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ABSTRACT

In nature, light-driven water oxidation (WO) catalysis is performed by
Photosystem Il via the delicate interplay of different cofactors positioned in
the protein scaffold. Artificial systems for homogeneous photocatalytic WO
are based on small molecules that often have limited stability and solubility
in aqueous solutions. In this work, we explored the use of an artificial
metalloprotein (ArM) to alleviate these issues. A haem-containing electron
transfer protein, cytochrome bs (CB5) served to host a first-row transition-
metal-based WO catalyst, CoSalen (Co"Salen, where is H,Salen = N,N’-
bis(salicylidene)ethylenediamine), thus producing an ArM capable of driving
photocatalytic WO. The CoSalen ArM formed a water-soluble pre-catalyst in
presence of [Ru(bpy)s](ClO4), as photosensitizer and Na;S;0s as sacrificial
electron acceptor, with photocatalytic activity similar to that of free CoSalen.
During photocatalysis the CoSalen-protein interactions were destabilized,
and the protein partially unfolded. Rather than forming CoOx nanoparticles
as free CoSalen does under photocatalytic WO conditions, the CB5:CoSalen
ArM showed limited protein crosslinking and remained soluble. We conclude
that a weak, dynamic interaction between a cobalt species and apoCB5 was
formed, which generated a soluble, catalytically active adduct during
photocatalysis. A detailed analysis was performed on protein stability and
decomposition processes during the harsh reaction conditions of WO, which
will serve for the future design of WO ArMs with improved activity and
stability.

1 INTRODUCTION

In nature, the challenging reaction of light-driven water oxidation (WO)
catalysis is performed by Photosystem Il (PSIl). In this system, light capture
and charge separation processes are coupled with WO catalysis via different
cofactors that are carefully positioned in a protein matrix [1,2]. As water
splitting is one of the most attractive ways to achieve sustainable H,
production as a replacement for fossil fuels, the design of artificial
photocatalysts for water oxidation has generated tremendous interest
during the last two decades. Researchers have managed to develop
photocatalytic water oxidation systems based on small molecules or
macromolecules,[3—6] but many of these compounds are based on precious
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metals [7-11]. Recently, a significant variety of earth-abundant metal
complexes have been proposed as more sustainable and accessible water
oxidation catalysts (WOCs) [4,12-16]. Still, in homogeneous systems, the
main drawback of most of these catalysts, whether based on abundant or
scarce metal, is their instability and limited solubility in aqueous solutions
[12,17].

In this study, we address the question of whether so-called artificial
metalloproteins (ArMs) can serve to alleviate these issues. During evolution
countless enzymes have developed, approximately half of which are
metalloproteins [18]. The function of each enzyme is defined by the
properties of its metal cofactors, which are carefully tuned by the protein
environment to drive a specific chemical reaction. This tuning leads to high
specificity both in terms of reactant selectivity and product formation. In
addition, it makes complex chemical reactions possible under extraordinarily
mild conditions [19,20]. The potential advantages that may result from the
control of the 2™ coordination sphere around a metal catalyst have led to
the development of very active research on ArMs [21-24]. ArMs are being
developed as potential greener alternatives to different reactions such as O,
reduction, cyclopropanation, or the Diels Alder reaction, which can be
obtained in much milder conditions and aqueous solvents, compared to
classical chemical synthesis [25-36]. The application of ArMs for the
production of renewable energy has gained increased interest during the last
decade [37-42]. Modified hydrogenases, flavodoxin, or myoglobin, have
been proposed as examples of photoactive ArMs that can drive H, evolution
under light irradiation [37,43,44]. However, examples of ArMs that can
catalyse O; evolution are scarce [45—-47]. Of the two half-reactions of water
splitting, i.e., water oxidation (WO) into O, and proton reduction into H,
[3,48-51], the former remains the most challenging, both kinetically and
thermodynamically. Moreover, the harsh conditions during the WO reaction
are potentially detrimental to protein stability. Extreme redox chemistry is
required in PSIl to photocatalyse WO [52]. Nature did not find a solution to
prevent protein damage during this reaction and in plants, for example,
protein units at the active site of PSIl are replaced about every hour [53].

In Chapter 2 the interaction between three types of haem proteins and small-
molecule water oxidation catalysts based on tetradentate ligands
coordinated to ruthenium or cobalt was investigated. This study was aimed
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at selecting a protein-WOC couple that would strongly bind the WOC in
conditions compatible with protein stability. The study led to the selection of
a couple comprising cytochrome bs (CB5), an electron-transfer protein, and
the earth-abundant WOC [Co'"Salen] (CoSalen), where H,Salen = N,N’-
bis(salicylidene)ethylenediamine (Fig. 1). Following removal of the haem
from CB5, CoSalen was bound to the protein scaffold to form an ArM (Fig.
1A). In the present work, we prepared and characterized catalytically
relevant amounts of the water-soluble CB5:CoSalen ArM and studied its
ability to drive homogeneous WO in photocatalytic conditions. We found
that when prepared in specific conditions this ArM is indeed capable of
driving photocatalytic WO in the presence of [Ru(bpy)s:](ClO4), as
photosensitizer and Na,;S,0s as sacrificial electron acceptor. Further, we
present a detailed analysis of the stability and decomposition pathways of
this photocatalytic system, as understanding the side reactions that may
occur when ArMs are exposed to the severe conditions of photocatalytic WO
is required to derive future ArMs for solar fuel production.

CoSaIen
< 0, +4H" + 4de-
Haem

holoCBS apoCBS:CoSalen

° —N —_
S0 Celo—2—>
Figure 1: A General scheme for the production of photoactive CB5:CoSalen
artificial proteins. HoloCB5 (left, PDB: 1CYO), and apoCB5:CoSalen 1:1 (right,

model created using protein visualization software YASARA) [55]. B The
structure of CoSalen.
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2 RESULTS

2.1 Preparation and binding stoichiometries

To prepare the CB5:CoSalen ArM, the haem cofactor of CB5 was removed
using Teale’s method. This method consists of dissociating haem by lowering
the pH of the protein solution to 2 and removing the released haem with an
organic solvent. This was followed by a buffer exchange to 20 mM NaPi
(sodium phosphate) at pH 8.0, first via dialysis and then by a desalting
column. Then, different ArM samples were prepared by reacting the
resulting apoprotein (apoCB5) with 1 or 5 equivalents of CoSalen at 4 °C. The
effective stoichiometry of the isolated samples, i.e., the CB5:CoSalen molar
ratio of the ArM, was determined experimentally using inductively coupled
plasma mass spectrometry (ICP-MS) for measuring the metal concentration,
and a BCA kit (bicinchoninic acid kit) for quantifying the protein
concentration. For the sample prepared with 1 eq. of CoSalen, the final
apoCB5:CoSalen ratio varied from 1:0.6 to 1:0.8, while for those prepared
with 5 eq. CoSalen the final apoCB5:CoSalen ratio was 1:4. As a control,
samples were prepared by reacting the holoCB5 protein (i.e., the protein still
bearing its haem cofactor) with 5 eq. CoSalen. The corresponding haem-
containing samples showed a lower CB5:CoSalen ratio of 1:3. Taken together,
the results suggest that in the apoCB5:CoSalen 1:5 samples, CoSalen may
bind both to the haem binding site and to alternative, yet undefined, binding
sites. To investigate whether apoCB5:CoSalen samples contained a dynamic
equilibrium of bound and unbound CoSalen, especially those in which
binding ratios >1 was observed, apoCB5:CoSalen 1:5 samples were passed
thrice over a micro spin Bio-Rad P6 column, and the apoCB5:CoSalen ratio
was measured after each passage. The ratio did not vary significantly
between passages (Table S1), which was a clear indication that all CoSalen
molecules were stably attached to the protein scaffold. As a note, in the
remainder of the article we will call these samples apoCB5:CoSalen 1:1 and
apoCB5:CoSalen 1:5, referring to the stoichiometry of the reaction
performed for their preparation.

2.2 Spectroscopic characterization
The purified CB5:CoSalen samples were characterized by UV-vis
spectroscopy (Fig. 2A-C). In each CB5:CoSalen sample spectral characteristics
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of both CB5, the m-it* bands, and CoSalen, the d-d and MLCT bands were
observed. Upon interacting with apo- or holoCB5 small shifts in the d-d band
of the CoSalen complex from 368 nm to 377 nm were observed, as well as a
red-shift of the MLCT band from 235 nm to 257 nm. Both shifts indicated a
change in the coordination environment of the metal complex. The above
observations taken together suggested that CoSalen had indeed been
coordinated by CB5. Finally, as seen in Fig. 2C, the binding of CoSalen to
holoCB5 did not lead to loss of the coordinated haem, as the haem Soret
band at 413 nm and Q bands at 532 nm and 560 nm were unaffected. The
binding of CoSalen to both apo- and holoCB5 was further investigated by
electrospray ionization mass spectrometry (ESI-MS, see Fig. S3). As discussed
in Chapter 2 a peak characteristic of the apoCB5 protein (mass = 10093 Da,
calculated (calc) mass = 10093 Da), as well as a peak characteristic of
apoCB5:CoSalen 1:1 (mass = 10417 Da, calc = 10418 Da), were observed in
the samples prepared from 1:1 mixtures, while in samples prepared from 1:5
mixtures up to 3 CoSalen complexes were found bound to apoCB5 (mass =
11066 Da, calc mass = 11068 Da). The control samples prepared from
holoCB5 and 5 eq. of CoSalen showed peaks corresponding to apoCB5 (mass
= 10093 Da), apoCB5:CoSalen 1:1 (mass = 10417 Da), and apoCB5:CoSalen
1:2 (mass = 10741 Da, calc mass = 10743 Da), suggesting that the histidine-
haem binding did not survive the conditions of the ESI-MS analysis and that
the apoCB5:CoSalen interaction is stronger than the apoCB5-haem
interaction under ESI-MS conditions.

Circular dichroism (CD) was used to determine the influence of CoSalen
binding on protein folding (Fig. 2D-F). To discuss CD spectra, it is practical to
consider the protein structure. Homology models of both proteins apo- and
holoCB5 were generated using the Swiss Model software (Fig. 3) [56—60].
HoloCB5 contains a beta-sheet core and 5 alpha helices, 4 of which frame the
haem binding pocket. Haem is coordinated by two histidines, H44 and H68,
in axial position to iron. According to this homology model upon haem
removal, the alpha-helical character around the binding site was lost,[61]
while the beta-sheet core remained mostly intact [62].
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Figure 2: UV-vis (A-C) and CD (D-F) spectra of from left to right,
apoCB5:CoSalen 1:1 (A, D), apoCB5:CoSalen 1:5 (B, E) and holoCB5:CoSalen
1:5 (C, F). In each spectrum, apoCB5:CoSalen 1:1 (orange), apoCB5:CoSalen
1:5 (red), holoCB5:CoSalen 1:5 (pink), holoCB5 (blue), apoCB5 (black), and
CoSalen (grey). In the UV-vis spectra the spectra of apoCB5 and holoCB5 were
normalized to match the protein concentration determined for the
CB5:CoSalen sample in the same panel, and the spectra of the CoSalen
cofactor alone were normalized to the cobalt concentration in the
CB5:CoSalen sample.

The CD spectrum of apoCB5 contained a mixture of beta-sheet, unfolded
strand, and alpha-helix, character (Fig. 2) as expected from the computed
structure shown in Fig. 3 [63]. Upon reacting CoSalen with apoCB5 in a 1:1
ratio a slight loss of alpha-helical character occurred with respect to apoCBS5,
while the alpha-helical contribution was further reduced for samples reacted
at a 1:5 ratio, which binds multiple CoSalen per protein (Fig. 2D and E). The
CD spectrum of holoCB5:CoSalen 1:5 was found to be very similar to that of
apoCB5:CoSalen 1:1 (Fig. 2F) suggesting that a significant loss of alpha-helical
fold took place upon binding of CoSalen to holoCB5, to lead to a protein
folding similar to that of apoCB5:CoSalen 1:1. The loss of alpha-helical fold
observed in holoCB5:CoSalen, compared to holoCB5, and of apoCB5:CoSalen
1:5, compared to apoCB5:CoSalen 1:1, indicated that the binding of CoSalen
to the protein exterior had a destabilizing effect on the protein alpha-helical

structure.
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HoloCB5 ApoCB5

Figure 3: Homology model of holoCB5 (A) and apoCB5 (B) showing each
histidine explicitly (the homology models were prepared as detailed in the
supplementary section).

As the protein scaffold contains a single, fluorescent tryptophan residue
(W27) located near one of the coordinating histidines (H20, see Fig. S4),
steady-state fluorescence spectroscopy was also used to analyse the
interaction between CoSalen and apoCB5 in apoCB5:CoSalen samples. The
fluorescence emission of tryptophan varies from 330 nm to 350 nm,
depending on the hydrophobicity of its local environment [64]. Inside redox
proteins, for example, tryptophans can be involved in electron transfer
reactions, and its fluorescence fingerprint has been used to study excitation
energy transfer and redox reactions in biological systems [65—67]. In
addition, some transition metals have been reported to quench fluorescence
emission in proteins [68-74]. The effect of CoSalen binding on the
tryptophan fluorescence of CB5 is shown in Fig. 4. The maximum emission of
W27 from apoCB5 was found at 340 nm. The fluorescence in holoCB5 was
guenched with respect to apoCB5, which is a known consequence of the
paramagnetic iron centre of the haem porphyrin acting as an emission
guencher [75,76]. Similarly, the emission of apoCB5:CoSalen 1:5 was less
intense than that of apoCB5:CoSalen 1:1, which was less intense than for
apoCB5 at 340 nm. We hypothesize this observation to be a consequence of
W27 fluorescence quenching by the bound cobalt complex, which was
confirmed by following the intensity of the peak at 415 nm, which originates
from the presence of CoSalen, in a titration experiment (Fig. S5). We further
noted a blueshift in the fluorescence maxima of both apoCB5:CoSalen 1:1
and 1:5, compared to that of apoCB5 with maxima at 336 and 327 nm,
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respectively. The fluorescence spectra of apoCB5:CoSalen resembled the
characteristics of the fluorescence spectrum of holoCB5, with maxima at 337
nm, better than the spectra of apoCB5, in terms of low emission by
quenching and its blue-shifted maximum (Fig. 4). The observed blueshift
indicates an increase in the hydrophobicity of the tryptophan environment,
especially for apoCB5:CoSalen 1:5. These observations indicate that the
fluorescence quenching of W27 is due the presence of CoSalen in the protein,
since the binding of more CoSalen results in more quenching, and the
fluorescence blue shift indicates a transition of W27 towards a more
hydrophobic environment in the presence of CoSalen, which might be
provided by coordination of CoSalen to H20 located close to W27 (see Fig.
S4).

0,04

10 - 0.02

0,00

350 400
Wavelength (nm)

Emission intensity normalized (a.u.)

300 310 320 330 340 350 360 370 380 390 400

Wavelength (nm)
—poCBS5 =——10]0CB5 apoCB5:CoSalen 1: 1 =———apoCB5:CoSalen 1:5

Figure 4: Plot of steady-state fluorescence emission of the W27 residue in
apoCB5 (black), holoCB5 (blue), apoCB5:CoSalen 1:1 (orange) and
apoCB5:CoSalen 1:5 (red) when excited at 280 nm. Inlet: Spectrum of
apoCB5:CoSalen 1:5 adduct emission from 300 to 400 nm.

Size exclusion chromatography multi-angle light scattering (SEC-MALS) was
used to analyse potential protein-protein interactions in the CB5:CoSalen
samples (Fig. 5). Apo- and holoCB5 were both found to be primarily
monomeric. In the apoCB5:CoSalen 1:1 sample, the protein was essentially

107



monomeric, and minor fractions of dimers and octamers were observed.
Finally, in the 1:5 samples, the monomeric peak was the major species, and
in addition a significant population of multimers was found. The overall
reaction of 1 eq. of the CoSalen complex with apoCB5 appears to alter to a
minor extent the aggregation state of the protein, while the addition of 5
equivalents of CoSalen led to significant multimerization, which may result
from the coordination of two exterior histidine residues of two different
proteins to the same CoSalen complex.

3 —— HoloCB5
0.5 i —— ApoCB5
1 —— ApoCB5:CoSalen 1:5
0_4_2 ApoCB5:CoSalen 1:1
(O] .
O E Monomer
S 0.3 LR
o 0'3_5 Dimer
S
o = Trimer
< 0'25 \
E Tetramer
0.1-
: Octamer o
E T
0.0-

6 8 10 12 14 16 18
Volume (mL)
Figure 5: SEC-MALS analysis of holoCB5 (blue), apoCB5 (black),
apoCB5:CoSalen 1:5 (red) and apoCB5:CoSalen 1:1 (orange). The assignment
of the aggregation state of each peak, based on MALS data (not shown), is
indicated in the figure.
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2.3 Binding location and oxidation state of CoSalen
bound to CB5

Metalloproteins typically bind metal-based cofactors via histidine residues.
To better characterize the binding site of CoSalen to CB5, histidine side chain-
focused °N-'H heteronuclear single quantum coherence spectroscopy
(HSQC) NMR with a large spectral window (LSW HSQC) was performed on
apoCB5, apoCB5:CoSalen 1:1, and apoCB5:CoSalen 1:5 (Fig. 6). As shown in
the homology models in Fig. 3, CB5 contains 5 histidine residues. The H44
and H68 are in the haem binding pocket and H20, H31, and H85 are on the
protein exterior. Site-directed mutagenesis of the outer histidine residues of
apoCB5 was first used for their assignment (Tables S2 and S3). In this manner,
the outer residues H31 and H85, as well as binding pocket residues H44 and
H68 could be assigned in the LSW HSQC spectrum. H20 was not observed in
the LSW HSQC spectrum.
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Figure 6: LSW 15N-1H HSQC NMR of apoCB5 (black), apoCB5:CoSalen 1:1 (A,
orange) and apoCB5:CoSalen 1:5 (B, red). Peak assignments are shown in the
figure and in tables S2 and S3, with the labelling of the histidine ring as in C.
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Second, the pK;, value of each histidine residue in apoCB5 was determined
using a 5-point pH titration from pH 6 to 8 (Fig. S6). The chemical shifts
obtained were fitted using equation (1)

_ O+ yL* 10PH-pka

dobs - 14 10PH - pKa 1

In which &ps is the observed chemical shift and 6. and 6y are the limiting
chemical shifts of the deprotonated and protonated states, respectively.
Data fitting led to a pK, of 6.4 for H31 and 6.7 for both binding pocket
histidines H44 and H68, while H85 was not affected by the change in pH over
the measured range. Third, the LSW HSQC spectra for apoCB5:CoSalen 1:1
and 1:5 were measured. For apoCB5:CoSalen 1:1 the peak intensities of H44
and H68 decreased, while two upfield-shifted peaks emerged (Fig. 6A). For
apoCB5:CoSalen 1:5 both histidine peaks corresponding to the binding
pocket (H44/H68), as well as the H31 peaks, were shifted upfield, while the
original peaks present in apoCB5 disappeared (Fig. 6B). The observed peak
shifts for apoCB5 samples reacted with CoSalen differed from the shifts
measured during pK, measurements, thus excluding that the former would
be caused by a change in the protonation state of the histidine residues (Fig.
S6, Fig. 6). The observed changes could then be related to the binding of
CoSalen to histidine, a change in the oligomeric state as observed in Fig. 5, or
a change in the tertiary structure of the protein as seen in Fig. S7 and Fig. 2.
The observed changes cannot exclusively be related to changes in the
oligomeric state as SEC-MALS in Fig. 5 revealed that CB5:CoSalen is still
primarily in the monomeric state, while in LSW NMR the binding pocket and
H31 peaks are completely shifted in this sample. Furthermore, large
oligomers cannot be measured with solution NMR. While changes in tertiary
structure cannot be excluded as the reason for the observed peak shifts both
ESI-MS and SN-gel electrophoresis support the binding of CoSalen in the
binding pocket of apoCB5 in the 1:1 and 1:5 samples. Both techniques
confirm binding of CoSalen to CB5. SN-PAGE supports binding in the binding
pocket by indicating increased sample stability upon complex binding,
Chapter 2, section 4. ESI-MS in Chapter 2, section 3.3 supports binding in the
binding pocket since binding of axial CO was only observed when more than
1 CoSalen was bound to CB5. In other words, the NMR results indicate that
for apoCB5:CoSalen 1:1 samples, coordination of CoSalen with H44 and H68
took place in the binding pocket, while reaction in a 1:5 ratio of
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apoCB5:CoSalen also led to the coordination of CoSalen to H31. Since the
two peaks assigned to H44/H68 moved together upon reaction with CoSalen,
we hypothesize that they are coordinating CoSalen in the same manner, so
that CoSalen is hexacoordinated in the apoCB5 binding pocket between H44,
H68, and Salen?. It should be noted here that while no binding of CoSalen to
H85 has been observed by NMR, and H20 remained invisible in all NMR
spectra, ICP-MS data (see above) indicated that up to 4 CoSalen complexes
can bind to CB5 in the 1:5 samples, which suggests that H85 or H20 may bind
to cobalt.

The NMR spectra of the CB5:CoSalen ArMs suggest a diamagnetic Co(lll)
oxidation state since line broadening or strong downfield shifts upon binding
of His to cobalt were not observed (Fig. 6 and Fig. S7). Continuous wave EPR
was performed to determine the oxidation state of CoSalen in
apoCB5:CoSalen 1:1 and 1:5 samples. CoSalen in solution was also measured,
both in aqueous buffer and in chloroform (Fig. 7A and B). In an aqueous
environment, CoSalen was found to be high spin Co(ll) (S = 3/2) [77,78] while
in chloroform the complex was found to be in the low spin Co(ll) state (S=1/2)
[79]. This difference may be related to the presence of some CI in
chloroform, which may coordinate CoSalen axially, introducing a stronger
ligand field. The spectra acquired for apoCB5:CoSalen 1:5 (Fig. 7C and D),
with cobalt concentrations comparable to those used for the free CoSalen,
did not give any EPR signal attributable to cobalt species (Fig. 7C and D, red
spectrum), in spite of the use of signal enhancing conditions (e.g., high
power, high modulation amplitude, low temperature). We therefore
hypothesized that CoSalen was in the EPR silent Co(lll) state when bound to
CB5. To test this hypothesis the 1:5 sample was subjected to reduction by
ascorbic acid before re-measuring an EPR spectrum (Fig. 7D, black spectrum).
In this case, the spectrum resembled the one obtained for the CoSalen
dissolved in the NaPi buffer of a high spin Co(ll) state (Fig. 7A). After a
chromatography step that would remove any unbound CoSalen, ICP-MS
showed cobalt concentrations compatible with CB5 being fully complexed by
CoSalen, proving that the Co-EPR signal observed after reduction derives
from CoSalen bound to CB5. In conclusion, the EPR results are fully consistent
with the picture that CoSalen is bound to CB5 in the diamagnetic Co(lll)
oxidation state, in agreement with NMR data.
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Figure 7: Low temperature EPR spectra of CoSalen complex in solution and
complexed with apoCB5. A CoSalen in aqueous buffer (solid line, black) and
simulation as Co(ll) S=3/2 (dashed line, grey). B CoSalen in chloroform (solid
line) and simulation as Co(ll) S=1/2 (dashed line). C apoCB5:CoSalen 1:5 ratio
(red) and apoCB5 (black). D apoCB5:CoSalen 1:5 ratio (red) and after
reduction with ascorbic acid (black). Signals in C are attributed to cavity
background and spurious paramagnetic impurities. For details on
experimental parameters and simulations, Supplementary Information.

2.4 Water oxidation photoactivity of CB5:CoSalen

samples

Once characterized, the capacity of the apo- and holoCB5:CoSalen ArM
samples to oxidize water photocatalytically was tested in presence of
[Ru(bpy)s](ClO4), as photosensitizer (PS) and Na,S;0s as sacrificial electron
acceptor (SA) in a sodium phosphate buffer (80 mM) at pH 7.5 (for full
experimental setup, see Supplementary Information). Fig. 8 represents the
0, evolution of free CoSalen, apoCB5 (control), apoCB5:CoSalen 1:1,
apoCB5:CoSalen 1:5, and holoCB5:CoSalen 1:5.
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Figure 8: A Photocatalytic O, evolution by apoCB5:CoSalen 1:1 (orange),
apoCB5:CoSalen 1:5 (red), holoCB5:CoSalen 1:5 (pink), apoCB5 (black) and
free CoSalen (grey). Conditions: [catalyst] 50 uM in Co, [Ru(bpy)s](ClO4), 0.3
mM, Na,S,0g3 5 mM, 80 mM NaPi pH 7.5, 25°C, 450 nm LED (18-19 mW). For
apoCB5, concentration was based on protein (50 uM). B O, evolution activity
of apoCB5:CoSalen 1:5. The sample was irradiated for a total of 240 min.
Irradiation started at t = 0 min. For the first run (black) the sample was
irradiated with 450 nm LED (18-19 mW) in photocatalytic conditions:
[catalyst] 50 uM in Co, [Ru(bpy)s](ClO4), 0.3 mM and Na,S;0s 5 mM, 80 mM
NaPi pH 7.5, 25°C. After 120 min, irradiation was stopped and more
[Ru(bpy)s](Cl04), and Na,S,0s was added (same concentrations, dashed line).
After addition of another identical quantity of PS and SA, a second run (red)
was started, and the sample was irradiated for another 120 min. All
experiments were performed in duplo. Data were fitted using OriginPro
software. For raw data of panel, A, see Figure S8 in Supplementary
Information.

As a reference, O; evolution activity of free CoSalen was recorded under
identical photocatalytic conditions. Free CoSalen produced 5.57+0.85 umol
of O, over 120 min irradiation (grey trace, Fig. 8A). Afterwards, the
photoactivity of apoCB5 was tested. With this sample no dioxygen
production was observed, indicating that this protein was not capable of
catalysing such a reaction (black trace, Fig. 8A). For the sample containing
apoCB5:CoSalen 1:1 as a catalyst, no O, production was detectable either
(orange trace, Fig. 8A). In contrast, the sample containing apoCB5:CoSalen
1:5 was found to be catalytically active producing 4.24+0.24 umol of
dioxygen with a turnover number (TON) of 24 (red trace, Fig. 8A, Table S4).
This performance was comparable, in terms of stability, with that of free
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CoSalen (TON 31, Table S4), but the maximal turnover frequency (TOFmax) of
apoCB5:CoSalen 1:5 (0.63 min!) was approximately half compared to that of
CoSalen (1.36 min!) (Table S4). HoloCB5:CoSalen 1:5 generated less O, (pink
trace, Fig. 8A), as characterized by a twice lower TON of 16, but only a slightly
lower TOFmax of 0.55 min™! (Table S4). On the one hand, these results are one
of the first demonstrations that artificial proteins can perform photocatalytic
water oxidation. On the other hand, the mechanism of such a reaction is far
from obvious, and in particular the question of whether the CoSalen-protein
complex stayed intact under photocatalytic conditions, remained fully open
at this stage. Loss of the cobalt could lead to catalysis performed by cobalt
nanoparticles, cobalt-containing small molecules, or some form of cobalt-
bound protein species.

Finally, to test whether the TON of apoCB5:CoSalen 1:5 was limited by the
lifetime of the ArM or that of the photosensitizer or sacrificial agent, the
photocatalysis was continued by addition of fresh PS and SA after the activity
had ceased (Fig. 8B). The addition of fresh PS and SA did lead to a
continuation of the dioxygen production, though the amount generated was
significantly lower than that of the initial run. No precipitation was observed
in the solution during the second run. Overall, this experiment proved that
the activity of apoCB5:CoSalen 1:5 was limited essentially by the PS or SA as
is the case for free CoSalen,[80] but suggested that the ArM was affected in
such conditions.

2.5 Nanoparticle formation and ligand release

To test the stability of the apoCB5:CoSalen complex 1:5 under photocatalytic
conditions, ICP-MS analysis was performed for samples at different
irradiation times, i.e., before, and after 0.5 min, 3 min, and 120 min
irradiation in the presence of sacrificial agent and photosensitizer (Fig. 9).

Each sample was run over a microspin Bio-Rad P6 size exclusion column to
remove any released, small-molecule CoSalen. The initial apoCB5:CoSalen
stoichiometry was 1:4.0 (see above). After 3 min of irradiation in the
presence of PS and SA, this number dropped to 1:1.2, indicating that only one
CoSalen remained bound. After 120 min of irradiation, the average number
of CoSalen per CB5 had dropped down to 0.2, suggesting that little CoSalen
was bound to the protein scaffold. Overall, the ICP-MS data revealed that the
majority of CoSalen cofactors detached from CB5 within 10 min of blue light
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irradiation. Since water oxidation activity continued for approximately 120
min, we suspect that the photocatalytically active compound is not the
original apoCB5:CoSalen adduct (see discussion).
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Figure 9: The stability of apoCB5:CoSalen 1:5 under photochemical
conditions. The ratios of the amount of cobalt per CB5, determined by ICP-MS
and a BCA kit after purification over a microspin Bio-Rad P6 column, are
plotted for the apoCB5:CoSalen 1:5 sample, and after 0.5 min and 3 min of
irradiation at 450 nm in the photoreactor setup (see Supporting Information
for setup) in the presence of [Ru(bpy)s](ClO4), and Na,S;0Os (dots) with an
exponential fit (dashed line).

For photocatalytic water oxidation using free CoSalen as a catalyst,
[Ru(bpy)s]** as photosensitizer, and Na,S,0s as sacrificial electron acceptor,
it is known that the molecular complex CoSalen is a pre-catalyst of the
catalytically active species and that the activity of this system can be ascribed
to a mixture of cobalt oxide and cobalt hydroxide nanoparticles [16,80]. To
investigate if such nanoparticles were also formed in our artificial protein
system during photocatalysis, dynamic light scattering (DLS) analysis was
performed on photocatalytic mixtures containing apoCB5:CoSalen 1:1,
apoCB5:CoSalen 1:5, holoCB5:CoSalen 1:5, or free CoSalen as a catalyst,
[Ru(bpy)3](ClO4), and NayS;0s in a phosphate buffer solution at pH 7.5.
Samples were measured three times: i) at t = 0, ii) after keeping the mixture
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in the dark for 120 min, and iii) after blue light irradiation for 120 min (Fig. 10
and S17).
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Figure 10: Dynamic light scattering (DLS) analysis for apoCB5:CoSalen 1:5 and
free CoSalen samples, kept in the dark or irradiated with blue light. Y-axis
indicates the percentage of the number of particles. All sample contained 50
UM CoSalen, either free or bound to CB5, in 80 mM NaPi pH 7.5 buffer. The
following distributions can be observed: apoCB5:CoSalen 1:5 directly after
addition of PS and SA (A), apoCB5:CoSalen 1:5 + PS + SA after 120 min
incubation in the dark (B), apoCB5:CoSalen 1:5 + PS + SA after 120 min
irradiation (C), apoCB5:CoSalen 1:5 alone (D), free CoSalen + PS + SA kept in
the dark (E), and free CoSalen + PS + SA after 120 min irradiation (F).
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Conditions: [Ru(bpy)s](ClO4); (PS); 0.3 mM, Na,S,0s (SA):5 mM, T =25 °C, light
source 450 nm, 18-19mV.

The sample containing free CoSalen, PS, and SA kept in the dark formed small
nanoparticles with a diameter of around 1-2 nm. After light irradiation for
120 min, the formation of larger nanoparticles was detected, characterized
by an average diameter of 47 nm. The behaviour of the apoCB5:CoSalen
samples containing PS and SA was rather different. Before and after
irradiation, the particle size was around 2 nm, indicating that contrary to the
free molecular catalyst, for the ArM catalyst no nanoparticles were observed.
To test if intact H,Salen ligands may be part of the soluble species present in
solutions after photocatalysis, a high-resolution mass spectrum (HR-MS) was
measured in the positive mode to detect small molecules. Two solutions in
presence of [Ru(bpy)s](ClO4)2 and Na,S;0s after 120 min irradiation were
analysed: a) apoCB5:CoSalen 1:5 and b) free CoSalen (Fig. S9-510,). Free
H,Salen ligand was observed (m/z = 268) in the solutions for each case upon
light irradiation in the presence of PS and SA, indicating that in both cases of
free CoSalen and of the active apoCB5:CoSalen 1:5 catalyst, the Salen ligand
had been released within 120 min irradiation.

2.6 Stability of the CB5:CoSalen in the presence of a
photosensitizer (PS) and sacrificial electron acceptor
(SA).
The photostability of the apoCB5:CoSalen samples was first studied in
absence of PS and SA. The UV-vis spectrum of a solution containing 50 uM of
either apoCB5:CoSalen 1:1 or 1:5 in 80 mM phosphate buffer at pH 7.5 was
recorded vs. time under constant irradiation with a 450 nm light source (Fig.
S11A and B). After 120 min of continuous irradiation, the spectra of both
samples, apoCB5:CoSalen 1:1 and apoCB5:CoSalen 1:5, did not show any
visible changes. In addition, high-resolution mass spectra of the above
samples, measured after irradiation, showed the presence of CoSalen (m/z =
325.04) and the complex: protein adduct, i.e. m/z = 869 for apoCB5:CoSalen
1:1 sample and m/z = 1230 for apoCB5:CoSalen 1:3, and no trace of the free
Salen ligand could be identified (Fig. $12-513). In addition, semi-native and
denaturing gel electrophoresis analysis of the irradiated apoCB5:CoSalen 1:1
and 1:5 samples showed the stability of the protein under irradiation (Fig.
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S11C). Overall, we concluded that apoCB5:CoSalen 1:1 and apoCB5:CoSalen
1:5 samples are stable under blue light irradiation.

The next step consisted of studying the protein-cobalt adduct integrity in
presence of the PS and SA. Fluorescence emission spectroscopy was
employed to determine if apoCB5:CoSalen 1:1 and 1:5 were also stable upon
irradiation in the presence of the PS and SA in 80 mM NaPi pH 7.5 buffer (Fig.
11). The irradiated samples, containing apoCB5:CoSalen 1:1 or 1:5 in
presence of PS and SA, were compared with the samples before irradiation.
Upon irradiation, after one photocatalytic run, the tryptophan fluorescence
emission of either the apoCB5:CoSalen 1:1 or the apoCB5:CoSalen 1:5 sample
was no longer visible. This result suggests that under the harsh conditions of
photocatalysis, chemical/structural changes did occur at the protein Trp site.
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Figure 11: Tryptophan fluorescence emission spectra of apoCB5:CoSalen
samples before and after photocatalysis under 18-19 mW irradiation at LED
450 nm. ApoCB5 (black), apoCB5:CoSalen 1:1 + PS + SA before (orange) and
after photocatalysis (grey) (A). ApoCB5 (black), apoCB5:CoSalen 1:5 + PS + SA
before (red) and after photocatalysis (grey) (B). Insert: Detailed view of
apoCB5:CoSalen 1:5 adduct emission from 300 to 400 nm before and after
catalysis. Excitation: 280 nm. conditions: PS = 0.3 mM [Ru(bpy)s](ClO,),, SA =
5 mM Na,S;0s, [Cat] = 50 uM in Co, 25 °C, 3.5 mL, 80 mM NaPi pH 7.5.

ESI-MS spectra of apoCB5:CoSalen 1:1, 1:5, holoCB5:CoSalen 1:5, and
apoCB5 were measured in the presence of PS and SA, directly after sample
preparation or following 120 min incubation in the dark. The spectra of the
samples before and after incubation in the dark were found to be quite
similar (Fig. S14). To study the effect of PS and SA on the protein in the dark,
gel electrophoresis was employed. On SDS-PAGE (Fig. S15) apoCB5:CoSalen
1:1 runs at the same height as apoCB5. However, on semi-native gel (Fig. S15)
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two populations could be distinguished in apoCB5:CoSalen 1:1, one running
at the height of apoCB5 and one running below it, the latter being assigned
as reacted CB5:CoSalen [54]. The mass spectrum and SDS-PAGE of the
solution containing holoCB5:CoSalen looked very similar to apoCB5:CoSalen
1:1. The sample containing apoCB5:CoSalen 1:5, on the other hand, showed
a ladder of multimers on semi-native gel in accordance with SEC-MALS (Fig.
5). The appearance of multimers in the purified CB5:CoSalen sample on the
semi-native gel in Figure S15B in this Chapter, which were not observed in
lane 2 compared to Fig. 2 Chapter 2 is likely the result of the lower
concentration used on the gel in Chapter 2, 20 uM vs. 10 uM. However, it
may also be a result of the removal of DMF during the purification step or
higher concentration of the stock of the former sample in this Chapter. The
multimer bands observed in the semi-native gel of apoCB5:CoSalen 1:5 (Fig.
S15B, lane 2, left image) did not show on denaturing gel (Fig. S15B, lane 2,
right), as they are not strong enough to withstand the denaturing conditions
in presence of SDS and B-mercaptoethanol. In contrast, SDS-page of samples
taken of apoCB5:CoSalen 1:5 directly after addition of PS and SA to the
solution (Fig. S15B, lane 3), also showed bands of dimers and trimers on
denaturing gel, and further aggregation, seen as fading of the monomer
band, was observed after 120 min dark incubation with PS and SA (Fig. S15B,
lane 4, right). This observation suggests a limited cross-linking effect of PS
and SA on the CB5 protein observed after dark incubation (see discussion
section below). With the apoCB5:CoSalen 1:1 sample, multimers were only
observed on denaturing gel after 120 min incubation with PS and SA in the
dark. For holoCB5:CoSalen, the cross-linking effect was not observed.

To investigate the photostability of our most active artificial protein system,
apoCB5:CoSalen 1:5 was studied after irradiation in the presence of PS and
SA. Both mass spectroscopy and gel electrophoresis were performed (Fig.
S16) and the samples were tested after 0 to 2.5 min of irradiation. In the
chromatogram of the C4 column attached to the mass spectrometer,
apoCB5:CoSalen 1:5 was observed, though the peak became broader and
less intense as irradiation time increased. However, in the deconvoluted
spectrum signals for the complex:protein adduct were no longer observed,
because the sample did not ionize anymore even after only 10 s of irradiation
(data not shown), indicating that irradiation in the presence of PS and SA had
a significant effect on the protein. Semi-native gel electrophoresis (Fig. S16B)
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showed protein monomer, dimer, and trimer bands before irradiation. After
only 5 seconds of irradiation, the bands faded, indicating an effect on the
protein stability and a change in its charge upon irradiation in presence of PS
and SA, which is in line with the mass spectrometry results. On denaturing
SDS-PAGE (Fig. S16C) the protein before irradiation showed a monomer
band, while after addition of PS and SA and 5 s irradiation, a ladder of
multimers could be observed, revealing a cross-linking effect as was
observed after dark incubation. In other words, 450 nm light irradiation in
presence of PS and SA affects the protein charge and stability even after just
5 seconds of irradiation.

Overall, the visibility of the protein signals in mass spectrometry and gel
electrophoresis decreased after light irradiation in the presence of PS and SA.
To gain a better view of the photocatalytic multimerization process SEC-
MALS was employed on apoCB5:CoSalen 1:5 alone and on apoCB5:CoSalen
1:5 in presence of PS and SA, either kept in the dark or irradiated for 0.5 min
and 120 min (Fig. 12). Compared to apoCB5:CoSalen 1:5 without PS and SA,
the sample kept in the dark with PS and SA contained a much smaller
monomeric population, the population size of aggregates was increased.
After irradiation of apoCB5:CoSalen 1:5 in the presence of PS and SA for 0.5
min or 120 min, the band of monomeric protein eluted slower as a
consequence of an increase of the protein mass (see section 2.7).
Furthermore, both after 0.5 min and 120 min the major multimer
populations corresponded to dimers and trimers, while in samples kept in
the dark a much more uniform distribution of population sizes was observed.
Finally, CD was used to observe the secondary structure of the protein after
photocatalysis (Fig. 13). PS and SA were removed from the sample before the
CD measurements using a Corning concentrator with a 5 kDa molecular
weight cut-off (MWCO). The observed CD spectrum after photocatalysis
showed a loss of alpha-helical character, and an increase in unfolded
character, while some beta-sheet character remains. The folding of the
protein was affected by light irradiation, but not entirely lost. Both SEC-MALS
and CD showed that while the exposure to light in presence of PS and SA had
a significant and rapid effect on the protein (ESI-MS, gel electrophoresis), it
nonetheless remained intact, soluble, and partially folded.
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Figure 12: UV-vis absorbance at 280 nm during SEC-MALS analysis of samples
containing apoCB5:CoSalen 1:5 (50 uM) alone (red) and after combination
with [Ru(bpy)s](ClIO4), (0.3 mM) and Na,S;0s (5 mM) and either kept in the
dark (purple), or irradiated for 0.5 min (blue) or 120 min (yellow) at 450 nm
(18-19 mW) in the photoreactor setup (see supporting information for the
detailed setup). Full chromatograms are shown in panel A. Panel B presents
an enlarged view on the protein elution range with the aggregation state of
each peak, determined from MALS (data not shown).
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Figure 13: Circular dichroism (CD) analysis of apoCB5:CoSalen 1:5 (red),
holoCB5 (blue), apoCB5 (black), free CoSalen (grey) and apoCB5:CoSalen 1:5
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after irradiation in the presence of 0.3 mM [Ru(bpy)s](ClO4); and 5 mM
Na,S;0s after purification to remove small molecules (yellow).

2.7 Protein association with a breakdown product of the

photosensitizer

While preparing light-irradiated samples for mass spectrometry, via
purification over a P6 SEC column, visual changes to the eluate were
observed, as it changed from virtually colourless before illumination to
orange after irradiation for the samples of apoCB5:CoSalen 1:5 with PS and
SA. We, therefore, suspected either aggregation of the orange, ruthenium
containing, PS, or an association of the PS or a breakdown product thereof
with protein. To investigate this phenomenon, ruthenium and cobalt
concentration measurements by ICP-MS were recorded after purification of
the sample over a microspin Bio-Rad P6 column with a 6 kDa MWCO that
removed all small molecules, i.e., excess of PS, SA. These measurements
revealed that while the concentration of cobalt decreased from the
apoCB5:CoSalen 1:5 sample during photocatalysis, the concentration of
ruthenium increased considerably giving a CB5:ruthenium ratio of 1:1 after a
short light irradiation period of 0.5 min. The presence of ruthenium in the
microspin Bio-Rad P6-purified ICP-MS samples indicated that either a
ruthenium-containing particle with a molecular weight larger than 6 kDa was
formed during irradiation of apoCB5:CoSalen 1:5 in presence of PS and SA,
or that there was an interaction between a ruthenium species and apoCB5.

A UV-vis spectrum was measured of the microspin Bio-Rad P6-purified
sample to determine the spectral characteristics of this orange material. As
shown in Fig. 14, an absorbance maximum around 450 nm was observed,
which is characteristic for [Ru(bpy)s]**. Since the orange material was
observed after irradiation of the sample in presence of PS and SA and
apoCB5:CoSalen 1:5 exposed to PS and SA in the dark is essentially colourless
after purification, the bound ruthenium was hypothesized to be a breakdown
product of the PS. To determine if the observed ruthenium species is an
aggregate of photosensitizer-derived breakdown product, or if a breakdown
product of the photosensitizer has indeed bound to the protein, SEC-MALS
was used to monitor the co-elution of the protein and the ruthenium species
(Fig. 15). This was done by monitoring the UV-vis absorbance of the sample
during elution of the SEC column at 280 nm, where both the protein and the
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ruthenium species absorb light, and at the 450 nm absorbance for the
ruthenium species. The absorbance ratio Ajso/Asso was determined for a
solution of apoCB5:CoSalen 1:5, PS, and SA, at different time points of a
photocatalytic dioxygen evolution experiment (t =0, 0.5, 120 min, orin a dark
control, Table S5). The dark apoCB5:CoSalen 1:5 sample containing PS and SA
showed similar ratios compared to apoCB5:CoSalen 1:5 alone in solution,
showing that no interaction of the protein and the ruthenium photosensitizer
took place before irradiation. After 0.5 min of irradiation the Azso/Asso ratio
decreased, which, in combination with the beforementioned ICP-MS results,
indicated an increase in photosensitizer breakdown product concentration
with respect to CB5. This spectral signature of the ruthenium compound was
present with each multimer of the protein as it was eluted from the SEC
column, indicating the ruthenium compound was indeed likely bound to the
protein.
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Figure 14: The stability of CB5:CoSalen 1:5 under photocatalytic conditions.
Normalized (to the lambda max) UV-vis spectra measured after purification
over a P6 column of apoCB5:CoSalen 1:5 samples kept in the dark (red),
irradiated for 0.5 min (blue), 3 min (black), or 120 min (yellow) with a 450 nm
LED (18-19mW) in the photoreactor in the presence of 0.3 mM
[Ru(bpy)s(ClO4), and 5 mM Na,S,0s.
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Figure 15: The 280 nm (solid lines) and 450 nm (broken lines) chromatograms
of CB5:CoSalen 1:5 (black), CB5:CoSalen 1:5 kept dark in presence of 0.3 mM
[Ru(bpy)s(ClO4); and 5 mM Na,S,0s (blue), CB5:CoSalen 1:5 irradiated for 0.5
min in presence of 0.3 mM [Ru(bpy)s(ClO4), and 5 mM Na,S;0s (grey), and
CB5:CoSalen 1:5 irradiated for 120 min in presence of 0.3 mM
[Ru(bpy)s(ClO4); and 5 mM Na,S,0s (red).

3 DISCUSSION

In this study, we analysed one of the rare cases of light-induced generation
of O3 using an artificial metalloenzyme bearing an abundant metal cofactor.
For most reported photoactive water oxidation systems using small-
molecule cobalt catalysts, the instability or decomposition of the complex
lead to the formation of cobalt nanoparticles or deposits [80—85]. By
contrast, here we present a system in which nanoparticle formation is
avoided.

For apoCB5:CoSalen 1:1, photocatalytic activity was not observed in the
presence of PS, SA, and blue light. NMR data revealed that CoSalen was likely
coordinated in the binding pocket of apoCB5 between two axial histidines,
H44 and H68. This bi-coordination in the pocket of CB5 is different from what
can be found in the literature for artificial haem proteins, where most of the
cofactors are coordinated only by one residue in the pocket of the protein
such that one coordination site on the metal is left open [86,87]. Bi-
coordination leaves no free position on cobalt to coordinate water, while in
some cases it is possible for redox reactions to take place on the ligands
rather than at the metal centre [88—93], the coordination is likely the reason
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why catalysis does not occur with apoCB5:CoSalen 1:1. Other potential
explanations for the inactivity are that, while CB5 is a relatively small and
open protein, either water or the excited photosensitizer could be restricted
in its ability to approach the cobalt compound. In any case, the environment
provided by the protein stabilized the complex in such a way that in our
photocatalytic conditions no active cobalt species capable of water oxidation
could be formed. By contrast, apoCB5:CoSalen 1:5 was found to be
catalytically active. This may be explained by the following hypotheses: 1. A
trend can be observed in which an increase in the protein concentration in
the sample leads to a decrease in activity. The TON of the samples can be
ordered as follows: Free CoSalen containing 0 uM CB5>apoCB5:CoSalen 1:5
containing ~13 pM CB5> apoCB5:CoSalen 1:1 contain ~50 uM CBS5.
Hypothesis 1: the presence of the protein inhibits the activity of CoSalen. 2.
The apoCB5:CoSalen 1:1 sample in which CoSalen is bound in the binding
pocket shows no activity, while the apoCB5:CoSalen 1:5 and
holoCB5:CoSalen samples, in which CoSalen is also bound to the protein
exterior, do show activity. Hypothesis 2: The exterior-bound CoSalen
molecules determine whether or not the ArM is photocatalytically active.

Fitting hypothesis 1, indeed more protein seems to lead to less activity, one
could imagine that the protein blocks the activity of CoSalen by preventing it
from forming the active nanoparticle species. However, we do not have free
CoSalen present in any sample, in each sample all CoSalen is bound to CB5 at
the start of the experiment. Rather it seems more likely that the binding
mode is the defining difference as in hypothesis 2. We also don’t observe
nanoparticles in any protein-containing samples regardless of if they were
active. There is no gradual transition to a behaviour that is less and less like
free CoSalen.

To further test hypothesis 2, we prepared holoCB5:CoSalen 1:5, where haem
was still bound to the protein scaffold and the holoCB5:CoSalen binding ratio
after purification was 1:2.7. The artificial holoCB5:CoSalen 1:5 system was
photocatalytically active under the same conditions as apoCB5:CoSalen 1:5
but generated less 0,. This showed that the location where CoSalen is
(originally) bound to the protein determined whether the sample was active.
In contrast, purification of the sample after photocatalysis followed by ICP-
MS revealed that CoSalen did not remain bound to the protein in its original
form. DLS indicates no significant change in the size distribution of the
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particles present in the photocatalytic solution of the apoCB5:CoSalen 1:5
sample, without any precipitation, unlike CoSalen in solution which forms
nanoparticles (Fig. 10). The above showed that the artificial cobalt-protein is
a pre-catalyst, like CoSalen, but unlike free CoSalen it forms a non-
aggregated catalytically active species involving the protein upon exposure
to light, the photosensitizer, and sodium persulfate (Fig. 16). In short: we
hypothesize here that there is a dynamic interaction between cobalt and the
protein, which generates an active, soluble adduct during photocatalysis,
that is not stable enough to be detected afterwards, since the interaction
between the catalytically active cobalt species and the protein did not survive
a single passage through a microspin Bio-Rad P6 column.

The amount of O, produced by our most active system (apoCB5:CoSalen 1:5)
was approximately 75% of what free CoSalen produced (Table S4).
Considering that from 4 molecules of CoSalen bound per apoCB5 potentially
only 3 are active, the activity of apoCB5:CoSalen 1:5 samples is comparable
to free CoSalen in a homogeneous solution. The reduction of the amount of
evolved O, in our systems, compared to free CoSalen, may have several other
origins. One of them is the presence of haem in holoCB5:CoSalen 1:5
samples. It has been reported that Fe3* from haem bound to proteins can be
oxidized by the triplet excited state of [Ru(bpy)s]** generated during
photocatalysis and that such a redox process is reversible and might lead to
charge recombination [94,95]. Another reason can be found in the loss of the
tryptophan fluorescence of the protein after irradiation in presence of PS and
SA. This can be ascribed to the oxidation of tryptophan (as suggested by the
fluorescence data in section 2.6), due to: a) the reaction of singlet oxygen
generated by direct reaction of the triplet forming photosensitizer [96,97];
or b) the sulphate radical (SO4*") generated by 1-electron transfer from the
excited state of the photosensitizer to sodium persulfate. SO, is a strong
oxidant that might induce an electron transfer (ET) from the indole ring,
leading to an oxidized, non-emissive aromatic moiety. These side reactions
could lead to a reduction of activity in our protein-based systems.
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Figure 16: Proposed pathway of photocatalytic water oxidation using the
apoCB5:CoSalen pre-catalyst compared to the free CoSalen pre-catalyst.

The presence of the above oxidizing species also has an effect on the protein
scaffold. Analysis of the stability of apoCB5:CoSalen revealed that
multimers/aggregates present in the PS- and SA-free sample become
resistant to denaturation upon exposure to PS and SA in the dark as well as
under irradiation (Fig. S15 and S16). It was hypothesized that such
denaturation-resistant multimers are the result of a limited crosslinking of
the protein as a consequence of the formation of tyrosine radicals, which
shows that the protein scaffold experiences some degree of oxidation of its
residues. Such oxidation of tyrosine leading to cross-linking after addition of
PS and SA in the dark has been previously observed in literature [98,99].
Finally, a surprising result of irradiation of apoCB5:CoSalen 1:5 in presence of
PS and SA was an interaction between the PS and the protein scaffold
(section 2.7). The interaction was found to be in a 1:1 apoCB5:ruthenium
ratio, in spite of the large, 6-fold, excess of PS, indicating some specificity of
the binding. The interaction may be electrostatic in nature due to the positive
charge of the PS, since apoCB5 has an overall negative charge, or dative due
to ligand exchange of bipyridine under oxidative conditions with an amino
acid, e.g., histidine [12].
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4 CONCLUSION

Here, novel artificial CB5:CoSalen metalloproteins, active for water oxidation
under photocatalytic conditions, were developed and characterized. The
system apoCB5:CoSalen 1:1, where CoSalen was bound via axial histidine
coordination to the haem binding pocket of the protein, lacks catalytic
activity. ApoCB5:CoSalen 1:5, in which CoSalen binds both in the binding
pocket and to the exterior of the protein, showed water oxidation activity in
photocatalytic conditions similar to free CoSalen. Slightly lower activity was
observed from holoCB5:CoSalen 1:5, where CoSalen binds only the exterior
of the protein. The presence of [Ru(bpy)s](ClO4), and Na,S;0s led to limited
protein crosslinking. Furthermore, one equivalent of the ruthenium
photosensitizer was found to interact strongly with apoCB5:CoSalen 1:5
upon irradiation. During photocatalysis, the protein partially unfolded and
protein-CoSalen interactions were destabilized. Strikingly, while the free
CoSalen WOC formed nanoparticles capable of performing photocatalysis,
no nanoparticles were found for the apoCB5:CoSalen 1:5 ArM that remained
soluble. These results show the potential as well as the advantages of using
a protein scaffold to act as support for an active molecule in harsh
photocatalytic conditions. Overall, while this work is among the first studies
of artificial proteins performing photocatalytic water oxidation, we conclude
that using ArMs to achieve efficient photocatalytic water oxidation such as
performed by the self-repairing Photosystem ll, is still a daunting challenge.
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6 SUPPORTING INFORMATION

6.1 Supplementary A: Materials

All chemicals were of analytical grade and were purchased from Sigma
Aldrich (Missouri USA) unless stated otherwise. [Ru(bpy)s](ClO4), was
synthesized following the reported procedure [1]. Complex N,N’-
Bis(salicylidene)ethylenediaminocobalt (Il) (catalyst CoSalen) was purchased
from Alfa Aesar (Massachusetts, USA). Purified water was obtained using a
Milli-Q system (Advantage A10, Merck MilliporeSigma, Jersey USA).

6.2 Supplementary B: Methods and techniques

Liqguid chromatography-mass spectrometry (LC-MS) was conducted on a
Finnigan LCQ Advantage MAX apparatus (Thermo Fisher Scientific,
Massachusetts, USA) with a Gemini 3 um NX-C18 column (Phenomenex,
California USA), using a gradient of 10% MeCN in H,0 to 90% MeCN in H,0
with 0.1% TFA as eluent.

High resolution-mass spectrometry (HR-MS) was performed in a Thermo
Scientific Q Exactive Orbitrap (ESI+) (Massachusetts, USA) coupled to an
Ultimate 3000 nanosystem (3,5 kV; 275 °C; Resolution R=240.000 at
m/z=400; external lock; mass range m/z=150-1500) (Thermo Fisher Scientific,
Massachusetts, USA). Mobile phase MeCN/H,0 (1:1 v/v) with 0.1% formic
acid, flow= 25 puL/min, direct injection of a 1 uM sample.

Electrospray ionization-mass spectrometry (ESI-MS) was performed with a
Synapt G2-Si mass spectrometer from Waters (Massachusetts, USA). Initial
separation and denaturing of protein samples was achieved using a nanoEase
M/Z protein BEH reverse phase C4 column, 300 A, 1.7 puM x 50 mm, 1/pk
(Waters, Massachusetts, USA). Samples were prepared in 10 mM NHjAc
buffer at pH 7.0 using a Micro Bio-Spin P6 gel desalting column from Bio-Rad
(California, USA), maximally 30 min before being run. Deconvolution was
performed using the MaxEnt. algorithm of the MassLynx software version
4.2.

UV-vis was measured with an Agilent Cary60 UV-vis spectrophotometer
(California, USA) using a quartz cuvette having a 1 cm optical path length. For
irradiation experiments followed by UV-vis a 450 nm LED was used as
depicted in Fig. S1. The power intensity of the LED was set between 19-20

139



mW using a current of 350 mA, the sample volume was 3 mL, all samples
were degassed with Ar for 30 min prior to irradiation and all experiments
were performed under constant stirring. A spectrum recorded at t = 0 min,
i.e., before irradiation, was used as a reference spectrum.

A. B.

LED

Cooler
H,O OUT

_ : A
H,O IN , H,0 0UT ’V
T H,O IN

F

Stirring bar J

Detector| Light source

Holder

Figure S1: . Irradiation setup for following UV-vis with an integrated cooling
system set at 25 °C. Irradiation setup with 450 nm LED in the UV-vis holder
(A). Scheme of setup of UV-vis cuvette for irradiation of a sample (B).

Circular Dichroism (CD) data were recorded with a BioLogic (Tennessee, USA)
MOS-500 spectropolarimeter on a 700 uL sample in a 0.2 cm quartz cuvette.
A Bio-Logic (Tennessee, USA) SAS lightbox with a Xe lamp as a light source
was used. An ALX300 power supply was used and always set to 150 W. Data
were obtained and processed using Biokine software.

Dynamic light scattering (DLS) measurements were performed with a
DynaPro NANOSTAR device from Wyatt technology (Santa Barbara, USA)
using a 5 pL cuvette. Data were recorded and processed using the Dynamics
7.10.1.21 software.

Steady-state fluorescence measurements were performed with an F929
Fluorescence spectrometer from Edinburg instruments (Livingston, UK) using
a Xe900 lamp as a light source and an R928P emission detector. Data were
recorded and processed using the FS900 software.

For Inductively coupled plasma-mass spectrometry (ICP-MS), the samples
were prepared by diluting 20-30 uL of the sample to 200 pL with MilliQ water.
Then, concentrated nitric acid (400 uL, 65%) was added to each sample, and
the samples were digested overnight in the oven in glass test tubes at 90 °C
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with a glass marble on top. Then 2.4 mL MilliQ water was added to each
sample. Afterwards, 1 mL of each sample was diluted with 9 mL of MilliQ
water, to reach a total volume of 10 mL (HNO; concentration 2.2%). The
cobalt and ruthenium concentration of each sample was subsequently
measured in triplicate using a NexION 2000 ICP mass spectrometer, an SC2
DX autosampler, and Syngistix software from Perkin ElImer (Massachusetts,
USA).

Size exclusion chromatography multi-angle light scattering (SEC-MALS)
measurements were performed on a miniDAWN analytical HPLC/FPLC from
Wyatt technology (Santa Barbara, USA) using a Superdex 200 Increase
10/300 GL SEC column with eluent 80 mM NaPi + 100 mM NaCl pH 7.5. Data
were analysed using the Astra software.

Homology models of apo- and holoCB5 were generated using Swiss model
[2-6]. The model of apoCB5 is based on the structure of Rattus norvegicus
apoCB5 from PDB-ID 1IEU [7] with which it shares 81% sequence identity.
The model of truncated holoCB5 was based on Sus scrofa CB5 from PDB-ID
3X33,[8] with which it shared 97% sequence identity.

Nuclear magnetic resonance (NMR) spectroscopy was measured with a
Bruker (Rheinstetten, Germany) AVIIl HD 850 MHz (20.0 T) with a TCI
cryoprobe. The samples were prepared from protein expressed in °N-
labelled M9 minimal medium with additional iron so that the total amount is
0.6 g/50 mL in the 10x trace element solution, purified and prepared in the
apo-state as detailed below, and finally buffer exchanged to a 20 mM NaPi
buffer at pH 7.5 unless otherwise specified, 6% D,O was added. All
experiments were performed at 293 K, in all spectra the zgpr program for
water-suppression was used. Large window HSQC spectra were performed
with a cnst 4 set to 7 Hz and the receiver gain was kept at 912. Normal HSQC
spectra were performed using the hsqcf3gpph19 pulse program.

For Electron paramagnetic resonance (EPR) analysis, samples containing the
solution to analyse were transferred into 4 mm outer diameter EPR quartz
tubes and frozen in liquid nitrogen. Continuous wave EPR at X Band (9.5 GHz)

was performed on a Bruker Elxsys E680 (Bruker, Rheinstetten, Germany)
spectrometer equipped with a TEyg, cavity and an ESR900 Cryostat (Oxford
Instrument, Abingdon, UK). Low temperature was achieved with a constant
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helium flow. Parameters were the following: modulation amplitude 1 mT,
modulation frequency 100 kHz, microwave power 20 mW, total
measurement time of 1 h, and measurement temperature 10 K. Simulations
were performed on MatLab using Easyspin version 5.2.33 [9].

Simulation of the EPR spectrum of CoSalen in buffer was performed witha g
tensor of g = [gx gyy 922] = [5.27 3.85 2.22]. As line broadening an H-strain was
used with the components 3499 MHz, 5235 MHz, and 2896 MHz in the
respective g tensor directions. Simulation of the spectrum of CoSalen in
chloroform was performed with an axial g tensor of g« =g,,=2.023, g, =3.11
and a hyperfine splitting due to coupling with the / = 7/2 *°Co nucleus of A,,
=398 MHz, which can be seen as eight lines at 230 mT (g, direction). As line
broadening a g-strain was used equal to 0.03 for each one of the g tensor
directions.

(Semi-native) Gel electrophoresis was performed using 15% polyacrylamide
gels containing 0.1% sodium dodecyl sulphate (SDS). Cracking buffer for
semi-native PAGE was prepared in absence of SDS and 3-mercaptoethanol.
The gels were run on a Mini-Protean System and PowerPac Basic Power
Supply from Bio-Rad (California, USA) for 50 min at 200 V. The gels were
imaged with 2,2,2-trichloroethanol (5 pL per mL was added to the gel
mixture, Sigma Aldrich) or coomassie brilliant blue (gels were fixed prior to
staining) as specified with each Fig., using a Gel Doc XR+ from Bio-Rad. Gel
images were processed using the Image Lab Software version 6.01 from Bio-
Rad, adjusting the gamma setting to improve the contrast.

For water oxidation, the setup used was as shown in Fig. S2. A 3.5mL solution
in phosphate buffer 80 mM, pH 7.5 containing the adduct CB5:CoSalen, the
photosensitizer [Ru(bpy)s](ClO4),, and the sacrificial electron acceptor
Na,S,0s, were placed in a 3.5 mL inner volume photoreactor with an
integrated water-cooling system settled at 25 °C. Every sample was degassed
for 30 min with Ar directly in the reactor and then recorded for 30 min in the
dark before irradiation started. 700 rpm stirring speed was set for the
reaction. An Unisense (Aarhus, Denmark) Clark electrode needle type sensor
(Unisense OX-NP) controlled by an x-5 UniAmp with Logger software was
used for measuring the dioxygen concentration in real time. The sensor was
calibrated using a pure O, as reference which allowed the building of a
calibration curve. The sensor was fixed using a rubber septum and two silicon
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septa to avoid air leakage as much as possible. O, evolution was measured in
the gas phase where the tip of the sensor was placed. As an irradiation
source, OSRAM Opto semiconductors (Regensburg, Germany) 450 nm LEDs
were used. Light power was measured before and after every irradiation to
ensure the stability of the light with an OPHIR (Jerusalem, Israel) Nova-
Display laser power meter. Standard ferrioxilate actinometry of each LED was
performed to determine the photon flux @ (mol s) using a power source of
350 mA: 450e = 9.41E-08 mol s (19 mW); 450f =1.12E-07 mol s (19 mW);
450g =1.03E-07 mol s (19 mW).

-
(larK Electrode
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Figure S2: Water oxidation setup. Integrated cooling system set at 25 °C.
Oxygen evolution in the gas phase was detected using a Clark Electrode; the
photocatalytic system was closed using hermetic septa on the top to avoid air
leakage. Scheme of the irradiation setup for O, detection during
photocatalytic water oxidation (A). Photograph of the photoreactor setup
while irradiating at 450 nm (B).

6.2.1 TON, TOF and O; quantum yield determination
The turnover number (TON) was calculated using Equation S1, where noa
(umol) is the number of mol of dioxygen produced by the system during an
irradiation period of 120 min; ncar (uMol) is the number of mol of catalyst
used in the photocatalytic system.

TON= 1~ s1

fIcAT
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The 0, production quantum vyield (¢) was calculated according to Equation
S2 as reported in the literature:[2]

215cat TOFnax S2

= 60@(1-10-Ae)(%5)

where ncar (umol) is the number of mol of catalyst used in the photocatalytic
system, @ (umol s) is the photon flux determined by standard ferrioxilate
actinometry, A. is the total absorption of the sample at the irradiation
wavelength (here 450 nm), Aps is the absorbance at 450 nm due to the PS
only, TOFmax is the maximum turnover frequency which is calculated
according to the literature [10].

6.2.2  Protein expression and purification

The plasmid for expression of CB5 was kindly provided by the laboratory of
Prof. Marcellus Ubbink. CB5 was expressed in Escherichia coli BL21 PLysS and
purified as detailed in Chapter 2.

Site directed mutagenesis was performed to introduce the H20Y, H31Y, and
H85Y mutations via the WholePlasmid Synthesis (WOPS) protocol [11], using
the primers found in the table below. The primers were obtained from
Sigma-Aldrich (Missouri, USA), and the Pfu polymerase was produced in-
house. The correct incorporation of the mutations was checked using Sanger
sequencing data (Baseclear BV, Leiden, The Netherlands).

Mutation | 5' Mod Sequence 3' Mod

H20Y CCCTGGAAGAAA [ TLEEIT QKY N | GCCAGGTAGATT
TTCAAAAATACA|NSKST TAG AGT TAT TGT
ATA ACT CTA AAT ATT TTT GAA TTT
CTA CCT GGC CTT CCA GGG

H31Y CCTGGCTGATCC [ TW LILYY KV | GGTCAGATCGTA
TGT ATTATAAAG |[YDLT CAC TTT ATA ATA
TGT ACG ATC TGA CAG GAT CAG CCA
CcC GG

H85Y GCAAAACCTTTA|SKTFIIGELY|CGAGTTAACGGT
TCATTGGCGAAC|PDDR- L CGT CCG GGT ACA
TGT ACC CGG ACG GTT CGC CAA TGA
ACC GTT AACTCG TAA AGG TTT TGC
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6.2.3 Teale’s method to prepare apoCB5

Haem was removed from cytochrome bs using Teale’s method [12]. The pH
of the protein sample was lowered to 2.0 by dropwise addition of 0.5 M HCI
under constant stirring on ice. An equal volume of ice-cold 2-butanone was
added and mixed, then pipetted off after the layers had separated, and this
procedure was repeated 2-3 times until a colourless aqueous solution was
obtained. The aqueous layer was pipetted directly into a 3.5 kDa cut-off
dialysis bag (cellulose dialysis tubing from Spectrum Chemical, California,
USA) and dialyzed against 2 L of 20 mM sodium phosphate buffer solution at
pH 7.5 at 4 °C overnight. The dialysis buffer was exchanged once after 120
min of dialysis. To improve sample stability traces of 2-butanone were
removed using 2 stacked 5 mL HiTrap desalting columns from Sigma Aldrich
(Missouri, USA) to exchange to 20 mM NaPi pH 8.0. UV-vis was used to verify
that the protein was in the apostate. ApoCB5 was re-concentrated and
stored frozen (with liquid N,) at -80 °C until use.

6.2.4  Protein-catalyst complex preparation

For the preparation of apoCB5:CoSalen 1:1 and apoCB5:CoSalen 1:5, apoCB5
from concentrated stock was reacted with CoSalen from a 4 mM stock in
DMF (note that for NMR a 1 mM stock in milliQ was used) in respectively a
1:1 and 1:5 molar ratio, the final protein concentration during the reaction
was 20 UM (so that the CoSalen concentrations were 20 uM or 100 puM,
respectively). For the preparation of holoCB5:CoSalen, holoCB5 was reacted
with CoSalen in a 1:5 molar ratio under the same conditions. The reactions
were performed at 4 °C, overnight, on a Stuart STR9 roller from Sigma Aldrich
(Missouri, USA) at 33 rpm. The resulting sample was concentrated to <2 mL
using a 20 mL, 5.000 kDa cut-off concentrator (Corning, New York, USA). DMF
and excess CoSalen were removed using 2 stacked 5 mL HiTrap desalting
columns from Sigma Aldrich (Missouri, USA) to exchange to 80 mM NaPi pH
7.5. The resulting sample was re-concentrated to < 2 mL using a 20 mL, 5.000
kDa cut-off concentrator (Corning, New York, USA). The concentration of
protein was determined using a BCA protein assay kit from Bio-Rad
(California, USA). The CoSalen concentrations were determined using ICP-MS
as detailed above. The samples were finally stored frozen (with liquid N) at
-80 °C until use.
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For HR-MS measurements, samples containing only the protein were placed
in a UV-vis cuvette and irradiated during a period of 160 min (see Fig. S1 for
setup). A high-resolution spectrogram of each sample was measured
following irradiation.

6.2.5  Water oxidation measurements
For every dataset in Fig. S8, the black line represents the average of the 2
measurements. The coloured traces represent the SD of all the
measurements done for each set of data. All photocatalysis was carried on in
degassed phosphate buffer pH 7.5, 80 mM, containing 50 uM of the catalyst
(CoSalen or CoSalen-protein adduct), 0.3 mM of [Ru(bpy)s](ClO4); and 5 mM
of Na,S,0s. The 450 nm LED-based light source was set at an intensity of 350
mA, which provided an optical power of 18-19 mW measured with an OPHIR
(Jerusalem, Israel) Nova-Display laser power meter as mentioned. Data
processing was performed according to the literature [10]. The average curve
of each set of data was plotted using Origin 9.1 using the following method:
Select a set of values > Statistics = descriptic statistics = statistics on Row
- Compute Mean. Using the same software, the error was plotted using 5%
of SD and then corrected with the next script: Statistics -> descriptic statistics
-> statistics on Row -> Compute SD. All the O, evolution data were fitted using
Origin 9.1 using the following method: Analysis-> Fitting -> Non-linear curve
-> Growth/Sigmoidal category -> Hilll function. The Hilll function is
described by equation S3:
XM

(K™ + x™)

y = START + (END — START) S3
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6.3 Supplementary C: Supplementary tables

Table S1. Stability of apoCB5:CoSalen 1:5 monitored by the protein:cobalt
ratio determined after repeated purification over P6 spin columns.

apoCB5:CoSalen 1:5

Ratio [Co] / [apoCB5] (sDev)

Purified 1x*

Purified 2x

Purified 3x

*Was purified by desalting column

3.71(0.14)

3.69 (0.21)

3.97 (0.15)
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Table S2. Assignment of histidine side chain nitrogen chemical shifts (see Fig.
6C for ring labelling) from LSW HSQC NMR spectra of apoCB5 (top),
apoCB5:CoSalen 1:1 (middle), and apoCB5CoSalen 1:5 (bottom).

Sample Assignment Chemical shift N (ppm)
H85 Ne2 164.67
H31 Ne2 178.23

ApoCBS H44/68 Ne2 177.98
H44/68 Ne2 180.43
H44/68 N&1 212.79
HBSNe2  164.67
H31 Ne2 177.49

ApoCB5: H44/68 Ne2 178.35

CoSalen 1:1 H44/68 Ne2 161.50
H44/68 Ne2 180.55
H44/68 Ne2 166.14
HeSNe2 16467
H31 Ne2 161.62
H31 N&1 174.32

ApoCB5:

CoSalen 1:5 H44/68 Ne2 16259
H44/68 N&1 173.95
H44/68 Ne2 166.38
H44/68 N&1 ~174
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Table S3. Assignment of histidine side chain proton chemical shifts (see Fig.
6C for ring labelling) from LSW HSQC NMR spectra of apoCB5 (top),
apoCB5:CoSalen 1:1 (middle) and apoCB5:CoSalen 1:5 (bottom).

Sample Assignment Chemical shift 1H (ppm)
H85 H&2 6.86
H85 Hel 7.39
H31 H&2 6.72
apocss HILHEL 7.67
H44/68 H52 6.93
H44/68 Hel 7.76
H44/68 H52 6.89
H44/68 Hel 7.78
H85 H&2 6.86
H85 Hel 7.39
ApoCB5:  H31H62 6.74
CoSalen  H44/68 H62 6.93
11 H44/68 H52 6.24
H44/68 H52 6.89
H44/68 H52 6.19
H85 H&2 6.86
ApoCB5: ~ H85 Hel 7.39
CoSalen  H31H62 6.39
1> H44/68 H52 6.25
H44/68 H52 6.19
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Table S4. The photoactivity of CoSalen in different systems

Sample 0, produced TON? TOFwmax®  @02°

apoCB5 = = = -

Free CoSalen 5.57+0.85 31.80+4.83 1.36% 0.073%
0.03 0.001

apoCB5:CoSalen 1:1 - = - -
apoCB5:CoSalen 1:5  4.24+0.24  24.25+1.35 0.63% 0.036+

0.07 0.004
holoCB5:CoSalen 1:5  2.72 +0.15 15.54+0.84 0.55% 0.032%
0.09 0.004

Conditions: PS = 0.3 mM [Ru(bpy)s](ClO4),, SA =5 mM Na,S,0s, [Cat] = 50 uM
in Co, LED = 450 nm, 18-19 mW, 25 °C, 3.5 mL, 80 mM NaPi pH 7.5; ? Value
calculated at 120 min; ® TOFmax = max value of TOF during photocatalysis; ©
Value obtained according to Equation S2.

Table S5. Ratios of absorbances (A) at 280 nm and 450 nm for each of the
fractions of apoCB5:CoSalen 1:5 purified by SEC-MALS.

Multimer | Monomer | Dimer Trimer Tetramer | Larger
Ratio> | Ao /A A JA A /A A /A A /A
—_— 280 450 280 450 280 450 280 450 280 450
Sampled,

Expected | 10.5 10.5 10.5 10.5 10.5
Before 12.1 11.6 11.3 11.2 12.0
Dark 11.5 10.5 10.5 10.5 10.8
0.5 min 9.5 9.4 9.4 9.4

120 min 6.0 5.9 5.8 5.7

Conditions: The before sample contains only apoCB5:CoSalen 1:5, the dark
sample contains apoCB5:CoSalen 1:5, [Ru(bpy)s](ClO4); and Na,S;0s, the
irradiated samples contain apoCB5:CoSalen 1:5, [Ru(bpy)s](ClO4), and
Na,S,0s and were irradiated with a 450 nm LED for respectively 0.5 min and
120 min. The “expected” ratios were determined based on UV-Vis data for a
non-irradiated sample of apoCB5:CoSalen 1:5 in absence of [Ru(bpy)s](ClOa4)2
and Nazszos.
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6.4 Supplementary D: Supplementary figures
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Figure S3. Mass spectroscopy of the CB5 samples. In each case, a full
spectrum is shown first, with on the left a zoom of any relevant regions.

ApoCB5 (A), apoCB5:CoSalen 1:1 (B), holoCB5:CoSalen 1:5 (C),
apoCB5:CoSalen 1:5 (D).
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Figure S4. Homology model of cytochrome bs with all histidines (orange) and
tryptophans (blue) shown explicitly (the homology model was prepared as
detailed in supplementary B).
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Figure S5. Emission spectra of a titration of apoCB5 with CoSalen in
phosphate buffer pH 7.5. The excitation wavelength was 280 nm.
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Figure S6. The pH dependence per histidine side chain of apoCB5 of the proton
chemical shift as determined by large window HSQC NMR in the range pH
6.0-8.0. Data for H31 is shown in panel A, the more downfield (in the nitrogen
dimension) of the two sets of peaks assigned to the binding pocket histidines
(H44/H68) in panel B, the more upfield of the binding pocket histidines in
panel C. In each dataset the data is fitted using Igor Pro version 6.37 from
WaveMetrics (Oregon, USA) using the following equation: J&gps=

6L+ 6HL* 1ODH -pka i . . ) .
~ 1t iomm Pl the resulting parameters are given in the top right corner in

each panel. The pKa for each histidine is also indicated with a plain line. In
each panel the NE2 HE1 peak chemical shift and trace are given in blue and
the NE2 HD2 peak chemical shift and trace in red. The data points with their
chemical shift error given by the full-width half of the maximum and a 1.0%
error for the solvent pH are indicated in the figure.
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Figure S7. HSQC NMR of apoCB5 (black), apoCB5:CoSalen 1:1 (A, orange), and
apoCB5:CoSalen 1:5 (B, red).
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Figure S8. Photoactivated water oxidation activity of CoSalen (A),
apoCB5:CoSalen 1:5 (B), holoCB5:CoSalen 1:5 (C), apoCB5:CoSalen 1:1 (D),
and apoCB5 (E) all with a CoSalen concentration of 50 uM (apoCB5 in E was
50 uM in CB5), in the presence of 0.3 mM [Ru(bpy)s](ClO4); and 5 mM Na,S,0s
upon irradiation with a 450 nm LED. The standard deviation is shown in colour
surrounding the average trace in black (white in the case of apoCBS5, E). Each
trace is an average of at least 2 measurements.
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Figure S11. UV-vis-spectra of apoCB5:CoSalen 1:1 (A) and apoCB5:CoSalen
1:5(B). Spectra were recorded vs. time for 160 min under constant irradiation
using a 450 nm LED light source. All samples were measured in 80 mM NaPi
buffer pH 7.5 with a protein concentration of 50 uM. Red colour indicates t=0
min; blue colour indicates t=160 min, Semi-native (2" and 3™ lane) and
denaturing (4™ and 5% lane) PAGE (C), visualized with coomassie, of
apoCB5:CoSalen 1:5 before irradiation (lanes 1) and after irradiation (lanes
2) with the protein ladder in the left-most lane with molecular weight in kDa
indicated on the left.

Lad

158



59

/W 086 01 05/ Wo.f (3) ‘z/w 00ZT 01 009 wo.f (g) z/w 000z 03 0 woif (v) ‘g3Twu
oSt ‘WW 08 '/ Hd 43ffnq a1pydsoyd ui uonapipp.il Ui 09T 433b T:T U3[pS0D:6gH0dD fO SN-HYH Painjoauoaaq ‘zIs 34nbi4

0001 006 008 002 009
056 006 058 008 05L TPOUCTOT PO VOO0 POPY PROT T PO V0L PO} Lol Mgk [T PO TOPC TR PR A TP,
L8 iaan L iee s L e e Tt gt - tr
_ _1_ 00001
91=2 100002
9v018'1£9
0000€
212
11500698 4
o=z ]
12020101 Si=2 m
[:1 uaeso):ggHody 6811 1=z LI£08°€L9 00009 2
PIvIE P 00002 W
131 Uaeso):sgoody €0€T o H
1:1 Uageso:sgHedn SST1 9695K'816 00008 §
A o 00000}
1:1 UaesoD:sgOodr Lb6 PIPIE L6 vl ;N_Q s
: :ggDodl Z1=z 00002
[T uaeso):¢gooar 698 LI ”
151 Uaeso):sgoody 208 9 w o 0000€ m
sgoodv 0101 ° 3 z801€ 212
2w
sgoodv 816 m 0002 0051 0004 005
sgoodv s 1=z g o L it Uid _~ bt i ¢ i
seosveie £81LL 2821
sgoodv LLL
sgoodv w : c6c00 69m1
sgDodn €L9 00000004 62 o1z m
STeTUsH 99918169
sgoodp 1£9 3 o2 s
L 98Y00 0EL 1=z w
u3[eS0D) sze v "z ser6052¢ g
(eq@) pajedosse SIA 2 B ' 695H 816 3
=z
' 00098122
' [
' vL200 28

Ndw”—_nunE o £1=2 <

Z801€°LLL



Zw
Oo_o— oo.n_ 0ori 00t1 0021 0011 0001
T
1=2
L=Z £516Z 68¥1
8LIpY 18S) 6=2 I
£00¥E 85I . w.
1=2 01=2 2
PZ6EY SESI 62 2602 SL01 0000%1 W
LZLSY 0ET) ..:._m
€1 uaeso:sgHodn 18S1 S_M_”Mom_ o 000081 H
1§74 8 110
T:1 uReso):sg)odr Sest -
[:1 U[es0):sg0dD 6811
€1 =0_awo,u“mmUch P8€1 8 m
8=2
T:1 Uaes0D:gg)0dD €PET £9605 £VEI
w
[:1 Ua[esoD:ggodr €0€1 0002 0051 0001
€1 Ua[es0D:sgO0d 0€T1 e
8LIvy18S1 8=Z
1 Uaeso):sgHodn 611 £8605 €¥E1

1:1 uaeso:sgoodv 8SI1
1 :u_amobnmmbea.t SLOT
Us[eS0D Y43

(eq@) pajenosse SIA 2/

1=z <

P¥SLE0'S2E

Figure S13. Deconvoluted HR-MS apoCB5:CoSalen 1:5 after 160 min
irradiation in phosphate buffer pH 7.5 80 mM, 450 nm LED. (A) from 0 to 2000

m/z; (B) from 1000 to 1600 m/z.
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Figure S14. Electrospray lonization Mass Spectrometry (ESI-MS) of the
following samples, each in 80 mM NaPi pH 7.5 and kept dark and at room
temperature after the addition of [Ru(bpy)s](ClO4); (0.3 mM) and Na,S,0s (5
mM), apoCB5:CoSalen 1:5 t= 0 min (A), apoCB5:CoSalen 1:5 t= 120 min (B),
holoCB5:CoSalen 1:5 t=0 min (C), holoCB5:CoSalen 1:5 t= 120 min (D), apoCB5
t= 0 min (E), apoCB5 t= 120 min (F), apoCB5:CoSalen 1:1 t= 0 min (G),
apoCB5:CoSalen 1:1 t= 120 min (H).
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Figure S15. Semi-native (left) and SDS- (right) PAGE of apoCB5:CoSalen 1:1
(A), apoCB5:CoSalen 1:5 (B), and holoCB5:CoSalen (C), each in 80 mM NaPi
pH 7.5 and kept dark and at room temperature (visualized with coomassie):
Lanes 1: protein ladder with molecular weight indicated left, lanes 2: protein
only, lanes 3: protein directly after the addition of [Ru(bpy)s](ClO4); (0.3 mM)
and Na3S;0s (5 mM), lanes 4: protein + [Ru(bpy)s](ClO4); (0.3 mM) + Na2S,0s
(5 mM) after 120 min.
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Figure S16. Chromatograms of the C4 column run prior to mass spectrometry
(A) of apoCB5:CoSalen 1:5 + 0.3 mM [Ru(bpy)s](ClO4); + 5 mM Na,S;0s
irradiated at 450 nm in the Clark setup for the time indicated in the figure.
Semi-native (B) and denaturing (C) gel electrophoresis visualized with 2,2,2-
trichloroethanol. Lane 1 contains apoCB5:CoSalen 1:5, in lanes 2-8 0.3 mM
[Ru(bpy)s](ClO4), and 5 mM Na,S,0s have been added and irradiation with a
450 nm LED in the Clark setup is performed for Lane 2: 0's, Lane 3: 55, Lane
4:30s, Lane 5: 60 s, Lane 6: 90 s, lane 7: 120 s and lane 8: 150 s.
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Figure S17. Dynamic light scattering (DLS) analysis of apoCB5:CoSalen 1:1
and holoCB5:CoSalen 1:5 showing the percentage of the number of particles.
All samples contain 50 uM CoSalen bound to CB5 in 80 mM NaPi pH 7.5. In
the left panel, the following graphs can be observed: DLS of apoCB5:CoSalen
1:1 directly after the addition of 0.3 mM [Ru(bpy)s](ClO4); and 5 mM Na,S,0s
(A), apoCB5:CoSalen 1:1 + 0.3 mM [Ru(bpy)s](ClO4); + 5 mM NazS:0s after
120 min dark at room temperature (B) and apoCB5:CoSalen 1:1 + 0.3 mM
[Ru(bpy)s](ClO4); +5 mM Na;S,0s after 120 min irradiation at 450 nm at room
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temperature (C). On the right DLS of holoCB5:CoSalen directly after addition
of 0.3 mM [Ru(bpy)s](ClO4); and 5 mM Na;S,0s (D), holoCB5:CoSalen + 0.3
mM  [Ru(bpy)s](ClIO4), +5 mM Na,S;0s after 120 min dark at room
temperature (E) and holoCB5:CoSalen + 0.3 mM [Ru(bpy)s](ClO4); +5 mM
Na,S;0s after 120 min irradiation with a 450 nm LED at room temperature

(F).
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