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Abstract: The design and development of artificial metal-free
photoenzymes aims to combine the selectivity of enzymatic reactions
with the benefits of modern synthetic photocatalysts. Removing the
need for rare earth metals and allowing for milder reaction conditions,
leading to a more sustainable catalytic system. Here, we present the
design of a novel artificial photoenzyme by integrating an
organophotocatalytic moiety based on a donor-acceptor design into a
steroid carrier protein (SCP-2L). SCP-2L possesses a hydrophobic
tunnel facilitating substrate binding in aqueous media. The
photocatalyst was site-selectively bound to three SCP-2L variants,

possessing a non-native cysteine residue strategically placed aroupd
the hydrophobic tunnel of the protein. The three m??'b

photoenzymes were shown to be selective for the oxidation of o
sulfides giving up to 192 turnovers.

Introduction
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complex biomacromolecular structures and is a high
approach for developing efficient and sustainable catalysts
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Scheme 1. Protein scaffold with highlighted positions of non-native cysteine
variants A100C, V83C, and Q111C in combination with the bioconjugated
photocatalytic moiety. Image created using Mol* and 1IKT from the RCSB PDB
(rcsb.org).

Due to their versatility, fully organic metal-free photocatalysts
have found widespread application in photoredox reactions.]
Recent developments aim to modify these photocatalysts to
incorporate them into support materials to increase stability and
combine the material properties of the supporting material with
the photocatalyst. This has led to the development of various
novel photocatalytic systems, including artificial photoenzymes. 8!
The incorporation of a modified photocatalytic moiety into a
protein combines the advantages of a protein structure with
photocatalysis, developing a biocompatible, efficient, and
sustainable catalytic system.®! To control the active site
placement and structure the catalyst is covalently bound to the
protein, either through the usage of genetically encoded catalysts
or site-selective bioconjugation.’®*1% Recent example from the
groups of Green and Wu incorporated genetically encoded
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benzophenone into a Diels-Alderase and multidrug resistance
regulator LmrR, demonstrating enantioselective  [2+2]
cycloadditions.'"! Lewis and coworkers modified a prolyl
oligopeptidase protein with 9-mesityl-10-methylacridinium via
click chemistry and showed the photoenzyme was active in
sulfoxidation  reactions.'?  Nevertheless, the efficient
incorporation of photocatalytic moieties into proteins and the
overall development of bioconjugated proteins with precisely
engineered catalytic centers remains a significant challenge in
designing artificial enzymes.

Due to its ability to sequester substrates, the human steroid
carrier protein SCP-2L is an ideal scaffold for artificial enzymes.
SCP-2L possesses a single domain made from 120 amino acids
creating a hydrophobic tunnel, which allows for the uptake of
apolar substrates.'"! The hydrophobic tunnel holds suitable
positions for strategical positioning and introduction of non-native
cysteine residues while previously solved crystal structures show
that no structural changes occur due to the introduction of non-
native cysteine residues compared to the wild-type protein.['4
The incorporated photocatalytic moiety is based on a well-
established donor-acceptor design allowing for better charge
separation and an increased lifetime of the excited state. This
photocatalytic design based on an electron-deficient
benzothiadiazole unit allows control over HOMO/LUMO level
depending on the chosen donor and acceptor units.'® The 4,7-
diphenyl-2,1,3-benzothiadiazole core has found widespread
applications in conjugated frameworks,['® homogeneous
catalysis!'>'71 or through incorporation into classical polym

catalysing numerous light-driven photoreactions,

ers 48
inc\l’l
pollutant remediation,["® photooxidation,?’! cycloaddition, =

C coupling,!"®! and bromination.['"]
Here, we report the design of novel artificial photoen
integrating a photocatalytic 4,7-diphenyl-2,1,3-benz
moiety into the protein SCP-2L, with the photoc
bioconjugated at three unique cysteine residues wij
(Scheme 1). The resulting photoenzymes we,
LCMS, UV/Vis, and the photocatalytic activity of all
was investigated by selective oxidation of thioanisole.

Results and Discussion

To incorporate the photocatalytic u

proteins SCP-2L A100C, SC
(hereafter referred to as A1

and Q111C was chose
tunnel.['**! (Scheme 1) In
2,1,3-benzothiadiazole phot
reactive handl
bioconjugation,
proteins, three di

lyst into the protein scaffold a
roduced. To ensure a full

able 1). First, a vinyl-
st was synthesized with the goal of
thiol-ene type coupling.®® (Table 1
was detected with either cysteine
or V83C using blue lig | initiator VA-044.

Acrylamides are good Michael-acceptors and are commonly used
in medicinal chemistry as non-covalent inhibitors as they react
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selectively with cysteine.?*l A photocatalyst with an acrylamide
group was synthesized and reacted with all three SCP-2L variants
(Table 1 Entry 2). After optimization of the bioconjugation reaction,
stark differences in the incorporgiian yield depending on the
positioning of the non-native cyst jdue were observed.
V83C-2 was fully functionalized with t catalytic moiety
showing no double or non-modified prot: Figure S3).

Table 1. Synthesized photocatal

Photocatalyst V83C Al00C Ql11C

0 conversion was
observed"”!

<98%" <15%" <49%"™

<99%9 <99%™ <999

[a] 100 uM protein 1
37°C, overnight [b] 50
HEPES, 50 mM NacCl, 1

1 mM p er (50 mM HEPES, 50 mM NaCl, 10% DMF)
pH 8.5,
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Figure 1. Mass spectra of all three variants A100C, V83C, and Q111C before
and A100C-3, V83C-3 and Q111C-3 after bioconjugation via LC-MS.

However, A100C-2 and Q111C-2 could not be fully bioconjugated
and showed remaining non-modified protein (Figure 83). These
results demonstrate site-specific preferences assumingly due to
the steric hindrance of the protein scaffold surrounding the
cysteine residue. Interestingly the yield of modified Q111C-2 was
higher than for A100C-2, indicating an easy uptake of the
hydrophobic photocatalyst into the apolar protein tunnel. Instead
of opting for harsher conditions to increase the yield of the
bioconjugation, the reactivity of the functional group was
increased again. A photocatalyst with an iodoacetamide group
was synthesized and used for bioconjugation (Table 1 Entry 3).
A quick and efficient bioconjugation was observed using this
modified photocatalyst, leading to a complete modification of all
three positions within 60 minutes at room temperature. Due to the
replaced amino acids, all three variants possess slight differences
in their mass with A100C (13405 Da), Q111C (13349 Da), and
V83C (13377 Da), respectively (Figure 1; Figure S2). The mass
increases accordingly on the addition of the iodoacetamide
functionalized photocatalyst by 343 Da, to give the following
single modified photoenzymes A100C-3 (13748 Da), Q111C-3
(13691 Da), and V83C-3 (13720 Da). (Figure 1; Figure S4) The



resulting bioconjugated proteins were analyzed via LCMS,
showing no signs of non- or multiple modified proteins, and were
consequentially used for analysis via UV/Vis and photocatalytic
reactions.

The resulting bioconjugated photoenzymes (A100C-3, V83C-3,
Q111C-3) were first analyzed using UV/Vis-absorbance and
fluorescence emission spectroscopy (Figure 2). Due to the
different locations of the non-native cysteine residue and the
bound photocatalytic moiety, slight shifts in the absorbance and
emission are due to be expected. These shifts in the absorbance
and emission can be explained due to the differences in the
surrounding hydrophobic structure and neighboring amino acids
creating slight differences in the protein environment. Compared
to the non-conjugated protein, the bioconjugated photoenzymes
showed strong visible light absorbance under 470 nm and a
further peak in the UV range between 330-250 nm (Figures S5-
6). A clear absorbance peak shift was observed depending on the
position of bioconjugation. For example, A100C-3 had the lowest
absorbance peak at 393 nm, followed by Q111C-3 at 397 nm.
Over all three proteins, the absorbance shifted by 7 nm. Similar

WILEY-VCH

bioconjugated V83C-3 and 2,2,6,6-tetramethylpiperidine as
singlet oxygen trapping agent confirmed the singlet oxygen
formation upon irradiation, showing photoresponsive behavior
and indicating the possibility to pri te photocatalytic reactions
(Figure S19). Sulfoxides are a com ctional group in drug
molecules, finding pharmaceutical app in proton-pump
inhibitors or as an anti-inflammat selective
photocatalytic oxidation of ved in the
singlet oxygen.?”l Lewis
oxidation of thioanisole
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Entry Protein Absorbance Emission Stokes shift Excitation

1 Al100C-P 393 510 117 387
2 Qliicp 397 530 133 390
3 V83C-P 400 524 124 398

Figure 2. Absorbance and Emiss spectra of A100C-3, Q111C-3, and

Further the ph
photocatalytic moiet
through , density

ies of the synthesized
steine was investigated
theory (DFT) calculations.
O levels (-5.87/-2.67 eV) as well as
ate (1,79 eV) were calculated.
e formation of singlet oxygen in
Consecutive performed electron
resonance spectroscopy (EPR) using the

Highlighting the po
the photoenzymes.?
paramagnetic
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Figure 3. Photocatalytic oxidation of thioanisole; Conditions: Modified protein
10 pM, thioanisole 2 mM, MES buffer (MES 20 mM, 50 mM NaCl, 2% ACN) pH
6, blue light irradiation (460-465 nm) at room temperature; a) TON determination
after eight hours. Conversion rate determined via GC-MS (measured in triplets
S1.11-15)

binding site further (Figure 3; Figures $10-15). All three variants
show high selectivity, and the organic sulfide was selectively
oxidized to the sulfoxide showing no evidence for further oxidation
to the sulfone, reaching conversions of up to 96%. Interestingly it
was found that the position of the photocatalytic moiety in the
protein scaffold greatly affected the efficiency of the photoenzyme
(Figure 3). The kinetic study shows a typical decrease in the
conversion rate at higher yields, leading to near completion after
eight hours, with significant differences in the reaction rate. The
highest conversions were achieved by Q111C-3, which is
positioned in the center of the hydrophobic tunnel, and V83C-3,
with 95-96%. A significantly lower conversion can be observed



with A100C-3, which like V83C-3, is positioned at the entrances
of the hydrophobic tunnel (Scheme 1).

Although V83C-3 and Q111C-3 reach near full conversions after
8 hours, different reaction rates can be observed for all three
modifications within the first two hours, with V83C-3 having the
highest initial rate. A100C-3 has, compared to its counterparts,
the lowest initial rate combined with the lowest absorbance and
emission peak and the smallest stoke shift setting it apart from
V83C-3 and Q111C-3. Chiral sulfoxides are valuable
pharmaceutical targets, and can show differences in the
pharmacological activity depending on the stereo conformation.
The oxidized sulfoxide formed possess a chiral stereo center. We
therefore separated both stereoisomers via chiral HPLC but did
not observes any stereoselectivity (Figure $16). This matches the
previous observations by Lewis and Brustad who also did not
observe a stereoselective oxidation, presumably due to the
reaction mechanism depending on the formation of singlet oxygen.
[8c,12]

Lastly, the stability of the created artificial photoenzymes were
investigated. Six samples of V83C-3 were irradiated for up to 24
hours prior to the photocatalytic reaction to analyze the
photodeactivation and long-term stability of the photoenzyme.
Upon long irradiation small amount of precipitation occurred
which was removed though filtration before catalytic testing
(Figure S20). The photoenzyme shows a high stability, with
limited decreases in conversion only occurring after 8 hours of
irradiation. Even after 24 hours of irradiation a conversion of 74%
and a TON of 148 is still achieved (Figure $21).

Conclusion

In summary, we have produced a metal-free photo,
incorporating a donor-acceptor based organo
moiety into a modified SCP-2L protein sc
possesses a hydrophobic tunnel that we hypot
an advantageous property in combination with a p
moiety, resulting in a water soluble photocatalyst. Three
variants of SCP-2L with non-native cysteine residue, A10
V83C, and Q111C, were expressed and subsequently

the photocatalyst was analyzed

the yielded photoenzymes w

depending on the cys
lowest photocatalytic a

into SCP-2L ba
photocatalysis and

ctions for the synthesis of high-
value chemicals.

Experimental Section
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General Information; All chemicals were purchased from commercial
sources and used without further purification. Analysis of proteins and
modified proteins was performed via LC-MS(ES+) on a Waters Acquity I-
Class UPLC coupled to a Waters Synapt G2 HDMS and the results were
analysed via MassLynx V. 4.0. Yield rporation of N-(4-(7-phenyl

RF-6000 — Shimadzu using L.
were measured using a Bruker
respectively and analysed via Mes
performed on a Shimadzu
with a QP2010 ultra m
helium as carrier gas.
used to determine th
Chiral HPLC was m
Chiralpak IE 250mm,
spectroscopy wi
and was analy
performed using

ting at 500 MHz or 126 MHz
Gas chromatography was

using anisole as reference.
eries 1200 using a Daicel
HF/n-hexane 20/80. Mass

p/6-31+g(d). Frontier molecular orbitals
pictures were Avogadro. Electron Paramagnetic
Resonance spectroscopy was performed on a Magnettech Miniscope
MS200 spectrorpeter at room temperature, microwave frequency: 9.391

z, scan tim s. Photocatalytic reactions were performed using 24V

er bright tape, blue 460-465 nm, 18W, from Ultra LEDS. All graphs
igures were created using OriginPro 2019b, chemical structures were
in ChemDraw 20.1.

ification and expression: The mutagenesis, expression and

protein variants was carried out as previously reported.
[13,22]

General method for Bioconjugation: All protein variants were modified
after the same procedure. Purified protein was defrosted and taken up in
buffer (50 mM HEPES, 50 mM NaCl, 8.5 pH) to a concentration of
. 10 equivalents of 2-iodo-N-(4-(7-phenylbenzo[c][1,2,5]thiadiazol-
henyl)acetamide (stock solution: 10 mM in DMF) were added. The
tion was incubated in a thermoshaker (20 °C, 1h, 300 rpm). The
ppendorf was then centrifuged (12k, rt, 5 min.) twice, each time the
precipitate was discarded. The supernatant was filtered, centrifuged again
and then purified over a PD-10 desalting column (MES buffer 20 mM, 50
mM NaCl, 6 pH). If the solution volume exceeded the recommended
volume of the desalting column a centrifugation filter (10 kDa cut-off,
Amicon) was used to concentrate the solution and diluted again afterwards.
The final concentration was determined via a Bradford assay.[?8!

Photocatalytic oxidation: Modified SCP-2L protein (10 nmol) in MES
buffer (20 mM MES, 50 mM NaCl, 1 mL) at pH 6 is added to a glass vial.
The organic sulfide was dissolved in acetonitrile (100 mM) and 20 pL (2
umol) are added to the vial. The vial was capped and placed in the
photoreactor. The samples were irradiated with blue LED light (460-465
nm, 18 W) for a set time period. After irradiation, the solution was extracted
three times with DCM, dried over MgSOs and analysed via GC/MS.

Photostability test: Modified SCP-2L protein (20 nmol) in MES buffer (20
mM MES, 50 mM NaCl, 2mL) at pH 6 is added to a glass vial and irradiated
with blue light for up to 24 hours under room temperature. The samples
are filtered and 1 ml (SCP-2L 10 nmol) is used for photocatalytic testing.
The organic sulfide was dissolved in acetonitrile (100 mM) and 20 pL (2
umol) are added to the vial. The vial was capped and placed in the
photoreactor. The samples were irradiated for 8 hours under blue light,
extracted three times with DCM dried over MgSO4 and analysed via
GC/MS.



Synthesis: 4-phenyl-7-(4-vinylphenyl)benzo[c][1,2,5]thiadiazole (Tab.1
Entry 1) and N-(4-(7-phenyl benzolc][1,2,5]thiadiazol-4-yl)phenyl)acryl
amide (Tab.1 Entry 2) were performed and purified after previously
published procedures.[20-21

Synthesis of 2-iodo-N-(4-(7-phenylbenzo[c][1,2,5]thiadiazol-4-yl)
phenyl)acetamide: Phenylboronic acid (553 mg, 4.54 mmol, 1.00 eq.),
4,7-dibromobenzo[c][1,2,5]thiadiazole (2 g, 6.80 mmol, 1.50 eq.),
Pd(PPhs)4 (157 mg, 136 umol, 0.03 eq.), Na2COs (1.7 g, 15.96 mmol) were
added to a Schlenk tube and evacuated. Toluene (18 ml), ethanol (8 mL)
and water (8 mL) where degassed via nitrogen bubbling for 20 min. The
Schlenk tube was filled with nitrogen, the solvents were added and the
solution was vigorously stirred (90°C, 24h). After reaching room
temperature, the solution was extracted with dichloromethane and the
combined organic phases were washed with brine, dried over anhydrous
MgSOs4. Concentrated and the catalyst was removed over silica column
chromatography (PE/DCM gradient 4:1—0:1).

Step 2: The crude product from step 1 (330 mg), 4-(4,4,5,5-
tetramethyl-1,3,2-dioxaborolan-2-yl)aniline (270 mg, 1.29 mmol, 1.10 eq.),
Pd(PPhs)s (99 mg, 85.9 umol, 0.05 eq.), Na2COs (0.63 g, 5.95 mmol) were
transferred into a Schlenk tube and evacuated. 1,4-Dioxane(7.5 ml) and
H20 (3 mL) were degassed using nitrogen over 20 minutes. The Schlenk
tube was backfiled with nitrogen and the solvents were added. The
solution was stirred at 100°C overnight. The resulting mixture was
extracted with dichloromethane and the combined organic phases were
washed with brine (50 ml), dried over anhydrous MgSO4 and concentrated
using a rotary evaporator. The crude product was then purified by column
chromatography on silica gel (PE/DCM gradient 2:1 — 0:1). The column
was further pretreated with DCM / 5 vol.% TEA). The product was yielded
as red crystals. (191 mg, 0.63 mmol, 56 % vyield) In good reference to
previous reported results.?%

H NMR (300 MHz, CD2CI2) & 8.02 — 7.92 (m, 2H), 7.84 (d, 2H), 7.7
2H), 7.53 (t, 2H), 7.44 (t, 1H), 6.84 (d, 2H), 3.95 (s, 2H).

Step 3: To a dried Schlenk tube
benzo[c][1,2,5]thiadiazol-4-yl)aniline (100 mg, 330 pmol,
triethylamine (69 uL, 494 umol, 1.5 eq.) and dry THF (2 ml)
The solution was stirred at room temperature for 10 minutes
cooled to 0 °C. A stock solution of chloroacetyl chloride (39.
1.50 eq.) in dry THF (2mL) was prepared and slowly add
solution slowly changed color from red to yellow/brown

4-(7-phenyl-
1

Step 4: The starting materials
phenylbenzolc][1,2,5]thiadiazol-4-yl)phenyl)agetamide (113 mg,

with n-hexane. Yielding thg prod
=41 % yield over two ste]
"H NMR (500 MHz, DM
2H), 7.80-7.71 (m, 2H), 7.60
2H).

3C NMR (126 MHz, DMSO) 5 167,
129, 128, 128, 1
MS m/z: 268.9, 30

owder (65 mg, 138 pmol

0.52 (s, 1H), 8'
52 (m, 2H), 7.51

(m, 4H), 7.94 (s,
4 (m, 1H), 3.89 (s,

, 153, 139, 137,132, 132, 130, 129,

1, 347.0 471.9 [M+H]*, 473.7,

includes  'H/'®C-NMR,  mass-spectra,
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A metal-free artificial photoenzyme was designed based on the human steroid carrier protein (SCP-2L), which possesses a hydrophobic
tunnel and facilitates substrate binding. Three variants of SCP-2L jere bioconjated with a photocatalytic moiety and used for
selective oxidation of organic sulfides giving up to 192 turnovers de ing on t inding side of the photocatalyst.




