This document is the Accepted Manuscript version of a Published Work that appeared in final form in Journal of Physical
Chemistry Letters 12(19) : 4504—4508 ( 2021), copyright © 2021 American Chemical Society after peer review and
technical editing by the publisher. To access the final edited and published work see https://doi.org/10.1021/
acs.jpclett.1c00802.

Enhancing The Photocatalytic Conversion Of Pt(IV)
Substrates By Flavoprotein Engineering

Juan Gurruchaga-Pereda,®® Virginia Martinez-Martinez,© Elena Formoso,*® Oksana
Azpitarte,®® Elixabete Rezabal,*® Xabier Lopez,®¢ Aitziber L. Cortajarena,*°f Luca Salassa*®®f

9 Donostia International Physics Center, Paseo Manuel de Lardizabal 4, Donostia, 20018,
Spain

b Center for Cooperative Research in Biomaterials (CIC biomaGUNE), Basque Research and
Technology Alliance (BRTA), Paseo de Miramon 194, Donostia San Sebastidn, 20014, Spain

¢ Departamento de Quimica Fisica, Universidad del Pais Vasco, UPV/EHU, Apartado 644,
Bilbao, 48080, Spain

d Kimika Fisikoa, Farmazia Fakultatea, Euskal Herriko Unibertsitatea UPV/EHU, Paseo de la
Universidad 7, Vitoria-Gasteiz, 01006, Spain

¢ Polimero eta Material Aurreratuak: Fisika, Kimika eta Teknologia, Kimika Fakultatea, Euskal
Herriko Unibertsitatea UPV/EHU, Paseo Manuel de Lardizabal 3, Donostia, 20018, Spain

f Ikerbasque, Basque Foundation for Science, Bilbao, 48011, Spain

ABSTRACT

Our recent work demonstrates that certain flavoproteins can catalyze the redox activation
of Pt(IV) prodrug complexes under light irradiation. Herein, we used site directed
mutagenesis on the mini Singlet Oxygen Generator (mSOG) to modulate the photocatalytic
activity of this flavoprotein towards two model Pt(IV) substrates. Among the prepared
mutants, Q103V mSOG displayed enhanced catalytic efficiency as a result of its longer triplet
excited state lifetime. This study shows, for the first time, that protein engineering can
improve the catalytic capacity of a protein towards metal-containing substrates.

Flavoproteins and flavoenzymes are capable of photocatalyzing the reduction of metal
complexes in the presence of electron donors.! Recently, we demonstrated that
flavoproteins such as NOX (NADH oxidase) enzyme and mSOG (mini Singlet Oxygen
Generator) converted Pt(IV) anticancer agents into their biological active Pt(ll) counterparts
(e.g. cisplatin) with remarkable turnover numbers (TONs) and frequencies (TOFs), including
in biological environments.?™ Key steps in the catalytic mechanism of these reactions are the
light-induced formation of the flavin triplet-excited state (3FL*) and its subsequent reductive
quenching by electron donors, which affords the flavin hydroquinone form (e.g. HFLY)
capable of reducing Pt(IV) substrates (Figure 1a).

Besides providing one of the rare examples of catalytic reactions that use metal complexes
as substrates,>® this unconventional chemistry has interest in the design of new strategies
for the (photo)activation of metal-based prodrugs and their application in
photochemotherapy.*’

Considering the spectacular results obtained by protein engineering in catalysis,®® we
wondered how modification of flavoprotein structures could affect their capacity to
catalytically transform Pt(IV) substrates and whether or not site-directed mutagenesis could



enhance their activation efficiency upon light irradiation. For this reason, we selected the
FMN-containing mSOG flavoprotein and investigated the catalytic performance of its Q103V,
Q50E and Q50W mutants with respect to the wild type (WT). mSOG is a suitable model for
this task since mutants of this protein and their photophysics have been thoroughly studied
for use in correlative light and electron microscopy (CLEM) and for 'O, sensitization

purposes.1o1°
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Figure 1. (a) General photocatalytic mechanism for the Pt(IV) prodrug activation by flavins; Ry = e.g.
ribityl, ribityl phosphate, R, = adenosine diphosphate ribose and R; = CH,CH,COOH (1) or CH; (2). (b)
mSOG’s molecular model based on the structure of iLOV protein (PBD ID: 6GPU). The backbone of
mSOG is shown as a yellow ribbon, FMN as blue sticks, and the amino acids in the mutation positions
in violet (Q50) and red (Q103).

The photophysics of Q103V mutant and its Q103L (SOPP, singlet oxygen photosensitizing
protein) analogue were previously investigated by several groups.'>'4'> The glutamine
residue in the 103 position has been suggested to form a hydrogen bond with FMN (Figure
1b), likely enhancing quenching of 3FMN* and formation of 0,"".1> Substitution of the Q
residue for an amino acid with an hydrophobic side chain such as valine or leucine proved to
increase significantly the 3FMN* lifetime and the overall capacity of mSOG to sensitize
10,.121%15 Q50E and Q50W are instead novel mutants that we generated based on the
proximity of the Q50 position to the FMN-containing pocket (Figure 1b), with the aim of
evaluating the effects of a negatively charged (glutamic acid, E, pKa 4.5) and a bulky aromatic
amino acid (tryptophan, W) on the catalysis. Furthermore, W is known to be optically active
and an excited-state quencher for flavins.'’



In order to test the capacity of the different mutants to catalyze the conversion of Pt(IV)
complexes, we employed the cisplatin prodrugs cis,cis,trans-
[Pt(NH3)2(Cl)2(02CCH2CH,CO2H),] (1) and cis, cis, trans-[Pt(NHs)2(Cl)2(02.CCH3s)2] (2), together
with NADH as electron donor (Figure 1a).

To the best of our knowledge this is the first attempt to engineer a protein for enhancing a
catalytic process involving the transformation of metal-containing compounds. These studies
may have key implications in biology as well as in the development of new technologies for
medicine.

Firstly, we characterized the photophysical and photochemical properties of the four mSOG
catalysts employing different optical methods and experimental conditions (Figure S1-S8).
The four proteins displayed absorption and emission profiles typical of the FMN
chromophore, with fluorescence lifetimes falling in the 4-5 ns range (Figure S1). The Q50W
mutant had the shortest fluorescence lifetime (4 ns) indicating that the W residue favors
deactivation of the 'IFMN excited state, which confirmed the expected coupling between W
and FMN from the design hypothesis. Transient absorption spectra for the mSOG mutants
and the WT showed the characteristic features of 3FMN, that is a negative band for ground-
state bleaching at 420-480 nm and a positive band at 550-750 nm, corresponding to the
absorption of the T1 state (Figure 2).%'® We determined the 3FMN lifetime in aerated
solutions by monitoring the mono-exponential decay of the triplet-triplet absorption at 720
nm (Figure 2 and Figure S2). Compared to mSOG WT (35 us), Q103V and Q50W mutants
showed triplet lifetimes (t7) that were significantly longer and shorter respectively (102 vs
1.8 ps). The dramatic t' reduction observed for Q50W can be attributed to electron transfer
processes involving the tryptophan and 3FMN moieties, including the formation of radical
pairs.1®'” Conversely, Q50E resembled the WT displaying a 3FMN decay of 31 ps. The lifetime
values obtained in this work for WT and Q103V are consistent with data previously
reported.t!
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Figure 2. Transient absorption spectra (Aex = 445 nm) and decays (t') of the triplet-triplet absorption
at 720 nm for mSOG WT and its Q103V, Q50E and Q50W mutants. All measurements were performed
in PB solutions (20 mM, pH 7, air-saturated) of the mSOG proteins.



Photostability is pivotal in the performance of a photocatalyst, hence we investigated the
behavior of the four mSOGs under light irradiation (460 nm, 6 mW-cm™) and different
experimental conditions. In oxygenated solutions, all samples showed a decrease in the
absorbance band at 450 nm, characteristic of FMN degradation (Figure S3 and S4).141>1819
The WT and mutants displayed rather similar photodecomposition rates at short irradiation
times (< 10 min), that is in the timeframe of the catalysis experiments (vide infra). When
exposed to blue light for longer time periods, a band at 600 nm was observed in the spectra
of the WT and Q50W, corresponding to the formation of an FMN radical (semiquinone). This
species is observed particularly in oxygen-free conditions where the 3FMN* can be efficiently
deactivated by electron transfer processes involving the mSOG amino acidic scaffold.*
Furthermore, after prolonged irradiations (ca. > 20 min), Q103V underwent
photodecomposition in @ more pronounced manner compared to the other mSOG forms.
Such result is consistent with the increased capacity of this mutant to produce *0, and other
ROS (especially 0,°7), as determined by indirect methods validated previously for mSOG
(Figure S5 and S6).1318

The formation of the FMN radical was more pronounced for all mSOG variants in the absence
of Oy (Figure S7), which acts as quencher of the FMN radical anion (FMN"®") to give 0,* via a
second electron transfer. Importantly, the FMN*~ rapidly disappeared when sample were re-
exposed to oxygen-containing ambient atmosphere. Concomitantly, the FMN-associated
band at 400-500 nm recovered almost completely, although this could be in part ascribed
to the formation of lumichrome.'> Among the mSOG proteins, Q103V and Q50W showed the
lowest formation of FMN®". In the case of the former, previous work demonstrated that
mutation of the Q103 position led to reducing the rate of electron transfer from the protein
to FMN.'*18 For the latter instead, the generation of FMN*7/Trp** radical pairs and back
electron transfer processes may explain the low intensity of the 600-nm band, as well as the
shorter 3FMN* lifetime observed by transient absorption.!” Notably, circular dichroism
spectra of light-irradiated mSOG variants showed that formation of the FMN radical did not
cause major changes in the protein structure (Figure S8).

Next, we evaluated how the photophysical and photochemical properties of the different
mSOG proteins impacted the catalytic transformation of complexes 1 and 2. Catalysis
experiments were run using PB solutions containing 25 pM mSOG (5% loading), 500 uM
Pt(IV) substrate and 1 mM NADH. The progression of the reactions in the dark and under
light irradiation was monitored by *H NMR as explained in the Supporting Information.
Initial control experiments confirmed that the substrate conversion was rather ineffective in
the dark (Figure S9 and S10) or without mSOG.? We detected no activity in the first hours
and only 20% of 1 and 60—-80% of 2 were transformed by mSOG WT and mutants after 48 h
in the absence of light. On the contrary, under light irradiation, the reactions were
considerably faster for both 1 and 2 (Figure 3, Figure S11 and S12). As summarized in Table
1, all photocatalysts practically achieved full conversion of the substrates within 5 min (1.8
J-em™), corresponding to turnover numbers (TON) of 20. In addition, experiments with
reduced photocatalyst loadings (0.1%) afforded TONmax values comprised between 610 and
738 within 30 min of light irradiation (Figure S13).
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Figure 3. Kinetics profiles for the photocatalytic conversion of 1 and 2 by mSOG variants. Reactions
were monitored by NMR and performed in PB solutions (18 mM PB, pH 7.0, 10% D,0) containing 25
UM mSOG catalysts, 500 uM 1 or 2 and 1 mM NADH.

Anyhow, as expected from the photophysical studies, Q103V displayed the highest catalytic
activity among all proteins. Already after 90 s of light irradiation, this mutant converted
approximately more than 80% of Pt(IV) substrate. For instance, in the case of 1, this
corresponded to 2.8- and 5.8-fold increase in the turnover frequency (TOF) compared to WT
and Q50W, respectively. Results also showed that Q50E behaved rather similarly to WT in
terms of catalytic efficiency (Table 1).

The long 3FMN* lifetime of Q103V is crucial for its enhanced catalytic activity since it favors
NADH-promoted reductive quenching,? which ultimately results in higher concentrations of
the flavin hydroquinone HFL", that is the active catalyst that converts Pt(IV) prodrugs in
cisplatin. It is also worth highlighting that the presence of Pt(IV) substrate and NADH did not
induce significant changes in the capacity of the proteins to undergo electron transfer
reactions and form the radical anion species (Figure S14 and Figure S15). Such finding
suggests that the protein quenching channel of 3FMN* is still active under the catalysis
conditions and competes with the substrate conversion.



Table 1. Turnover Frequencies (TOFs, min™t), Turnover Numbers (TONs), and conversion (Conv.)
Percentages for mSOG mutants catalyzed Photoactivation of 1 and 2 in the presence of NADH.

Complex  TOF (min™?) TON Conv. (%)  TONmax
WT

1 3.7+0.2 20 100 610

2 5.2+0.2 19 94 -
Q103Vv

1 10.4+0.7* 20 100 673

2 12.6+1.3* 20 100 -
Q50E

1 2.4+£0.7 20 100 738

2 3.710.1 20 100 -
Q50W

1 1.840.3 20 100 734

2 3.3+0.2 20 100 -

* determined at 79-94% substrate conversion (90 s of light irradiation)

We gained further insights by performing dynamic molecular simulations of the WT, Q103V
and Q50W bearing the FMN in its oxidized form. All mSOG variants showed rather similar
structure and FMN-protein interaction pattern, with the isoalloxazine ring and ribytil chain
of the FMN buried in the protein binding pocket, leaving the phosphate group accessible
through an entrance channel. Overall, during the simulation, the residue in the 50 position
(Q or W) alternated between two conformations (Figure S16 and S17), being oriented either
towards the interior of the channel (“closed”) or outwards (“open”). None of these two
conformations appeared able to hinder the passage through the channel in the case of
Q103V or WT, hence suggesting that the higher catalytic activity of such mutant compared
to WT could be ascribed exclusively to the 3FMN* excited state properties and the lack of
guenching from the residue in position 103.

Conversely, few differences were observed in the case of Q50W. Although the entrance
channel of this mutant remained open during most of the simulation (contrary to Q103V and
WT), its “closed” conformation was more hindered, due to the bulky nature of the W residue.
More importantly, we observed that the non-polar nature of the W side chain reduced the
diffusion of charged particles such as Na* ions through the channel to the FMN phosphate
group, even in the open channel conformation (Figure S18). The finding indicates that this
residue establishes attractive interactions enabling the access to the phosphate group in
FMN. Similar behavior should be expected for other charged or polar molecules, i.e. Pt(IV)
substrates or NADH, inferring that the lowest catalytic activity of Q50W might not only be
linked to its excited state features but also to a less efficient entrance channel.

In conclusion, our proof-of-concept study demonstrates for the first time that site directed
mutagenesis can be employed to alter and enhance the catalytic activity of flavoproteins in
artificial reactions involving metal complexes as substrates. Such a result was principally
achieved by tuning the mSOG photophysics properties via protein engineering. Moreover,
we envision that far greater improvements could be accomplished introducing structural
modifications in flavoproteins that are capable of influencing substrate binding and product
release steps of catalytic reactions. Currently, we seek to reach such goals by tailoring
flavoenzymes that have higher structural and functional complexity than mSOG.
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