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Chapter

Introduction




1.Introduction
1.1 Grasping fossil fuels: not a luxury anymore

For half a century, mankind has lived under the premise that fossil fuels are not
only the main source of energy but also that it is endless. However, within the years
the continuous use and extraction of oil has led to a shortage of oil reserves. In
addition, the pollution generated by the burning of this oil has generated an urgent
need to develop new and more sustainable energy sources. Around the world,
researchers are combining efforts to build systems that can stop our dependency to
fossil fuels and save our planet from a possible catastrophic fate. Among all
candidates, sun and wind have appeared as suitable replacement for fossil energy
resources. Devices capable to drive the generation of power using these sustainable
resources are being extensively studied as a major goal towards a more sustainable

development of humans on Earth.

1.2 Artificial photosynthesis

One of the oldest and most studied processes performed by nature is
photosynthesis. This process takes place in the thylakoid membrane in
photosynthetic bacteria in green plants, where a complicated arrangement of proteins
manages the light reactions, couple to dark reactions, to convert solar energy into
chemical energy (Figure 1.1). The process starts by light-harvesting complexes
(LHCs), which absorb solar energy and transfer it to the reaction centre of
Photosystem II (PSII)."* Here, excitation of pigments of PSII, the chlorophyll dimer
P680, induces charge separation, thus initiating the water splitting reaction and one
of the most uphill processes in nature, called water oxidation. This reaction is
promoted by a subunit of PSII called the oxygen evolving center (OEC in Figure 1.1)
that contains a MnsCa-oxide cluster, where O,, 4 H" and 4 electrons are produced.
Upon making dioxygen and presence of light, one of the side reactions of the system
is its own degradation. However, it is also capable of regenerating itself as part of a

dynamic cycle called PSII repair cycle.® The electrons produced by this first water
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oxidation reaction are transported to the second reaction centre of the thylakoid
membrane called Photosystem [ (PSI) via electron shuttle molecules called
plastoquinones (PQ), cytochrome bo6f and plastocyanin (PC). Once at PSI, the
electrons reduce the excited chlorophyll pigment P700", formed simultaneously by
light irradiation of this reaction center by electron transfer to ferredoxin (Fd), which
later activates ferredoxin NADP reductase (FNR) and initiates the production of
NADPH, the reduced version of NADP". In parallel, the gradient of protons across
the membrane generated by the OEC and via cytochrome b6f is used to synthetize
ATP via a catalytic molecular machine called ATPsynthase (or ATPase). Finally, a
dark catalytic reaction called the Calvin cycle takes place, which converts CO; into

carbohydrates using the electrons stored in NADPH and ATP.**
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Figure 1.1. Schematic representation of the enzymatic arrangement in the photosynthetic thylakoid

membrane.

The idea to replicate the function of the natural photosynthetic system in green
plants by building an artificial system capable of transforming sunlight into chemical

energy, has become the holy grail of many researchers around the world. These
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efforts have allowed the development of several systems, either homogeneous or
supramolecular, that promote water splitting into H, and O,. Dihydrogen, in fact, is
often considered as one of the most promising alternative energy carriers, not only
because it can be burnt directly in a fuel cell to fuel a car or a plane,*"! releasing
only water as exhaust waste, but also because it can fuel the reduction of many

chemicals including CO» using existing bulk chemical processes.'>™"

1.3 Biomimicking the photocatalytic water oxidation reaction

Splitting water involves two half reactions: water oxidation and proton
reduction. The former reaction is highly demanding, both thermodynamically and
kinetically."s The process of extracting four electrons from two very stable water
molecules requires a lot of energy and catalytic intermediates. To be able to oxidize
water quickly, nature has come up with a manganese catalyst that reduces the energy
barrier towards the highest reactive catalytic intermediates of the reaction.'®!” For
biomimicking the natural photocatalytic water oxidation reaction, a minimum of
three components are needed: 1) a system capable of harvesting light, called a
photosensitizer (PS); 2) a system capable of accepting the electron extracted from
water, called an electron acceptor (EA); and 3) a system capable of stabilizing all
high-energy intermediates during the reaction, called a catalyst (Cat) (Figure 1.2).

R

2H,0 Cat PS EA-

de +4H" + O, Cat PS* EA

Figure 1.2. General scheme for the minimal system for photocatalytic water oxidation.

By far, [Ru(bpy)s]*" is the molecule that has the most widely been used as
photosensitizer to trigger photochemical reactions.'®** For the second component of
a photocatalytic system, hence the sacrificial electron acceptor, different compounds

have been used, among which sodium persulfate (Na»S,0s) and cobalt(II)
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pentaamine chloride ([Co(NH3)sCl]").* The third component of the system is the
water oxidation catalyst. Small molecules based on different metal centers have been
developed to mimic the activity of the biological MnsCa cluster. Most of these
complexes are based on noble metals such as ruthenium and iridium.?* Nevertheless,
complexes based on earth-abundant metals such as iron, nickel and cobalt, have

gained very much interest as more sustainable candidates. A few example of WOC's

are shown in Figure 1.3.1132531
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Figure 1.3. Selected examples of ruthenium and cobalt complexes that are catalytically active for

water oxidation.

Several limitations in homogeneous photocatalytic systems, such as the low
quantum efficiency due to charge recombination,**>** the instability of the WOC or

photosensitizer under light irradiation,” or an overwhelming overpotential of the

5



catalyst, * have stimulated the search for a diversification of methods and strategies
towards biomimetic, more efficient, and more stable photocatalytic water oxidation

systems.z‘”36

1.4. Artificial metalloenzymes
1.4.1 Proteins, a versatile scaffold

In nature, enzymes represent by excellence the ultimate catalysts, as they allow
an incredibly diverse range of biochemical reactions to take place simultaneously in
a cell, thus allowing the continuity of life. Efficiency, regioselectivity,
stereospecificity, and the ability to catalyse chemical reactions in very mild
conditions compared to many industrial, man-made catalysts, are among the
attractive features the protein environment can provide for the catalytically active
site of enzymes.*”* Artificial metalloenzymes (ArMs), which are defined as
synthetic conjugates of one or several small-molecule catalysts embedded in a
protein environment, have become a promising tool in catalysis.”'*® These artificial
systems have provided new solutions to old synthetic problems, allowing to promote
reaction such as Diels—Alder,*” C—H activation,*® epoxida‘cion,49 Friedel-Crafts,>
cyclopropanation,® or metathesis,™ possible in mild conditions and with very good
to excellent rates. Using a protein as a scaffold to host an artificial catalyst can offer
benefits for tuning the activity and selectivity of this catalyst; in particular, it allows
to control the first and the second coordination sphere (Figure 1.4).4**>% The first
coordination sphere is often intrinsic to the ligand set installed around a metal center,
but it can also change upon binding of the catalyst to the protein backbone via
coordination of a histidine (imine), cysteine (thiolate), aspartic acid (carboxylate), or
methionine (thioether) residue. The second coordination sphere can stabilize a
cofactor or facilitate the approach of the substrate, for example via hydrogen
bonding, n—n stacking, or a hydrophobic interaction. Both, in principle, can lead to

an increase (or decrease) of the catalytic activity. Last but not least, proteins are



chiral, enantiomerically pure molecules, which can induce regio- or stereo-

,50

selectivity via interaction of the reagent or product with the catalytic pocket.*

A)

1%t Coordination sphere
., (His120 from protein +
- » porphyrin ligand)

2" Coordination sphere
(Cytochrome C)

Figure 1.4. (A) Schematic representation of protein scaffold and cofactor coordination environment
of Cytochrome C. (B) Representation of binding pocket of Cytochrome C (PDB:/CGO). The grey
colour represents the hydrophobic aminoacids located in the catalytic pocket. The haem group is

shown in magenta colour, with Fe(IT) center coordinated to the residue His120 in yellow.

When looking at the protein scaffold of ArM’s, four strategies to produce
artificial metalloenzyme have been investigated: 1) protein re-design, in which the
protein scaffold can be modified to enhance the selectivity towards a cofactor or to
create new active sites, by introducing mutation in the protein scaffold. Bos et al. for
example introduced artificial aminoacids in the LmrR protein monomer to create a
new active site in the dimer interface which was capable to drive Diels-Alder
reaction with 99% enantiomeric excess (ee);*’ 2) supramolecular assembly, where
the re-arrangement of proteins units into larger structures is generated by metal-
templated assembly. Song et al., for example, produced an artificial B-lactamase
assembly using Cytochrome cb562 as building block and Zn*" as metal center to
coordinate the protein units;*® 3) miniaturization, in which a biomimetic version of

the protein active site is prepared. With their hydrogen evolution cobalt-
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mimochrome VI, for example, Firpo et al developed an artificial mini-protein
containing a cobalt deuteroporphyrin;*’ 4) and de novo design, which is based in the
development of a protein from zero. For example, Ishida et al. developed an artificial
ruthenium protein using an unnatural bipyridine-aminoacid in a peptide sequence

which coordinated Ru?".5®

In all these 4 strategies, a synthetic or man-made compound called an artificial
cofactor, M, is usually used as catalytic center. Few approaches have been proposed
to bind these cofactors to a protein scaffold: 1) dative binding, 2) covalent binding,
and 3) supramolecular binding (Figure 1.5).*** The dative approach consists in
direct coordination of the metal center from the artificial cofactor (M) to the protein
scaffold via a coordinating aminoacid residue (Figure 1.5A). This strategy stablishes
secondary requirements for the cofactor due to the high selectivity (in terms of size
and shape) of the cofactor-binding pocket. In particular, its lipophilicity, aromaticity,
planarity, size, and charge, are very important. An example of this approach was
presented by Hayashi et a/. who produced an artificial Myoglobin for C(sp3)-H bond
hydroxylation by replacing the natural porphyrin haem cofactor of Myoglobin by a
manganese porphycene (Figure 1.6A).% Metal exchange, where only the native
metal center of the protein is replaced, can also be classified as part of the dative
approach (Figure 1.5D). The replacement of the natural metal ion of the enzyme for
another one with different chemical properties, usually redirects, and sometimes
enhances, the catalytic properties of the enzyme. Okrasa and Kazlauskas, for
example, showed a remarkable example of this strategy by replacing the native zinc
ion (Zn*") of Carbonic Anhydrase (CA) by a manganese center (Mn*").®! This
artificial manganese-carbonic anhydrase metalloenzyme showed peroxidase activity
towars o-dianisine oxidation comparable with horseradish peroxidase (kca/Km =
1.4x10° M's™! vs ke/Km = 57x10° M's! respectively), in addition to being

enantioselective for olefins epoxidation to epoxides.



Figure 1.5. Four main strategies for making artificial metalloenzymes. (A) the dative strategy; (B) the
covalent strategy; (C) the supramolecular strategy; (D) metal exchange. The metal center of the
artificial cofactor, M, is represented in colour (pink or yellow). The pink circle in A) represents an

equatorial ligand bound to the metal cofactor M*.

The covalent binding strategy represents a versatile method to attach an
artificial cofactor to a protein. In addition to the often higher stability of covalent
bonds compared to coordination bonds, further modification on the protein scaffold
can be bypassed and only modifications in the artificial cofactor are required, which
can enhance the selectivity of the functionalization or the ratio between the protein
and the cofactor (Figure 1.5B). In this strategy, the complex must be derivatized prior
to protein binding in order to introduce the functional group that will allow covalent
coupling to the protein scaffold. For example, Peterson et al. showed ruthenium-
cytochrome c bioconjugates activated by light irradiation by coupling a photoactive

ruthenium complex to the protein via maleimide-cysteine bond (Figure 1.6B).% In
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addition, increasing the selectivity of the binding towards the artificial cofactor can
be performed by modification of the residues in the catalytic pocket using mutations.
Monnard et al. described how mutations on the protein scaffold of an artificial
iridium-human carbonic anhydrase enhanced the imines hydrogenation activity.® A
more synthetically challenging strategy involves the modification of the natural
cofactor of the protein to introduce an artificial functional group. This strategy often
increases the selectivity of the interaction between the whole artificial cofactor (M)
and the protein, as recognition of the natural cofactor is always built in the protein
backbone. Such strategy was approached by Immoos et al. who modified a Haem
with a -(CH>)7 — linker bound to a ruthenium complex to study the electron transfer
between the photoactive complex and the myoglobin native iron cofactor (Figure
1.6C).* Finally, the supramolecular approach is the most used strategy, because it is
synthetically often easier (Figure 1.5C).**% The versatility of this method relies on
the multiple supramolecular interaction a metal complex might have with a protein
backbone (e.g., hydrogen—bonding, hydrophobic interaction, electrostatics, sterics)
and the possibility of the molecule to interact in more than one location. In this
strategy, the selectivity of protein binding can be very high, in particular if there is a
good fit between the shape of the molecule and that of the binding pocket. A good
example of this strategy was described by Ghirlanda ef al. in which streptavidin

hosted an iron-cluster to biomimic the [Fe-Fe] hydrogenase (Figure 1.6D).%

The meticulous selection of the proper protein scaffold to develop an artificial
metalloenzyme depends mostly on the final application.®” However, many proteins
have demonstrated a tremendous versatility showing different functions by hosting
a large variety of cofactors M" with different activities. Among those proteins we
can highlight Carbonic anhydrase (CA), Myoglobin (Myb) and Bovine serum
albumin (BSA), which are some of the selected proteins as candidates for developing
the ArMs described in this PhD thesis. In addition, a haem-protein, Cytochrome B5
(CBS), will be studied as fourth candidate to develop ArM.
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Figure 1.6. Different strategies for making ArM’s. (A) Artificial Myoglobin for C(sp3)-H bond
hydroxylation (dative strategy). The replacement of the natural Fe-porphyrin by an Mn-analogue
porphyrin facilitated the protein-cofactor interaction. Adapted from reference 58. (B) Artificial
photoactive Ru(bisterpyridine)-cytochrome ¢ bioconjugates (covalent bond strategy). The available
Cys102 allows the binding of the Ru(bisterpyridine)-linker complex via maleimide-thiol strategy.
Adapted from reference 60. (C) Artificial Ru—linker—(haem)-modified myoglobin for electron transfer
studies (covalent bond strategy). Top: crystal structure of Myb-Ru adduct; bottom: modified Fe-
porphyrin-linker-Ru complex. Adapted from reference 62. (D) Artificial streptavidin-based [Fe-Fe]
hydrogenase (supramolecular strategy). Above the Streptavidin protein structure with the biotin-iron

complex and below the structure of the biotin-iron-cobalt complex. Adapted from reference 64.
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1.4.2 ArM’s based on Carbonic anhydrase

Carbonic anhydrase (CA) is the first zinc protein discovered in human
history; it was originally described by Keilin and Mann as early as 1940. The active
site of this protein consists of a Zn*" ion coordinated to four ligands: three histidines
that belong to the protein backbone, and one water molecule from the solvent, thus
forming a tetrahedral local geometry for the metal center (Figure 1.7A). The water
molecule interacts also with a nearby threonine residue (Thr) via hydrogen bonding,
as a pre—arrangement step of the CO, hydration catalytic cycle of CA. This
ubiquitous enzyme regulates pH by catalysing the reversible hydration of CO, and
dehydration of HCO;™ (Figure 1.7B).5%¢

Figure 1.7. (A) Representation of bovine carbonic anhydrase structure (BCA) binding pocket (PDB:
2NN7). (B) Protein catalytic cycle for CO, hydration.

CA is a monomeric, soluble, and very well-studied protein, characterized by a
molecular weight of ~30 kDa. In addition, it is easy to handle and purify, and it is
cheap. The active site of this protein has been studied in great details, as well as the
substrates that can bind to it with high affinity, thus inhibiting its catalytic
function.®*7? Because it is easy to handle and given its role in many biological
processes, CA has been used as a model system to study enzymes, and has become
a target for biomedical applications. In addition, some studies have shown that CA

is involved in natural photosynthesis where it controls bicarbonate formation.” For
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these reasons, many compound have been developed to target CA, among which aryl
sulfonamides that were shown to be CA inhibitors with particularly strong
interaction with the CA binding pocket.”> CA has become a versatile tool for
building diverse ArMs with other catalytic activity.®**76 A conjugated system of
bovine carbonic  anhydrase and  l-palmitoyl-2-oleoyl-sn-glycero-3-
phosphoethanolamine-N-(glutaryl) (NGPOPE) liposomes was produced by
Maeshima and Yoshimoto, in which the system showed activity towards the
production of calcium carbonates particles.”” Another example of the versatility of
CA is reported by Fu et al., who showed the production of a biomimetic membrane
using CA for CO; capture in ambient condition operation (room temperature and
atmosphere pressure).” Overall, this protein is a very promising candidate for

developing ArMs.

1.4.3 ArM’s based on Cytochrome B5

Cytochromes are proteins in which haem is the natural cofactor. Different
types exist (a,b,c or d), depending on how the haem group is bound to the protein
scaffold as well as on the axial ligand(s) that is/are bound to the haem group.”
Cytochrome B5 (CBS5) is a globular small protein (~12 kDa) which participates in
the cellular respiration process. It interacts mainly with cytochrome P450, acting as
an electron transport agent in the membrane (Figure 1.8B).3®? The haem in this
protein is the b type, which coordinates with two histidine residues aligned in axial
position, His63 and His39, and does not make any covalent bond with the protein
scaffold (Figure 1.8A). The general interest of the ArM community for CBS5 has not
been particularly high, but the chemical properties of this protein makes it

particularly interesting for applications in redox catalysis.?**
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Figure 1.8. (A) Representation of the binding pocket of Cytochrome B5 (PDB:/CYO). (B) CBS in the
electron transport pathways to cytochrome P450 in the endoplasmic reticulum. Adapted from reference

81. Dotted line represents the alternative pathway of NADH as electron donor.

1.4.4 ArM’s based on Myoglobin

Myoglobin (Myb) is one of the most studied proteins. It has been the subject
of an intense scrutiny that has revealed both its structural and catalytic properties.
This relatively small protein (~153 aminoacids, 17 kDa) can be found in high
amounts in the muscles and was one of the first proteins to be studied by
crystallography.®® The active site of Myb consists in a haem molecule bound to the
protein backbone via a coordination bond to a single histidine residue (His93, see
Figure 1.9A). Being analogous to one fourth of haemoglobin, it plays the role of a
final oxygen carrier in muscles. This function is made possible due to the “free” axial
position trans to the coordinated His93 residue on the iron center, where a
coordinated water molecule can easily be displaced by O,. In addition, a distal
histidine can be located (His64) near the binding pocket, at a distance that does not
allow for direct coordination of the histidine nitrogen to occur. This distal histidine
is vital for the oxy/deoxy myoglobin binding mechanism, stabilizing O, binding via
hydrogen bonding and destabilizing CO binding (Figure 1.9B). Given the

remarkable stability of this protein, its application for the development of artificial
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metalloenzymes is very appealing. An example of this potential was illustrated by
Winter et al. who produced a modified Ru-Myoglobin ArM by replacing the natural
haem cofactor by a unnatural ruthenium-porphyrin complex; the resulting ArM
showed good O sensing properties.’” Another example of using Myb for organic
synthesis was proposed by Sreenilayam et al., who showed that porphyrin-Myb
conjugates had an increased activity and selectivity in the cyclopropanation of
alkenes via carbene transfer.® Overall, hundreds of ArM’s have been created using
Myb as a protein scaffold to promote several chemical reactions using diverse
strategies, from incorporation of a modified natural haem cofactor to modification

of the protein scaffold to anchor an artificial cofactor,3*60:64:89-93
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Figure 1.9. Myoglobin (Myb). (A) Representation of the protein binding pocket. (B) Oxy/deoxy
myoglobin mechanism (PDB:5D5R).

1.4.5 ArM’s based on Serum albumin

Serum albumin is the most abundant protein in blood plasma and is present
in most vertebrates. It was one of the first proteins to be discovered as well. Its
biological function is to carry, deliver, and distribute diverse types of compounds to
the body.”* Bovine serum albumin (BSA) is one of the most common albumin to be
used in research. It has ~583 aminoacid residues and a molecular weight of ~67 kDa.
BSA has a characteristically low number of tryptophan residues (Trpl134 and
Trp212), sixteen crosslinked cysteine residues (hence 8 disulfide bonds) which
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stabilize the protein, and one free cysteine, Cys34, that cannot enter into making

disulfide bonds (Figure 1.10).

Figure 1.10. Representation of bovine serum albumin (BSA). (A) Protein secondary fold. (B) Free
cysteine (Cys34) highlighted in orange in the protein backbone. (PDB:3V03)

BSA has three different domains, I, II and II, and each of those domains is
composed of two sub—domains. This globular protein is rich in ionic residues which
facilitates its solubility even a neutral pH. The binding pocket of BSA is hydrophobic
but it is known to be able to bind small hydrophobic molecules in other sites as well.
One of the characteristic residues of BSA is Cys34, which given the selectivity of
thiol groups towards functional groups such as maleimides, makes BSA attractive
synthetically speaking for anchoring synthetic molecules. A recent example reported
by Feng et al. consisted in a BSA-gallium ArM based on maleimide-thiol strategy
allowing the coupling of a ®*Galium-labeled tracer for positron emission tomography
application (PET).> This is one of the many examples where BSA and HSA have

94,96-103

been studied for drug delivery.
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1.5 ArM’s for artificial photosynthesis
1.5.1 Artificial metalloenzymes for the H, evolution reaction (HER)

In the last decade the catalytic applications of ArM’s has expanded in many
fields of research, one of which is artificial photosynthesis.™ ™" The idea of
mimicking nature’s multi-enzymatic arrangement in the thylakoid membrane to use
water as electron source and sunlight as a sustainable energy to produce H, or reduce
CO:; into fuels, is one of the biggest challenges of modern chemistry. ArM’s have
shown remarkable activity in particular for the production of H,.""™ Call et al.
developed a protein for hydrogen evolution based on a cobalt-streptavidin conjugate
capable to reduce water electro- and photocatalytically, where the protein scaffold
not only increased the efficiency up to 14 times (TON and TOF) compared with the
free complex, but also reduced the overpotential (100 mV). '** Sommer et al. showed
how to incorporate a Co(Il) protoporphyrin IX into an apo-myoglobin scaffold to
give an artificial Co(II)P-Myb conjugate which raised four times the H, production
TON, compared to the free cobalt porphyrin, with a TON of 518 in presence of
[Ru(bpy)s]*" as photosensitizer and sodium ascorbate as electron donor at neutral
pH.® Another example was presented by Soltau e al. who developed an hybrid
system using ferredoxin as host for a ruthenium photosensitizer and a cobalt catalyst
which drove H, production under photocatalytic conditions with a TON of 650. '3
Despite staggering efforts to develop proteins for water reduction and/or hydrogen
production, reports addressing the production of artificial metalloenzymes for O»
evolution are almost non-existent; we discuss the few existing ones in the next

paragraph.
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Figure 1.11. (A) Scheme for the production of an artificial cobalt metalloenzyme for water reduction
using the biotin-streptavidin supramolecular strategy. SA refers to the streptavidin scaffold, CatBi
refers to the biotin-spacer-cobalt complex. Taken from reference 109. (B) Myoglobin binding site and
Co-protoporphyrin IX (CoP, 1) for H, production artificial metalloenzyme. Taken from reference 106.

(C) Artificial ruthenium-ferredoxin-cobalt ArM for H, production. Taken from reference 109.

1.5.2 Artificial metalloenzymes for the O, evolution reaction (OER)

Essentially, artificial protein-based systems for water oxidation are mostly
based on isolated PSII proteins fixed into a hybrid system such as a nanostructured
electrode (i.e., ITO), which was further integrated into a photoelectrochemical
cell.'"®!""7 Even if this approach is attractive to optimize the conditions for solar cell
developments, PSII is a fragile protein and not realistic to consider such systems for
solar fuel production. Overall, the idea of using an artificial metalloenzyme for water
oxidation has not been considered very seriously, and examples of ArM’s for water
oxidation are rare. One of the reasons might be the known instability of the MnsCa
cluster of PSII under light irradiation and the difficulty to reproduce artificially the
self—repair mechanism established by natural evolution, which takes place every ~30
min. However, protein models have been prepared that mimic the PSII MnsCa
WOC. In 2018, Olshansky et al'® reported an electrochemical study of a
metalloprotein for water oxidation containing a cobalt—cubane cofactor bound using
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the biotin—streptavidin strategy. This system showed similarities to the Mn4Ca
cluster of PSII, notably in the way the tyrosine residues that are involved in the
mechanism for the oxygen evolution were influenced by pH changes (Figure 1.12A).
This study showed the importance of the protein scaffold for the stabilization of the
catalytically active site via hydrogen bonding. Another example was published by
Kim and Lee,"? who reported an iridium-modified CA protein. In this ArM, the zinc
center coordinated to the three histidines of the binding pocket, was replaced by an
Ir*" ion (Figure 1.12B). Here, the transmetallation approach redirected the function
of the protein to create an ArM capable of performing chemical water oxidation at
pH 7 driven by NalOy as oxidant, with a TOF of 39.8 min™. Interestingly, even if
the natural cofactor of CA is Zn*', the authors reported that Ir** showed better affinity
for the protein, and that iridium binding did not alter the protein integrity. An
additional example of ArM for the OER was introduced by Abdi et al.'** who
reported the use of ferritin to host several iron centers (Figure 1.12C). In this strategy,
the protein was not modified and only acted as a host that interacted in a dative way
with the iron ions. Ferritin promoted the creation of a matrix of iron clusters that
showed catalytic activity for electrochemical water oxidation at pH 11 with a TOF
of 0.001 s™' at a potential of 1.7 V vs NHE. More recently, Casadevall et al.'*
reported an artificial Cytochrome C that bore a Co(Il) protoporphyrin IX artificial
cofactor. This approach, which was based on a dative anchoring strategy, simply
replaced the natural cofactor of the enzyme, Fe(Il)-porphyrin IX, by its cobalt(II)
analogue (Figure 1.12D). The protein was immobilized in an Sb/SnO, anode and it
proved to promote O, evolution in photoelectrochemical conditions at pH 5 with a
TON = 671. To our knowledge, there is no published example of ArM for the OEC

reaction in photocatalytic conditions.
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Figure 1.12. Reported artificial metalloenzymes for O, evolution based on (A) cobalt—cubane
conjugation using the biotin-streptavidin technology (adapted from reference 113)!3; (B) Ir** carbonic
anhydrase (adapted from reference 114);'"® (C) ferritin (adapted from reference 115);'?° and (D) Sb—
SnO; cobalt—cytochrome C hybrid (adapted from reference 116).12!

1.6 Aim and outline of this thesis

The aim of this thesis was to develop ArM's capable of catalysing the water
oxidation reaction under photocatalytic conditions. Using the dative and
supramolecular anchoring strategies, we aimed at modulating the activity of a water
oxidation catalyst upon conjugating it to a protein support and hence installing a

second coordination sphere around the metal catalyst.
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As a first step towards artificial metalloenzymes, Chapter 2 describes a
screening method based on gel electrophoresis and mass spectrometry to study the
interaction between a library of ruthenium- and cobalt-based water oxidation

catalyst, and the two haem proteins Myoglobin and Cytochrome BS5.

Following this screening study, Chapter 3 describes the development of the
first ArM for water oxidation in photocatalytic conditions. Coordination of different
stoichiometries of the CoSalen complex to the apo form of CB5 (apoCBS5) allowed
us to show that the apoCB5:CoSalen ratio determined the catalytic activity of the
ArM for water oxidation under blue light irradiation. In addition, the formation of
the CoSalen—protein adduct prevented the formation of cobalt nanoparticles, which
was observed when the free CoSalen complex was used as catalyst in similar

conditions.

In Chapter 4, using the supramolecular approach we incorporated Ru(bda)—
and Ru(tpyda)-like WOCs (bda = 2,2'-bipyridine-6,6'-dicarboxylate; tpyda =
[2,2":6',2"-terpyridine]-6,6"-dicarboxylate) into Bovine Carbonic Anhydrase (BCA)
to produce ruthenium-functionalized artificial metalloenzymes. Depending on the
arylsulfonamide linkers used for binding the ruthenium complex to the zinc-based
catalytic pocket, different ArM were obtained that were either catalytically active or
catalytically inactive for photocatalytic water oxidation using a small-molecule

[Ru(bpy);]** photosensitizer and peroxodisulfate as sacrificial electron acceptor.

Chapter 5 focused on replacing the small molecule photosensitizer by a new
Bovine Serum Albumin-[Ru(bpy)s]** conjugate to be used as photosensitizing ArM
for photocatalytic water oxidation. By mixing this photon-capturing ArM and the
most catalytically active BCA-Ruwoc ArM developed in Chapter 4, a minimal
biomimic system of PSII was obtained, in which protein—protein interaction

occurred between the BSA-Rups sensitizer and the BCA-—Ruwoc water oxidation
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catalyst, to result in photocatalytic water oxidation at low concentrations. The

photoproduction of O, occurred due to the proximity of the two ArM’s.

Finally, Chapter 6 presents a summary of the thesis, a general discussion, and
an outlook on the development of artificial metalloenzymes for artificial

photosynthesis.
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