 Hz, 2H, CH2), 1.60 (dq, J = 9.6,
4.7 Hz, 2H, CH2), 1.53 — 1.44 (m, 4H, CH2), 1.40 — 1.28 (m, 6H, CH2); 3C NMR (101
MHz, DMSO) & 174.01, 171.86, 162.74, 156.18, 151.19, 143.86, 143.81, 140.72,
128.92, 127.66, 127.09, 125.31, 120.77, 120.13, 65.61, 61.06, 59.21, 55.43, 53.78,
46.68, 38.19, 35.24, 33.50, 30.44, 28.76, 28.24, 28.13, 28.05, 25.33, 24.55, 23.12;
HRMS calc. for C31H37N4O6S: found: 593.24 [M-H];, found: 593.24 [M-H]-.
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Synthesis of S-(benzo[d]thiazol-2-yl)-L-cysteine (52)

NaOH (1.96 g, 49.8 mmol) was dissolved in MeOH (60 mL). L-cysteine (2 g, 16.6
mmol) was added, and the r.m. was stirred under argon at r.t. for 10 min. 2-
Chlorobenzothiozole (2.56 mL, 16.6 mmol) was added and the mixture was heated to
reflux under argon for 10 min. The r.m. was allowed to cool to r.t. and stirred under
argon for 16 h. After this time, water (100 mL) was added, and methanol was
evaporated under reduced pressure. NaOH was added to completely dissolve the
yellow-white solid. The r.m. became yellow and was washed with Et20 (2 x 20 mL).
The aqueous layer was acidified to pH = 6.0 by the drop wise addition of glacial acetic
acid. A white precipitate was formed and washed with ice-cold 200 mM ammonium
acetate (1 L, pH = 6.7). Lyophilisation led to the titled compound (3.65 g, 86% vyield)
as a white solid that was used without further purification: *H NMR (400 MHz, DMSO)
0 7.89 (d, J =8.0 Hz, 1H, CH), 7.84 (d, J = 8.1 Hz, 1H, CH), 7.42 (t, J = 7.7 Hz, 1H,
CH), 7.31 (t, J = 7.6 Hz, 1H, CH), 4.05 — 3.96 (m, 1H, CH), 3.85 (dd, J = 8.1, 4.1 Hz,
1H, CH), 3.59 (dd, J = 14.0, 8.2 Hz, 1H, CH); 3C NMR (101 MHz, DMSO) & 169.99
(C), 167.07 (C), 153.34 (C), 135.68 (C), 126.97 (CH), 125.27 (CH), 122.19 (CH),
121.91 (CH), 54.34 (CH), 34.72 (CH2). HRMS calc. for C10H11N202S2: 255.03 [M+H]*,
found: 255.03 [M+H]*. These spectral properties agreed with previously reported

literature.204
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Synthesis of N-(((9H-fluoren-9-yl)methoxy)carbonyl)-S-(benzo[d]thiazol-2-yl)-L-
cysteine (53)

53 was synthesised following an adapted literature procedure.?%> A solution of N-(9-
fluorenylmethoxycarbonyloxy)succinimide (2 g, 5.9 mmol) in acetonitrile (20 mL) was
added to a solution of 52 (1.5 g, 5.9 mmol) in 9% Na2COs3 (20 mL). The r.m. was stirred
at room temperature for 2 h. Completion of the reaction was followed by HPLC. After
2 h, water (100 mL) was added, and the solution was acidified to pH = 2.0 with 12M
HCI and extracted with ethyl acetate (3 x 100 mL). The combined organic layers were
washed with water (2 x 50 mL) and brine (2 x 50 mL), dried over MgSO4, and
evaporated under reduced pressure. The crude residue was purified via flash
chromatography (0-10% MeOH in CH2Cl2) to give product as a white solid (1.93 g,
69% vyield): *H NMR (400 MHz, CDCI3) & 7.84 — 7.77 (m, 1H, Ar-H), 7.72 — 7.64 (m,
3H, Ar-H), 7.44 (dd, J = 11.9, 7.5 Hz, 2H, Ar-H), 7.36 (ddd, J = 8.3, 7.3, 1.3 Hz, 1H,
Ar-H), 7.33 = 7.25 (m, 3H, Ar-H), 7.12 (td, J = 7.6, 3.6 Hz, 2H, Ar-H), 4.68 (dd, J = 7.5,
3.9 Hz, 1H, NH), 4.33 — 4.22 (m, 2H, CH2), 4.07 (t, J = 7.2 Hz, 1H, Fmoc), 3.88 (dd, J
= 14.4, 3.9 Hz, 1H, CH), 3.74 (dd, J = 14.3, 7.4 Hz, 1H, CH); 3C NMR (101 MHz,
CDCI3) 6 177.81, 171.83, 167.27, 165.79, 164.58, 158.05, 157.45, 156.49, 152.35,
143.85, 143.82, 141.32, 135.42, 127.75, 127.11, 126.57, 125.21, 124.94, 121.52,
121.26, 120.00, 67.26, 54.87, 47.16, 35.30; HRMS calc. for C2sH21N204S2: 477.09
[M+H]*, found: 477.09 [M+H]*. These spectral properties agreed with previously

reported literature.
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Synthesis of (((9H-fluoren-9-yl)methoxy)carbonyl)(benzo[d]thiazol-2-
ylsulfonyl)-D-alanine (54)

To a solution of 53 (300 mg, 0.63 mmol) in dioxane (19 mL) mCPBA (543 mg, 3.14
mmol) was added in portions over 30 min. The r.m. was stirred at room temperature
for 6 h. Completion of the reaction was followed by HPLC. After 6 h the r.m. was
concentrated under reduced pressure and purified via flash chromatography (0-10%
MeOH in CH2Cl2) to give product as a white solid (196 mg, 58% yield): *H NMR (400
MHz, DMSO) & 13.34 (s, 1H, carboxylic acid), 8.24 (dd, J = 8.2, 4.1 Hz, 2H, Ar-H),
7.93 (d, J=8.4 Hz, 1H, NH), 7.87 (d, J = 7.6 Hz, 2H, Ar-H), 7.65 (t, J = 7.6 Hz, 1H, Ar-
H), 7.62 — 7.52 (m, 3H, Ar-H), 7.41 (t, J = 7.5 Hz, 2H, Ar-H), 7.34 — 7.24 (m, 2H, Ar-
H), 4.59 (td, J = 8.0, 5.2 Hz, 1H, CH), 4.22 — 4.15 (m, 2H, CH3), 4.03 (dt, J = 11.0, 5.6
Hz, 1H, CH), 3.93 (q, J = 5.7, 4.1 Hz, 2H, CH2); ¥*C NMR (101 MHz, DMSQ) 5 170.42,
166.17, 155.38, 152.15, 143.61, 143.49, 140.64, 136.43, 128.05, 127.85, 127.66,
127.09, 127.06, 125.23, 125.19, 124.86, 123.39, 121.70, 120.70 — 120.64 (m), 120.08,
65.79, 54.80, 48.99, 46.30, 42.90; HRMS calc. for C2sH20N206S2Na: 531.07 [M+Na]*,
found: 531.06 [M+Na]*. These spectral properties agreed with previously reported

literature. 205
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lysine (50)

(((9H-fluoren-9-yl)methoxy)carbonyl)-L
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13C-NMR
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N2-(((9H-fluoren-9-yl)methoxy)carbonyl)-N6-(5-((3aS,4S,6aR)-2-oxohexahydro-

1H-thieno[3,4-d]imidazol-4-yl)pentanoyl)-L-lysine (51)

H-NMR
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13C-NMR
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cysteine (52)

S-(benzol[d]thiazol-2-yl)-I

H-NMR
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13C-NMR
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N-(((9H-fluoren-9-yl)methoxy)carbonyl)-S-(benzo[d]thiazol-2-yl)-L-cysteine (53)

H-NMR
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3C-NMR
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(((9H-fluoren-9-yl)methoxy)carbonyl)(benzo[d]thiazol-2-ylsulfonyl)-D-alanine

(54)

H-NMR
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