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CHAPTER 1

INTRODUCTION
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1 WATER SPLITTING

To combat global warming, an alternative to fossil fuels urgently needs to be
found [1]. Compared to electricity, liquid fuels have great advantages in
particular for transport and storage, and with that, for use in transportation
and heavy industries [2]. Both the production of dihydrogen- and carbon-
based fuels are currently being investigated, which requires the reduction
either of protons or of CO; [2]—[5]. In either case, a source of electrons is
needed; water is usually considered the most sustainable source of
electrons, as it is widely available on earth and no harmful side products are
produced upon water oxidation, only O, [6], [7]. In this thesis, we focussed
on the preparation and study of artificial proteins for water oxidation (Eq. 1)
and dihydrogen evolution (Eq. 2). Both reactions are defined by the two half-
reactions:

2H,0 = 0, + 4e” + 4H* 1
2H*+2e > H, 2

When both half-reactions can be coupled, water splitting is obtained, which
is considered a highly attractive approach to generating green dihydrogen
from renewable sources: sunlight and water [6], [8].

2 WATER OXIDATION IN NATURE (PSlI)

Water oxidation (WO) is a kinetically and thermodynamically demanding
reaction that requires catalysis to occur [9]. In nature, it is exclusively
performed by photosystem Il (PSII) [10]-[16]. The active core of PSII (Fig. 1H),
defined as the set of proteins and cofactors minimally required to be able to
perform water oxidation, consists of an inorganic manganese cluster, a
protein heterodimer consisting of subunits D1 and D2, and the chlorophyll-
containing proteins CP43 and CP47 [17]. Some isoforms of the D1 subunit
have been found in cyanobacteria [18], but the remaining components of the
active core have remained conserved throughout billions of years of
evolution in diverse species, forming nature’s only solution to the challenge
of water oxidation [14]. CP43 and CP47 serve as light-harvesting antennae,
in the full system transferring excitation energy from peripheral antenna
systems to the reaction centre [17]. Subunits D1 and D2 hold most of the
redox active cofactors in place, including the manganese cluster Mn4CaOs
[19]. The role of subunits D1 and D2 also lies in tuning the cofactors such that
their electronically excited states can be transformed into charge-separated
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states for water oxidation [19]. The manganese cluster is the cofactor
through which catalytic water oxidation takes place [20]. It consists of three
manganese ions forming the corners of an irregular cube together with a
calcium atom and 4 oxygens. It is completed by another oxygen, 4 additional
water molecules, and one manganese centre outside the cube [21]. Light
energy captured by light-harvesting antenna systems is transferred to
chlorophyll pair P680 in the reaction centre, where charge separation occurs
[22]. The resulting P680 radical ion has a redox potential of +1.25 VNHE [23],
and the liberated electrons are transferred to pheophytin and then to the
plastoquinone cofactors. P680 is located in between two tyrosine residues,
Y161 from D1 and Y160 from D2. However, due to the precise tuning of the
redox potential on each tyrosine the hole is transferred to Y161 from D1 only
[20], [22], [24]. This hole transfer leads to oxidation of the manganese
cluster, and through a series of absorbed photons, the cluster cycles through
4 S-states (Si1 through S4), referring to the number of oxidizing equivalents
present in the cluster, so that 4 electrons are ultimately liberated from 2
water molecules, releasing one molecule of dioxygen [14], [20]. The
manganese cluster of PSIl has a typical turnover frequency (TOF) of 100-400
s1[25].

Phototrophic organisms are often exposed to variable light conditions and a
sudden increase in light exposure can lead to the formation of reactive
oxygen species (ROS) that can damage the photosynthetic machinery leading
to photoinhibition [26]. To prevent this inhibition, several non-
photochemical quenching (NPQ) mechanisms have evolved. The fast NPQ
mechanism is excitation energy quenching (gE), which acts on the light-
harvesting antenna and involves the protein Photosystem Il Subunit S (PSBS)
in mosses and vascular plants and Light-Harvesting Complex Stress-Related
(LHCSR) proteins in mosses and algae [26]-[28]. Another NPQ component
related to photo-inhibition, termed ql, involves a light-dependent decrease
of PSII activity, allowing efficient self-repair of damaged PSIl. Self-repair
involves the partial replacement of damaged PSII sites, especially the D1
protein where the actual WO takes place. Complete replacement of D1
subunit of PSll is a regular occurrence in natural photosynthesis, the half-life
is strongly dependent on the light conditions and can be as little as 30 min
under moderate light conditions [18], [29]-[31].
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Active site PSII

E Large subupi

Hydrogenase

Thylakoid lumen

Figure 1: In A the active site manganese cluster of PSll is shown, B the active
site of [NiFe]-hydrogenase, C the active site of [FeFe]-hydrogenase, D the
active site of [Fe]-hydrogenase, E a schematic of [NiFe]-hydrogenase , F a
schematic of [FeFe]-hydrogenase, G a schematic of [Fe]-hydrogenase, H
Electron transfer upon light excitation of PSI and PSll, leading to production
of NADPH via ferredoxin (FNR) or of H, via hydrogenase as shown in E-G.

3  H*/H, CONVERSION IN NATURE

Under anaerobic conditions, microalgae and cyanobacteria can switch to
dihydrogen production using an enzyme called hydrogenase [32]—[34]. While
so-called uptake hydrogenases [35] only convert H, to HY, some
hydrogenases may also convert H* into H, when presented with electron
donors: these proteins are called reversible hydrogenases [35]-[37]. H, is
consumed by organisms to acquire energy, while its production can be used
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to eliminate excess reducing equivalents. Hydrogenases can be divided into
3 classes based on their cofactor: the [NiFe] (Fig. 1B, E), [FeFe] (Fig. 1C, F),
and [Fe] (Fig. 1D, G) hydrogenases [38], [39].

The [NiFe] class consists of a broad range of multi-subunit proteins consisting
minimally of a large subunit, containing the [NiFe] cluster which forms the
active site, and a small subunit, containing many [FeS] clusters serving as an
electron relay [36], [40]. Most often nickel is coordinated by four cysteine
thiol ligands, while iron is coordinated in an octahedral manner with CO and
CN- ligands, further sharing two thiol ligands with Ni (Fig. 1B) [36]. H; is
heterolytically cleaved on the [NiFe] cluster, leading initially to the formation
of a proton that is released and a hydride that coordinates in a bridging
manner to the cluster. One hydride electron is transferred to nickel, which
leads to the release of a second H* [36], the second hydride electron is
transported by a b-type cytochrome to menaquinone [41]. To reinitialize the
system the electron from nickel is released to menaquinone via the same
route (Fig. 2B) [41].
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Figure 2: A-C The mechanisms for the three types of hydrogenases with the
two directions of their catalysis indicated with black and red arrows. A The
putative mechanism of [FeFe]-hydrogenase involving oxidation of the iron
sulphur and [FeFe] clusters [42], [43]. B The mechanism of dihydrogen
oxidation by [NiFe]-hydrogenase including an initial step to convert oxidized
[NiFe]-hydrogenase into its active form [44]-[46]. C The catalytic cycle of [Fe]-
hydrogenase [47] in which the N°, N*°-methenyl-tetrahydromethanophterin
cofactor plays a major role. D The Wolfe cycle to convert CO; into CH,[48]—
[50], which is linked to [Fe]-hydrogenase ([Fe]-Hyd, green) activity. The Wolfe
cycle further includes the following enzymes: ferredoxin in reduced or
oxidized form (Fd.q/Fdox), formylmethanofuran dehydrogenase (fwd),
tetrahydromethanopterin  (H4AMPT) formyltransferase (Ftr), methenyl-
H4MPT cyclohydrolase (Mch), methylene-HisMPT dehydrogense (Mtd), Faizo-
reducing hydrogenase (Frh), methylene-Hs;MPT reductase (Mer), methyl-
H4MPT:CoM methyltransferase (Mtr), methyl-coenzyme M reductase (Mcr),
and heterodisulfide reductase (Hdr) in orange.

In contrast to [NiFe] hydrogenases [FeFe] hydrogenases are usually
monomeric. Each Fe in the [FeFe] cluster is hexacoordinated (Fig. 1C): the
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coordinated ligands include a cysteine thiol ligand further linked to an [4Fe-
4S] cluster, CO, CN™ and a bridging azadithiolate, the two iron centres share
three ligands [51]-[53]. The mechanism of this type of hydrogenase is under
investigation, but it involves changes in the oxidation state of both the [FeFe]
and the [4Fe-4S] clusters to allow for the storage of 2 electrons (Fig. 2A) [54].

Finally, the [Fe] class of hydrogenases have a markedly different activity
compared with the [FeFe] or [NiFe] hydrogenases, as they play a role in the
Wolfe cycle for reduction of CO; to CH4 using the reduction of the N°>-, N*°-
methenyl-tetrahydromethanophterin  cofactor catalysed by an Fe-
guanylylpyridinol cofactor (Fig. 2C and D). The iron in the Fe-
guanylylpyridinol cofactor is hexacoordinated, with 2 positions originating
from the guanylylpyridinol group and the remainder being CO, H,0, and
cysteine (Fig. 1D). Here the heterolytic cleavage of H, takes place on CO,
rather than on iron, which instead acts as a hydride acceptor [36], [55]-[57].
These three markedly different dihydrogen evolution strategies all use earth
abundant metals. They may serve as an inspiration for the development of
artificial catalysts [50]; their direct application, however, is impractical due
to their strong sensitivity to the presence of dioxygen [6].

4  ARTIFICIAL PHOTOSYNTHESIS

In artificial photosynthesis the dihydrogen evolution and water oxidation
reactions from (equations 1 and 2) are often optimized separately. The
components of an artificial system for homogeneous photocatalytic water
oxidation or dihydrogen evolution are a dihydrogen evolution or water
oxidation catalyst (HEC or WOC), a photosensitizer (PS), and a sacrificial
donor (SD) or acceptor (SA), respectively, which replaces the other half-
reaction. For dihydrogen evolution, an electron relay such as methyl viologen
(MV) may also be added, which modifies the kinetics of the reaction. In Fig.
3 a schematic representation of the reactions between the different
components of a homogeneous photocatalytic water oxidation system (Fig.
3A) and of a dihydrogen evolution system (Fig. 3B) are shown. For the water
oxidation reaction, catalyst oxidation can be driven by PS*®, while for the
dihydrogen evolution reaction catalyst reduction is often driven by PS™* (Fig.
3B). Alternatively, it can be driven directly by the excited photosensitizer *PS,
followed by electron transfer to the sacrificial electron acceptor or from the
donor (Fig. 3C). Water oxidation is considered the more challenging of the
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two half-reactions of water splitting, both thermodynamically and kinetically
[24].

A

SA PS*e WOCH O, +4H*
SAg, PS WOC
B

SD PS- MV/*e HEC- H,
SDox PS MV/2+ HEC 2H*
C

hV/>*PS Cate-*
PS
SR‘\\ PSe* Cat
SRox/Red

Figure 3: Water oxidation driven by a photosensitizer (PS) and sacrificial
acceptor (SA) (A), Hydrogen evolution driven by a photosensitizer and
sacrificial donor (SD) via a common electron relay, here methyl viologen (MV)
(B). In C the mechanism in which the photosensitizer excited state *PS can
react with the catalyst is shown.

Many synthetic catalysts with strong activity for water oxidation have been
produced [10]-[13], [24], [58]-[62], but their applicability continues to be
limited by their instability notably in photocatalytic conditions [63]. The best
water oxidation catalysts contain ruthenium or iridium metal centres, though
recently cobalt-based catalysts have been reported [10]-[13], [58]-[67].
Photocatalytic water oxidation is most commonly sensitized by [Ru(bpy)s]**
with the sacrificial acceptor disodium peroxodisulphate (Na;S;0s) [10]-[13],
[58]-[67]. A drawback of this system is that [Ru(bpy)s]** is unstable under
irradiation in the presence of a sacrificial acceptor, with oxidation of the
bipyridyl ligands of the [Ru(bpy)s]** intermediate leading to the formation of
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a poorly active, dimeric water oxidation catalyst called the “blue dimer” [68].
The Jablonski diagram of [Ru(bpy)s]?* is shown in Fig. 4. [Ru(bpy)s:]** can be
excited by visible light (typically around 450 nm) to its singlet metal-to-ligand
charge transfer (*MLCT) excited state, from which it is quickly converted via
intersystem crossing to the triplet state (3MLCT). The lifetime of this excited
state is relatively long, in the order of 580 ns in water at 25 °C [69], which
allows it to react with a catalyst or sacrificial reagent in a bimolecular process,
as detailed in Fig. 3, to transfer electrons.
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Figure 4: The Jablonski diagram of [Ru(bpy)s]** with interrupted lines
indicating non-radiative processes. From left to right the singlet metal-to-
ligand charge transfer excited state (:MLCT), triplet metal-to-ligand charge
transfer excited state (*MLCT), and triplet metal-centered excited state (*MC)
are shown, with in between intersystem crossing (ISC) and internal
conversion (IC).

Water oxidation catalysts generally operate via one of the two following
mechanisms: the water nucleophilic attack (WNA, Fig. 5A) or the radical
coupling mechanism (I12M, Fig. 5B). In WNA a metal oxo species, M=0, is
attacked by water that acts as a nucleophile, forming a metal-peroxo species
(M-0-0-H); in I12M dimerization of two metal oxo species M=0 occurs to form
a dimer M-0-0-M and thus an 0-0 bond, which finally releases O..
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Figure 5: Water oxidation via water nucleophilic attack (WNA, A) or the
radical coupling mechanism (12M, B). The metal catalyst (M with initial
oxidation state n) is represented by a grey sphere, proton-coupled electron
transfer (PCET) steps are indicated explicitly. Hydrogen evolution via the EECC
(E = one-electron reduction, C = chemical protonation) (C, D) or ECEC (E, F)
mechanism. Following either the homolytic (C, E) or the heterolytic (D, F)
route.
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Catalysts for dihydrogen evolution are generally based on noble metals, e.g.,
colloidal platinum, rhodium, ruthenium, and rhenium, though here too an
important effort has been made to use earth-abundant metals or metal-free
catalysts [70]-[73]. Dihydrogen evolution catalysis can typically be
photosensitized by [Ru(bpy)s]?*, or soluble zinc porphyrin derivatives using
sacrificial donors such as triethanolamine (TEOA),
ethylenediaminetetraacetic acid (EDTA), or ascorbate, often (but not always)
in combination with an electron relay such as methyl viologen (Fig. 3B) [73]-
[75]. In Fig. 5 C-F the general mechanisms of dihydrogen evolution catalysis
are shown. Figs. 5C-5D depicts the EECC mechanism, in which E stands for
one-electron reduction and C for chemical protonation; Fig. 5E-5F depicts the
ECEC mechanism. Within either category, the homolytic mechanism (Fig. 5C,
5D) hypothesizes that dihydrogen release involves the interaction of two MH
complexes, while the heterolytic mechanism (Fig. 5E, F) postulates that
dihydrogen release is accomplished by reaction of MH with an H* [70].

5 ARTIFICIAL METALLOENZYMES

Over the course of evolution, numerous enzymes have evolved,
approximately half of which are metalloproteins [76]. The catalytic
properties of their metal cofactors are carefully tuned by the protein
environment, which is also called the second coordination sphere. This
second coordination sphere often leads to improved specificity compared to
small molecule catalysts; both in reactant selectivity and reaction product
formation [77]. The protein second coordination sphere further allows
complex chemical reactions to be performed at neutral pH, low pressures,
and room temperature [78]. The fine-tuning opportunity that results from
the existence of such a second coordination sphere in metalloenzymes has
led to the development of artificial metalloenzymes (ArMs): catalytically
active enzymes prepared from a non-native, often artificial metal cofactor,
built into a protein scaffold [79]-[82]. A major strength of ArMs is the
possibility to optimize them using directed evolution, which is a very
powerful and fast method to improve their catalytic activity and stability,
even when the understanding of the structure function relationship is not
complete [83]-[87].
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ArMs can be created via two routes: the restructuring route (Fig. 6A) focuses
on the use of site-directed mutagenesis and directed evolution to modify the
activity of existing metalloproteins, while the re-composition route (Fig. 6B-
D) involves the introduction of a novel metal cofactor [77]. This route can be
further divided based on how the non-native metal complex is introduced
into the protein scaffold. Three ways can be distinguished: supramolecular
(Fig. 6B) [88], dative (Fig. 6C) [89], [90], or covalent attachment (Fig. 6D) [79],
[81], [91], [92]. Examples of the supramolecular attachment strategy are the
binding of a catalyst to the protein streptavidin via a biotin linker, for which
avidin shows high binding activity,[80], [93], [94] as well as binding to
(bovine) serum albumin, which shows strong hydrophobic interaction with
many types of molecules [91], [95]-[99]. The dative strategy involves the
coordination of a metal by the protein, which then serves as a ligand. This
strategy consists of the introduction of new metal ions or the replacement of
a naturally occurring metal centre by another type of metal ion, for example
when zinc is replaced by copper [79]. Sometimes entire cofactors can be
replaced, such as haem that can be exchanged for other types of porphyrins
[100]—-[103]. Finally, the covalent attachment strategy can be used to create
a novel, specific binding site in a protein, for example by introducing a
cysteine residue to which e.g., a maleimide [104]-[107] or methane
thiosulfonate [108], [109] can be bound. Non-natural amino acids can also
be used to create covalent attachment sites, for example to permit click
chemistry [110], [111].
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Figure 6: Preparation of ArMs from protein scaffolds via the restructuring
route (A) or via the re-composition route (B-D). The re-composition route is
subdivided into the supramolecular (B), dative (C) and covalent (D)
strategies. In each case the protein scaffold is shown in blue, the metal
complexes in various shapes with an M in the centre. Mutations to the
protein are shown with the exchange of a yellow hexagon to a purple
hexagon, in D a side chain is depicted as an arm sticking out the hexagon.

6 ARIMS USED FOR SOLAR ENERGY CONVERSION

Important applications of redox ArMs are found in the emerging field of
photobiocatalysis [112]. The amount of solar energy that reaches the Earth’s
surface is orders of magnitude larger than what is available in other forms of
renewable energy [113]. Therefore attempts are being made to harvest this
energy to perform useful chemical reactions, such as CO; reduction [114],
[115], C-H bond functionalization [116], or dihydrogen evolution [115],
[117]-[119]. Artificial metalloenzymes can be used to perform such
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transformations [112], [120]. Photobiocatalytical systems can be prepared
with natural systems, such as the existing light-harvesting machinery present
in naturally phototrophic organisms to perform photobiocatalysis in vivo, to
drive a chemical reaction [121]. Furthermore, naturally photoactive enzymes
[122] or existing bio-enzymes that show altered activity upon irradiation
(e.g., NAD(P)H-using enzymes, as their cofactor is redox-active under
irradiation [123]), can be employed to prepare photobiocatalytic systems.
These systems can also be prepared by the introduction of artificial cofactors
in a “natural” or de novo protein backbone. For instance, an artificial or
natural enzyme can be driven by an external photosensitizer, directly or via
a mediator [112], [120], [124]—-[126]. It is rather complex to gain a complete
understanding of all the different ways by which natural enzymes tune the
redox potentials of the different components of the system to optimize
electron transfer [127]. However, suboptimal electron transfer and substrate
turnover rates in ArMs can lead to unwanted side reactions resulting in the
formation of ROS and free radicals, which limits the stability of the enzyme
[112], [125].

To optimize electron transfer between different components of the system
one can consider an ArM in terms of its different coordination spheres [125].
The metal centre of the catalyst is directly coordinated by ligands, which may
be imine (His), thiol (Cys), thioester (Met), or carboxylate (Asp, Glu) residues
from the protein, forming the first coordination sphere [125], [128], [129].
The first coordination sphere has a strong impact on the redox potential and
thus the reactivity of the metal. When an ArM is prepared using an artificial
metal complex coordinated in a protein backbone, tuning of the first
coordination sphere is not only realised by deciding on the nature of the
coordinating atoms bound to the metal centre: in addition, the geometry of
the first coordination sphere can have a strong effect on the electronic and
catalytic properties of the ArM. The preferred oxidation state of the metal
can be influenced by the nature and geometry of the 1*t coordination sphere:
hard ligands, such as glutamate or aspartic acid, allow reaching higher
oxidation states than softer ligands, such as histidine or cysteine, and the
stronger the electron-donating ability of the chosen ligand the lower the
oxidation potential becomes [125], [130], [131].

One can also fine-tune the second coordination sphere, which consists of the
residues located in the immediate environment around the metal centre.
This requires consideration of hydrogen bonding, the presence of charged
ligands surrounding the catalyst binding site, the hydrophobicity of the
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binding site, or pi-stacking interactions [125], [129], [132]-[137]. Finally,
longer ranged interactions can influence the structural features of the
binding site or impact the solvent environment of the catalyst and with that
impact the redox potential and reactivity of the catalyst [125], [135], [137]-
[140].

7 WATER SPLITTING WITH ARMS

Artificial metalloenzymes aimed at producing dihydrogen have been
developed both using repurposed proteins fitted with non-native metal ions
or complexes, and bias-switched hydrogenases [36], [81]. For example
cobaloximes, which show good dihydrogen evolution activity but poor water
solubility, have been incorporated into protein scaffolds such as flavodoxin
or ferredoxin to afford good ArMs for proton reduction [141], [142]. In
ferredoxin electron transfer was observed from a covalently linked
ruthenium photosensitizer via the native [2Fe-2S] cluster to the cobalt
catalyst. A more prolific route consisted of the inclusion of cobalt
protoporphyrin IX (CoPPIX), which has dihydrogen evolution activity but
suffers from low solubility in water, into various haem-binding proteins
[115], [117], [118], [143]. Wild type (WT) cytochrome bss,, in which CoPPIX
was coordinated by histidine and methionine, formed an efficient catalyst
[118]. The activity could be further improved by mutating the axial
methionine into alanine, aspartic acid or glutamic acid [118]. While alanine
liberated an axial position on the metal for catalysis, the aspartic acid and
glutamic acid variants introduced an additional proton relay. All three
mutants showed markedly better dihydrogen evolution activity than the WT
[118]. A remarkable quality of CoPPIX, especially compared to hydrogenases,
is its tolerance to O,-rich environments. In anaerobic conditions, the alanine
mutant turnover numbers (TON) approached 1500 in a constant flow cell,
[144], while under air a TON of 400 was retained. Porphyrins show potential
both as dihydrogen evolution catalysts and as photosensitizers [145], though
in both cases their low solubility in water hinders many applications. Zinc
protoporphyrin IX (ZnPPIX) has been incorporated in human serum albumin
to improve its qualities as a photosensitizer. The resulting ArM was able to
drive dihydrogen evolution catalysed by Pt-nanoparticles via methyl
viologen, which served as electron relay [146]. Taking it one step further, Pt-
nanoparticles incorporated in the 24-subunit iron storage protein
bacterioferritin were able to catalyse dihydrogen evolution using a zinc
porphyrin coordinated between bacterioferritin dimers as photosensitizer
[147].
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Water oxidation, on the other hand, is more challenging for ArMs because of
the stress the highly oxidative conditions of the reaction put on the protein
scaffold. Still, several attempts have been made: 1) A water oxidation ArM
has been prepared from carbonic anhydrase in which the native zinc(ll)
cofactor has been replaced by iridium(lll). The cofactor of carbonic anhydrase
is coordinated by three histidine residues and one hydroxide. Replacement
of this Zn** by Ir** resulted in a WOC which functioned under neutral
conditions and had comparable activity to small molecule Ir catalysts in
solution [148]. 2) CoPPIX was also used for water oxidation by conjugation to
a cytochrome c scaffold immobilized on antimony-doped tin oxide. The
presence of the protein led to a 6-fold increase in photocurrent density with
respect to CoPPIX alone [149]. In short, ArMs that can catalyse water
oxidation are scarce and a true photocatalytic water oxidation ArM is yet to
be designed.

8 ELECTRON TRANSFER IN PROTEINS

When performing homogeneous photocatalysis with a catalyst embedded in
a protein scaffold, electron transfer between the catalyst and
photosensitizer is a key step. The rate of electron transfer is controlled by the
ability of the PS in solution to approach the protein as well as by the distance
over which the electrons need to be transported. In addition, the electron
transport rate depends on the medium, i.e., amino acids, internal water, ions,
or cofactors through which the electrons have to move. The rate further
depends on the redox potentials of the PS, SR, and catalyst, e.g., fora HEC +
PS system that operates via an oxidative quenching mechanism, the redox
potential of the redox couple involving the excited state, Eo«(PS*/PS*) should
be sufficiently higher than that of the catalyst (E..q(Cat/Cat”) to which an
electron is transferred. The distance over which the electron can be
transported depends on the charge of the protein and PS as well as on the
openness of the binding pocket, since these factors influence the ability of
the PS to approach the catalyst in the protein binding pocket. The electron
transfer rate ker (s) in the protein is described by Marcus theory according
to equation 3 (Fig. 7A) [150], [151]:

_4nlHip (A60+/1) 3
ET™ | j(an /1[\’7)05 4ART

The Hag (J mol™?) term represents the electronic coupling between the redox
centres A=PS* (donor) and B=Cat (acceptor), which depends on the donor-
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acceptor distance as well as the medium through which the electron is
transferred, A (J mol?) is the reorganization energy, h (J s) is the Planck
constant, R () moltK?) is the gas constant, T (K) is the temperature, and AG°
() mol?) is the Gibbs free energy of the electron transfer reaction, hence the
thermodynamic driving force of the reaction, which is a function of the
difference between the electron donor and the acceptor midpoint potential
(Em (V)). The midpoint potential is defined as the potential at which half of a
given compound is oxidized and half is reduced.
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Figure 7: A Parabolic potential energy surfaces for electron transfer from a
donor A (red) to an acceptor B (blue) following Marcus theory. B Electron
transfer over a distance r through different media that an electron may
encounter in a protein. C An increased electron transfer rate, represented by
a thicker arrow, may result from reorganization (via mutation) of the protein.
D Gated electron transfer: when electron transfer is impossible in absence of
a chemical interacting with the protein (grey pentagon) but becomes possible
upon binding of the cofactor. E Electron transfer by hole hopping. In all cases
the protein scaffold is shown in blue, the catalyst in orange and the
photosensitizer in yellow.
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Electron transfer can thus be controlled in the protein via tuning of the redox
potentials of the donor and acceptor, as discussed above for artificial
metalloproteins. This control can be exerted by the protein scaffold via gated
or coupled electron transfer, and via control of the Has and A parameters
[150]-[153]. Starting with Has, the medium through which the electron is
transferred in a protein is a combination of (post-translationally modified)
amino acids and the space between them as well as water, ions, and other
cofactors, like the [FeS] clusters in some hydrogenases as mentioned above
(Fig. 7B). In general, increasing the atomic packing density increases ker, while
increasing the number of jumps through space reduces ker. The dynamics
inside a protein can impact this parameter by reducing the space that needs
to be traversed. A represents the changes between the starting and final
states of the electron transfer process in terms of changes to bond lengths
and atom locations in the donor A and acceptor B and the associated changes
in the surrounding medium. A can be influenced by mutations in the protein
that influence the geometric constraints and solvent exposure levels
experienced by the donor or acceptor sites (Fig. 7C). Gated or coupled
electron transfer generally involves an event that is a prerequisite before
electron transfer can take place e.g., binding of redox partners or a
conformational change in the protein upon binding of a signal molecule (Fig.
7D).

Electron tunnelling through amino acid residues as discussed before does not
require their reduction or oxidation, instead the protein functions as a
semiconductive matrix. However, amino acids can be reversibly oxidized and
reduced to allow electron or hole transfer via a hopping mechanism that can
significantly accelerate ker by offering intermediate points to which transfer
can take place, thus reducing the distance between A and B (Fig. 7E) [154],
[155]. Hole hopping requires amino acids to be present that have biologically
accessible redox potentials, in the order of 1 V vs. NHE or less. Typically,
heterocyclic aromatic amino acids like tryptophan or tyrosine play this
role.[151], [153], [155] Such amino acids, or cofactors, are capable of forming
a redox-active relay over which electron transfer can take place over larger
distances through the protein.
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9 PROTEIN STABILITY UNDER OXIDATIVE OR

REDUCTIVE STRESS

Stability is not often thoroughly investigated for catalytically active ArMs,
while in redox enzymes oxidation or reduction of amino acids may have a
major impact on the protein. In natural systems, the formation of ROS is in
part prevented by optimizing the different metal centres for efficient
electron transfer, and in part by an extended “defence” system consisting of
multiple proteins and cofactors capable of repair and replacement of
damaged proteins, as discussed above for PSII. Still, a single protein is not
defenceless either. Within proteins such as peroxidases, defence aimed at
preventing oxidation in the binding pocket works by directing holes away
from the binding pocket. Important amino acid residues coordinated to the
catalytically active metal centre would lose their ability to coordinate the
metal upon oxidation, which would destroy the catalytically active site.
Redirecting oxidative equivalents towards the protein exterior using specific
paths of redox-active ligands effectively protects the inner catalytic site.
Once located on an exterior residue, the hole can be reduced easily using
reducing equivalents from the aqueous medium around the protein [156],
[157).

10 METALLOPROTEIN SCAFFOLDS EMPLOYED IN THIS
THESIS

The majority of the artificial metalloenzymes investigated in this thesis have
been designed using the dative coordination of a native metalloenzyme to a
synthetic metal-based catalyst or photosensitizer. This has been
accomplished by first removing the natural cofactor (typically a haem) and
followed by the introduction of a synthetic metal complex which bound to
the haem-binding pocket of the protein scaffold.

In this thesis three proteins have been used as a scaffold for the preparation
of ArMs: myoglobin from Equus caballus (Mb), cytochrome bs from Bos
taurus (CB5), and haem acquisition system A from Pseudomonas aeruginosa
(HasAp) (Fig. 8,9, 10). All three are metalloproteins that naturally coordinate
a haem cofactor and therefore have a sufficiently large binding pocket to
axially coordinate non-native metal complexes.
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10.1 Myoglobin (Mb)

Myoglobin (Fig. 8) is a mobile oxygen-transporting protein found in the
sarcoplasm, where it plays an important role in keeping a constant dioxygen
pressure [158]. It binds a haem cofactor directly using one axial histidine, and
indirectly (via a water molecule) to a second histidine called the “distal”
histidine. In this work myoglobin from equine skeletal muscle was used (Mb,
PDB ID 5D5R [159]), which contains 11 histidines. Mb is an alpha-helical
protein, consisting of 7 helices. Loss of the haem-cofactor leads to minimal
unfolding, which may be advantageous for its stability when coordinating a
non-native cofactor [160]. Myoglobin is a commercially available, relatively
stable protein that has been used in various studies of ArMs [117], [126],
[161], [162].

Figure 8: Myoglobin with each of its histidines and haem explicitly shown.
PDB ID 5D5R [158].

10.2 Cytochrome bs (CB5)

Cytochrome bs (CB5, Fig. 9) is a small electron transfer protein that is
involved in many different cellular processes. Among others, it interacts with
cytochrome P450 [163], cytochrome ¢, myoglobin, cytochrome bs reductase,
and haemoglobin [164]. CB5 comes in three forms. Microsomal and outer
mitochondrial both consist of a soluble fragment and a hydrophobic tail that
attaches the protein to the membrane, while a soluble form of cytochrome
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bs has been found in human erythrocytes [165]. In this work, the soluble
fraction of bovine cytochrome bs was obtained by expression in Escherichia
coli (E.coli). Bovine CB5 (PDB ID 1CYO [166]) consists of 6 alpha-helices
surrounding a core of 4 beta-sheets. CB5 contains 5 histidines in total, 2 of
which are involved in the coordination of its native haem ligand. It
coordinates this haem bi-axially in its binding pocket, which is relatively
solvent exposed. Upon loss of haem the majority of the alpha helices are lost,
while the beta-sheet core of the protein remains intact (PDB ID of Rattus
norvegicus apoCB5 1187 [167]) [168]. CB5 has not been used much as a
scaffold for artificial metalloenzymes, though its haem has been exchanged
for porphyrins with different metal centres [169]. Due to its small size and
relatively open binding pocket CB5 may form a convenient scaffold to contain
a catalyst.

Figure 9: CB5 with each with of its histidines and haem explicitly shown. PDB
ID 1CYO [166].

10.3 Haem acquisition system A from Pseudomonas

aeruginosa (HasAp)
Haem acquisition system A from Pseudomonas aeruginosa or HasAp (Fig. 10,
PDB ID 3ELL [138]) is a soluble transient haem-binding protein involved in
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stealing haem from haemoglobin in a host organism infected by
Pseudomonas aeruginosa. HasAp is excreted via an ABC-transporter to catch
haem, which it can then pass on to membrane protein HasR for transport
into the cell. HasAp consists of 3 alpha helices that lie against 7 beta sheets.
The haem-binding pocket sticks out from there and consists of 2 more loops,
coordinating haem bi-axially with a tyrosine and a histidine ligand. HasAp
contains 5 histidines in total. The haem-bound (holo) protein is in the so-
called closed conformation, and the haem-free (apo) protein is in the open
conformation (PDB ID 3MOK [170]) in which the histidine-containing loop has
moved outward. HasAp has been previously shown to bind various non-
native ligands [100], [171] to inhibit its native function, showing its potential
for binding a non-native metal catalyst.

Figure 10: HasAp with each with of its histidines, its coordinating tyrosine
ligand and haem explicitly shown. PDB ID 3ELL [170].

11 CATALYST AND PHOTOSENSITIZER COMPLEXES
EMPLOYED IN THIS THESIS

Several water oxidation catalysts (WOC) or WOC precursors, dihydrogen
evolution catalysts (HEC) or HEC precursors, and several photosensitizers
(PS), were considered in this thesis as building blocks for the preparation of
ArMs. They are briefly described below.
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11.1 WO catalysts

11.1.1 Co-based WOCs

Cobalt(ll) phthalocyanine (1, Fig. 11) is a first-row WOC deprived of axial
ligands in the solid state that is slightly larger than haem [172]. Although its
size may make its incorporation into proteins difficult, phthalocyanine
compounds with various metal ion centres have been previously
incorporated in proteins [100], [173]. 1 is believed to retain its tetradentate
ligands upon binding to a protein scaffold. This ligand may play an active role
in the water oxidation mechanism, and notably it may serve as a reservoir of
electron in oxidation reactions, even when the reaction is metal-centred.

1 2 H,0 3
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N N N
z X “Co(ll —
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Figure 11: The chemical structures of water oxidation catalysts (1-7, orange
background), photosensitizers (8-10, blue background), and the water
reduction catalyst (11, green background) used in this thesis.

Two cobalt(ll) quarterpyridine complexes have also been selected:
[Co"(qpy)(OH2)2](Cl04)2 (2, apy = 2,2’:67,2”:6”,2"”-quarterpyridine, Fig. 11)
and its precursor [Co"(qpy)Cl2] (3, Fig. 11) [174]. 2 has poor water solubility,
while 3 is water soluble. 2 was shown to have catalytic activity for the water
oxidation reaction in photochemical conditions using [Ru(bpy)s]** as PS and
Na;S;0s as SA. In addition, dihydrogen evolution activity under
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photochemical conditions was demonstrated using
[I"(dF(CFs)ppy)2(dtbbpy)]*  (HAF(CF3)ppy =  2-(2,4-difluorophenyl)-5-
trifluoromethylpyridine, dtbbpy = 4,4'-di-tert-butyl-2,2'-bipyridine) as the PS
and triethanolamine (TEOA) as the sacrificial donor (SD) . The identity of the
catalytically active species when Co-based WOCs or HECs such as 2 or 3 are
used is a heavily discussed point in the field of photocatalysis. In oxidative
conditions ligand oxidation of the metal complex can lead to dissociation of
the ligand from the metal and to the formation of cobalt oxide nanoparticles
which show good WO activity [175], [176]. Similarly, in reductive conditions
the metal centre might be reduced to Co(0), upon which the ligand
dissociates and the metal forms catalytically active cobalt
nanoparticles.[177], [178] However, 2 was not reported to form
nanoparticles when it was used either as HEC or as WOC [174], making it an
attractive candidate for incorporation into a protein scaffold. The TON (in
terms of the [PS]) for dihydrogen evolution was 1730 under >420 nm
irradiation of a 7.5 uM solution of 2 in aqueous acetonitrile solution (30%
H,0) with 0.2 M TEOA as SD and 0.03 mM [Ir"(dF(CFs)ppy)2(dtbbpy)]* as PS
and 25 mM p-cyanoanilinium tetrafluoroborate as proton donor at 23 °C
after 20 h. For water oxidation the TON was 335 (in terms of the [WOC])
under 457 nm irradiation of a 0.2 uM 2, 5 mM Na5,0s, 128 uM Ru(bpy)sCl»
solution in 15 mM borate buffer pH 8.0 at 23 °C under argon after 1.5 h.

[N,N'-bis(salicylidene)ethane-1,2-diaminato]cobalt(ll), also called CoSalen (4,
Fig. 11) is a reasonably soluble in water. It is a mononuclear precursor for
Co0O/CoOH nanoparticles that are catalytically active for the water oxidation
reaction [179]. The activity of 4 was tested photocatalytically using
[Ru(bpy)s]** as photosensitizer and Na,S;0s as sacrificial acceptor. The
formed nanoparticles were found to give a high TON of 854 and a quantum
yield of ~0.39 when catalysis was performed with 2.4 uM 4, 1.0 mM
Ru(bpy)s(ClO4)2, 5.0 mM Na,S;0s in 80 mM sodium borate buffer at pH 9.0
with >420 nm at room temperature. Due to its small size, we hypothesized
that 4 would be easily incorporated into a protein scaffold, as comparable
cobalt complexes have been found capable of doing so [100], [171], [180].

11.1.2 Ru-based WOCs

While cobalt has the advantage of being an earth-abundant metal that
interacts well with nitrogen ligands in proteins, ruthenium complexes have a
rich (photo)chemistry. Though they can access formal oxidation states
ranging from -lll to +VIII [181], they are mostly found in the oxidation state
+1l and +lIl in aqueous solutions. Due to its larger ionic radius octahedral Ru
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complexes may transiently coordinate a 7™ ligand in the first coordination
sphere. Ruthenium complexes bearing tetradentate ligands in their basal
plane and coordinated axially to two histidine residues may still be able to
perform water oxidation [58], [182].

The ruthenium complex [Ru'(tda-k-N30)(DMSO)(OH,™)] (5, Hstda =
[2,2':6',2"terpyridine]-6,6"-dicarboxylic acid, Fig. 11) is a precursor to the
active water oxidation catalyst: [Ru"(tda-k-N30)(py)2] (py = pyridine) [58],
[172]. Depending on the oxidation state of the ruthenium centre, the tda®"
ligand might be bound to ruthenium via 4 or 5 of its heteroatoms. In the +lI
oxidation state for example, one of the 2 carboxylates remains
uncoordinated, thus becoming “dangling” in aqueous solution. During water
oxidation, this dangling carboxylic acid group can stabilize the peroxo
intermediate formed in the WNA mechanism, which promotes proton
abstraction and accelerates the catalytic reaction [58]. This is in principle
advantageous for a protein-coordinated WOC, as it appears much more
convenient to perform water oxidation via a mononuclear WNA mechanism
than via the I12M mechanism, which would require two proteins to come
close from each together to allow bimolecular reaction.

The complex [Ru(bpb)(CO)(OH,)] (6, H:bpb = N,N’-1,2-phenylene-bis(2-
pyridine-carboxamide, Fig. 11) is an inactive by-product formed during water
oxidation by the [Ru"(bpb)(pic),]Cl WOC (pic = 4-picoline) [183]. The
difference between these two complexes, which directly leads to the loss of
activity for 6, is their axial ligands. When using 6 to make an ArM, the axial
CO and OH; ligands may be replaced by histidines, which are chemically
similar to monocyclic nitrogen-containing ring compounds, such as pyridine.
The activity of the bis-picoline complex in the WOC has been tested using
[Ru(bpy)s](PFs)s as chemical oxidant. A TON of 200 was observed in 0.1 M
NaPi pH 7.2, with 30 pM [Ru"(bpb)(pic),]Cl, 3.0 umol Ru(bpy)s(PFe)s after 7
h. The mechanism of the WOC is believed to be mononuclear [183].

Finally, the complex [Ru'(qpy)Cl,] (7, Fig. 11) has the same open
guaterpyridine planar ligands than 2 and 3, which in principle may allow
coordination of a 7™ ligand to ruthenium during the catalytic cycle [184]. 7 is
also a precursor: upon replacing its axial chloride ligands by pyridines, a
catalytically active species was obtained. Here as well axial coordination of
histidine residues from a protein may produce a catalytically active species.
The active catalyst is formed by the oxidation of the planar quaterpyridine
ligand to form 1,1"”’-dioxide-2,2":6’,2":6”,2""’quaterpyridine (Fig. 12). This
species has a TON of up to 2100 using Ce"-driven chemical water oxidation
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depending on the axial ligands. The catalyst concentration was 25 uM in the
presence of 247 mM (NH,),Ce(NOs)s at 25 °C after 30 min [184].
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}-:igure 12: The oxidation of_the [Ru"(qpy)py.] (py=pyridine) quarterpyridine

ligands to 1,1"”-dioxide-2,2°:6",2":6”,2"’quaterpyridine using (NH4),Ce(NOs)s
(Ce(lV)) at pH 1 [181].

11.2 Photosensitizers

Next to the water oxidation catalysts three different metal-based
photosensitizers have been conjugated with two protein scaffolds in this
thesis: zinc(ll) protoporphyrin IX, ruthenium(ll) protoporphyrin IX, and
[Ru(bpy)2(1-(1,10-phenanthrolin-5-yl)-1H-pyrrole-2,5-dione](PFs). (8-10, see
Fig. 11). As discussed above, porphyrin-based metal compounds can function
both as photosensitizers and as dihydrogen evolution catalysts, although low
solubility in water hinders their application in homogeneous (photo)catalysis
[118], [145]. 10 is a derivative of the commonly used [Ru(bpy)s]Cl. complex,
in which one of the bipyridyl ligands was functionalized with a maleimide
group that allowed covalent linking to cysteine residues [185]. 10 is the only
complex of the series that was covalently linked to the protein in this thesis.

11.3 Dihydrogen evolution catalysts

Only one dihydrogen evolution catalyst was used in this work, namely
cobalt(lll) protoporphyrin IX (11, Fig. 11) [117]. CoPPIX in 200 mM Tris-HCl
and 100 mM NaCl at pH 7 was reported to give a TON of 120 using 1 mM
[Ru(bpy)s]Cl; as the photosensitizer and 100 mM sodium ascorbate as SD
after 8 h. When conjugated to Mb under the same conditions 11 showed a
significantly higher TON (518), in part due to the improved solubilization of
the catalyst [117].
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12 ARTIFICIAL PHOTOSYNTHESIS OR PHOTOCATALYSIS

Light-driven reactions can be divided into photocatalytic processes, in which
light energy is used to overcome an energy barrier, and photosynthetic
processes, in which energy is stored in the reaction products [186]. Fig. 13A
shows the schematic Z-scheme of the water oxidation system used in
Chapter 3. Here, the potential of the ;05> SA lies above that of water, so
that AG>0: this is therefore considered artificial photosynthesis. Fig. 13B
shows the Z-scheme for the dihydrogen evolution reaction described in more
detail in Chapter 4. Here the energy level of the sacrificial electron donor,
TEOA, lies below that of the reaction product (H;), so that AG>0: this reaction
is therefore considered artificial photosynthesis also.

Table 1: the redox potentials of the redox couples shown in Fig. 13, defined at
pH 7.0.

Redox couple Redox potential (V vs. Reference

NHE)
TEOA*/TEOA 0.82 [187]
ZnPPIX**/ZnPPIX ~0.9* [188], [194]-[196]
ZnPPIX**/ZnPPIX* ~-0.8* [188], [194]-[196]
MVZ/MV*e -0.43 [189]
2H*+2e’/H, -0.41 [190], [197]
O,+H"+4e7/2H,0 0.82 [191], [197]
Ru(bpy)s**/Ru(bpy)s** | 1.26 [198]
Ru(bpy)s*/*Ru(bpy)s** | -0.86 [198]
Nazszos/SO42'+SO4'. 0.6 [199]

*Approximation based on the ZnPPIX bound to cytochrome c or myoglobin
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Figure 13: Schematic of the z-scheme of the water oxidation system in
Chapter 3, with CB5:CoSalen as WOC, Ru(bpy)s** as PS, and Na;S;0s, in A. The
Z-scheme of the H; evolution system used in Chapter 4, with Mb:CoPPIX as
HEC, HasAp:RuPPIX or HasAp:ZnPPIX as PS, M\V?* as electron relay, and TEOA
as SD, in B. The relative energy levels, where reasonable values could be
found, were from the following literature sources: TEOA [187], ZnPPIX [188],
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MV?* [189], H* [190], H-0 [191], Ru(bpy)5** [192], and Na,S:0s [193] and are
shown in Table 1.

13 SCOPE OF THIS THESIS

With this thesis, | aim to combine the strengths of synthetic metal-based
catalysts, e.g., clear structure to function relationship and a broad range of
catalysed reactions, with that of proteins as metal-binding ligands, e.g.,
selectivity and ability to operate under mild conditions, to prepare artificial
metalloenzymes with proton reduction or water oxidation activity.
Simultaneously, an effort was made to shed light on the fate of the ArMs
after photocatalysis, and hence on the decomposition processes occurring
during the photocatalytic reactions. In Chapter 2, a semi-native gel
electrophoresis method is introduced as a screening method for detecting
the binding of cobalt- and ruthenium-based water oxidation catalysts to
three types of haem proteins. One of the most promising combinations
found was that of cytochrome bs (CB5) and CoSalen, where H,Salen = N,N’-
bis(salicylidene)ethylenediamine. In Chapter 3, the artificial metalloprotein
CB5:CoSalen was explored for its ability to perform photocatalytic water
oxidation. Apo- and holoCB5 were reacted with CoSalen in different
protein:catalyst ratios. The water-oxidation activity of the ArMs was tested
and the stability of the proteins during the reaction was analysed in detail. In
Chapter 4, the two other proteins examined in Chapter 2, haem acquisition
system Ap (HasAp) and myoglobin (Mb), were used as scaffolds for
conjugation of a small-molecule photosensitizer (8-10) and a dihydrogen
evolution catalyst (11). The photosensitizing ArM consisting of ZnPPIX or
RuPPIX bound to HasAp was used to drive protein-based dihydrogen
evolution catalyst Mb-CoPPIX using methyl viologen as an electron relay. Two
systems in which HasAp hosted the CoPPIX HEC were also prepared; a
mixture consisting of HasAp-ZnPPIX as PS and HasAp-CoPPIX as HEC, and a
system in which both catalyst and PS were bound to HasAp, CoPPIX-HasAp-
RUPPIX. The catalytic activity of all four systems was tested and compared.
Further, the condition of the ArMs was analysed in all systems before and
after photocatalysis. In Chapter 5, four cysteine mutations were introduced
in CB5 for attachment of photosensitizer 10. The four ArMs based on these
four mutants were then used to investigate light-induced electron transfer
from the photosensitizer to the haem of CB5. This work identified the optimal
position of the ruthenium photosensitizer to drive fast intramolecular
photoinduced electron transfer. In the future, such an ArM may be combined
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with a catalyst attached by coordination in the haem-binding position, to
obtain a bimetallic ArM that combines light absorption, electron transfer,
and catalysis.
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