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ABSTRACT: Native and promiscuous catalytic activities of flavin-
dependent Old Yellow Enzymes (OYEs) reported to date are
initiated by the reduced flavin upon electron transfer. As a rare
exception, the isomerization of a nonactivated CC bond was
shown to be hydride-independent with two nonstereoselective
yeast OYEs. Here, we report the asymmetric isomerization of a
prochiral model substrate, γ-methyl β,γ-butenolide, to the
corresponding (R)- and (S)-enantiomers of the γ-methyl α,β-
butenolide in up to >99% ee by two stereocomplementary OYEs of
algal and fungal origin, respectively, which operate by asymmetric
proton transfer. Mechanistic studies based on two newly solved crystal structures, along with soaking experiments and site-directed
mutagenesis, support the crucial role of partially nonconserved tyrosine residues for the activity and stereoselectivity of both (R)-
and (S)-isomerases. This study offers a unique view on the potential of flavoproteins in nonredox catalysis and provides hints for
scouting olefin isomerases in likely stereodivergent classes of OYEs.
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1. INTRODUCTION

Enzymes often catalyze reactions that differ from their
physiological or natural activity−a principle coined catalytic
promiscuity,1,2 and this feature has been largely exploited by
chemists to design biosynthetic systems targeting specific
needs.3−6 Although the resulting “new” chemical reaction
differs from the natural one, in most cases, the same catalytic
features are involved, and similar transition-state intermediates
can be observed, as seen with members of the α/β-hydrolase
fold superfamily.2 Ene-reductases are flavoproteins from the
Old Yellow Enzyme (OYE) family active in the asymmetric
NAD(P)H dependent reduction of alkenes that are activated
by the presence of an electron-withdrawing group on the C
C double bond. This group on the α-carbon lowers the
electronic density of the double bond and favors attack on the
β-carbon by the hydride.7−9 Nitro groups and nitroaromatics
can also be reduced, and cases of reductive cleavage of nitrate
esters have been reported.10 Recently, members of the OYE
family were exploited for asymmetric carbocyclization via C−
C-bond formation,11 enantioselective dehalogenation of α-
bromoesters,12 carbonyl reduction in the presence of a
photocatalyst,13 asymmetric radical dehalogenation/cyclization
of α-chloroamides by photoexcitation,14 and photoinduced
intermolecular radical hydroalkylation.15,16 These OYE-cata-
lyzed non-natural reactions share in common the dependence
on an external source of electrons to reduce the flavin
coenzyme for initiation of the reaction.5 One notable exception

concerns the NAD(P)H-free hydride-independent isomer-
ization of biomass-derived α-angelica lactone (γ-methyl β,γ-
butenolide; 1) to β-angelica lactone (γ-methyl α,β-butenolide;
2), which we identified with OYE2 from Saccharomyces
cerevisiae.17 The CC bond isomerization reaction proceeded
in a nonstereoselective manner, furnishing lactone 2 in racemic
form. From a small panel of OYE homologues tested,
significant activity could be observed only with OYE3 from
Saccharomyces cerevisiae (82% sequence identity to OYE2).17

Enzymatic isomerization of CC bonds is widespread in
nature and relies on a diversity of proteins and, correspond-
ingly, of mechanisms (Scheme 1). Several enzymes operate via
acid−base catalysis with distinct catalytic residues. In the case
of Δ5-3-ketosteroid isomerase,18 an aspartate shuttles a proton
from the α- to the γ-position in the reaction with β,γ-
unsaturated bicyclic ketones (Scheme 1A1). With 3-methyl-
itaconate Δ-isomerase,19 a cysteine activated by a lysine carries
out the intramolecular 1,3-proton transfer (Scheme 1A2). In
the case of isopentenyl diphosphate isomerase type I (Scheme
1A3),20 protonation of isopentenyl pyrophosphate by a
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glutamic acid is followed by deprotonation by a cysteine-
thiolate. Although flavin-dependent isopentenyl diphosphate
isomerase type II also operates via acid−base catalysis, a
reduced flavin is required to initiate the reaction. While the
exact mechanism has not been fully elucidated, a direct
catalytic role of the reduced flavin is likely.21,22 A reduced

flavin was also shown to be involved in the isomerization of 3-
methylenedihydrofuran-2(3H)-one catalyzed by several OYE
homologues (Scheme 1B1).23 This unique mechanism, which
is initiated by hydride transfer from the flavin onto the
activated CC bond, renders a formal intramolecular hydride
shift and requires in theory only catalytic amounts of

Scheme 1. Overview of Biocatalytic CC Bond Isomerization Reactions Following A. Acid−Base Catalysis and B. the
Hydride-Dependent Mechanisma

aDeprotonation-protonation sequence by A1: Δ5-3-ketosteroid isomerase;18 A2: 3-methylitaconate Δ-isomerase;19 protonation-deprotonation
sequence by A3: isopentenyl diphosphate isomerase type I;20 B1: hydride donation-abstraction via reduced flavin by Old Yellow Enzyme (external
source of hydride required),23 B2: hydride abstraction-donation via oxidized flavin by polyunsaturated fatty acid isomerase.27 The following
abbreviations apply for each sequence: Sub, substrate, Int, intermediate, Prod, product.
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NAD(P)H. Given the substitution pattern of all these
substrates, no stereocenter is created through the isomerization
reaction. Inspired by the case of ketosteroid isomerase, the
Deng group developed an organocatalytic enantioselective
isomerization protocol using cinchona alkaloids for proton
transfer catalysis.24 α-Angelica lactone and a range of β,γ-
unsaturated butenolides were isomerized to the corresponding
chiral γ-substituted α,β-unsaturated butenolides in up to 92%
ee using a 10 mol % catalyst in dichloromethane at −20 °C for
up to 60 h. Cooperative iminium-base catalysis by an aniline-
functionalized cinchona alkaloid was later developed by the
same group for the isomerization of β,γ-unsaturated cyclohex-
3-en-1-ones to the corresponding conjugated enones.25

Motivated by these works and aiming at the identification of
stereoselective enzymes for asymmetric CC bond isomer-
ization reactions, we extended our screening efforts to
underexplored sources of OYEs. During this campaign,
promising candidates from photosynthetic extremophiles26 as
well as other organisms including Ascomycetes were selected
for further characterization. The catalytic activity of two
homologues with low sequence identity (21%, see Supporting
Information, Table S2) from two different OYE classes was
investigated in detail and revealed highly stereoselective and
stereocomplementary behaviors in the isomerization of 1
(Scheme 2). Two new crystal structures were solved, and

analysis of the protein structures, along with soaking

experiments and results from mutational study, revealed

important aspects of this mechanism unique among OYEs,

which is herein shown to proceed via asymmetric proton

transfer catalysis in a stereodivergent manner.

2. RESULTS AND DISCUSSION

2.1. Protein Purification and Characterization. In the
frame of a genome mining-based campaign for the
identification of OYE homologues from underexploited
sources, enzyme candidates were discovered in photosynthetic
extremophiles as well as Ascomycetes by using the sequences
of OYE1 from Saccharomyces pastorianus and YqjM from
Bacillus subtilis as templates. GsOYE26 was identified in the
polyextremophilic alga Galdieria sulphuraria, recombinantly
overexpressed in E. coli, and purified to homogeneity. Based on
protein primary structure, GsOYE was assigned to class I of the
OYE family28 (“classical OYEs” from plants and bacteria, see
phylogenetic tree Figure S21) and showed CC bond
reducing activity on a large panel of activated alkenes.26 The
genome of the fungus Botryotinia fuckeliana contains four
putative OYEs homologues that belong to different OYEs
classes.29 The cells displayed strong reducing activity on
cyclohex-2-en-1-one (3), and moderate activity was also
detected with α-methylcinnamaldehyde.30 Since the sequence
of BfOYE4 (XP_001554780.1) is associated with members of
class III28 (“thermophilic-like OYEs”7), it was selected for
further studies in order to enlarge the diversity of potential
isomerases, noting that the only known OYE isomerases
belong to class II.17 We obtained the corresponding gene by
PCR amplification from the genomic DNA of Botryotinia
fuckeliana B05.10. The protein bearing an N-terminal His6-tag
was heterologously expressed in E. coli, and despite low yields
(7 mg/L), the enzyme could be obtained in soluble and pure
form (see Supporting Information, Figure S2). The catalytic
activity of the purified protein was verified on 3 in the presence
of an excess of NADPH, and full conversion on 10 mM could
be observed at pH 7 (Table 4). In aqueous Tris-HCl buffer (50
mM) at pH 8, the melting temperature measured by the
Thermofluor assay reached 43 °C. Although BfOYE4 is
classified as a thermophilic-like OYE based on protein amino
acid sequence similarities,7 its thermostability, as inferred from
the protein melting temperature, remains modest and
comparable with other enzymes from mesophilic organisms
clustered into the thermophilic-like class and reported in the
literature as nonthermostable OYEs (e.g., YqjM: Topt = 30
°C,31 XenA: Tm up to 37 °C,32 OYERo2: stable up to 20 °C,33

RmER: Topt = 35 °C, and DrER: Topt = 30 °C34).
2.2. Isomerization Reaction. The isomerization of 1 was

next investigated with both purified soluble proteins. In brief,
200−400 μg/mL (∼5−10 μM, 0.05−0.1 mol %) enzyme was
added to a solution of 10 mM 1 in Tris-HCl buffer (50 mM,
pH 7−8) containing 2 vol% DMSO as the cosolvent, and the
reaction mixture was incubated at 30 °C and 250 rpm
overnight (Table 1). In the absence of NAD(P)H, 2 was
detected as the sole product, and GC analysis of the extracted

Scheme 2. Stereoselective Hydride-Free Isomerization of α-
Angelica Lactone (1) to β-Angelica Lactone (2) by
Stereocomplementary OYE Homologuesa

aGsOYE: OYE from Galdieria sulphuraria,26 BfOYE4: OYE from
Botryotinia fuckeliana.

Table 1. Influence of the pH on the Isomerization of 1 to 2 by OYEsa

enzyme OYE2 GsOYE GsOYE-P67K BfOYE4

pH rel activityb (%) ee of 2 (%) rel activityb (%) ee of 2 (%) rel activityb (%) ee of 2 (%) rel activityb (%) ee of 2 (%)

6 100 rac 9 >99 (R) 44 83 (R) 3 >99 (S)
7 93 rac 57 84 (R) 125 81 (R) 41 98 (S)
8 63 rac 61 77 (R) 76 34 (R) 61/74c 92/93c (S)
8.5 n.t.d n.a.e n.t.d n.a.e n.t.d n.a.e 60c 88 (S)
9 29 rac 32 16 (R) n.t.d n.a.e 47c 80 (S)

aReaction conditions: 10 mM 1, 200 μg/mL enzyme (∼5 μM), Tris-HCl (50 mM), 2 vol % DMSO, 30 °C, overnight. bRelative activity based on
the maximum amount of 2 obtained with OYE2 (set as 100% reference). c400 μg/mL enzyme (∼10 μM). dn.t. not tested. en.a. not applicable.
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reaction mixtures on chiral stationary phase revealed formation
of the enantioenriched product in a stereodivergent manner
(Scheme 2): GsOYE led to the formation of (R)-2 in up to
84% ee, while (S)-2 was obtained with BfOYE4 in excellent
enantiopurity (up to 98% ee). At pH 7.5, 6.3 mM and 4.3 mM
product, respectively, could be obtained using GsOYE and
BfOYE4, respectively. In comparison, OYE2 generated 7.9
mM rac-2 under the same reaction conditions (see Supporting
Information, Table S8). The maximum amount of 2 formed
with both enzymes was found dependent on the pH (vide
inf ra); from 10 mM 1, up to 8.2 mM (R)-2 was obtained after
5 h of reaction time using 400 μg/mL GsOYE at pH 7, and 5.3
mM (S)-2 was obtained using 400 μg/mL BfOYE4 at pH 8
(Tables 3 and 4).
The absolute configuration of enantioenriched 2 could be

determined by measurement of the optical rotation of the
product obtained using BfOYE4 ([α]D

20 = +35.6° (c = 0.34,
CHCl3), see the Supporting Information), which coincides
with values reported for the (S)-enantiomer.24 The assignment
of absolute configuration was later corroborated by soaking
and X-ray experiments (vide inf ra). So far, a high level of
activity in the isomerization reaction had only been observed
with OYE2 (and to a lesser extent OYE3), but the enzyme was
not stereoselective.17 OYE1 was tested this time, and strong
catalytic activity with formation of the racemic product was
observed (data not shown), an expected result given the high
sequence identity between OYE1 and OYE2 (90%).
A detailed pH study was next conducted and revealed major

differences between GsOYE, BfOYE4, and OYE2 (Table 1).
Control experiments without enzyme did not lead to the
formation of any product; only trace amounts of rac-2 were
found in all samples and taken into consideration for the
calculation of conversions and ee values (see the Supporting
Information). Noteworthy is that both GsOYE and BfOYE4
share a pH-independent activity profile in the reduction of 3
between pH 6−9 (see Supporting Information, Figure S11).
While GsOYE and BfOYE4 both showed strongly diminished
isomerization activity on 1 at pH 6, a stark pH-dependent
stereoselectivity pattern was observed with GsOYE: at pH 6,
(R)-2 was formed in >99% ee, whereas max. 16% ee was
obtained at pH 9. In contrast, (S)-2 obtained with BfOYE4
could sustain significantly higher ee values, even at pH 9 (80%
ee). OYE2 always furnished rac-2 with the product level at the
highest at pH 6. Also notable was the decrease in the product
amount at basic pH values with all three enzymes, which was
the least pronounced with BfOYE4. The substrate amount
remained consistently low upon workup of the reactions at pH
8−9 (data not shown). The lability of 1 already at slightly basic
pH has been shown to be responsible for low recoveries of this
compound upon extraction, due to hydrolysis35 and dimeriza-
tion,36 while 2 appears stable at up to pH 9.17 To better
understand the erosion of the product enantiopurity with
increasing pH values and to rule out racemization at the γ-C−
which is not expected at this poorly activated/nonacidic
position−a series of experiments were set up. First, isomer-
ization of 1 was performed using GsOYE under standard
conditions at pH 7 overnight. The pH was then either kept
constant or adjusted to pH 8 or 9 for further incubation for 5
h. The ee of (R)-2 was then measured and found to be strongly
diminished after the change to higher pH values (from 90% at
pH 7 to 80% at pH 8 and <5% at pH 9, data not shown), along
with a lower amount of 2. In contrast, the ee value remained
constant at pH 9 when an enzyme heat deactivation step was

introduced prior to pH adjustment and further incubation,
indicating that the drop in ee at basic pH was enzyme-
mediated. Finally, adding fresh enzyme again and continuing
incubation at pH 9 resulted in reduced ee and a lower amount
of 2 (see Supporting Information, Table S5). Next, rac-2
obtained by chemical synthesis was incubated in the presence
of BfOYE4 at pH 9 for 5 h (Table 2), after which consumption

of 2 could be observed, and an ee of 17% for the (R)-
enantiomer of the remaining 2 was monitored. Thus,
enantioenrichment by slow and (S)-enantioselective enzymatic
reverse isomerization of 2 took place, following a kinetic
resolution (E-value ∼ 63). Due to the instability of 1 at such
basic pH, only traces of 1 could be observed in the reverse
isomerization. With GsOYE and at pH 9, consumption of 2
went hand in hand with its enrichment toward the (S)-
enantiomer, confirming the (R)-enantiopreference of this
enzyme. OYE2 showed again the strongest and non-
enantioselective activity on rac-2 (in that case, and using 10
μM OYE2, the corresponding formation of 1 could be
detected, see Supporting Information, Figures S18). With all
three enzymes, the extent of isomerization of rac-2 was
reduced at pH 7.5 compared to pH 9 (Table 2). Collectively,
these data indicate that the apparent drop in product
enantiopurity observed upon isomerization of 1 at basic pH
(Table 1) is connected to an enantioselective consumption of
2 following its formation (“reverse” isomerization,24 see
Supporting Information, Scheme S1). Chemically analogous
to the isomerization of 1 to 2, the stereoselective allylic
isomerization of the β,γ-unsaturated cyclic enone neopinone to
the α,β-unsaturated analogue codeione was recently shown to
be catalyzed by neopinone isomerase.37,38 Similar to our
observations, neopinone isomerase was shown to be capable of
catalyzing the isomerization of codeione “back” to neopinone.
In theory, the isomerization toward formation of the α,β-
unsaturated isomer (i.e., neopinone to codeione and 1 to 2) is
favored39,40 due to the thermodynamic advantage of the
conjugated system (e.g., 2 is 1 kcal/mol lower in energy than
141). With 2, the instability of the resulting product 1 at basic
pH and subsequent hydrolysis appears to provide a sufficient

Table 2. “Reverse” Isomerization of rac-2 at pH 9 with
Selected Enzymesa

enzyme pH consumption of rac-2 [%]b ee of 2 [%]

blank (no enzyme) 9 n.d.d rac
BfOYE4 9 14 17 (R)
BfOYE4 7.5 9 rac
BfOYE4-Y78F 9 4 rac
GsOYE 9 22 16 (S)
GsOYE 7.5 10 4 (S)
GsOYE-Y179F 9 n.d.d rac
GsOYE-Y66F 9 15 8 (S)
GsOYE-Y346F 9 24 9 (S)
OYE2 9 25 rac
OYE2c 9 36 rac
OYE2 7.5 9 rac
OYE2-Y197F 9 3 rac

aReaction conditions: 10 mM rac-2 in buffer Tris-HCl (50 mM, pH 9
or 7.5), 2 vol% DMSO, 200 μg/mL enzyme (∼5 μM), 30 °C, 5 h.
bSubstrate consumption based on remaining rac-2 compared to the
initial amount present in the blank (blank, no consumption). c10 μM
enzyme. dn.d. not detected.
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thermodynamic drive for the isomerization to happen on the
more stable α,β-unsaturated isomer, likely further driven by the
tautomerism of the opened enol-isomer to the more stable
keto-isomer (see Supporting Information, Scheme S1).42

Given recent studies demonstrating the influence of light
irradiation on the promiscuous activity of OYEs,14−16 the
isomerization reaction of 1 was also performed in the dark with
both GsOYE and OYE2 for 5 h. Upon workup, both amounts
and ee values of product 2 were comparable to that obtained
from the reaction performed under daylight, indicating a light-
independent mechanism (see Supporting Information, Table
S7). Finally, the effect of FMN alone (0.5 mM and 10 mM)
was investigated on 10 mM 1 under standard reaction
conditions in the absence of enzyme. After 5 h, no formation
of 2 could be detected (data not shown), confirming the
involvement of the enzyme in the reaction.
A small panel of β,γ-unsaturated acyclic compounds bearing

an activating group (ester or nitrile) was tested, but under the
tested reaction conditions, no product formation could be
detected (see Supporting Information, Figure S22), indicating
that a cyclic structure may be required for activity and/or that
the relative positioning of the γ-C to the protonating residue is
crucial for reactivity.
2.3. Crystal Structures and Soaking Experiments. The

crystal structure of GsOYE was obtained in a previous study at
a 1.45 Å resolution (PDB 6S0G).26 Further experiments
aiming at soaking compound 1 were conducted at pH 7 with
already formed crystals with the incubation time ranging from
45 min to 7 h (see the Supporting Information). Crystals
containing bound 1 were obtained after 45 min and revealed
unambiguous substrate binding via H-bonding between the
carbonyl oxygen atom and His174 and Asn177 (Figure 1A).
Both hydroxy groups of Tyr66 (equivalent to Tyr83 in OYE2)
and Tyr179 (equivalent to Tyr197 in OYE2) pointed toward
the prochiral γ-C-atom of 1 (4.7 and 3.0 Å between the γ-C-
and the O-atom of the hydroxy group from Y66 and Y179,
respectively). After 7 h of incubation of the crystals with 1, an
electron density mainly interpretable as product 2 and
corresponding to the (R)-enantiomer was detected in the
enzyme active site, indicating that the stereoselective isomer-
ization had taken place within the crystal (Figure 1B). Binding
was still mediated by His174 and Asn177, and the positioning
of the methyl group at the now chiral γ-C, pointing toward the
flavin, strongly hinted at protonation from Tyr179 on the Si
face of the CC bond of 1. Tyr66, while also close to the γ-C-
atom, appears in a better configuration for direct interaction
with the hydroxy group of Tyr179 (2.7 Å between the two O-

atoms of both Tyr-OH groups), while in comparison, this
distance is strongly increased in nonselective isomerase OYE2
(4.7 Å between Tyr83 and Tyr197, Figure 2), for which we
also obtained a crystal structure (see Supporting Information,
Figures S7−S10).

Polyunsaturated fatty acid isomerase (PAI) from Propioni-
bacterium acnes is a flavin-dependent enzyme responsible for
the irreversible isomerization of linoleic acid to 10,12-
conjugated linoleic acid (10E, 12Z-isomer). The reaction
proceeds through hydride shuffling and starts by abstraction of
the hydride at C11 of the substrate by the N5-atom of FAD.
After the allylic shift of the generated carbocation B2Int1, the
hydride attack occurs at C9 (B2Int2), resulting in an
intramolecular hydride shift and liberation of a diene as the
final product (Scheme 1B2).27,43 Such a mechanism is not
plausible in the isomerization of 1 by GsOYE. First, the crystal
structure of GsOYE obtained after soaking with 1 shows the Re
face of the CC bond facing FMN, which is not compatible
with the formation of (R)-2 through hydride donation from
the flavin. After extended soaking, an electron density
corresponding to (R)-2 was clearly identified in the active
site, with the compound protonation site facing Tyr179,
corresponding to protonation on the Si face of the CC bond.
Additionally, hydride abstraction from the α-C-atom of 1 is
unlikely to happen given the acidity of the α-H, which should

Figure 1. Time course crystallographic studies of GsOYE in complex with 1. A) After 45 min, 1 is the main compound trapped in the enzyme active
site, as demonstrated by composite omit maps. B) After 7 h, the enzymatic reaction product (R)-2 is stacked on top of the FMN cofactor. Omit
maps have been calculated in both cases by Phenix software and depict the electron density contoured at 3σ (for 2FOFC and FOFC maps, see
Supporting Information, Figure S9).

Figure 2. Structure overlay of (R)-isomerase GsOYE (cyan) and
nonselective isomerase OYE2 (orange) with distances indicated
between the tyrosine pairs (Å). Alignment of the α-carbon backbone
obtained using PyMOL44 (RMSD = 0.936 Å).
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preferentially be abstracted as proton. With PAI, hydride
abstraction from the substrate is driven by the generation of an
allylic carbocation stabilized by π-conjugation.27 Collectively,
these data indicate that stereoselective protonation of 1 in
GsOYE occurs on the Si face of the substrate CC bond
through Tyr179.
To gain molecular insights into the stereodivergent behavior

of GsOYE and BfOYE4, the crystal structure of BfOYE4 was
elucidated (see Supporting Information, Figures S4−S6) and
compared to the structure of GsOYE.26 Soaking experiments
with BfOYE4 were unfortunately unsuccessful. Despite overall
good alignment of the α-carbon backbone (RMSD = 1.083 Å
using PyMOL44), major differences between GsOYE and
BfOYE4 could be observed in the amino acids lining and
building up the active site, including the presence of Tyr78 in
the active site of BfOYE4 (equivalent to Asn27 in GsOYE) and
the absence of Tyr66, which is one of the two tyrosine “gating”
residues found in GsOYE (along with Tyr346) as well as in
LeOPR1 (Tyr78 and Tyr358).45 In BfOYE4, Tyr66 is replaced
by Thr118 (see Supporting Information, Figure S1).
2.4. Mutational Studies. Based on the analysis of both

crystal structures and soaking experiments with GsOYE, a few
residues with a potential role in acid−base catalysis were
targeted for mutations. A number of single variants were
designed for GsOYE and BfOYE4, overexpressed in E. coli,
purified (see Supporting Information), and tested in the native
reduction reaction on 3 and the isomerization of 1 (Tables 3
and 4). With GsOYE, Thr25 was mutated to Cys, which is the
equivalent residue in BfOYE4 and is conserved among
thermophilic-like OYEs (class III).7 As seen in isopentenyl
diphosphate isomerase type I,16 cysteine can potentially
function as a base. No major impact was seen on the extent
of isomerization, and the ee of (R)-2 was barely affected (81%
with T25C vs 90% at pH 7 with the wild-type). The data from
soaking indicates that the binding mode of 1 orients α-C away
from Thr25 (Figure 1). Residue Asn270 was selected owing to
its relative proximity to the substrate, in particular of the
nitrogen of the side chain amino group to α-C of 1 (5.9 Å).
Mutation N270R did not impact the reductive activity but led
to a severely reduced isomerization activity; however, this
residue appears to be not involved in the stereoselectivity of
the reaction (Table 3). Three tyrosine residues were next
targeted due to their presence near the substrate: the two
active site gating residues Tyr66 and Tyr346 as well as Tyr179.
Mutation Y179F had the most detrimental effect on both

activity and stereoselectivity (5% of the activity of the wild-
type and max. 32% ee for (R)-2). Y346F did not show much
effect, except a slight reduction in ee of (R)-2, and with Y66F,
although the extent of isomerization was dramatically reduced
(2% of wild-type activity), the stereoselectivity was only
moderately affected. Based on these data, Tyr179 appears to
act in GsOYE as the stereoselective proton donor on the Si face
of the CC bond, as hinted from the soaking data, and in line
with the protonating activity of this residue conserved in
almost all OYE homologues in the bioreduction of CC
bonds.46 Tyr66, which is in hydrogen-bonding distance of
Tyr179−OH and further away from 1 (vide supra), is involved
in catalysis but not in the direct protonation of the substrate.
Instead, Tyr66 may be involved in proton relay by regenerating
Tyr179 after proton donation to the substrate (Scheme 3A).
This would explain the lower activity of Y66F due to slower
regeneration of Tyr179 from the aqueous environment−and
the conserved high ee values for the product obtained with this
variant. A tyrosine network, although engaged in a
dehydrogenation reaction, has also been observed in Δ1-
ketosteroid dehydrogenase, with tyrosine residues appearing in
different protonation states.47 Since Pro67 is also present in
LeOPR3 but is replaced by Lys in LeOPR1 with major impact
on stereoselectivity in the reduction reaction,48 GsOYE-P67K
was constructed. Although the stereoselectivity was compara-
ble to that of wild-type GsOYE in the isomerization of 1, the
single variant showed much stronger activity, in particular at
pH 6−7 (Table 1). As in the case with the two homologues
LeOPR1 and LeOPR3,37 P67K may influence the position of
Tyr66 by moving this residue closer to Tyr179, thereby
supporting catalysis. The beneficial effect on activity was found
even more pronounced by using more enzyme at pH 7 (see
Supporting Information, Table S6 and Figures S12 and S13).
With BfOYE4, mutations C76A and C76T had no

significant effect on the isomerization of 1 (Table 4). Two
tyrosine residues were targeted next: Tyr235 (equivalent to
GsOYE-Tyr179) and Tyr78, present at the bottom of the
active site, with Tyr78−OH pointing toward the inside of the
binding pocket. Both mutations were highly detrimental to the
isomerization reaction: with Y235F, no product formation
could be detected, and with Y78F, diminished isomerization
activity was monitored with a strongly reduced ee value for
(S)-2 (max. 25%). Regardless of the pH of the reaction, Y78F
delivered consistently low ee values (Table 4). Finally, K157A
had a major effect on the activity (19% of the wild-type
activity), while the ee of (S)-2 remained very high (91%).
Without soaking data available, a combined role of these three
residues in the mechanism of the isomerization can only be
postulated: (i) Tyr235 as a tyrosinate deprotonates 1 at the α-
C-atom; (ii) Lys157 reactivates Tyr235 through deprotonation
(distance of 4.6 Å between the N-atom of the side chain
Lys157-NH2 and the O-atom of Tyr235−OH); (iii) Tyr78
stereoselectively reprotonates the enolate type intermediate on
the Re face of the CC bond, delivering the product (S)-2
(Scheme 3B).
BfOYE4-Y78F and GsOYE-Y179F were also tested in the

“reverse” isomerization of rac-2 at pH 9 (Table 2), and in both
cases, 2 remained racemic without significant consumption,
confirming the crucial participation of both tyrosine residues in
the mechanism of the asymmetric catalysis. With OYE2,
mutation of Y197F resulted in a strong decrease in the
isomerization of rac-2 at pH 9 (from 25% consumption with
the wild-type down to 3% with the single variant), while

Table 3. Activity of GsOYE Variants Compared to the Wild-
Type in Isomerization of 1 to (R)-2 and Reduction of 3

isomerizationa reductionb

enzyme
[2] in mM (relative activityc

%) ee of 2 (%) conv (%)

GsOYE 8.21 (100) 79 >99
GsOYE-N270R 2.17 (26) 71 93
GsOYE-Y346F 5.95 (72) 59 94
GsOYE-Y179F 0.38 (5) 32 19
GsOYE-Y66F 0.17 (2) 65 96

aReaction conditions: 10 mM 1, 400 μg/mL enzyme (∼10 μM), Tris
buffer (50 mM, pH 7), 2 vol % DMSO, 30 °C, 5 h. bReaction
conditions: 10 mM 3, 200 μg/mL enzyme (∼5 μM), 15 mM NADH,
Tris buffer (50 mM, pH 7), 2 vol % DMSO, 30 °C, overnight. cWild-
type activity set to 100%.
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running the reaction at a lower pH value (7.5) with the wild-
type strongly affected the extent of isomerization (max. 9%
consumption at pH 7.5). Since both basic pH and availability
of the tyrosine appear crucial for the reverse isomerization of
rac-2 (Table 2), it is suggested that this residue−likely present
as tyrosinate at pH 9−is involved in the enantioselective step
of the reaction by deprotonating the γ-C. With GsOYE, the
two other tyrosine residues Tyr66 and Tyr346 do not appear
to be involved in the reverse reaction since mutation to
phenylalanine did not significantly affect the extent of the
reaction. In the crystal structure of GsOYE obtained after 7 h
of soaking, a distance of 2.6 Å was measured between the γ-C
of (R)-2 and the oxygen of Tyr179−OH (compared to 4.4 Å
with that of Tyr66−OH), indicating a very favorable position
for proton abstraction by Tyr179.
The mechanism of the dehydrogenation catalyzed by OYE

homologues (often observed in the context of a redox neutral

disproportionation),49−52 while distinct from that of the
isomerization reaction, proceeds following two concerted
steps in opposite direction compared to the reduction reaction:
deprotonation at the α-C likely by the conserved tyrosine and
hydride abstraction by FMN at the β-C, as postulated by
Massey and colleagues.50 In the isomerization mechanism,
catalytic deprotonation at the α-C of 1 may not be necessary,
taking into account that (i) binding of the substrate carbonyl
increases the acidity of α-H and induces the formation of an
enolate-type bound substrate,46 (ii) the corresponding enolate
would be stabilized as an aromatic furan-type intermediate, and
(iii) slightly basic pH favors the reaction (see Supporting
Information, Scheme S2A). Based on soaking data, the
involvement of GsOYE-Tyr179 in the deprotonation of 1 at
the α-C (first step in 1→ 2) and the protonation of 2 at the α-
C (second step in 2 → 1), respectively, remains however
possible (3.3 and 3.6 Å, respectively, measured between the

Scheme 3. Proposed Mechanism for the Isomerization of 1 to A) (R)-2 by GsOYE and B) (S)-2 by BfOYE4 Based on the
Mutation Study, Crystal Structures, and Soaking Experiments
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oxygen of Tyr179−OH and the α-C of 1 and the α-C of (R)-2,
respectively).

3. CONCLUSIONS
We have disclosed two stereocomplementary biocatalysts53

from two classes of the Old Yellow Enzyme family for the
highly stereoselective asymmetric isomerization of the
prochiral model substrate γ-methyl β,γ-butenolide (1). The
enzymatic protocol provides access to both (R)- and (S)-
enantiomers of γ-methyl α,β-butenolide 2 in high ee values
without racemization issues under mild reaction conditions.
This study highlights the crucial role of tyrosine residues in
asymmetric proton transfer catalysis for the isomerization of
nonactivated CC bonds and underscores the major
differences between two stereodivergent members of two
distinct OYE classes. The identification and characterization of
further stereoselective isomerases within the OYE family will
likely contribute to a global understanding of this hydride-free
CC bond isomerization mechanism unique among flavin-
dependent enzymes. Noteworthy, this mechanism comple-
ments existing cases of enzymatic acid−base catalysis for CC
bond isomerization, which typically resort to Asp, Glu, or Cys
for proton transfer. Because most reported cases of isomerases
found in nature transform substrates that are not prochiral,
stereoselective biocatalytic isomerization protocols for CC
bonds are rare.37 The discovery of stereoselective Brønsted
acid catalysis in a family of flavin-dependent redox enzymes
indicates that the catalytic tyrosine, important in reduction
reactions, needs not to be coupled to a hydride-transfer step.
Mechanistically different, squalene hopene cyclases are terpene
cyclases that protonate CC double bonds through a catalytic
aspartic acid. The event generating a carbocation initiates the
cyclization reaction, and the protonation step could be
exploited for a range of stereoselective reactions with non-
natural substrates through protein engineering.54 Our work
opens the door to further discoveries connected to catalytic
promiscuity in the family of OYEs with an already rich catalytic
repertoire. Finally, this biocatalytic tool provides an attractive
way to transform biomass-derived α-angelica lactone into
valuable enantiopure precursors that can be incorporated into
larger synthetic schemes55 toward increased value from
biomass, away from low value bulk chemicals.56 Investigations

of the substrate scope are currently ongoing in our laboratory
in order to evaluate the potential of a biocatalytic OYE
isomerization platform in synthesis.
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Table 4. Activity of BfOYE4 Variants Compared to the
Wild-Type in Isomerization of 1 to (S)-2 and Reduction of 3

isomerizationa reductionb

enzyme
[2] in mM (relative activityc

%) ee of 2 (%) conv (%)

BfOYE4 5.31 (100) 99 >99
BfOYE4-C76A 4.27 (80) 93 >99
BfOYE4-C76T 5.73 (108) >99 48
BfOYE4-Y78F 4.09 (77) 25 >99
BfOYE4-Y78Fd 2.08 (39) 25 n.a.i

BfOYE4-Y78Fe 4.30 (81) 21 n.a.i

BfOYE4-Y235F n.d.h n.a.i 25g

BfOYE4-K157A 1.00 (19) 91f 86g

aReaction conditions: 10 mM 1, 400 μg/mL enzyme (∼10 μM), Tris
buffer (50 mM, pH 8), 2 vol % DMSO, 30 °C, 5 h. bReaction
conditions: 10 mM 3, 200 μg/mL enzyme (∼5 μM), 15 mM NADH,
Tris buffer (50 mM, pH 7), 2 vol % DMSO, 30 °C, overnight. cWild-
type activity set to 100%. dpH 7. epH 9. fON. gpH 7.5. hn.d. not
detected. in.a. not applicable.
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