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A B S T R A C T

Direct, NAD(P)H-independent regeneration of Old Yellow Enzymes represents an interesting approach for simplified reaction schemes for the stereoselective re-
duction of conjugated C=C-double bonds. Simply by illuminating the reaction mixtures with blue light in the presence of sacrificial electron donors enables to
circumvent the costly and unstable nicotinamide cofactors and a corresponding regeneration system.

In the present study, we characterise the parameters determining the efficiency of this approach and outline the current limitations. Particularly, the photolability
of the flavin photocatalyst and the (flavin-containing) biocatalyst represent the major limitation en route to preparative application.

1. Introduction

Ene-reductases from the Old Yellow Enzymes (OYEs) family have
been known for close to a century [1]. They catalyse the stereospecific
trans-hydrogenation of conjugated C=C-double bonds creating up to
two new chiral centres (Scheme 1).

Their potential as catalysts for organic synthesis, however, has only
been recognised by Faber, Hauer and coworkers a decade ago [2,3].
Since then, preparative applications of OYEs have increased ex-
ponentially [4,5] with the first examples of industrial application [6,7].

OYEs contain a flavin prosthetic group – mostly a flavin mono-
nucleotide (FMN) - which in the first reduction half-reaction of the
catalytic mechanism is reduced by the nicotinamide adenine dinu-
cleotide cofactor (NAD(P)H); in the second oxidation half-reaction of
the mechanism, the reduced flavin transfers a hydride ion in a Michael-
type addition to the β‑carbon atom of the enzyme-bound unsaturated
substrate followed by protonation of the resulting enolate anion in a
trans fashion.

In the past years, a range of alternative reductants have been re-
ported replacing the costly and unstable nicotinamide cofactors [8].
Amongst them, chemical reductants such as synthetic nicotinamides
[9–12] or transition metal catalysts [13,14] have been proposed. Also
photochemical approaches are gaining attention [15–26]. The latter
approaches mostly utilise FMN (the prosthetic group of OYEs) as pho-
tocatalyst to channel electrons from a sacrificial electron donor (e.g.
EDTA) to the OYE's active site (Scheme 2). The photochemistry of the
(yellow) flavin photocatalyst has been established decades ago [27–31],

but a critical evaluation of their practical usefulness is so far missing.
We therefore set out to investigate the scope and limitations of direct,
photochemical regeneration of FMN to promote OYE-catalysed reduc-
tion reactions.

As a model reaction for our investigations, we chose the stereo-
specific reduction of 2-methylcyclohexenone to (R)-2-methylcyclohex-
anone catalysed by the OYE homologue from Bacillus subtilis (YqjM)
(Scheme 2) [32–34].

2. Results and discussion

Recombinant YqjM was produced in Escherichia coli using an auto-
induction medium [35,36]. His-Tag containing YqjM was purified by
affinity chromatography using Ni-NTA chromatography.

For the photochemical reaction outlined in Scheme 2, we used
commercial LEDs (λ= 450 nm) as light source wrapped around the
reaction vessel (Figs. S1 and S2). With this setup, full conversion of
10mM 2-methylcyclohexenone could be achieved within< 5 h (Fig. 1).
No further side product was observed using gas chromatography for
analysis.

The enantioselectivity of the reaction was superb (ee > 99.5%) as
throughout the experiment only traces of the (S)-enantiomer were ob-
served. This finding also confirms our assumption of the enzymatic
reduction of the conjugated C=C-double bond as the direct reduction
by the reduced mediator would have yielded racemic product. It is
worth mentioning that anaerobic reaction conditions were essential for
the reaction as, in the presence of molecular oxygen, lower reaction
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rates were observed (2.04 mMh-1 instead of 3.39 mMh-1, Fig. S8). This is
in line with some previous findings about the high reactivity of reduced
flavins in the presence of O2 [37–42]. Therefore, we applied a gentle N2

stream over the reaction mixture to maintain anaerobic reaction con-
ditions. This, however, also lead to some increased evaporation of the
reagents (as confirmed in appropriate control experiments), explaining
the rather poor mass balance of approx. 70%. Improved reaction setups
including condensers to minimise the reagent evaporation will cir-
cumvent this technical issue.

The catalytic performance of YqjM in terms of turnover frequency
(TF= amount of product formed in time divided by the amount of
YqjM used) was only in the range of 8min-1 and thereby fell back sig-
nificantly behind the activities reported using NADPH as reductant
[32]. We therefore decided to investigate the parameters influencing
the reaction rate in more detail. Particularly, we systematically varied
the concentration of the photocatalyst (Fig. 2A), the biocatalysts
(Fig. 2B), the light intensity (Fig. 2C) and the concentration of the sa-
crificial reductant (Fig. 2D).

Varying the photocatalyst concentration, we observed a saturation-
type behaviour of the reaction rate with increasing FMN concentra-
tions. Half-maximal reaction rates were observed at FMN concentration
around 200 μM. This is almost 100-fold higher than the KM value de-
termined for the natural reductant (NADPH) [34] suggesting that the
interaction of the (reduced) FMN to the active site of YqjM may be
overall rate-limiting due to the sterically impaired interaction and sub-
optimal electron transfer from the photocatalytic FMN to the enzyme-
bound FMN.

Scheme 1. Reduction of activated C=C-double bonds by Old Yellow Enzymes (OYEs). EWG= electron withdrawing group (typically a carbonyl group).

Scheme 2. Photoenzymatic reduction of 2-methylcyclohexenone to (R)-2-methylcyclohexanone using YqjM as biocatalyst. In situ regeneration of the reduced flavin
prosthetic group is achieved using photoexcited FMN in the presence of EDTA as sacrificial electron donor.

Fig. 1. Time-course of the photoenzymatic reduction of 2-methylcyclohex-
enone (♦) to (R)-2-methylcyclohexanone (▲). Conditions: 100mM potassium
phosphate buffer (pH 6.5), c(2-methylcyclohexanone)= 10mM; c
(FMN)= 0.2mM, c(YqjM)= 6.9 μM, c(EDTA)= 50mM, T=30 °C, light
source: blue LED (450 nm, 80 μW.cm−2). During the reaction, anaerobic con-
ditions were maintained leading a N2 stream over the reaction.
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Increasing the biocatalyst concentration resulted in an almost linear
increase of the overall reaction rate, which is in-line with the assump-
tion of the reduction of YqjM being overall rate-limiting. The same is
true for the observed influence of the light intensity. Higher photon
fluxes are expected to yield higher concentrations of photoexcited fla-
vins and therewith increase the concentration of reduced external fla-
vins. The concentration of the sacrificial electron donor (EDTA) had
only a minor influence on the overall rate. Only marginal conversion
was observed in the absence of EDTA, which may be explained by the
photochemical reduction of FMN by traces of ‘contaminating’ re-
ductants (vide infra). Between an EDTA concentration of 5 to 50mM,
the overall rate remained largely unchanged and slightly decreased at
higher EDTA concentrations. Activity assays of YqjM in the presence of
elevated EDTA concentrations gave no indication for an inhibitory ef-
fect of EDTA (e.g. by removal of structurally relevant metal cations).
Hence, at present stage we are lacking a plausible explanation for the
decreased productivity of the photocatalytic system at higher EDTA
concentrations.

Encouraged by these results we aimed at scaling up the reaction by
increasing the substrate concentration to 50mM. Unfortunately, pro-
duct accumulation ceased after approximately 5 h (Fig. S6), which was
also the time span of the experiment shown in Fig. 1. We ascribe this
observation to a poor stability of YqjM under the reaction conditions.
Indeed, product formation, resumed upon addition of fresh biocatalyst

(Fig. S7) resulting in the accumulation of 36mM of enantiopure pro-
duct (72% yield and 100% conversion due to the above-mentioned
evaporation issue). YqjM performed> 2500 catalytic cycles in this
experiment.

Therefore, we investigated the stability of YqjM under different
conditions (Fig. 3). If incubated in buffer in the presence of FMN but in
the dark, YqjM was relatively stable with a half-life of approx. 33 h.
This value, however, dramatically dropped upon illumination with blue
light (both in the presence and absence of external FMN) and the ap-
parent half-life of YqjM dropped to< 2 h. Under reducing conditions,
i.e. in the presence of EDTA (or NADH), this decrease was somewhat
less pronounced (t½≈5.5 h). Furthermore, illumination with either red
or green light had a far less detrimental effect on the stability of YqjM.

These results are most probably due to photodegradation of the
enzyme-bound FMN [43–46]. Under dark conditions, virtually none of
the YqjM-tightly bound FMN is photoexcited and therefore stable. The
emission spectra of the green and red LEDs used in this experiment
hardly overlap with the FMN absorption spectrum [40] and therefore
only lead to minor photoexcitation and photodegradation on YqjM-
tightly bound FMN (green light overlaps somewhat more and therefore
also decreases the half-life of YqjM more pronouncedly). The effect of
the reducing conditions may be explained by the significantly reduced
absorption of reduced flavins at 450 nm. This assumption is also sup-
ported by the spectral changes recorded for both YqjM and free FMN

Fig. 2. Influence of the photocatalyst concentration (A), the enzyme concentration (B), the light intensity (C) and the sacrificial electron donor concentration (D) on
the reduction rate of 2-methylcyclohexenone. Unless stated in the graph the following conditions were used: 100mM potassium phosphate buffer (pH 6.5), c(2-
methylcyclohexenone)= 10mM; c(FMN)= 0.2mM, c(YqjM)= 6.9 μM, c(EDTA)= 50mM, T=30 °C, light source: blue LED (450 nm, 80 μW.cm-2). During the
reaction, anaerobic conditions were maintained leading a N2 stream over the reaction.
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upon illumination with blue light (Fig. 4).
In the course of our experiments we also frequently observed a

precipitate, which we believed to be denaturated YqjM. SDS-PAGE gel
analysis revealed a loss of soluble protein under blue light illumination
(Figs. S24–S25). Furthermore circular dichroism analysis (Figs.
S22–S23) of the illuminated enzyme pointed towards some loss in the
integrity of the tertiary structure of the enzyme. Size exclusion chro-
matography of a light treated YqjM sample showed an aggregation of
enzymes over time (Fig. S21). We also performed a proteolytic digest of
the illuminated and native YqjM using trypsin and analysed the re-
sulting peptides by mass spectrometry for degradation products (Figs.
S3–S4). This revealed that in the illuminated YqjM, two methionine
residues (M14 and M134) were oxidised to the corresponding sulfoxides
(Fig. S5). Although some oxidation of another methionine was observed
already for the non-illuminated protein, the degree of sulfoxidation
increased significantly after exposure to light. Illumination of the YqjM
samples occurred under anaerobic conditions (using a stream of N2 gas)
which makes H2O2 a rather unlikely oxidant for this reaction. Possibly,

photoexcited flavins can directly oxidise methionine via a so far un-
known mechanism and electron sink. It is also worth mentioning that
this analysis did not cover the entire YqjM polypeptide, therefore, at
present time we cannot exclude further modifications of the protein to
account for the decreasing stability under illumination. As these amino
acids are at the surface of the protein, oxidation of these amino acids
may well account for the protein aggregation and precipitation ob-
served. Similar effects have been already described for oxidative stress
related biological aging and degradation [57]. Future experiments with
YqjM mutants devoid of these methionine residues will show if such
mutants exhibit higher robustness under the photochemical reaction
conditions [58].

3. Conclusions

Overall, we have confirmed that direct, NAD(P)H-independent re-
generation of YqjM can productively be achieved using photo-
regenerated, reduced FMN photocatalysts/mediators.

The main limitation of the current setup lies with the poor photo-
stability of the enzyme-bound, as well as the free FMN cofactor. As
consequence, comparably low turnover numbers
(TON=molProduct ×molCatalyst

-1) in the range of 2000 and 30–40 for
YqjM and FMN, respectively, were observed. While these numbers are
in the range of state-of-the-art OYE reactions [3,59,60] they are orders
of magnitude too low for economical synthesis of non-highly value-
added products [61]. Therefore, further work will have to concentrate
on increasing the robustness of the photoenzymatic reaction. Particu-
larly we will focus on photocatalysts/mediators such as methylene blue
and its derivatives [62] exhibiting an absorption maximum in the
(infra)red range. This way, the photodegradation of OYEs can be
minimised. Ideally, these photocatalysts/mediators exhibit more effi-
cient interaction with the enzyme active site to accelerate the electron
transfer from the reduced mediator to the oxidised, enzyme-bound
flavin [63].
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Fig. 3. Stability of YqjM under different incubation conditions. Incubation
conditions: 6.88 μM of YqjM in KPi buffer 100mM pH 6.5 in presence of either
200 μM of FMN and/or 50mM of EDTA and illuminated by either blue, red or
green LED or protected from any light source, T=30 °C. Activity assay con-
ditions: 20mM of glucose, 150 μM of NADPH, 10 U/mL of glucose oxidase,
1 mM of 2-methylcyclohex-2-en-1-one and 0.85 μM of YqjM.

Fig. 4. Spectral changes observed for FMN (A) and YqjM (B) upon illumination with blue light. FMN: spectra were taken at 0, 1, 2, 4 and 8min (from dark to light);
YqjM: spectra were taken a 0, 1, 2, 5 and 23 h (from dark to light). General conditions: 20 μM of YqjM or FMN in KPi buffer 100mM pH 6.5 illuminated by blue LED,
80 μW.cm−2, T= 30 °C.
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Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.bbapap.2019.140303.

References

[1] O. Warburg, W. Christian, The yellow oxidation enzyme, Biochem. Z. 263 (1933)
228–229.

[2] R. Stürmer, B. Hauer, M. Hall, K. Faber, Asymmetric bioreduction of activated C=C
bonds using enoate reductases from the old yellow enzyme family, Curr. Opin.
Chem. Biol. 11 (2007) 203–213.

[3] M. Hall, C. Stueckler, W. Kroutil, P. Macheroux, K. Faber, Asymmetric bioreduction
of activated alkenes using cloned 12-oxophytodienoate reductase isoenzymes OPR-
1 and OPR-3 from Lycopersicon esculentum (tomato): a striking change of stereo-
selectivity, Angew. Chem. Int. Ed. 46 (2007) 3934–3937.

[4] H.S. Toogood, J.M. Gardiner, N.S. Scrutton, Biocatalytic reductions and chemical
versatility of the old yellow enzyme family of flavoprotein oxidoreductases,
ChemCatChem 2 (2010) 892–914.

[5] H.S. Toogood, N.S. Scrutton, New developments in ‘ene’-reductase catalysed bio-
logical hydrogenations, Curr. Opin. Chem. Biol. 19 (2014) 107–115.

[6] U. Karl, A. Simon, BASF’s ChiPros chiral building blocks, Chim. Oggi 27 (2009).
[7] H.S. Toogood, N.S. Scrutton, Discovery, characterization, Engineering, and appli-

cations of ene-reductases for industrial biocatalysis, ACS Catal., 8 (2018)
3532–3549.

[8] H.S. Toogood, T. Knaus, N.S. Scrutton, Alternative hydride sources for ene-re-
ductases: current trends, ChemCatChem 6 (2013) 951–954.

[9] T. Knaus, C.E. Paul, C.W. Levy, S. de Vries, F.G. Mutti, F. Hollmann, N.S. Scrutton,
Better than nature: nicotinamide biomimetics that outperform natural coenzymes,
J. Am. Chem. Soc. 138 (2016) 1033–1039.

[10] A. Geddes, C.E. Paul, S. Hay, F. Hollmann, N.S. Scrutton, Donor–acceptor distance
sampling enhances the performance of “better than nature” nicotinamide coenzyme
biomimetics, J. Am. Chem. Soc. 138 (2016) 11089–11092.

[11] C.E. Paul, S. Gargiulo, D.J. Opperman, I. Lavandera, V. Gotor-Fernandez, V. Gotor,
A. Taglieber, I.W.C.E. Arends, F. Hollmann, Mimicking nature: synthetic nicotina-
mide cofactors for C=C bioreduction using enoate reductases, Org. Lett. 15 (2013)
180–183.

[12] I. Zachos, C. Nowak, V. Sieber, Biomimetic cofactors and methods for their re-
cycling, Curr. Opin. Chem. Biol. 49 (2019) 59–66.

[13] J. Bernard, E. Van Heerden, I.W.C.E. Arends, D.J. Opperman, F. Hollmann,
Chemoenzymatic reduction of conjugated C=C-bonds, ChemCatChem 4 (2012)
196–199.

[14] Y. Okamoto, V. Köhler, C.E. Paul, F. Hollmann, T.R. Ward, Efficient in situ re-
generation of NADH mimics by an artificial metalloenzyme, ACS Catal. 6 (2016)
3553–3557.

[15] M.K. Peers, H.S. Toogood, D.J. Heyes, D. Mansell, B.J. Coe, N.S. Scrutton, Light-
driven biocatalytic reduction of [small alpha],[small beta]-unsaturated compounds
by ene reductases employing transition metal complexes as photosensitizers,
Catalysis Science & Technology 6 (2015) 169–177.

[16] T.N. Burai, A.J. Panay, H. Zhu, T. Lian, S. Lutz, Light-driven, quantum dot-mediated
regeneration of FMN to drive reduction of ketoisophorone by Old Yellow Enzyme,
ACS Catal. 2 (2012) 667–670.

[17] M. Mifsud Grau, J.C. van der Toorn, L.G. Otten, P. Macheroux, A. Taglieber,
F.E. Zilly, I.W.C.E. Arends, F. Hollmann, Photoenzymatic reduction of C=C double
bonds, Adv. Synth. Catal. 351 (2009) 3279–3286.

[18] M. Mifsud, S. Gargiulo, S. Iborra, I.W.C.E. Arends, F. Hollmann, A. Corma,
Photobiocatalytic chemistry of oxidoreductases using water as the electron donor,
Nat. Commun. 5 (2014).

[19] A. Bachmeier, B.J. Murphy, F.A. Armstrong, A multi-heme flavoenzyme as a solar
conversion catalyst, J. Am. Chem. Soc. 136 (2014) 12876–12879.

[20] J. Yoon, S.H. Lee, F. Tieves, M. Rauch, F. Hollmann, C.B. Park, Light-harvesting dye-
alginate hydrogel for solar-driven, sustainable biocatalysis of asymmetric hydro-
genation, ACS Sustain. Chem. Eng. 7 (2019) 5632–5637.

[21] M.M.C.H. van Schie, S. Younes, M. Rauch, M. Pesic, C.E. Paul, I.W.C.E. Arends,
F. Hollmann, Deazaflavins as photocatalysts for the direct reductive regeneration of
flavoenzymes, Molecular Catalysis 452 (2018) 277–283.

[22] E.J. Son, S.H. Lee, S.K. Kuk, M. Pesic, D.S. Choi, J.W. Ko, K. Kim, F. Hollmann,
C.B. Park, Carbon nanotube–graphitic carbon nitride hybrid films for flavoenzyme-
catalyzed photoelectrochemical cells, Adv. Funct. Mater. 28 (2018) 1705232.

[23] J. Kim, S.H. Lee, F. Tieves, D.S. Choi, F. Hollmann, C.E. Paul, C.B. Park, Biocatalytic
C=C bond reduction through carbon nanodot-sensitized regeneration of NADH
analogues, Angew. Chem. Int. Ed. 52 (2018) 13825–13828.

[24] J. Qi, C.E. Paul, F. Hollmann, D. Tischler, Changing the electron donor improves
azoreductase dye degrading activity at neutral pH, Enz. Microb. Technol. 100

(2017) 17–19.
[25] S.H. Lee, D.S. Choi, M. Pesic, Y. Woo, C. Paul, F. Hollmann, C.B. Park, Cofactor-free,

direct photoactivation of enoate reductases for asymmetric reduction of C=C
bonds, Angew. Chem. Int. Ed. 56 (2017) 8681–8685.

[26] A. Taglieber, F. Schulz, F. Hollmann, M. Rusek, M.T. Reetz, Light-driven biocata-
lytic oxidation and reduction reactions: scope and limitations, ChemBioChem 9
(2008) 565–572.

[27] W.R. Frisell, C.G. Mackenzie, The photochemical oxidation of DPNH with riboflavin
phosphate, Proc. Natl. Acad. Sci. U. S. A. 45 (1959) 1568–1572.

[28] W.R. Frisell, C.W. Chung, C.G. Mackenzie, Catalysis of oxidation of nitrogen com-
pounds by flavin coenzymes in the presence of light, J. Biol. Chem. 234 (1959)
1297–1302.

[29] V. Massey, M. Stankovich, P. Hemmerich, Light-mediated reduction of flavoproteins
with flavins as catalysts, Biochem. 17 (1978) 1–8.

[30] V. Massey, P. Hemmerich, Photoreduction of flavoproteins and other biological
compounds catalyzed by de-aza-flavins, Biochem. 17 (1978) 9–16.

[31] W.R. Knappe, P. Hemmerich, H.J. Duchstein, H. Fenner, V. Massey, Photochemical
formation of deazaflavin dimers, Biochem. 17 (1978) 16–17.

[32] M. Pesic, E. Fernández-Fueyo, F. Hollmann, Characterization of the old yellow
enzyme homolog from Bacillus subtilis (YqjM), ChemistrySelect 2 (2017)
3866–3871.

[33] T.B. Fitzpatrick, S. Auweter, K. Kitzing, T. Clausen, N. Amrhein, P. Macheroux,
Structural and functional impairment of an Old Yellow Enzyme homologue upon
affinity tag incorporation, Prot. Express. Purif. 36 (2004) 280–291.

[34] T.B. Fitzpatrick, N. Amrhein, P. Macheroux, Characterization of YqjM, an old
yellow enzyme homolog from Bacillus subtilis involved in the oxidative stress re-
sponse, J. Biol. Chem. 278 (2003) 19891–19897.

[35] T. Classen, M. Korpak, M. Scholzel, J. Pietruszka, Stereoselective enzyme cascades:
an efficient synthesis of chiral gamma-butyrolactones, ACS Catal. 4 (2014)
1321–1331.

[36] F.W. Studier, Protein production by auto-induction in high-density shaking cul-
tures, Prot. Express. Purif. 41 (2005) 207–234.

[37] V. Massey, Activation of molecular oxygen by flavins and flavoproteins, J. Biol.
Chem. 269 (1994) 22459–22462.

[38] M.M.C.H. van Schie, C.E. Paul, I.W.C.E. Arends, F. Hollmann, Photoenzymatic
epoxidation of styrenes, Chem. Comm. 55 (2019) 1790–1792.

[39] G.T. Höfler, E. Fernández-Fueyo, M. Pesic, S.H. Younes, E.-G. Choi, Y.H. Kim,
V.B. Urlacher, I.W.C.E. Arends, F. Hollmann, A photoenzymatic NADH regeneration
system, ChemBioChem 19 (2018) 2344–2347.

[40] M. Rauch, S. Schmidt, I.W.C.E. Arends, K. Oppelt, S. Kara, F. Hollmann,
Photobiocatalytic alcohol oxidation using LED light sources, Green Chem. 19
(2017) 376–379.

[41] D. Holtmann, F. Hollmann, The oxygen dilemma: a severe challenge for the ap-
plication of monooxygenases? ChemBioChem 17 (2016) 1391–1398.

[42] S. Gargiulo, I.W.C.E. Arends, F. Hollmann, A photoenzymatic system for alcohol
oxidation, ChemCatChem 3 (2011) 338–342.

[43] M. Insinska-Rak, A. Golczak, M. Sikorski, Photochemistry of riboflavin derivatives
in methanolic solutions, J. Phys. Chem. A 116 (2012) 1199–1207.

[44] A. Penzkofer, A. Tyagi, J. Kiermaier, Room temperature hydrolysis of lumiflavin in
alkaline aqueous solution, J. Photochem. Photobiol. A Chem. 217 (2011) 369–375.

[45] W. Holzer, J. Shirdel, P. Zirak, A. Penzkofer, P. Hegemann, R. Deutzmann,
E. Hochmuth, Photo-induced degradation of some flavins in aqueous solution,
Chem. Phys. 308 (2005) 69–78.

[46] S. Pill-Soon, M.D. E., Photochemical degradation of flavins-IV. Studies of the
anaerobic photolysis of riboflavin*, Photochem. Photobiol., 6 (1967) 691–709.

[57] T.C. Squier, Oxidative stress and protein aggregation during biological aging, Exp.
Gerontol. 36 (2001) 1539–1550.

[58] A. Scholtissek, E. Gädke, C.E. Paul, A.H. Westphal, W.J.H. van Berkel, D. Tischler,
Catalytic performance of a class III old yellow enzyme and its cysteine variants,
Front. Microbiol. 9 (2018).

[59] C.K. Winkler, K. Faber, M. Hall, Biocatalytic reduction of activated CC-bonds and
beyond: emerging trends, Curr. Opin. Chem. Biol. 43 (2018) 97–105.

[60] C. Stueckler, T.C. Reiter, N. Faber, Nicotinamide-independent asymmetric bior-
eduction of C=C-bonds via disproportionation of enones catalyzed by enoate re-
ductases, Tetrahedron 66 (2010) 663–667.

[61] P. Tufvesson, J. Lima-Ramos, M. Nordblad, J.M. Woodley, Guidelines and cost
analysis for catalyst production in biocatalytic processes, Org. Proc. Res. Dev. 15
(2010) 266–274.

[62] S.J.P. Willot, E, Fernández-Fueyo, F. Tieves, M. Pesic, M. Alcalde, I.W.C.E. Arends,
C.B. Park, Expanding the spectrum of light-driven peroxygenase reactions, ACS
Catal. 9 (2019) 890–894.

[63] F.W. Strohle, S.Z. Cekic, A.O. Magnusson, U. Schwaneberg, D. Roccatano,
J. Schrader, D. Holtmann, A computational protocol to predict suitable redox
mediators for substitution of NAD(P)H in P450 monooxygenases, J. Mol. Catal. B
Enzym. 88 (2013) 47–51.

M.C.R. Rauch, et al. BBA - Proteins and Proteomics 1868 (2020) 140303

5

https://doi.org/10.1016/j.bbapap.2019.140303
https://doi.org/10.1016/j.bbapap.2019.140303
http://refhub.elsevier.com/S1570-9639(19)30189-X/rf0005
http://refhub.elsevier.com/S1570-9639(19)30189-X/rf0005
http://refhub.elsevier.com/S1570-9639(19)30189-X/rf0010
http://refhub.elsevier.com/S1570-9639(19)30189-X/rf0010
http://refhub.elsevier.com/S1570-9639(19)30189-X/rf0010
http://refhub.elsevier.com/S1570-9639(19)30189-X/rf0015
http://refhub.elsevier.com/S1570-9639(19)30189-X/rf0015
http://refhub.elsevier.com/S1570-9639(19)30189-X/rf0015
http://refhub.elsevier.com/S1570-9639(19)30189-X/rf0015
http://refhub.elsevier.com/S1570-9639(19)30189-X/rf0020
http://refhub.elsevier.com/S1570-9639(19)30189-X/rf0020
http://refhub.elsevier.com/S1570-9639(19)30189-X/rf0020
http://refhub.elsevier.com/S1570-9639(19)30189-X/rf0025
http://refhub.elsevier.com/S1570-9639(19)30189-X/rf0025
http://refhub.elsevier.com/S1570-9639(19)30189-X/rf0030
http://refhub.elsevier.com/S1570-9639(19)30189-X/rf0035
http://refhub.elsevier.com/S1570-9639(19)30189-X/rf0035
http://refhub.elsevier.com/S1570-9639(19)30189-X/rf0040
http://refhub.elsevier.com/S1570-9639(19)30189-X/rf0040
http://refhub.elsevier.com/S1570-9639(19)30189-X/rf0040
http://refhub.elsevier.com/S1570-9639(19)30189-X/rf0045
http://refhub.elsevier.com/S1570-9639(19)30189-X/rf0045
http://refhub.elsevier.com/S1570-9639(19)30189-X/rf0045
http://refhub.elsevier.com/S1570-9639(19)30189-X/rf0050
http://refhub.elsevier.com/S1570-9639(19)30189-X/rf0050
http://refhub.elsevier.com/S1570-9639(19)30189-X/rf0050
http://refhub.elsevier.com/S1570-9639(19)30189-X/rf0050
http://refhub.elsevier.com/S1570-9639(19)30189-X/rf0055
http://refhub.elsevier.com/S1570-9639(19)30189-X/rf0055
http://refhub.elsevier.com/S1570-9639(19)30189-X/rf0060
http://refhub.elsevier.com/S1570-9639(19)30189-X/rf0060
http://refhub.elsevier.com/S1570-9639(19)30189-X/rf0060
http://refhub.elsevier.com/S1570-9639(19)30189-X/rf0065
http://refhub.elsevier.com/S1570-9639(19)30189-X/rf0065
http://refhub.elsevier.com/S1570-9639(19)30189-X/rf0065
http://refhub.elsevier.com/S1570-9639(19)30189-X/rf0070
http://refhub.elsevier.com/S1570-9639(19)30189-X/rf0070
http://refhub.elsevier.com/S1570-9639(19)30189-X/rf0070
http://refhub.elsevier.com/S1570-9639(19)30189-X/rf0070
http://refhub.elsevier.com/S1570-9639(19)30189-X/rf0075
http://refhub.elsevier.com/S1570-9639(19)30189-X/rf0075
http://refhub.elsevier.com/S1570-9639(19)30189-X/rf0075
http://refhub.elsevier.com/S1570-9639(19)30189-X/rf0080
http://refhub.elsevier.com/S1570-9639(19)30189-X/rf0080
http://refhub.elsevier.com/S1570-9639(19)30189-X/rf0080
http://refhub.elsevier.com/S1570-9639(19)30189-X/rf0085
http://refhub.elsevier.com/S1570-9639(19)30189-X/rf0085
http://refhub.elsevier.com/S1570-9639(19)30189-X/rf0085
http://refhub.elsevier.com/S1570-9639(19)30189-X/rf0090
http://refhub.elsevier.com/S1570-9639(19)30189-X/rf0090
http://refhub.elsevier.com/S1570-9639(19)30189-X/rf0095
http://refhub.elsevier.com/S1570-9639(19)30189-X/rf0095
http://refhub.elsevier.com/S1570-9639(19)30189-X/rf0095
http://refhub.elsevier.com/S1570-9639(19)30189-X/rf0100
http://refhub.elsevier.com/S1570-9639(19)30189-X/rf0100
http://refhub.elsevier.com/S1570-9639(19)30189-X/rf0100
http://refhub.elsevier.com/S1570-9639(19)30189-X/rf0105
http://refhub.elsevier.com/S1570-9639(19)30189-X/rf0105
http://refhub.elsevier.com/S1570-9639(19)30189-X/rf0105
http://refhub.elsevier.com/S1570-9639(19)30189-X/rf0110
http://refhub.elsevier.com/S1570-9639(19)30189-X/rf0110
http://refhub.elsevier.com/S1570-9639(19)30189-X/rf0110
http://refhub.elsevier.com/S1570-9639(19)30189-X/rf0115
http://refhub.elsevier.com/S1570-9639(19)30189-X/rf0115
http://refhub.elsevier.com/S1570-9639(19)30189-X/rf0115
http://refhub.elsevier.com/S1570-9639(19)30189-X/rf0120
http://refhub.elsevier.com/S1570-9639(19)30189-X/rf0120
http://refhub.elsevier.com/S1570-9639(19)30189-X/rf0120
http://refhub.elsevier.com/S1570-9639(19)30189-X/rf0125
http://refhub.elsevier.com/S1570-9639(19)30189-X/rf0125
http://refhub.elsevier.com/S1570-9639(19)30189-X/rf0125
http://refhub.elsevier.com/S1570-9639(19)30189-X/rf0130
http://refhub.elsevier.com/S1570-9639(19)30189-X/rf0130
http://refhub.elsevier.com/S1570-9639(19)30189-X/rf0135
http://refhub.elsevier.com/S1570-9639(19)30189-X/rf0135
http://refhub.elsevier.com/S1570-9639(19)30189-X/rf0135
http://refhub.elsevier.com/S1570-9639(19)30189-X/rf0140
http://refhub.elsevier.com/S1570-9639(19)30189-X/rf0140
http://refhub.elsevier.com/S1570-9639(19)30189-X/rf0145
http://refhub.elsevier.com/S1570-9639(19)30189-X/rf0145
http://refhub.elsevier.com/S1570-9639(19)30189-X/rf0150
http://refhub.elsevier.com/S1570-9639(19)30189-X/rf0150
http://refhub.elsevier.com/S1570-9639(19)30189-X/rf0155
http://refhub.elsevier.com/S1570-9639(19)30189-X/rf0155
http://refhub.elsevier.com/S1570-9639(19)30189-X/rf0155
http://refhub.elsevier.com/S1570-9639(19)30189-X/rf0160
http://refhub.elsevier.com/S1570-9639(19)30189-X/rf0160
http://refhub.elsevier.com/S1570-9639(19)30189-X/rf0160
http://refhub.elsevier.com/S1570-9639(19)30189-X/rf0165
http://refhub.elsevier.com/S1570-9639(19)30189-X/rf0165
http://refhub.elsevier.com/S1570-9639(19)30189-X/rf0165
http://refhub.elsevier.com/S1570-9639(19)30189-X/rf0170
http://refhub.elsevier.com/S1570-9639(19)30189-X/rf0170
http://refhub.elsevier.com/S1570-9639(19)30189-X/rf0170
http://refhub.elsevier.com/S1570-9639(19)30189-X/rf0175
http://refhub.elsevier.com/S1570-9639(19)30189-X/rf0175
http://refhub.elsevier.com/S1570-9639(19)30189-X/rf0180
http://refhub.elsevier.com/S1570-9639(19)30189-X/rf0180
http://refhub.elsevier.com/S1570-9639(19)30189-X/rf0185
http://refhub.elsevier.com/S1570-9639(19)30189-X/rf0185
http://refhub.elsevier.com/S1570-9639(19)30189-X/rf0190
http://refhub.elsevier.com/S1570-9639(19)30189-X/rf0190
http://refhub.elsevier.com/S1570-9639(19)30189-X/rf0190
http://refhub.elsevier.com/S1570-9639(19)30189-X/rf0195
http://refhub.elsevier.com/S1570-9639(19)30189-X/rf0195
http://refhub.elsevier.com/S1570-9639(19)30189-X/rf0195
http://refhub.elsevier.com/S1570-9639(19)30189-X/rf0200
http://refhub.elsevier.com/S1570-9639(19)30189-X/rf0200
http://refhub.elsevier.com/S1570-9639(19)30189-X/rf0205
http://refhub.elsevier.com/S1570-9639(19)30189-X/rf0205
http://refhub.elsevier.com/S1570-9639(19)30189-X/rf0210
http://refhub.elsevier.com/S1570-9639(19)30189-X/rf0210
http://refhub.elsevier.com/S1570-9639(19)30189-X/rf0215
http://refhub.elsevier.com/S1570-9639(19)30189-X/rf0215
http://refhub.elsevier.com/S1570-9639(19)30189-X/rf0220
http://refhub.elsevier.com/S1570-9639(19)30189-X/rf0220
http://refhub.elsevier.com/S1570-9639(19)30189-X/rf0220
http://refhub.elsevier.com/S1570-9639(19)30189-X/rf0275
http://refhub.elsevier.com/S1570-9639(19)30189-X/rf0275
http://refhub.elsevier.com/S1570-9639(19)30189-X/rf0280
http://refhub.elsevier.com/S1570-9639(19)30189-X/rf0280
http://refhub.elsevier.com/S1570-9639(19)30189-X/rf0280
http://refhub.elsevier.com/S1570-9639(19)30189-X/rf0285
http://refhub.elsevier.com/S1570-9639(19)30189-X/rf0285
http://refhub.elsevier.com/S1570-9639(19)30189-X/rf0290
http://refhub.elsevier.com/S1570-9639(19)30189-X/rf0290
http://refhub.elsevier.com/S1570-9639(19)30189-X/rf0290
http://refhub.elsevier.com/S1570-9639(19)30189-X/rf0295
http://refhub.elsevier.com/S1570-9639(19)30189-X/rf0295
http://refhub.elsevier.com/S1570-9639(19)30189-X/rf0295
http://refhub.elsevier.com/S1570-9639(19)30189-X/rf0300
http://refhub.elsevier.com/S1570-9639(19)30189-X/rf0300
http://refhub.elsevier.com/S1570-9639(19)30189-X/rf0300
http://refhub.elsevier.com/S1570-9639(19)30189-X/rf0305
http://refhub.elsevier.com/S1570-9639(19)30189-X/rf0305
http://refhub.elsevier.com/S1570-9639(19)30189-X/rf0305
http://refhub.elsevier.com/S1570-9639(19)30189-X/rf0305

	Photochemical regeneration of flavoenzymes – An Old Yellow Enzyme case-study
	Introduction
	Results and discussion
	Conclusions
	mk:H1_4
	Acknowledgements
	Supplementary data
	References




