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Chapter
5

Protein-protein interaction for
photocatalytic water oxidation

This chapter will be submitted for publication: Artificial Protein-protein
interaction for water oxidation for water oxidation. Polanco E.A.; Stinger,

L.; Opdam, L.V.; Bonnet, S.; Pandit, A. (in preparation)



5.1 Introduction

Protein-protein interactions (PPIs) are crucial for biological processes such as
cell signalling, respiration,' or drug delivery. Many research groups focus on PPIs
to also understand the electron transfer pathways in enzymatic complexes such as
photosystem II (PSII, Figure 5.1).*® A challenging requirement to mimic the
photosynthetic process is to have highly active catalytic centres in a supramolecular
system capable of promoting charge separation and unidirectional electron transfer,
while slowing down charge recombination. In natural photosynthesis, these active
centres have found a fixed position in the cell membrane using interacting proteins,
which altogether tightly regulates the efficacy and directionality of the electron
transfer processes.” Minimum models capable of mimicking this complex enzymatic
system have been developed, where a metal complexes (i.e. based on Ru, Re, Co or
Ir) capable of driving the O, evolution, H, evolution, or CO; reduction, were
supported at a liposome surface together with light-absorbing photosensitizers.®°
An alternative approach is to use artificial metalloenzymes, in which a catalytically
active metal complex is attached to a protein backbone.'' Recent reports have shown
that fixing an active H, evolution catalyst to a protein such as hydrogenase or
myoglobin generates an environment around the catalyst that increases its activity,
compared to the protein-free metal catalyst.'">'* However, assembling a biomimetic
PSII analogue would require to connect such ArMs to light-absorbing systems, and
to manage electron and proton transfer through a membrane." This have been
accomplished labelling proteins using luminescent dyes which has allowed to prove
electron transfer, protein-ligand, or PPL.'*'® Some of these systems involve wild-
type proteins fixed at an electrode surface and performing catalysis in
electrochemical conditions.'*** Up to now, reports on artificial metalloenzymes for
artificial photosynthesis have been scarce.”*** Herein, we describe the study of PPIs
between two ruthenium-based artificial metalloenzymes: one capable of acting as

photosensiziter, noted BSA-Rups, and a second one capable of driving the water
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oxidation reaction, noted BCA-Ruwoc (Figure 5.1). Together, they form one of the

rare functional models of PSII capable of photocatalytic water oxidation.

2H,0 O,+4H*+4e

Figure 5.1. (A) Schematic representation of the two characteristic sites of the PSII charge-separating
unit, composed of a photosensitizer, P680, and an oxygen-evolving catalytic center, noted OEC. Both
are inserted in the thylakoid membrane. (B) Cartoon representation of the artificial system presented in
this work as a mimic of the two main elements of PSII interacting via PPI: BSA-Rups as an artificial
P680, and BCA-Ruwoc as artificial OEC. Rups and Ruwoc represent both artificial cofactors bound
to the two protein scaffolds.

5.2 Results
5.2.1. A ruthenium-BSA artificial light-harvesting protein

First, an artificial ruthenium-based protein was prepared to function as a
charge separating molecule for photocatalytic water oxidation. For this purpose, we
covalently coupled the classical [Ru"(bpy);]*" photosensitizer (PS) to Bovine serum
albumin (BSA), which was used as protein scaffold. To realise the coupling, we used
the free Cys34 residue, which is located in an accessible position at the protein
surface, and a [Ru(bpy)s;]*" functionalized with a maleimide group, noted Rups
(Figure 5.2), which was proven to react selectively to Cys residues.”>*” A maleimide
group was introduced in 5-position on a 1,10-phenanthroline ligand in a two-step
synthesis (Figure AIV.1). Then, the ligand was coordinated to [Ru(bpy).Cl:]

affording Rups.”® The main advantage of this strategy is that it allows for conjugating
g g gy
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a single equivalent of Rups per protein unit, since only one cysteine position (Cys34)

on the protein backbone is available for covalent binding of Rups to BSA.

BSA

BSA-Ru

Figure 5.2. Representation of BSA and of the free cysteine residue Cys34 used for covalent
functionalization of the protein with Rups. The protein scaffold (green) and Cys34 residue (orange)
were obtained from PDB 3703. Conditions: phosphate buffer pH 7.0 (20 mM), temperature 4 °C,
overnight, dark, [BSA] = 0.2 mM, [Rups] =2 mM (dissolved in DMF), Ratio protein:complex 1:10.

The functionalization of BSA with Rups to produce the artificial light-scavenger
protein BSA-Rups consisted in incubating BSA with an excess (10 eq.) Rups to

ensure all Cys34 residues were bound to Rups (Figure 5.2). In addition, the reaction
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was performed at neutral pH (pH 7.0) to promote only the interaction between Rups
and Cys34 of BSA, and not with any other residues such as lysine, which when
unprotonated might also react with the maleimide group at basic pH for example.?’
After 12 h incubation the excess Rups was removed using a desalting Bio-Rad
column. The complex-protein binding was analysed using a 7.5 % acrylamide semi-
native SDS (Figure 5.3A). The gel showed a new band at higher molecular weight
(Lanes: 1, 2 and 3, triplicate) compared to free BSA (Lane: BSA). A very illustrative
way to directly observe the complex-protein interaction was to place the eluted gel
under a 254 nm UV light: orange phosphorescence was observed for the new band,
which is characteristic for phosphorescence emission by [Ru(bpy)s]**, while nothing
was visible for the bands corresponding to free BSA. Further, ESI-MS analysis
showed signals corresponding to the adduct [BSA-Rups + H,O] (67122 Da, Figure
AIV .4). Circular dichroism (CD) was used to see if the binding of Rups generated a
significant change of the protein conformation (Figure 5.3B). The spectrum of free
BSA was in fact very similar to that of the artificial protein BSA-Rups. These results
demostrated that Rups not only binds to free BSA in the conditions studied to
produce an artificial visible light-absorbing protein, BSA-Rups but also that upon

doing so it did not change the conformation of the protein itself.
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Figure 5.3. 7.5 % polyacrylamide semi-native SDS gel of BSA covalently functionalized with Rups
(A) (left normal gel (right) gel under UV light (254 nm). Lanes: Lad = protein ladder, BSA = free BSA,
1, 2 and 3 = BSA-Rups (triplicate). (B) CD spectra of free BSA (dotted line) and BSA-Rups (straight
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line). [BSA]=[BSA-Rups] = 10 uM, phosphate buffer pH 7.5 (80 mM). Mean residue ellipticity (MRE)

was calculated according literature.3?

The effects of the covalent attachment to the BSA scaffold on the photochemical
properties of Rups in the artificial BSA-Rups protein were analysed via various
spectroscopic techniques. First, the absorption and emission spectra of BSA-Rups
were recorded (Figure 5.4A). The absorbance was characterized by a maximum

max

(Aabs ™) at 455 nm, and the emission maxima (Aem™) was found at 604 nm, which
are both similar to those of free [Ru(bpy)s;]*" in similar conditions. However, in
similar conditions the emission intensity of free [Ru(bpy)s]** was found to be higher
than that of BSA-Rups (Figure AIV.5), suggesting some form of quenching. Second,
quenching of the ruthenium emission by the sodium persulfate electron acceptor’*
was studied by steady-state emission spectroscopy. The phosphorescence emission
at 604 nm was quenched by increasing concentrations of sodium persulfate (Figure
5.4B). The corresponding Stern-Volmer plot gave a Ksy value of 0.37 (Figure 5.4C)
and the lifetime of the excited specie *[BSA-Rups]** was long (t° = 0.73 ps), as
expected for a triplet excited state. In comparison with free [Ru(bpy)s;]* in similar
conditions (t° = 0.32 ps, Ksy= 15:1, Figure AIV.6), the protein scaffold appeared to
slightly increase the lifetime of the triplet excited state, while the Stern-Volmer
constant Kgyv was significantly lowered. From these values, the second-order
quenching rate constant, k,, was 0.5 and 40 M’'s' for BSA-Rups and free
[Ru(bpy)s]**, respectively, which highlight the slower diffusion of the sensitizer once
bound to the large protein molecule, Finally, the photostability of the BSA-Rups
conjugate was studied by following its UV-vis spectrum under blue light irradiation
(450 nm) in phosphate buffer pH 7.5 (Figure 5.4D). The visible part of the spectrum
remained constant but the UV absorption increased once the samples started to be
irradiated. To analyse further what happened, three blanks experiments were
performed: 1) Irradiation of free BSA, 2) Irradiation of free [Ru(bpy):]*" and 3)
irradiation of a 1:1 BSA: [Ru(bpy);]*" mixture (Figure AIV.6). No changes in the
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UV region for the samples containing free BSA or free [Ru(bpy);]** were observed.
However, for the sample containing the 1:1 BSA: [Ru(bpy):;]*" mixture a similar,
though slower evolution of the UV part of the spectrum, was observed. These results
demonstrated the binding of Rups to the BSA scaffold, which produced a light-

sensitive protein with light-harvesting properties, BSA-Rups.
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Figure 5.4. (A) Absorption (blue, left) and emission (red, right) spectra of BSA-Rups. Conditions:
[BSA-Rups] =20 uM, phosphate buffer pH 7.5 (80 mM), excitation at 450 nm. (B) Emission quenching
of BSA-Rups with increasing concentrations of sodium persulfate (Na,S;0g, 0-7 mM). (C) Stern-
Volmer plot of BSA-Rups quenched by sodium persulfate (Na,S,0Os). Conditions: [BSA-Rups] = 20
puM, [Na,S;05] = 0 to 7 mM, phosphate buffer pH 7.5 (80 mM), excitation at 450 nm. (D) Evolution of
the UV-vis spectrum of BSA-Rups under blue light irradiation. Conditions: [BSA-Rups] = 10 uM, 450
nm (18 mW), 25 °C, phosphate buffer pH 7.5 (80 mM).

5.2.2. O; evolution with artificial proteins: an artificial PSII

In Chapter 4, we reported an artificial enzyme constructed from carbonic
anhydrase and a ruthenium 6,6’-biscarboxylatobipyridine, BCA-Rul, that was
capable to catalyse water oxidation in photocatalytic conditions. Here, we mixed

BCA-Rul and the photosensitizer BSA-Rups to study the capacity of the resulting
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artificial protein-based system to promote the O evolution reaction (OER) under
blue light irradiation, using sodium persulfate as sacrificial electron acceptor (SEA).
Henceforth, BCA-Rul will be re-labelled as BCA-Ruwoc. As shown in Figure 5.5
(pink trace), the artificial protein BCA-Ruwoc (5 pM) was inactive in absence of
photosensitizer in the dark, showing there was no dark catalytic water oxidation
driven by peroxodisulfate. Nevertheless, when [Ru(bpy);]*" was used as
photosensitizer and was exposed to blue light for 120 min, BCA-Ruwoc was active
for water oxidation, producing ~4 pmol O (blue trace). When the free
photosensitizer was replaced by the artificial light-harvesting protein BSA-Rups the
system under light irradiation showed a comparable activity to the previous system,
producing ~3 pmol of O, in 120 min (red). In this experiment, a much lower
concentration of photosensitizer was needed (BSA-Rups = 20 pM), compared to that
used for the experiment with free [Ru(bpy);]*", which required 300 uM
photosensitizer. To compare the effect of BSA host of the photosensitizer Rups, the
photocatalysis was performed using the same concentration of BCA-Ruwoc (5 pM)
but a 20 uM concentration of free photosensitizer [Ru(bpy)s]*" (grey trace): in such
conditions O; evolution was lower (~0.5 pmol) than when using 20 uM BSA-Rups.
These results showed that BSA-Rups was a much better photosensitizer for this
system than [Ru(bpy);]*', leading to the suggestion that a protein—protein interaction
may take place between the two artificial proteins. This interaction might allow to
promote water oxidation at the low photosensitizer concentrations of the

photocatalytic system studied here.
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Figure 5.5. (A) O; evolution when a mixture of BCA-Ruwoc, [Ru(bpy)s](ClO4), or BCA-Rups, and
Na,S,03, were stirred in the dark (pink), or under light irradiation. Blue trace: [Ru(bpy)s;](ClO4),
concentration = 300 uM; grey trace: [Ru(bpy)s](ClO4); concentration =20 uM. Red trace: BCA-
Rups concentration = 20 pM. Conditions: total volume 3.5 mL, excitation wavelength 450 nm, 19 mW,
temperature 25 °C; phosphate buffer pH 7.5 (80 mM), SEA: [Na;S;05] = 2 mM, [BCA-Ruwoc] = 5
puM. Irradiation started at t = 0 min. Data fitted in OriginPro using Hill function. The black lines (white
for blue trace) represent averages over 2 independent measurements; errors (SD) are represented as
coloured bands. For raw data see Figure AIV.8. (B) Representation of PPI for O, evolution under light

irradiation in presence of SEA.

5.2.3 Studying the interaction between BSA- Rups and BCA-Ruwoc

In order to check this hypothesis, SDS-page gel electrophoresis was first used
to monitor the interaction between the artificial proteins BSA-Rups and BCA-
Ruwoc. As shown in Figure 5.6A, the gel showed a striking difference before and
after 120 min photocatalysis. After photocatalysis (Lane 4) the bands corresponding
to BSA-Rups were no longer visible, but a higher band at the top of the gel had
formed. We hypothesize that this new band at higher molecular weight (>200 kDa)
may correspond to an aggregated or cross-linked species formed during light
irradiation of the two proteins.**** To prove this, we studied the protein system in
presence or in absence of the free ruthenium complexes (Figure 5.6B). Initially, we
irradiated a sample containing BSA-Rups and BCA-Ruwoc in absence of sodium
persulfate. Upon irradiation, the band corresponding to BSA-Rups was not longer

traceable but a smear band with no clear appareance of higher molecular weight
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was detected (Lane 6 and 7). Afterwards, using blue light we irradiated samples
containing BSA-Rups and Ruwoc in presence of sodium persulfate (Lane 8 and 9).
After 2 h irradiation, the band corresponding to BSA-Rups disappeared and a smear
but no band at higher molecular weight as well. Then, we irradiated samples
containing free BSA and free BCA (no complex bound) in absence and in presence
of [Ru(bpy);](ClOs), (Figure 5.6C). When the photosensitizer was absent, no
changes in the SDS-page took place, which showed the same bands after 2 h
irradiation as before (Lane 10 and 11). In addition, when BSA was irradiated in
presence of BCA and the ruthenium photosensitizer, the band of BSA disappeared
and a new band at the top of the gel became present (Lane 12 and 13). To confirm
the formation of this band was due to the photosensitizer, a sample containing BSA-
Rups and free BCA catalyst was irradiated, after which the SDS-page showed the
formation of the same band at the top of the gel (Lane 14 and 15). Altogether, these
results demonstrated that the formation of a high molecular weight specie observed
in SDS-page is formed when both artificial proteins, BSA-Rups and BCA-Ruwoc
are present in the sample and due to the presence of SEA and the [Ru(bpy)3](C1O4).

sensitizer free or bound to BSA during light irradiation.
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10 11 12 13 1415 16 17
Figure 5.6. 7.5 % polyacrylamide semi-native SDS-page for PPI studies. For each gel image: On the
left is the picture of the gel taken using the software (See Experimental section) and on the right is the
picture of the gel placed over a glass under a 254 nm UV-lamp. (A) Lane 1: Ladder ; Lane 2: BCA-
Ruwoc dark; Lane 3: BCA-Ruwoc + BSA-Rups + SEA before irradiation (in the dark); Lane 4: BCA-
Ruwoc + BSA-Rups + SEA after irradiation; Lane 5: BSA-Rups dark. Conditions: [BCA-Ruwoc] =5
uM, [BSA-Rups] = 0.3 mM, SEA :[Na,S;0s3] = 2 mM, 450 nm, temperature 25 °C, phosphate buffer
pH 7.5 (80 mM). (B) Effect of BCA protein scaffold in PPI: Lane 6: BCA-Ruwoc + BSA-Rups in the
dark; Lane 7: BCA-Ruwoc + BSA-Rups after irradiation; Lane 8: Ruwoc + BSA-Rups + SEA dark;
Lane 9:Ruwoc + BSA-Rups + SEA after irradiation. (C) Effect of the photosensitizer in PPI: Lane 10:
BCA + BSA dark; Lane 11: BCA + BSA after irradiation; Lane 12: BCA + BSA + [Ru(bpy)3](ClO4)>
+ SEA dark; Lane 13: BCA + BSA + [Ru(bpy)3](ClO4)2 + SEA after irradiation. (D) Effect of Ruwoc
in PPI: Lane 14: BCA + BSA-Rups + SEA dark ; Lane 15: BCA + BSA-Rups + SEA after irradiation;
Lane 16: BSA-Rups dark; Lane 17: Ladder. Conditions: [BCA-Ruwoc] = 30 uM, [Ruwoc] =30 uM,

[BSA-Rups] = 60 uM, [Ru(bpy)s(C104),] = 60 uM, [BSA] = 60 uM, SEA:[Na,S,05] =2 mM, 1 mL
sample, 450 nm, temperature 25 °C, phosphate buffer pH 7.5 (80 mM). Samples were degassed during
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30 min with Ar before light irradiation. Stirring was set at 400 rpm. For irradiation a PhotoRedoxbox

setup was used (See Figure AIV.9).

The interaction between BCA-Ruwoc and BSA-Rups was also studied by
absorption spectroscopy. The evolution of the UV-vis spectrum of a solution
containing BCA-Ruwoc, BSA-Rups and sodium persulfate irradiated with blue light
for 2 h was recorded (Figure 5.7C). After irradiation, a band at 680 nm was formed.
We attributed this band to the formation of a Ru®" specie as result of photocatalytic
water oxidation.***% Two control experiments were performed: BSA-Rups and
sodium persulfate were first irradiated in absence of BCA-Ruwoc, and then BCA-
Ruwoc and sodium persulfate were irradiated in absence of BSA-Rups (Figure 5.7A-
B). For the first experiment, the spectrum clearly showed depletion of the metal-to-
ligand charge transfer (MLCT) absorption band at 450 nm of the ruthenium(II)
polypyridyl complex, suggesting the formation of an oxidized ruthenium(IIl)
photoproduct, which should absorb near 370 nm.*'*® This evolution was not
observed when BSA-Rups was irradiated in the same conditions but in the absence
of quencher. In such conditions no band at 680 nm was observed, showing that this
band only formed in presence of both artificial proteins in the irradiated mixture.
These results suggested that the formation of this band in the red region of the
absorption spectrum must be the consequence of a redox reaction involving the Ru
centers of both proteins, and that this reaction can only occur if BSA-Rups and BCA-

Ruwoc are close from each other.

168



A)es Q y 4
Z:: l * ‘ C) 1

BCA-Rup >

Absorbance

0.8
0.7

0.6

300 400 500 600 700 800
Wavelength (nm)

05

Absorbance

0.4

1 BCA-Ruyoc

03 Ru**

=
“

0.8 0.2
0.7 + ‘ 0.1
0.6

300 400 500 600
0.4 Wavelength (nm)

03 BCA-RII“-OC

0.1
oh 2h
0 a0 s e 700 s I

Wavelength (nm)

700 800

Absorbance
°
0

Figure 5.7. UV-vis evolution vs. time of the protein-based photocatalytic system. (A) BSA-Rups +
SEA, (B) BCA-Ruwoc + SEA, and (C) BSA-Rups +BCA-Ruwoc + SEA. BSA-Rups is represented
in green, BCA-Ruwoc is represented in pink and Na,S,0s is represented in yellow. Conditions: [BCA-
Ruwoc] =5 pM; [BSA-Rups] = 10 uM; SEA = [NaS,03] = 1 mM; phosphate buffer pH 7.5 (80 mM);
temperature 25 °C; 3.5 mL sample; 450 nm, 19 mW light source.

The probable interaction between BSA-Rups and BCA-Ruwoc was also studied
by DLS to see any potential change in the size distribution of the particles in solution
during photocatalysis (Figure AIV.10). The DLS spectra of samples containing
BSA-Rups, BCA-Ruwoc and sodium persulfate were measured before and after 2 h
blue light irradiation. In addition, the DLS spectra of each protein BSA-Rups and
BCA-Ruwoc were measured alone as reference. The average particle size from the
sample before irradiation (3.3 nm) increased by a factor 0.7 after photocatalysis (4.7
nm). This increment did not match the bands observed in the SDS-gel, which
suggested that the protein did not form very large aggregates. In view of this result,
the composition of the photocatalytic mixture was analysed by ESI-MS to see if a
higher molecular weight protein species was generated (Figure AIV.11). The
deconvoluted MS spectrum of the sample of BSA-Rups [20 pM] and BCA-Ruwoc

[5 uM] measured in presence of peroxodisulfate [S mM] before irradiation showed
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the signal of both proteins at 29026 and 67138 Da, respectively. As mentioned in
Chapter 4, in the conditions in which ESI-MS analysis was performed, i.e., acidic
conditions (presence of formic acid), the adduct BCA-Ruwoc was unstable,
promoting the protonation of the zinc-binding histidines and hence discoordination
of the specie Zn’'-Ruwoc, making undetectable BCA-Ruwoc by MS. In contrast,
after 2 h light irradiation the spectrum showed signals at 29900 and 70300 Da that
were slightly heavier. These signals might originate from the oxidation of the protein

residues by O produced during photocatalysis.

CD was then used to study the possible changes of the protein conformation
when mixing and irradiating both artificial enzymes. First, the spectrum of a sample
containing only BCA-Ruwoc was recorded as reference (Figure 5.8). The
concentration of BSA-Rups was then gradually increased from 0 to 40 uM and the
CD spectrum recorded for each concentration. The spectra showed an increased or
red-shifted band at ~230 nm and a depletion of the band at 210 nm, which
corresponds to the alpha-helical structure of the protein.*”*® To investigate whether
such effects may be due to the ruthenium complexes bound to the proteins (Rups and
Ruwoc), similar experiment was performed using free BCA and free BSA. The
results showed the same depletion of the bands at 210 nm and an increasing band at
~ 230 nm, which could be observed as a red shift of the 220 nm band. The
conformation changes upon mixing both proteins seem hence not to be due to the
presence of the ruthenium cofactors. This experiment was repeated using a fixed
amount of BSA-Rups and increasing the concentration of BCA-Ruwoc. A more
pronounce depletion of the bands at 210 and 220 nm was visible, showing decreased
signals related to a denatured protein. The free proteins BCA and BSA showed the
same trend. Overall, BSA and BCA were found to influence their conformation
when put together in a homogeneous aqueous solution, which proves that an

interaction occurs between both proteins.
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Figure 5.8. Evolution of the CD spectrum of: (A) BSA-Rups upon adding BCA-Ruwoc, (B) BSA
upon adding BCA, (C) BCA-Ruwoc upon adding BSA-Rups, (D) BCA upon adding BSA. The
concentration of the starting protein was fixed at 10 uM and the concentration of the added protein was
increased from 0 to 40 pM (see legend). Conditions: temperature 25 °C, phosphate buffer pH 7.5 (80

mM). Mean residue ellipticity (MRE) was calculated according literature.3

5.3. Discussions

Recent research of a system involving BSA and carbonic anhydrase (CA)
showed possible interaction between these protein in biological system.¥*
However, the role of BSA according to these reports is merely a transport of active
compounds towards their target, i.e., the active site of a specific isozyme of CA
(CAIX) related to tumours development. Currently there is no clear proof of the
interaction between these two proteins. So far, the BCA-BSA adduct and its possible
application for solar energy conversion has not been studied yet.

Here incorporation of a maleimide group in one of the diimine chelates of

[Ru(bpy)s;]*" allows for functionalizing BSA with Rups to produce a light-absorbing

artificial protein, BSA-Rups. The protein scaffold was showed to affect the
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properties of the Ru centre as it increased its phosphorescence intensity at 604 nm
and its lifetime from 0.3 to 0.7 ps.** In addition, the decrease in the quenching rate
constant k, upon conjugation to the protein backbone showed that the electron
transfer between the excited specie of the photosensitizer and the quencher, sodium
persulfate, is faster for free [Ru(bpy)s]*" than for the ruthenium sensitizer bound to
BSA, called BSA-Rups. This effect must be due to the hydrophobic environment
provided by the protein around the ruthenium complex. It also shows that BSA plays

an active role as a support for the photosensitizer.

Photocatalytic water oxidation was studied in a system containing two
ruthenium-based artificial proteins, BSA-Rups and BCA-Ruwoc, in presence of
sodium persulfate as sacrificial electron acceptor (SEA). The quenching of BSA-
Rups by the SEA in solution and the formation of O, suggested an interaction
between the two proteins may occur, as it is necessary for the oxidatively quenched
BSA-Rups species to come close enough to the catalyst BCA-Ruwoc to transfer its
hole there, so that the water oxidation reaction on the catalytic centre can proceed.
This interaction can be supported by the fact that at low concentration of
photosensitizer (20 uM), the O, evolution for the BSA-Rups conjugate was higher
compared to that using free [Ru(bpy)s]**, indicating that the protein units, BSA-Rups
and BCA-Ruwoc, interact once both in solution. This protein-protein interaction
could also limit charge recombination compared with the free photosensitizer
(Figure 5.9).***5 Furthermore, SDS-gel showed the formation of a high molecular
weight species upon irradiation. Similar results were obtained when free BSA and
BCA where irradiated in presence of [Ru(bpy);]*". Thus, this high-molecular weight
species clearly formed only in presence of the irradiated photosensitizer-SEA
mixture, suggesting that the oxidized Ru(Ill) trispyridyl intermediate, whether free
or conjugated to BSA, is responsible for its formation. Regardless the presence of
the photosensitizer or light, CD showed the influence of BSA in BCA conformation

and vice versa, supporting protein-protein interaction. Thus, in the full photocatalytic
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system protein-protein aggregation or oxidative cross-linking involving tyrosine
residues, was hypothesized.*> Moreover, in the ESI-MS deconvoluted spectrum, the
signals of the initial proteins (29000 Da and 67140 Da) were not visible but signals
that can be related to the oxidized species (29900 and 70380 Da). Additionally, no
other signals corresponding to high-molecular weight was visible in the
deconvoluted ESI-MS spectrum of the irradiated sample. DLS showed a slight
increase of the size distribution in the samples after photocatalysis. These results
indicated that a new species involving both proteins BSA-Rups and BCA-Ruwoc
formed during the photocatalytic process. However, it is still hard at this stage to

determine if this new species was due to cross-linking or aggregation.

The formation of the band at 680 nm was only observed during the light
irradiation of the system in the presence of the three components (SEA, BSA-Rups
and BCA-Ruwoc) indicating that there is formation of Ru**. The binding of Ruwoc
to the Zn*" centre indicated that the complex is deeply buried into the BCA pocket,
so that the formation of a dimeric or trimeric species while Ruwoc is bound to the
protein can be discarded.***” The formation of this specie was achieved by electron
transfer between the oxidized specie BSA-Rups™ and the catalyst BCA-Ruwoc,
which requires a form of proximity between the two Ru centres. However,
intervention of any protein residues in the electron transfer cannot be discarded.
Either way, this result suggests that the proteins also need to be close enough to
achieve such electron transfer (Figure 5.9)*"*. Time-resolved fluorescence studies
showed the effect of the protein-protein interaction in emission of Rups bound to
BSA (Figure AIV.12). The slight changes in the lifetime when the concentration of
BCA-Ruwoc increased, indicates not only the change of the environment of Rups
once bound to BSA scaffold but give indications of a permanent interaction between
proteins before light excitation (Figure 5.9). These results suggest that the
interaction of the protein do not depend on the diffusion but from the affinity between

them.
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Figure 5.9. Schematic representation of the effect of the protein scaffold during photocatalytic WO
reaction. (A) without protein scaffold and (B) with protein scaffold. x and y represent average distances

(long vs. short, x > y).

5.4. Conclusion

An artificial light-harvesting protein, BSA-Rups, was successfully prepared
by covalent conjugation of a ruthenium photosensitizer via thiol addition of the free
Cys34 of BSA to the maleimide group of Rups. Then, this artificial light-harvesting
protein was mixed with the BCA-Ruwoc catalyst described in Chapter 4, to develop
the first protein-based artificial photosystem II mimic composed of two ruthenium-
based artificial metalloproteins, BSA-Rups for photon collection and BCA-Ruwoc
for water oxidation catalysis. The performances of this system for O, evolution was

good even at very low concentrations in ruthenium, suggesting that protein-protein
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interaction may occur. This interaction was further studied using CD, UV -vis, time-
resolved emission spectroscopies, and SDS-page gel electrophoresis. Changes in
protein conformations, and the formation of new protein species after photocatalysis,
were observed. In addition, the proteins showed some form of interaction in the dark
also in absence of any ruthenium cofactor, indicating that a permanent protein-
protein interaction is taking place that is independent from the presence of the
ruthenium functional groups. More spectroscopic studies are needed to obtain
detailed information on the effects of the protein scaffolds on the electron transfer
rates and overall mechanism of water oxidation. However, this study paves the way
towards artificial enzyme-based photocatalytic systems capable of generating solar

fuels.

5.5. Experimental section
5.5.1. Synthesis of functionalized photosensitizer for protein labelling, Rups
The compound was synthetized according to the literature.”® [Ru(bpy).Cls]
(0.242 g, 0.5 mmol) and 1,10-phenanthrolin-5-amine (0.098 g, 0.500 mmol) were
dissolved in a 1:1 mixture of water (5 mL) and methanol (5 mL). After 12 h refluxing
under N> methanol was evaporated by reducing the volume to approximately 5 mL.
The product precipitated from the watery solution upon further addition of KPFs
(125 mg). The orange solid was separated by vacuum filtration and dissolved again
in a small amount (4 mL) of acetonitrile/water (2:1, v/v). The solution was purified
over a short column (G3 frit, inner diameter 2 cm, length 10 cm) with neutral alumina
90 (Brockmann activity I). Acetonitrile/toluene (2:1, v/v) served as the mobile phase,
with an increasing percentage of acetonitrile to finally reach an acetonitrile/toluene
ratio of 9:1 (v/v). The first red fraction was collected, and the solvent evaporated, to
obtain 73% yield for the amino intermediate I. In a second step, the obtained
intermediate I (320 mg, 0.356 mmol) and furan-2,5-dione (428 mg, 4.36 mmol) were
dissolved in DMF (3 mL). The solution was stirred at room temperature in the dark

for 3.5 h to promote the formation of maleic acid monoamide. CHCI; (100 mL) was
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added, and the mixture was refluxed overnight at 85 °C in a Dean—Stark trap. The
resulting solution was evaporated to dryness. The orange-red solid was kept in the

dark and heated to 120 °C in vacuo over 5 days to obtain Rups.

= | (PF¢), "H NMR (400 MHz, MeOD) 6 9.23 (dd,

NN N J=8.6, 1.1 Hz, 1H), 9.03 (s, 1H), 8.79 (d,

N | _N_ J=83Hz, 1H),8.75 (dd, J= 8.2, 1.1 Hz,

Ru
AN >y 0 2H), 8.60 (dd, J = 8.4, 1.2 Hz, 1H), 8.24
|

NN, L N (dd, J=52, 1.2 Hz, 1H), 8.23 — 8.16 (m,
B %

P 0 2H), 8.13 — 8.05 (m, 3H), 7.96 (dddd, J =

5.1,4.4,1.5,0.7 Hz, 2H), 7.88 (dd, /= 8.6,
5.2 Hz, 1H), 7.80 (dd, /= 8.3, 5.2 Hz, 1H), 7.67 (dd, J=5.6, 0.7 Hz, 1H), 7.58 (dddd,
J=28.0,5.6,2.5,1.3 Hz, 2H), 7.36 (dddd, /= 7.6, 5.7, 3.6, 1.3 Hz, 2H), 6.52 (d, J =
13.3 Hz, 1H), 6.20 (d, J = 13.3 Hz, 1H).*C NMR (101 MHz, MeOD) § 169.99,
167.04, 157.14, 152.50, 151.38, 150.98, 147.79, 145.11, 137.92, 137.55, 136.63,
134.63, 133.77, 132.18, 131.14, 130.18, 127.55, 126.61, 125.74, 124.33, 117.43,
114.87. HRMS: [M-2PF¢]*" calculated mass = 344.55502, detected mass =
344.55559; [M-2PFs+H,0]*" calculated mass = 353.56021, detected mass =
353.56046.

5.5.2. Conjugation of BSA and the photosensitizer Rups

A solution of BSA from Sigma Aldrich (A7906-50G) (132 mg, 1.98 umol ) in
phosphate buffer pH 7.0 (10 mL) was prepared (0.2 mM). A stock solution of Rups
(20 mg, 0.02 mmol) in dry DMF (1 mL, 20.4 mM) was prepared. The solution of
Rups was added to the solution containing the protein giving a total volume of 11
mL keeping DMF concentration lower than 10% and the sample was mixed
overnight in the dark at room temperature in a closed tube. After ~12 h incubation,
excess of Rups was removed using a Corning concentrator (3500 MWCO. 5000 rpm,
30 min). When the solution was approximatively 2 mL (top part of concentrator), 10
mL of phosphate buffer pH 7 (20 mM) was added and the sample was re-
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concentrated until ~2 mL. The concentrated solution of BSA-Rups + excess Rups
(top part of concentrator) was purified using a Hitrap desalting column (Sigma
Aldrich, 5 mL, GE17-1408-01 with phosphate buffer pH 7 (20 mM) to removes
excess of Rups. The sample was re-concentrated to a ~2 mL volume and the protein
concentration was measured using a Bicinchoninic acid kit (BCA protein assay kit)
from Bio-Rad (#5000116). The BSA:Rups ratio was analysed by ICP-MS. Aliquots
of 0.5 mL of protein solution were frozen with liquid N, and store in the freezer at -

80 °C for future use.

5.5.3. Lifetime emission measurements for BSA-Rups

A solution of BSA-Rups (1 mL, 10 uM) was prepared from a frozen aliquot
BSA-Rups (330 uM) which was thawed before use, and phosphate buffer pH 7.5 (80
mM). A stock solution of BCA-Ruwoc (208 nM) was thawed as well. The buffer of
BCA-Ruwoc was exchanged to phosphate buffer pH 7.5 (80 mM) using a Corning
concentrator (3500 MWCO), adding the buffer to the de-frozen solution, and
centrifuging the sample until the volume reached ~1 mL. This procedure was
repeated thrice. The protein concentration was measured using a BCA-kit. Samples
were then degassed before use using Ar bubbling for 30 min. For each solution
containing BSA-Rups and BCA-Ruwoc, the necessary volume from both protein
stock solution was taken, to reach the final concentration. For emission
measurements were performed with a F929 spectrometer from Edinburg instruments
using a Xe900 lamp as light source and R928P emission detector. Data was recorded
and processed using FS900 software. For lifetime measurements a Fluotime300
spectrometer (PicoQuant) was used, equipped with a PDL 820 Diode laser driver, a
PicoHarp 300 TCSPC module/picosecond event timer and a Picosecond Laser Diode

Head LDH-P-C-470. Data was processed using the software EasyTau and Fluofit.
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