Open Access Article. Published on 05 2025. Downloaded on 01/03/26 02:10:33.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Materials
Advances

W) Check for updates ‘

Cite this: Mater. Adv., 2025,
6, 7355

¥ ROYAL SOCIETY
PP OF CHEMISTRY

MiniSOG as a biodegradable heterogeneous
photocatalyst for coupled
redox biotransformations
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Visible-light photocatalysis has emerged as a powerful strategy to drive chemical reactions under mild

conditions, often in tandem with biocatalysts to achieve one-pot cascades. In this work, we demon-
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strate that the photocatalytic flavoprotein miniSOG, originally engineered as a genetically encoded
singlet oxygen generator, can be repurposed as a heterogeneous photocatalyst. By immobilizing
miniSOG as cross-linked enzyme aggregates (CLEAs), we enable controlled in situ production

of hydrogen peroxide (H,O,) and NADH regeneration, facilitating both oxidative and reductive bio-

rsc.li/materials-advances transformations.

Introduction

Heterogeneous photocatalysts offer significant advantages over
homogeneous counterparts, such as simplified catalyst separa-
tion, improved catalyst recyclability, increased stability, and
reduced environmental impact owing to their solid-state
nature.'® Recent studies have explored various heterogeneous
photocatalysts, including titanium dioxide (TiO,),* graphitic
carbon nitride (g-C;N,),” conjugated porous polymers (CPPs),°®
and metal-organic frameworks (MOFs),” for applications such as
water splitting,® pollutant degradation,” and organic synthesis."
Despite these advances, biodegradable heterogeneous (organic)
photocatalysts have been relatively underexplored.

Recent research highlighted flavin-based photocatalysts as
particularly promising due to their versatility and bio-
compatibility."" In particular, flavin mononucleotide (FMN)
stands out among organic photocatalysts because its oxidised
form absorbs strongly at ~450 nm and, upon blue-light
excitation, funnels efficiently to a long-lived triplet that is both
a potent oxidant (E;~ 42V vs. NHE) and—after single-
electron reduction—a potent reductant (FMN /FMNH® =
—1.1 V). This bimodal redox behaviour lets FMN toggle between
one- and two-electron pathways in neat water, providing a
metal-free, recyclable alternative to Ru/Ir complexes;'? by repla-
cing the N5 atom with carbon (deazaflavins, dFl) and harvesting
a second photon, chemists have pushed the excited-state
potential beyond that of lithium metal [E(dFI*/dFI*7) = —3.3 V
vs. SCE] while retaining the parent cofactor’s green credentials.™
That versatility translates into a surprisingly broad reaction
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portfolio: free FMN mediates aerobic C-H oxygenation of alkyl
benzenes on oxide supports,'* drives visible-light [2+2] cyclo-
additions when tailored for energy-transfer catalysis,"> and,
in its super-reducing deazaflavin form, cleanly dechlorinates
electron-rich arenes under air."* Additionally, FMN’s ability
to generate reactive oxygen species (ROS) upon light activation
has been exploited in environmental applications, such as
the degradation of micropollutants in water treatment proces-
ses.'®'” Strategies for heterogenisation of flavins like embed-
ding FMN within porous organic polymers,"” inorganic parti-
cles (Si0,,'° Zr0,/Ti0,"*) or co-immobilization of free FMN and
enzymes onto porous materials,'® have been developed to
enhance its photostability, ensuring prolonged catalytic activity,
even in chemoenzymatic systems.

Beyond small-molecule catalysis, FMN’s role as a natural
cofactor in flavoproteins has been harnessed in photoenzy-
matic reactions. Enzymes such as old yellow enzymes (OYEs)
utilize FMN to achieve stereoselective transformations under
light irradiation, expanding the toolkit for asymmetric synthe-
sis.">?® Particularly interesting is the miniSOG; a small, 106
residue (14 kDa) FMN-containing protein initially designed for
singlet oxygen generation in correlative light and electron
microscopy.”’ miniSOG has been shown to undergo both one-
and two-electron reductions, demonstrating potential for
diverse catalytic reactions.”” Engineered miniSOGs, such as
the Q103V variant, have been reported to enhance photocata-
Iytic performance by extending the lifetime of its triplet excited
state, enabling effective photoreduction reactions involving
metal complexes such as Pt(iv) substrates.>® Notwithstanding
these very recent developments, miniSOG still remains primarily
an imaging tool for microbiological applications, with a limited
scope in its use as a photocatalyst.**
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By leveraging the inherent biodegradability and the versatile
photocatalytic capabilities of FMN, we envisioned that utilizing
miniSOG’s scaffold for heterogenization of the chromophore
could significantly enhance its practical applicability, stability,
and recyclability, thereby addressing critical limitations of
homogeneous systems.

Results and discussion
Preparation of miniSOG WT and Q103V mutant

The proteins were prepared in house as previously reported (see
Fig. S1 and S2), achieving a yield of ~30 mg L™" of purified
protein, in line with literature reported values.*

Singlet oxygen generation

To evaluate whether miniSOG can deliver synthetically useful
fluxes of singlet oxygen ('O,) in solution, we first carried out
photooxygenations under homogeneous conditions. Classical
0, reporters were chosen (Scheme 1): (i) a-terpinene, whose
conversion to ascaridole can be followed by 'H NMR,>® and
(i) triphenylphosphine (PPh;), which oxidises to triphenylpho-
sphine oxide and can be monitored by *'P NMR.?” Reactions
were performed in CDCl; containing 10% v/v D,O potassium
phosphate (KPi) buffer (pD 7.4, 50 mM) to extend the lifetime
(ta) of '0,, which is 20-25-fold longer in D,O than in H,0.>%*°
A fully aqueous test with the water-soluble substrate 2-furoic
acid, a recognised benchmark for 'O, oxidation, was run in
parallel (iii).>° Even under conditions designed to maximise 'O,
yield (0 °C, deuterated solvents, O,-sparging, 450 nm LEDs,
miniSOG = 5 mg mL™ ') no ascaridole, triphenylphosphine
oxide or 5-hydroxy-2(5H)-furanone could be detected within
the NMR limits of quantification. This outcome is consistent
with the low solution quantum yields reported for native
miniSOG (¥, ~ 0.03-0.06)*" and with structural studies show-
ing efficient quenching of its FMN triplet by the surrounding
protein matrix.>® Although engineered variants and cellular
contexts can enhance phototoxicity,®** our results indicate
that unmodified miniSOG is ill-suited for preparative 'O,
chemistry in homogeneous solution without further protein
or cofactor optimisation.

102 ?
—— o)
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i) PPh; ————  PhgP=0
O

Scheme 1 Attempts at use of miniSOG for photoinduced singlet oxygen
generation.
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Hydrogen peroxide and speroxide radical production

We then redirected our efforts to type-I electron-transfer photo-
chemistry (PS* to *0,, producing ROS), specifically the light-
driven formation of hydrogen peroxide (H,O,). A continuous,
micromolar-scale flux of in situ H,0, is especially valuable for
biocatalysis, because many peroxide-dependent enzymes (e.g.,
heme-thiolate peroxygenases) suffer rapid, irreversible heme
degradation when exposed to the millimolar peroxide boluses
typically added from a syringe, yet remain active if H,O, is fed
slowly and uniformly.>* We previously reported on the effi-
ciency and stability of a photobiocatalytic flow system which
could deliver brominations via an internally generated, steady
trickle of peroxide.® Similar “self-dosing” strategies have
proved crucial for unspecific peroxygenase cascades in which
photocatalysts, including flavin photosensitisers furnish only
as much H,0, as the enzyme can safely consume.>®™®

For the heterogenization of miniSOG, covalent attachment
of wild-type (WT) miniSOG to commercial epoxy- and amino-
activated beads was explored first, yet the preparations lost
fluorescence and activity quickly under irradiation (see Fig. S3
and S4). The Q103V mutant, whose triplet lifetime (~100 ps)
indeed boosts H,O, output in solution as previously reported,
proved equally impractical: the FMN cofactor detached during
metal-affinity chromatography and again when the protein
solution was reduced to achieve a concentration of ~5 mg
mL ' for downstream experiments, suggesting a weakened
chromophore interaction.

The weakened binding most likely arises because GIn103
promotes FMNs stability via H-bonding (Fig. 1(c)); its replace-
ment with hydrophobic residues such as valine or leucine
eliminates the non-covalent interaction, a drawback noted
previously for Q103V/L in other contexts.>**

These setbacks steered us toward the cross-linked enzyme
aggregate (CLEA) strategy, a carrier-free immobilisation con-
cept in which the target enzyme is (i) precipitated from a
concentrated solution so that the molecules cluster into nano-
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Fig. 1 CLEA preparation workflow that included (a) determination of ideal
precipitating agent and (b) glutaraldehyde (cross-linking) percentage (sec-
ond step). See Fig. S7. (c) Catalytic pocket of miniSOG, containing the FMN
chromophore.

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ma00861a

Open Access Article. Published on 05 2025. Downloaded on 01/03/26 02:10:33.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Materials Advances

to micrometre aggregates, and (ii) the resulting protein clusters
are covalently “locked” with a bifunctional reagent such as
glutaraldehyde, which forms Schiff-base bridges between surface
lysines.*!

Immobilising miniSOG as CLEAs would offer a carrier-free,
recyclable and biodegradable photocatalyst format that tightly
entraps the flavin in the protein matrix, while enabling straight-
forward recovery.*” Despite the fact that CLEAs have been
prepared for a variety of biocatalysts, no reports on the effi-
ciency of this strategy for small proteins like miniSOG has been
published to date. In particular, structural distortion (with
potential loss of the FMN) or minimal efficiency of the cross-
linking could be encountered due to the distribution of the six
surface lysine residues in miniSOG (SI, Fig. S5). We started our
CLEA optimization campaign with two critical parameters, pre-
cipitant selection, and cross-linker amount (Fig. 1(a) and (b)).

Precipitant selection

CLEA preparation begins with the precipitation of folded
protein (as opposed to inducing unfolding which would also
results in protein precipitation). Because miniSOG lacks a
routine activity assay, we monitored denaturation indirectly:
precipitation (200 uL, 5 mg mL ") was induced with 12 candi-
date agents at ~90% of their customary concentration; after
5 min, precipitates were redissolved by adding 1800 pL of buffer
(100 mM KPi pH 7.0) solution, centrifuged through a 10 kDa
filter, and FMN fluorescence in the filtrate (lex 450 NM/Zem
520 nm) quantified. Loss of FMN correlates with unfolding.
Ammonium sulfate (NH,),S0,—long regarded as the gentlest
salting-out agent for enzymes**—released virtually no FMN
(< baseline), whereas 1-propanol liberated ~90% of the chromo-
phore, making it the worst choice (Fig. 2(a)). PEG-400, methanol
and ethanol displayed intermediate effects. Thus, ammonium
sulfate (90% sat.) was adopted for all subsequent CLEA
preparations.

Reaction-medium engineering

Having established that 90%-saturated ammonium sulfate
cleanly precipitates holo-miniSOG without ejecting FMN, our
next priority was to tailor the reaction environment in which
these CLEAs operate. The composition of this reaction medium
governs the photoredox fate of the trapped flavin—especially its
propensity, under blue light, to divert electrons toward oxygen
and form superoxide. Triethanolamine (TEOA), a tertiary amine
commonly used in photocatalytic cycles,** boosted H,0, pro-
duction from 1.4 pM (KPi only) to 10 uM at 10 mM, but fell to
6 UM at 100 mM—consistent with donor-excess quenching of
excited FMN (Fig. 2(b)). Because superoxide dismutase (SOD)
catalyses O0,°~ — H,0, + O, near the diffusion limit (~2 x
10°M ' s "),** adding 1 U SOD in the system doubled the H,0,
yield to ~23 puM, confirming superoxide as the primary ROS
intermediate. These observations are in agreement with classi-
cal FMN photochemistry, where reduced flavins (by an electron
donor, like EDTA or TEOA) react with O, to form H,0, via
superoxide.*® Moreover, it has been proven that miniSOG not
only generates O,°, but it’s actually one of the primary ROS

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) Precipitant screen. (b) Reaction additive screen. (c) Glutaralde-
hyde dose optimisation. All data represent mean + SD (n = 3). H,O,
quantification determined by HRP/ABTS assay using a calibration curve
(Fig. S6).

that it produces, and, is able to diffuse out of the protein
structure into the surrounding medium.*”*®

Cross-linker optimisation

Aggregates were stabilised with glutaraldehyde (GA), the most
widely used bifunctional cross-linker in CLEA technology owing
to its low cost and broad reactivity with lysine e-amines.*®
Yet excessive GA can rigidify the protein matrix and throttle
mass transfer, while too little fails to lock particles together.*®
We therefore varied GA between 0.5 and 3.5% v/v. Photocata-
Iytic assays (Fig. 2(c)) revealed a clear optimum at 0.5% GA,
giving 100% relative H,O, output; higher loadings depressed
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activity, in line with literature reports that over-cross-linking
introduces diffusional barriers,”® while concentrations below
0.5% v/v did not lead to appreciable CLEA formation. It is also
noted that after crosslinking, the NaBH, reduction step is
crucial, as without it, the CLEAs degrade due to hydrolysis of
the imine bonds formed between glutaraldehyde and lysine
residues, and the FMN chromophore remains inactive. Conse-
quently, the unreduced, deep-orange material does not generate
detectable H,O, upon irradiation. Once reduced, the finalised
CLEA can be lyophilised and stored at —20 °C for at least one
month without loss of ROS-producing ability.

Characterization of miniSOG CLEAs

To confirm successful CLEA formation and understand their
structural features, we characterized the aggregates using Fourier
transform infrared spectroscopy (FT-IR), dynamic light scattering
(DLS), and scanning electron microscopy (SEM) (Fig. 3). IR spectra
of the CLEA (orange trace) compared to the pre-crosslinked
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precipitate (blue trace) revealed a persistent amide I band at
~1650 cm ™" and amide II at ~1540 cm™ ", suggesting successful
retention of protein secondary structure in the CLEA material.*>
Furthermore, significant increases in aliphatic C-H signals
(e.g. 2925-2850 cm™ ') from glutaraldehyde’s methylene groups,
confirm that the protein molecules are covalently interconnected
via glutaraldehyde. These features match typical CLEA spectral
fingerprints reported previously.”*>*

DLS analysis of suspended CLEAs revealed a broad particle
size distribution centred between 5-8 pm, far larger than the
native enzyme, indicating aggregation of many protein units
into each CLEA particle.

Such large sizes are common in CLEA preparations without
dispersants or co-feeders, where inter-protein crosslinking
leads to extensive agglomeration.>*>°

SEM micrographs further confirmed the aggregated mor-
phology: the CLEAs appeared as rough, porous clusters
composed of smaller, 4-8 um subunits (Fig. 3(c) and (d)), in
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Fig. 3 Physicochemical characterisation of miniSOG CLEAs. (a) FTIR spectra of precipitated miniSOG (blue) and cross-linked aggregates (orange).
(b) DLS size distribution showing aggregated particles (5-8 um). (c), (d) SEM micrographs revealing type /1l porous, spherical aggregates typical of protein

CLEAs. Scale bars: (c) 10 pm, (d) 2 pm.

7358 | Mater. Adv., 2025, 6, 7355-7364

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ma00861a

Open Access Article. Published on 05 2025. Downloaded on 01/03/26 02:10:33.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Materials Advances

agreement with the DLS observations. According to the classi-
fication by Sheldon et al.,”® these can be classified as composite
type I/type II CLEAs, with spherical subunits partially fused into
irregular, porous aggregates.

Together, the spectroscopic, hydrodynamic, and morpho-
logical evidence confirms successful conversion of miniSOG
into a covalently crosslinked, insoluble aggregate.

Evaluation of the system

Having established the conditions in which the miniSOG-
CLEA/TEOA/SOD gave the most constant sub-millimolar H,0,
flux (Fig. 2(b)), we explored whether the peroxide stream is
compatible with a peroxide-sensitive heme enzyme—an unspecific
peroxygenase (UPO)—and could drive a synthetically useful oxy-
functionalisation (Fig. 4(a)). As model substrate we chose 1H-
indole-7-carboxylic acid (1 mM), whose carboxylate renders the
indole core water-soluble, avoiding the mass-transfer limits
that affect the parent indole.’” Recombinant AaeUPO (10 uM;
heme-thiolate active site) was combined with 5 mg miniSOG-
CLEA in 100 mM KPi (pH 7.0) containing 10 mM TEOA and 1 U
SOD; the suspension (1 mL, 2 mL Eppendorf) was irradiated for
30 min with 450 nm (10 W, orbital shake 100 rpm) and then
analysed.

LC-MS revealed ~82% conversion of the indole after a
single 30-min light period (Fig. 4(b) and Fig. S8), and ~80%
of the product peak corresponded to the expected 3-oxindole
(m/z 177.0 [M + H]', Fig. S9), the most common mono-
oxygenation product for UPO-catalysed indole oxidations.®
Minor signals for dimeric or over-oxidised species—cross-
linked indoles routinely observed in UPO chemistry—were also
detected. By contrast, dark controls (no sv) or reactions lacking
the CLEA photocatalyst or the UPO protein gave <3%

a) 100 mM KPi, pH 7
10 mM TEOA
1 U SOD
10 uM rAaeUPO

CO.H miniSOG-CLEA (5 mg) CO,H
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Fig. 4 (a) Reaction scheme and conditions for the blue-light mediated

oxidation of 1 (1 mM) to oxindole 2 using rAaeUPO and in situ produced
H,O, from miniSOG-CLEA. (b) Recyclability test of the miniSOG-CLEA
photocatalyst.
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conversion, confirming that in situ peroxide formation is man-
datory (Fig. S10). Furthermore, the regioisomer of 1, 1H-indole-
6-carboxylic acid was also employed under otherwise identical
conditions, and the same outcome was observed; after 1 h of
irradiation, 100% conversion was achieved (Fig. S11).

Re-usability

After the reaction was complete the reaction mixture was
centrifuged, washed and the miniSOG-CLEA pellet was resus-
pended by addition of 1 mL of fresh reaction mixture for four
further 30-min cycles (identical conditions, Fig. 4(b)). Conver-
sion declined gradually from ~ 82% (cycle 1) to ~52% (cycle 5),
reflecting progressive but not catastrophic FMN bleaching
(as opposed to leaching); miniSOG is known to inactivate under
prolonged exposed to excess light via ROS promoted chromo-
phore destruction,>>° yet the CLEA material clearly tolerates
this effect. HPLC analyses of the clear supernatant after each
reaction showed only minor traces of leached FMN chromo-
phore, confirming that photobleaching is the main avenue for
catalyst degradation over time.

These observations demonstrate that the miniSOG-CLEA
platform supplies a UPO-compatible, self-metered H,0, flux,
enabling the successful oxidation of carboxy-indoles and pro-
viding a proof-of-concept for coupling miniSOG-CLEAs with
other peroxide-sensitive oxidations.

Oxidative system benchmarking

To benchmark the oxidative performance of miniSOG-CLEA we
compared its apparent quantum yield @,,, and photocatalyst-
normalised turnover frequency TOF with two representative
heterogeneous photocatalysts previously reported for visible-
light-driven UPO reactions (Table 1). MiniSOG-CLEA not only
gives the highest peroxide productivity per gram of catalyst
(Table 1, entry 1), but also exhibits the best photon economy in
the set outperforming Au-decorated TiO, nanoparticles (NP)
(Table 1, entry 2) and melon-type g-C3N, (Table 1, entry 3).
These results show that a biodegradable protein scaffold can
already match or surpass state-of-the-art inorganic supports,
while leaving room for further improvement through chromo-
phore engineering or light-management strategies.

NADH recycling

Beyond their utility as recyclable H,O, photo-generators, we
reasoned that miniSOG-CLEAs might also function as photo-
catalysts for NADH regeneration, an ever-present bottleneck
in nicotinamide-dependent biocatalysis.®® Our interest was
sparked by a 2019 report from Kinastowska et al. showing that,
under strongly alkaline conditions (pH > 10) and high trietha-
nolamine (TEOA) loadings (0.5-1 M), a range of heterogeneous
photosensitisers photo-oxidise TEOA to glycolaldehyde (GlyA);
GlyA then reduces NAD" to enzymatically active 1,4-NADH even
after the photocatalyst is removed and the lights are off.®*
TEOA thus could serve the dual role of sacrificial electron
donor and a precursor of the GlyA reductant. To verify that
miniSOG-CLEAs indeed photo-generate the glycolaldehyde
required for nicotinamide reduction, we quantified GlyA production

Mater. Adv., 2025, 6, 7355-7364 | 7359
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Table 1 Visible-light heterogeneous H,O, generators for peroxygenase reactions?

Entry PS Light source/time (h) H,0, (umol) Dopp (%) TOF (umol g ' h™)
1 MiniSOG-CLEA (this work) 10 W LED strip, 0.5 h 0.82 0.0012 330
2 Au-TiO, NPs 150 W halogen, 6 h 0.96 0.0011 32
3 g-C3N, powder 205 W halogen, 1 h 0.12 0.00028 24

“ Detailed calculations for deriving @, and TOF values can be found in SI, Page S27.

by repeating the trapping protocol of Yuehui et al.,” which consists
in reacting GlyA with 3-methyl-2-benzothiazolinone hydrazone
(MBTH) to generate its oxime-hydrazone adduct (MBTH-GlyA)
for subsequent UV and mass detection by LC-MS (Fig. 5(a)
and Fig. S12-S14). Under our adapted conditions (0.5 M TEOA,
NH,3/NH," buffer, pH 10.5, 30 min irradiation) the CLEA
suspension produced ~1.8 mM GlyA (Fig. 5(b)), consistent
with the 3-5 mM range reported for semiconductor photo-
catalysts.’" Moreover, "H-NMR analysis of the illuminated reaction
mixture (Fig. 5(b), D,O, 0.5 M TEOA, pD 10.5) revealed the clear
appearance of glycolaldehyde-specific resonance, a singlet at
0 9.56 ppm (1 H, -CHO), identical to a GlyA standard. These
signals are absent in both the dark control and the “no-CLEA”
control, confirming that they originate from the photo-induced
oxidation of TEOA mediated by miniSOG-CLEA.

An additional experiment confirmed that, after 30 min
irradiation of miniSOG-CLEAs at pH 10.5, the cleared reaction
supernatant reduced NAD"' to ~40% NADH within 1 h in the

a)
Q / / oH
B JH @N)_ NH @EN 'N=(_
® =N —_— =N H
OH S s>_
GlyA MBTH MBTH-GIyA
b) . :
i miniSOG-CLEA (5 mg)
NH3/NH4* buffer (400 mM, pH 10.5)
i hv (450 nm), 30 min l\/;%‘I;/H[()SMrglg)
iTEOA » GlyAi——2—"" 3 MBTH-GIyA
| i05M ] 1.8 mM
@ CLEA-miniSOG ||
@ GlyA neat o
© No catalyst A\, NN
- - P—
A\ n
1 (ppm)
C) Pre-irradiated (450 nm, 30 min) mixture
miniSOG-CLEA (5 mg), TEOA 0.5 M
NHa/NH,4* buffer (400 mM, pH 10.5)
NAD* > NADH
0.5 mM 0.2mM

Fig. 5 Photochemical generation of glycolaldehyde (GlyA) and NADH
using miniSOG-CLEA. (a) GlyA derivatisation with 3-methyl-2-benzothia-
zolinone hydrazone (MBTH) to give the UV-detectable adduct MBTH-GlyA
3. (b) GlyA formation: irradiation of miniSOG-CLEA (5 mg) in 0.5 M TEOA/
400 mM NH3/NH4* buffer (pH 10.5) for 30 min (450 nm) affords 1.8 mM
GlyA, quantified as MBTH-GIlyA. No GlyA is detected in dark or “no-CLEA”
controls. *H-NMR spectra of highlighted reaction products. Peak at ~8.5
can be attributed to miniSOG degradation. (c) The pre-irradiated mixture
(pre-NAD™ addition) reduces NAD* (0.5 mM) to enzymatically active NADH
(0.2 mM) within 1 h in the dark, confirming GlyA-mediated cofactor
regeneration.
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dark (Fig. 5(c)). These results corroborate that FMN is indeed
capable of acting as a photocatalyst for the production of GlyA.

Because this highly alkaline medium (optimal GlyA for-
mation is recorded at pH & 11.5) is too extreme for most redox
enzymes, we sought a compromise that still supports appreci-
able GlyA formation yet allows enzymatic turnover. Phenyl-
alanine dehydrogenase (PheDH) is an attractive test case: it
catalyses the NADH-dependent reductive amination of phenyl-
pyruvate in NH;/NH," buffer (ammonia source) at an optimum
pH of 9.5, while retaining more than half of its activity at pH
10.5.°*%" Adopting pH 10.5 in a TEOA/NH; system therefore
(i) keeps GlyA production within one order of magnitude of its
optimum and (ii) places PheDH within its activity tolerance
threshold, enabling the photogenerated GlyA to reduce NAD"
in situ and drive PheDH turnover (Fig. S15).

When PheDH (7 U mL™", as measured in these optimised
conditions) and phenyl-pyruvate (3) (2 mM) were added and
illuminated (450 nm light), > 60% of the starting material 3
was consumed to form r-phenylalanine within 30 min (Fig. 6(a)),
demonstrating an operational photo-enzymatic NADH-recycling
loop compatible with alkaline biocatalysts (Fig. S16). Upon blue

a) o PheDH
NH3/NH4* (400 mM, pH 10.5)
OH 30 min - OH
o ~ / \ NH,
8 NADH NAD* *
O Photogenerated GlyA
i O~
O/ OH
b) ..
1.6
=
[S

14 5%
1.2
P
40%
0.8
28% 29%
0.6 249%
0.4
0.2
0
1 2 3 4

5

m Amount of PhePyr converted m MBTH-GlyA amount formation

Fig. 6 Coupling photogenerated glycolaldehyde to PheDH-catalysed
reductive amination. (a) Reaction scheme. (b) Recycling study (five 30-
min irradiation cycles; 5 mg CLEA, 0.5 M TEOA, 0.2 mM NAD?Y, in 1 mL).
Blue bars: PhePyr converted (%) green bars: GlyA formed (mM, quantified
as MBTH adduct). Product formation parallels GlyA availability. No product
was detected in “no-light” or “no-CLEA" controls.
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light illumination, the miniSOG-CLEA produces glycolaldehyde
(GlyA), which reduces NAD' to NADH; the latter drives phenyl-
alanine dehydrogenase (PheDH) to convert phenyl-pyruvate 3
(2 mM) into 1-phenylalanine 4 in NH3/NH," buffer (400 mM,
pH 10.5, 30 min). In principle, the dialdehyde (glyoxal) that is
formed after GlyA is oxidised can then be a NAD" reductant on its
own. Furthermore, as with the oxidative system, we tested the
durability of the photocatalyst under these alkaline conditions; in
each recycling run we tracked both phenyl-pyruvate (PhePyr)
conversion and the amount of glycolaldehyde (GlyA) trapped as
its MBTH adduct (Fig. 6(b)). The two profiles correlate closely:
GlyA is generated at 1.7 mM in the first light period and falls
steadily to ~0.8 mM by the fifth, mirroring the drop in PhePyr
conversion from 62% to 29%. The slight rebound in cycle 5 (GlyA
~ 0.8 mM; conversion 29%) reflects the experimental scatter but
underscores that conversion is limited by the GlyA (and hence
NADH) pool rather than PheDH itself, whose specific activity
remains high at pH 10.5/NH; buffer. Control experiments con-
firmed that product formation requires all three components:
(i) irradiated CLEA, (ii) TEOA and (iii) PheDH—no product was
detected when light was omitted, or the atmosphere was replaced
with N,.

Finally, the used miniSOG-CLEA material was further char-
acterised with FT-IR and SEM to determine its physicochemical
condition after use. The former showed an identical spectrum,
with the key amide I and II bands remaining present (Fig. S17).
Furthermore, the SEM micrographs showed that the surface
morphology remained unaltered after five consecutive reaction
cycles (Fig. S18). This observation shows that the protein back-
bone of the material remains intact, and the inactivation of the
catalyst is indeed attributed to the photobleaching of the FMN
chromophore.

We also attempted a combi-CLEA in which PheDH was co-
precipitated (Fig. S19) and cross-linked with miniSOG, following
precedents for tandem CLEAs in oxidoreductase cascades.®>®®
Although the material formed readily, PheDH lost >95% activity
after cross-linking, likely due to glutaraldehyde modification of
its catalytic lysine, and no detectable product formed under
illumination. These observations emphasise that a two-
component set-up—photocatalytic miniSOG-CLEA plus freely
diffusing PheDH—is currently the most effective arrangement
for the GlyA/NADH relay.

To ensure that the low, steady-state H,0O, released by
miniSOG-CLEA would not compromise the reductive amination
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step, we conducted a separate experiment using PheDH with a
deliberately harsh peroxide load. The enzyme (7 U mL ™", NH3/
NH," buffer, pH 10.5) was pre-incubated for 60 min with 1 mM
H,0,—over twenty-fold higher than the x40 pM generated
photochemically in each cycle—then assayed in the standard
PhePyr — 1-Phe reaction. Residual activity was indistinguish-
able from an untreated control (<3% difference, n = 3),
indicating that PheDH tolerates peroxide levels well above
those present during the coupled process. Consequently, the
addition of catalase or other peroxide-scavenging enzymes,
often required in flavin-driven NADH systems, was unnecessary
in our set-up.

Taken together, the data demonstrate a clear stoichiometric
link between photogenerated GlyA, NADH availability and
product formation, and establish miniSOG-CLEA as a recyclable,
carrier-free photocatalyst that can power NADH-dependent
reductive biocatalysis under alkaline conditions.

Reductive system benchmarking

To situate miniSOG-CLEA within the broader NADH-photo-
regeneration landscape we assembled a concise comparison
of apparent quantum yields (®,,,) and catalyst-normalised
initial rates (TOF) against three representative heterogeneous
systems (Table 2). miniSOG-CLEA reaches ®,,, ~ 1 x 10°
(0.001%) and TOF ~ 80 pmol g~ * h™ ", values near those of the
conjugated organic polymer PHTT DMP and bulk g-C;N,
reported by Kinastowska et al.°" (Table 2, entries 2 and 3) and
substantially lower than the engineered visible-light TiO,@
g-C3N, core-shell catalyst of Dong Yang et al. (Table 2, entry 4).*
Notwithstanding its modest photon economy, miniSOG-CLEA
offers advantages unique to a biodegradable protein scaffold—
straightforward genetic tuning, facile removal from product
streams, and dual oxidative/reductive functionality—which
collectively justify further optimisation efforts.

Mechanistic pathway

With these experiments we have now exploited both branches
of the miniSOG (FMN) photoredox manifold (Scheme 2): (i) the
reductive leg, in which the FMN triplet oxidises TEOA step-wise
to glycolaldehyde (GlyA), and GlyA in turn delivers the two-
electron hydride required to convert NAD' into enzymatically
competent NADH, and, (ii) the oxidative leg, in which photo-
reduced FMN*™ transfers an electron to O, to give O,* /H,0,,
fuelling haem peroxygenase catalysis. To our knowledge this is

Table 2 Benchmark comparison of four heterogeneous NADH-photoregeneration systems

Reactor volume/catalyst ~ NADH formed TOF
Entry PS Hlumination and time loading (umol) Dopp (%) (mol g h™h)
1 MiniSOG-CLEA (this work) 450 nm LED strip, 30 min 1 mL, 5 mg CLEA 0.20 0.001 80
24 PHTT_DMP polymer® 400-700 nm lamp, 2 h 5 mL, 10 mg polymer 0.50 0.002-0.004 50
3¢ 2-C3N,°! 400-700 nm lamp, 2 h 5 mL, 10 mg g-C3N, 0.50 0.002 50
4bc TiO,@g-C;N, core-shell®” 405 nm LED, 1 h 4 mL, 5 mg composite 4.0 0.17 800

¢ @,pp and TOF were calculated based on experimental values. Detailed calculations can be seen at SI, Page S30. b P,pp value was provided directly

by the authors of the study. “ In addition to the composite catalyst, an electron mediator, [Cp*Rh(bpy)H,O]

facilitate electron transfer from TEOA to NAD".

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 2 Dual photoredox pathways of miniSOG's FMN: oxidative
branch (O, - H>0,) and reductive branch (TEOA — GlyA — NADH).
The TEOA — GlyA — NADH branch operates only under alkaline condi-
tions (this work: 0.5 M TEOA in NHs/NH,* buffer, pH 10.5, 450 nm
irradiation, 30 min). The oxidative branch (photo-reduced FMN — O,* "/
H,05) is run in neutral phosphate buffer as described in the text.

the first demonstration that an FMN photosensitiser can drive
GlyA formation from TEOA and propagate that chemistry into
a functional NADH-recycling loop (photochemical GlyA —
NADH — PheDH turnover). Conventional photobiocatalytic
systems usually harness only one half-reaction, the oxidation
of a “sacrificial” donor whose products are discarded, while the
complementary reduction channel remains unused.

By coupling both directions we achieve dual functionality
from a single, carrier-free miniSOG-CLEA catalyst: a controlled
H,0, source for oxidative enzymes and, under alkaline conditions,
a renewable NADH generator for reductive biocatalysis. This dual
exploitation of FMN photochemistry expands the toolbox of flavin-
based photocatalysts and showcases a rare example where the
oxidation products of the sacrificial donor are valorised rather than
wasted.

Conclusions

This proof of concept showcases that miniSOG has the
potential to be exploited as more than a mere cell deactivator/
fluorescent tag for microbiology studies and expand its applica-
tion scope into the realm of synthetic chemistry. We were able
to successfully use miniSOG in conjunction with other proteins
(UPO, SOD, PheDH), further highlighting its compatibility with
protein cascades. The miniSOG-CLEA is a recyclable hetero-
geneous photocatalyst: it retains activity over multiple reuse
cycles and activity loss is due to photobleaching rather than
leaching (the FMN cofactor remains entrapped), and stored
samples remain active. Unlike conventional inorganic photo-
catalysts (e.g., TiO,), here a single bioderived solid enables two
biocatalysis-compatible modes under visible light and in water:
(i) at neutral pH it delivers a controlled H,O, feed for oxidative
enzymes, and (ii) under alkaline conditions it photo-oxidizes
TEOA to glycolaldehyde, which drives NADH regeneration,
a functionality uncommon for inorganic materials. While its
ability to produce a relatively small amount of the desired

7362 | Mater. Adv.,, 2025, 6, 7355-7364
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species (H,0,, NADH equivalents), remains a barrier, this study
opens the road for further improvements, for instance by
genetic engineering (more photostable fluorescent proteins
etc), or more advanced reaction set ups. Continuous flow would
be a good candidate for such an endeavour, as preparative-scale
CLEAs have already been produced for lipases, showing that the
precipitation/cross-link cycle scales with the same equipment
used for routine enzyme processing.®® The resulting mechani-
cally robust aggregates can be pumped as slurries or packed
into transparent packed-bed columns, and illuminated.®®
Continuous-flow reactors have operated smoothly with such
CLEA formulations at litre-per-hour throughputs, demonstrat-
ing seamless integration of CLEAs into modern flow-chemistry
platforms.”®
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