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Light-Driven NADPH Cofactor Recycling by Photosystem |

for Biocatalytic Reactions

Hitesh Medipally,” Alice Guarneri,” Lars Pospisil,”> Maurice C. R. Franssen,

[b]

Willem J. H. van Berkel,” Caroline E. Paul,*¥ and Marc M. Nowaczyk*™ ®

Biocatalytic asymmetric reduction of C=C and C=0O bonds is
highly attractive to produce valuable (chiral) chemicals for the
fine and pharmaceutical industry, yet occurs at the expense of
reduced nicotinamide adenine dinucleotide coenzyme NADPH
that requires recycling. Established methods each have their
challenges. Here we developed a light-driven approach based
on photosystem | (PSI) by mimicking the natural electron
transfer from PSI via ferredoxin (Fd) towards ferredoxin NADP*
reductase (FNR) in vitro. Illumination with red light led to

Introduction

Biocatalysts display exquisite efficiency, chemo-, enantio- and
regioselectivity to synthesize a wide variety of chemicals under
mild and economically sustainable conditions. Oxidoreduc-
tases are one of the industrially most important classes of
enzymes after hydrolases, and amount to approximately one-
third of the reported enzymes in the BRaunschweig ENzyme
DAtabase (BRENDA).” Many relevant in vitro oxidoreductase-
catalyzed reactions require the continuous supply of nicotina-
mide adenine dinucleotide NAD(P)H as reductant and its
recycling due to cost and stability.”! Over the last decades
enzymatic, electrochemical, and photochemical recycling sys-
tems have been developed,” with the enzymatic approach
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reduction of NADP* to NADPH with a turnover frequency of
2.55s' (>9000 h™") at pH 7.5. Light-driven NADPH regenera-
tion by PSI-Fd-FNR was coupled with three oxidoreductases for
asymmetric reduction of C=C and C=0 bonds, reaching up to
99% conversion with a turnover number of 3035, and retaining
enantioselectivity. This study demonstrates the capacity of a PSI
system to drive continuous NADPH-dependent biocatalytic
conversions with light.

being favored. The most commonly used NAD(P)H recycling
enzymes in laboratory or industrial scale include NAD- or NADP-
dependent oxidoreductases such as glucose dehydrogenase
(GDH), glucose-6-phosphate dehydrogenase (G6PDH), formate
dehydrogenase (FDH), phosphite dehydrogenase (PTDH), alco-
hol dehydrogenase (ADH), and hydrogenase (Hyd). Some of
these recycling systems have poor atom efficiency: GDH,
G6PDH, or display low activity: FDH, PTDH, and Hyd." Moreover,
few enzymes are naturally NADP-dependent such as GDH,
G6PDH and specific ADHs, limiting the pool of options for
NADPH regeneration.

In contrast, the photosynthetic electron transport chain in
cyanobacteria, algae and plants acts as an excellent platform for
sustainable and efficient NADPH recycling, with water used as
the primary electron donor.” Despite this advantage, its
dependency on light for growth, a limited substrate scope due
to the selective membrane barrier and low production rates
make the in vivo photosynthetic system inefficient compared
with other optimized heterotrophic production systems.*®” In
photosynthetic electron transfer, photosystem | (PSI) acts as a
light-driven electron pump, which is reduced by plastocyanin
(PC) or cytochrome ¢, (Cytcs), and which provides electrons for
NADPH recycling via ferredoxin (Fd) and ferredoxin NADP™*
reductase (FNR). The ultimate electron source for this process in
the natural system is the water-splitting activity of photo-
system Il (PSIl). Here, we developed the proof-of-concept for a
light-driven in vitro system for NADPH recycling by coupling of
isolated PSI® Fd,”” FNR,"” with three different oxidoreductases
(Figure 1).

Our recycling system was assembled by artificial reconstitu-
tion of the photosynthetic electron transport chain in vitro, thus
mimicking the cathodic half-cell reaction of natural
photosynthesis."" In the PSI-driven biocascade, the difference
in reduction potentials (E,) of the used compounds provides a
paradigm for sequential electron transfer (Figure 2a). NaAsc (Ey:
+0.078 V vs. a standard hydrogen electrode SHE) is used as a

© 2023 The Authors. ChemCatChem published by Wiley-VCH GmbH
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Figure 1. Light-driven NADPH cofactor recycling by PSI-Fd-FNR for redox
biocatalysis. NaAsc: sodium ascorbate, DCPIP: dichlorophenolindophenol,
PSI: photosystem | (PDB: 1JBO), Fd: ferredoxin (PDB: 5AUl), FNR: ferredoxin
NADP " reductase (PDB: 1GJR), NADP ': nicotinamide adenine dinucleotide
phosphate, NtDBR: Nicotiana tabacum double bond reductase, actKR: actino-
rhodin ketoreductase from Streptomyces coelicor, LbADH: Lactobacillus brevis
alcohol dehydrogenase.

sacrificial electron donor, and DCPIP (E,: +0.228 V vs. SHE) acts
as an electron mediator to PSI. Light-driven charge separation
within PSI generates a strong reducing potential (E,;: —1.3 V vs.
SHE), thus enabling electron transfer to Fd (E,: —0.43 V vs. SHE)
via the terminal 4Fe-4S cluster (Fg) of PSI. The single electron
carrier Fd donates two electrons, one at each time to the FAD
cofactor (E,: —0.38 V vs. SHE) of FNR, for the full reduction of
NADP* to NADPH.

Similar PSI-driven biocascade reactions have been reported
previously as classical photoreduction assays for FDH,"" FNR,['?
and Hyd."” Here we extended the scope of a PSl-biocascade
and explored its ability as an NADPH recycling system. Three
different oxidoreductases were coupled to demonstrate NADPH
regeneration with PSI-Fd-FNR for asymmetric C=C and C=0
reduction: i) Nicotiana tabacum double bond reductase (NtDBR,
EC 1.3.1.102), which reduces trans-cinnamaldehyde 1a to
dihydrocinnamaldehyde 1b;" ii) actinorhodin ketoreductase
from Streptomyces coelicolor (actkKR, EC 1.1.1.184) that converts
1-decalone 2a to 1-decalol 2b;"™® and iii) alcohol dehydrogen-
ase from Lactobacillus brevis (LbADH, EC 1.1.1.1)" to reduce
acetophenone 3a to (R)-phenylethanol 3b (Figure 1).
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Figure 2. a) Schematic representation of electron transfer in the PSI-Fd-FNR cascade. Midpoint potential values are according to literature references vs.
SHE;">'" b) pH-dependent production of NADPH by the PSI-Fd-FNR cascade. Conditions: 0.57 uM PSI (50 pg chlorophyll (Chl), 1 uM FNR, 4 uM Fd, 3 mM
NADP*, 100 mM NaAsc, 0.8 mM DCPIP, buffer (black: 50 mM: MOPS-NaOH pH 7.0; red: 50 mM Tris-HCI pH 7.5; blue: 50 mM Tricine buffer pH 8.0+ 3.0 mM
NaCl +0.03% n-dodecyl-B-maltoside, red light (A=685 nm, 500 pmolm?s™"), 100 rpm, reaction volume 1 mL. ¢) Influence of molecular oxygen on NADPH
production by the PSI-Fd-FNR cascade. NADPH production was monitored in aerobic (yellow line) and oxygen-free (blue line) conditions over time (0 to 6 h).
Conditions: 0.57 uM PSI (50 pg Chl), 1 uM FNR, 4 uM Fd, 3 mM NADP™, 100 mM NaAsc, 0.8 mM DCPIP, Tris-HCl buffer pH 7.5, red light (A=685 nm,

21

500 umolm™s
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), 100 rpm, 1 mL reaction volume, 25 °C. All experiments were performed in triplicate, error bars represent standard deviation.
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In nature, PSl is embedded in the thylakoids, exposing one
side of the complex to the basic stromal pH and the other end
to the acidic luminal pH. The pH of the chloroplast lumen varies
in the range of 5.8 to 6.5 under moderate light conditions. On
the other hand, the stromal side pH is in the range of 7.8 to
8.0, which makes it difficult to predict the optimal pH
conditions for NADPH production in vitro. Therefore, we
monitored the light-driven NADPH generation capacity of
PSI-Fd-FNR at different pH conditions by measuring the
concentration of NADPH at various time intervals over 6 h
(Figures 2b, S3, S8 and S9).

The reduction rate of NADP* to NADPH at pH 7.0, 7.5 and
8.0 were determined to be 1.51, 1.73, and 1.17 mM/h,
respectively, with the best turnover frequency (TOF) of 2.55 5™
(9180 h™") at pH 7.5. A rapid increase in NADPH concentration
was observed in the initial 30 min of the reaction, especially at
pH7.0 and 7.5, and slightly slower at pH8.0. The small
differences in the initial rates can be attributed to the different
pH dependencies of the individual electron transfer steps in the
cascade. The interaction of Fd with PSI is mainly entropy driven
and therefore less affected by pH,"” whereas the interaction of
PSI with its natural electron donors, PC, and Cytc,, is driven by
hydrophobic and electrostatic interactions with an optimum at
acidic pH.”” However, the artificial electron donors NaAsc and
DCPIP behave differently in the in vitro cascade. DCPIP is in a
reduced state (DCPIPH,) due to the presence of excess NaAsc
(100 mM). The lack of net charge and the aromatic nature of
DCPIPH, make it also a potential candidate for hydrophobic
interaction with the donor site of PSI. NaAsc itself is known to
donate electrons to the PSI donor site very slowly in its
deprotonated state.'”? Thus, all electron transfer reactions in
the system are mainly based on hydrophobic interactions,
which explains the minor influence of the pH, with an optimum
at pH 7.5 (see also Figures S1 and S2 for detailed information
on electron transfer steps and protein-protein interactions
within the biocascade).

Once the optimal pH was determined, we tested the
influence of molecular oxygen on the PSI-Fd-FNR biocascade.
Both the electron donor NaAsc and NADP™ are relatively stable
in the presence of O, but other components such as PS|,"”?
Fd,?" and FNR2? are known to produce reactive oxygen
species. To avoid these side reactions, all PSI-Fd-FNR bioconver-
sions were performed in an O,-free environment (<10 ppm)
(Figure 2c). However, to investigate the effect of O, on NADPH
production, PSI-Fd-FNR was also exposed to air (pH 7.5, ordinary
laboratory conditions) and the results were compared to a
measurement in an O,-free environment (Figure 2c). Interest-
ingly, there was no significant difference in the initial rate of
NADPH production in both reaction conditions. This indicates
that the electron transfer between PSI, Fd, and FNR is highly
streamlined due to the high concentration of O, in the natural
system, which is in agreement with previous results.”

The streamlined electron transfer can be explained by fast
electron transfer within PSIL?¥ a higher second-order rate
constant of the interaction between PS| and Fd compared to
0, which are 35x108M's" and 75x10*M's,
respectively,” and a higher second-order rate constant of the

ChemCatChem 2023, €202300821 (3 of 7)

interaction of Fd with FNR (6.2x 108 M~"'s™"),!"? which is faster
than the re-oxidation of Fd by dissolved 0,.?" As a result, this
streamlined electron transfer prevents interference by O, in the
presented PSI-Fd-FNR cascade. On the other hand, upon longer
incubation under aerobic conditions, a faster decrease in
NADPH concentration was observed than in the absence of O,
(Figure 2c).

FNR is known to have a reversible function and can also
oxidize NADPH in the presence of an electron acceptor.?? In
the PSI-Fd-FNR system, Fd,,”® DCPIP.,*” and O, could play
such a role, however DCPIP,, is short-lived due to the
immediate reduction by NaAsc®® and Fd,, is expected to be
rapidly reduced by PSI. Thus, the stronger decline in NADPH
concentration under aerobic conditions might be related to the
NADPH oxidase activity of FNR, which includes the reaction of
O, with the reduced flavin adenine dinucleotide (FAD) cofactor
of FNR. Additionally, the decreases in NADPH concentration
could be due to the decomposition of NADPH over time. The
faster decline in NADPH concentration was observed at pH 7.0
and pH 7.5 compared with pH 8.0 (Figure 1b), indicating that
the NADPH decomposition is pH dependent.”” The comparison
of PSI-Fd-FNR-mediated NADPH generation with other com-
monly used enzymes demonstrates the applicability of our
approach (Table 1).

PSI-Fd-FNR outperformed the turnover number of FDH and
PTDH by two to four-fold. Additionally, PSI-Fd-FNR clearly
excelled over other light-driven NADPH recycling systems,
which are based on FNR quantum dot fusions (FNR-QD),** and
a graphene-based photocatalyst with a [Cp*Rh(bpy)Cl]* com-
plex (Graphene photocat-Rh)®* (Table 1). Also the turnover
number (TON) of PSI-Fd-FNR, calculated based on 1h time
points, was determined to be 3035, indicating the robustness of
the system. With a series of optimizations, the NADPH
generation capacity of PSI-Fd-FNR could be further improved,
e.g. by optimizing the stoichiometry of PSI, Fd and FNR, as well
as by improving the rate of the individual electron transfer
steps. The rate constant for DCPIPH, mediated reduction of the
oxidized P, reaction center of PSI under continuous illumina-
tion was reported to be 1.9x 108 M™'s™" at pH 8.0 with methyl
viologen as the final electron acceptor,” which is less than the
rate constant of Fd reduction by PSI (as mentioned above) and
clearly the rate-limiting step in electron transfer of the system.
Additionally, the electron transfer rates of DCPIPH, and NaAsc
are diffusion limited. Thus, isotropic immobilization of PSI on an
electrode surface and efficient electronic coupling by redox-
active hydrogels, as shown previously,*® may also improve
electron donation to the PSI-Fd-FNR cascade.

To further compare the different NADPH recycling systems,
the performance of each system was evaluated based on
additional parameters such as atom efficiency and simplicity of
product isolation (Table 1). As a result, FDH and PTDH appear
more promising compared to GDH, FNR-QD and PSI-Fd-FNR. In
the case of FDH, CO, is formed as a by-product and easily
removed, whereas PTDH forms phosphate, which can also be
easily separated via calcium precipitation. The by-products
obtained in the case of graphene photocatalyst, GDH, FNR-QD
and PSI-Fd-FNR are diethanolamine, gluconolactone/gluconic
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Table 1. Comparison of PSI-Fd-FNR with other NADPH recycling catalysts, and relative comparison of performance.

NADPH Keat K Keat/ Kin TON®  pH  Organism Electron Electron kea/Ky or TON  Atom Ease of Ref.

generation (s (mM) (s mM") transfer donor (NADPH)® efficiency  work-up

catalyst steps

PSI-Fd-FNR 255  na. na 3035 7.5 T vestitus BP1 4 sodium ++ - + this

ascorbate study

GDH 260 0.027 9630 n.a. 6.5  Bacillus megate- 1 glucose +++ - + [30]
rium

FDH 1.07 3.5 0.31 n.a. 7.0 Bacillus sp. F1 1 sodium + + + +++ [31]

formate

PTDH 0.57 074 0.77 n.a. 7.25 Pseudomonas 1 sodium + ++ ++ [32]
stutzeri phosphite

FNR-QD 0409 n.a.  n.a 1.48 7.0  Chlamydomonas 3 sodium + - + [33]
reinhardtii ascorbate

Graphene 0.0049 n.a. n.a. n.a. 70 n.a. 2 triethanol- - - - [34]

photocat-Rh amine

[a]l TOF = ([substrate]/[catalyst])/time, based on 10 min time points (0.57 uM PSI, 3 mM NADP¥). [b] TON = [product]/[catalyst], based on 1 h time points.

[c] TOF based on 2 h. [d] TOF based on 348 d~'. [e] Ranking order: + + +: Very good, + +: good, -+: moderate, —: poor. n.a.: not available. Comparison

adapted from reference® and this study.

acid and dehydroascorbic acid, respectively, making these
reactions atom inefficient. In addition, separation of the
compounds from the reaction mixture is laborious and requires
additional steps. Thus, the development of an electrode-based
electron supply for PSI-Fd-FNR would also allow water oxidation
to be coupled to the system as the ultimate electron source
(e.g. by PSI"’M) making it more sustainable and atom efficient.

The biocatalytic potential of the PSI-Fd-FNR cofactor
recycling system was evaluated by coupling it to three different
oxidoreductases catalyzing the asymmetric reduction of C=C
and C=0 bonds. As a first proof-of-concept, NtDBR was used for
the chemoselective reduction of the C=C bond in trans-
cinnamaldehyde 1a, producing dihydrocinnamaldehyde 1b
(Figures 3 and S5).

We chose this double bond reductase over a flavin-depend-
ent ene reductase (ER) to avoid cross reactivity with a flavin
cofactor. NtDBR is active with various o,f-unsaturated activated
alkenes, and its optimal pH range was determined to be
pH 6.4-7.4" NtDBR-catalyzed reactions coupled to PSI-Fd-FNR
were carried out at pH 7.0 and 8.0. We only observed reduction
product at pH 7.0, confirming the higher activity of NtDBR at
this pH value. After 4 h, the conversion of trans-cinnamaldehyde
was 29.2% (1.49 mM), reaching full conversion within 24 h.
Therefore, coupling NtDBR with PSI-Fd-FNR resulted in the
steady-state consumption of NADPH, likely limiting the NADPH
oxidase activity of FNR previously observed (Figure 2c).

NADPH + H* NADP*
OH \ / OH
HO__X *_jo Ho < H
o =<(FNRY pg — =0
o L Nat 07
e} 685 nm a OH

Figure 3. NtDBR-catalyzed reduction of trans-cinnamaldehyde 1 a to dihydro-
cinnamaldehyde 1b coupled to light-driven PSI-Fd-FNR NADPH recycling.

ChemCatChem 2023, €202300821 (4 of 7)

For the asymmetric reduction of a cyclic ketone, the
actinorhodin ketoreductase actkKR was chosen and coupled to
PSI-Fd-FNR (Figure 4a). actkKR selectively reduces trans-1-deca-
lone 2a to (S)-1-decalol 2b,"**” however the substrate used in
this reaction was a commercially available 65:35 mixture of
trans- and cis-isomers of 1-decalone, giving the theoretically
two (S)-products with a maximum conversion of 65% (Fig-
ure 4b). Running the reaction with PSI-Fd-FNR over 4 h, we
observed two product peaks for 1-decalol 2b (Figure S6), with
49% conversion. The maximum 65% conversion was reached
over 24 h, leaving the cis-1-decalone unreacted due to the
selectivity of actKR.

The PSI-Fd-FNR cofactor recycling system was also coupled
with LbADH for the asymmetric reduction of acetophenone 3a
(Figures 5, S4 and S7), obtaining 3.7 mM of (R)-1-phenylethanol
3b in 4h. A 24 h reaction afforded full conversion with a
product yield of 4.0 mM (R)-1-phenylethanol 3b and no
acetophenone left due to evaporation under the current

a o OH

0

2a 2b

NADPH +H*  NADP*
o, oH,
HO_ < HO < T
0 =0,
o<~ FNR PsI - o
hd Na* O =
0 685nm N@ oH

éoéo C@@@@oco

trans

éoéb”’““ “Chiodch

Figure 4. a) actKR-catalyzed reduction of 1-decalone 2a to 1-decalol
2b coupled to light-driven PSI-Fd-FNR NADPH recycling. b) Expected
enantiomers highlighted in violet of (S)-1-decalol after actKR-catalyzed
reduction of trans-1-decalone.
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Table 2. Biocatalytic conversions of oxidoreductases coupled with the PSI-Fd-FNR cofactor recycling system.”’

Parameters Biocatalytic reaction results

Oxidoreductase NtDBR actkR LbADH

Substrate (5 mM) trans-cinnamaldehyde 1a trans-1-decalone 2a acetophenone 3a
Product dihydrocinnamaldehyde 1b decalol 2b (R)-1-phenylethanol 3b
4 h PSI-Fd-FNR recycling

Substrate conversion (%) 29.2+46 495403 99.3+£9.0"

Product yield (mM) 1.49+£0.24 247 +0.01 3.73+0.08

24 h PSI-Fd-FNR recycling

Substrate conversion (%) >99.9+84 65.3+0.9 93.7 +12.8"

Product yield (mM) 497 £0.42 3.26+0.04 3.98+0.02

24 h no PSI (control)

Substrate conversion (%) <0.1 <0.1 < 0.1 (3.44+0.02 mM acetophenone left)®!

no product observed

[a] Experiments performed in triplicate. [b] High substrate conversion yet incomplete yield observed due to evaporation of acetophenone over 24 h.

reaction set-up. Evaporation was confirmed in a control reaction
without PSI, in which the acetophenone concentration dis-
played a loss of approximately 1 mM over 24 h of incubation
under the reaction conditions (Table 2). Improvements to the
reaction system would most likely address this issue and allow
for a scale-up.

Conclusions

In conclusion, we successfully reconstituted the photosynthetic
electron transport chain in vitro for the regeneration of NADPH.
NADP™ reduction by PSI-Fd-FNR was best at pH 7.5, reaching a
turnover frequency of 2.55s™' (>9000 h™"). We observed no
difference in the NADPH production rate under aerobic and
anaerobic conditions. Instead, a faster decline of NADPH over
time under aerobic conditions was ascribed to FNR oxidation
activity and cofactor decomposition when unused. To prove
applicability, PSI-Fd-FNR was coupled to NtDBR, actkKR, and
LbADH, achieving full conversion without affecting enantiose-
lectivity. The light-driven NADPH generation afforded a TON of
3050, thus, we demonstrated the capacity of PSI-Fd-FNR to
drive continuous NADPH-dependent biocatalytic conversions.

o) OH
3a ( \ ©:b\
NADPH + H*  NADP*
OH N ) OH
HO_ < _t*o HO_ < _t'o
o =<(FNRY pg — o
0] Fd Na* O =
o] 685 nm OH

Figure 5. LbADH-catalyzed reduction of acetophenone 3a to (R)-1-phenyl-
ethanol 3 b coupled to light-driven PSI-Fd-FNR NADPH recycling.
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Experimental Section

Enzymes purification

Enzymes were produced and purified as previously reported: PSI
from Thermosynechococcus vestitus BP1 (formerly known as T. long-
atus BP-1),°® double bond reductase from Nicotiana tabacum
(NtDBR),™ actinorhodin ketoreductase from Streptomyces coelicolor
(actkR),*” alcohol dehydrogenase from Lactobacillus brevis
(LbADH).P" The genes of Fd and FNR from T. vestitus BP1 were
recombinantly expressed in BL21 AiscR and BL21, respectively, and
subsequently purified by affinity chromatography.””!

Determination of NADPH production rate of PSI-Fd-FNR
biocascade

Reaction conditions: 100 mM sodium ascorbate (NaAsc), 0.8 mM
dichlorophenolindophenol (DCPIP), 50 ug chlorophyll (Chl) equiv-
alent photosystem | (PSl), 4 uM ferredoxin (Fd), T uM of ferredoxin
NADP* reductase (FNR), 3 mM NADP". Different pH and buffer
conditions were used based on the type of biocatalytic reaction:
50 mM MOPS-NaOH pH 7.0, 50 mM Tris-HCl pH 7.5 or 50 mM Tricine
buffer pH 8.0 with 30 mM NaCl and 0.03 % n-dodecyl--maltoside in
a reaction volume of 1mL. Unless otherwise mentioned, all
reactions were performed under anaerobic conditions at room
temperature (25°C to 31°C), shaken at 100 rpm. NADP* reduction
was initiated by illumination with red light (A=685nm,
500 umolm2s™"). For estimation of the produced NADPH, an
aliquot of 30 uL of the reaction medium was collected after 0, 10,
30min, 1, 2, 4, and 6h of incubation. The collected reaction
medium was centrifuged with a 3 kDa Centricon™ filter to remove
all protein components. The concentration step was performed
until the volume was reduced to <20 pL. The flow-through was
stored at —20°C until future use.

The amount of NADPH was quantified by fluorescence spectro-
scopy (Edinburgh Instruments FLS900) using a quartz cuvette with
1 cm path length. 2 uL of the above flow through was diluted to
2 mL, and then the measurement was performed. The sample was
excited at 340 nm and emission spectra were recorded from 350 to
650 nm. The set parameters were dwell time 0.10s, lamp Xe900,
temperature 25°C, scan slit: 1.9980, detector R928. The standard
curve was established by serial dilution of NADPH (0 to 6 uM). The
standard curve with corresponding NADPH concentrations and
fluorescence range are as shown (Figure S3). Based on the standard
curve, the NADPH production rate of the PSI-Fd-FNR biocascade
was estimated. Each subjected sample value represents the average
of 5 scan repeats of 3 individual replicates.

© 2023 The Authors. ChemCatChem published by Wiley-VCH GmbH
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Determination of activity of the PSI-Fd-FNR biocascade

The NADP™ reduction activity of the PSI-Fd-FNR biocascade was
determined based on the NADPH concentration at 10 min time
point of the reaction. The determined activity of PSI-Fd-FNR system
was 0.092 U and 0.087 U at pH 7 and pH 7.5, respectively. The TOF
and TON values were obtained by normalization of enzyme units of
the PSI-Fd-FNR biocascade with respect to the time point and
concentration of PSI.

Coupling of PSI-Fd-FNR NADPH recycling system

Biotransformation reactions of NtDBR, actKR, and LbADH were
carried out with the PSI-Fd-FNR NADPH recycling system. Reaction
conditions: 100 mM NaAsc, 0.8 mM DCPIP, 50 mg Chl equivalent
PSI, 4 uM Fd, 1 uM FNR, 3 mM NADP¥, 30 mM NaCl, 0.03% {-DM,
5 uM enzyme (Table 3), 5 mM substrate, buffer (Table 3), reaction
volume: 1 mL, incubation time: 24 h, room temperature (25°C to
31°C), 100 rpm, inert atmosphere. Depending on the enzyme, the
corresponding substrate and buffer were used (Table 3).

To quench the biocatalytic reactions, the reaction medium was
filtered through a 3 kDa cut-off filter until the protein volume
reached <50 pL. The flow-through sample was extracted with
500 pL ethyl acetate containing 5 mM dodecane (internal standard),
and was vortexed and centrifuged (13,000 rpm, 10°C, 4 min). The
organic phase was separated, dried over anhydrous MgSO,, trans-
ferred to a GC vial and analyzed by GC-FID with calibration curves.
Bioconversion was assessed at 4 and 24 h of reaction time (Table 2).

Supporting Information

Additional information on electron transfer and protein-protein
interactions in PSI-Fd-FNR biocascade, biotransformations, GC
analyses, supplementary figures, including references."*
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Table 3. Substrate concentration and buffers.

Enzyme (5 uM) [Substrate] (5 mM) Buffer

actkKR cis/trans-1-decalone 50 mM Tris-HCI pH 7.5
NtDBR trans-cinnamaldehyde 50 mM MOPS-NaOH pH 7.0
LbADH acetophenone 50 mM Tris-HCI pH 7.5
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