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Asymmetric Bioreduction of Activated Alkenes Using Cloned
12-Oxophytodienoate Reductase Isoenzymes OPR-1 and OPR-3
from Lycopersicon esculentum (Tomato): A Striking Change of

Stereoselectivity**

Mélanie Hall, Clemens Stueckler, Wolfgang Kroutil, Peter Macheroux, and Kurt Faber*

The asymmetric reduction of C=C bonds goes in hand with
the creation of up to two chiral centers and is thus one of the
most widely employed strategies for the synthesis of chiral
compounds. Whereas cis hydrogenation using homogeneous
catalysts based on (transition) metals has been developed to a
high standard,’! stereocomplementary trans reduction is still
at the stage of development.*”!

The biocatalytic equivalent of this reaction is catalyzed by
enoate reductases [EC 1.3.1.x],*”) commonly denoted as the
“old yellow enzyme” family.” These common enzymes act
through transfer of a hydride ion, derived from a flavin
cofactor (FMNH,), onto the p-carbon atom of an a,f3-
unsaturated carbonyl compound, while a proton, derived
from the solvent, adds from the opposite side onto the a-
carbon atom. As a consequence of this mechanism, the
hydrogenation occurs in a trans-specific fashion. The catalytic
cycle is completed by the reduction of FMN at the expense of
NAD(P)H, which is regenerated by an additional redox
reaction (Scheme 1). Although the mode of action of these
enzymes has been elucidated in great detail, their application
in preparative-scale biotransformations has been hampered
for several reasons: although the best-studied enzymes from
this group, which were isolated from strictly anaerobic
bacteria such as Proteus and Clostridium spp.,”’ were shown
to be highly stereoselective, the sensitivity of these proteins
towards traces of molecular oxygen prevented their practical
application. As a consequence, whole-cell biotransformations
using aerobic microorganisms, most prominently baker’s
yeast,”) dominated the field. Although the stereoselectivities
achieved were often excellent, the chemoselectivity of whole-
cell bioreductions with respect to the reduction of C=C
against C=0 bonds was notoriously plagued by the competing
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Scheme 1. Asymmetric bioreduction of activated alkenes bearing an
activating electron-withdrawing group (EWG) by enoate reductases.
EWG =ketone, aldehyde, carboxylic acid or anhydride, lactone, imide,
or nitro.

reduction of the carbonyl group that was catalyzed by alcohol
dehydrogenases.”'”! Since enoate reductases and alcohol
dehydrogenases depend on the same nicotinamide cofactor,
redox decoupling of both enzyme activities is not possible.

Isolated and/or cloned enoate reductases are required in
sufficient amounts, together with a suitable recycling system
for the nicotinamide cofactor, to make this biotransformation
practically feasible. Only recently, the first successful attempts
in the chemo- and stereoselective reduction of conjugated
enones were reported by using cloned old yellow enzymes
from Saccharomyces carlsbergensis'!! and baker’s yeast.['?

Since enoate reductases have been shown to possess a
much broader substrate spectrum than their name would
suggest,'¥l we initiated a search for a candidate that possessed
a broad substrate specificity but showed high stereoselectivity
towards a wide range of C=C bonds bearing an electron-
withdrawing activating group. In this context, we came across
12-oxophytodienoate reductase (OPR) which occurs in sev-
eral isoforms in plants."! Whereas isoenzyme OPR3 is
responsible for the reduction of (9S,135)-12-oxophytodie-
noate to the corresponding cyclopentanoic acid OPC-8:0 for
the biosynthesis of the plant hormone jasmonic acid,!™ the
role of isoenzymes OPR1 and OPR2 remains unknown. The
substrate spectrum of OPR1 and OPR3 from Lycopersicon
esculentum (tomato) was tested using a range of alkenes
bearing an electron-withdrawing substituent (Table 1).1
Although OPRs were reported to show a preference for
NADPH,!"" we also tested NADH as the cofactor,['™ since its
recycling is generally more facile.!

As a result of the presence of multiple C=C and C=0
bonds, the asymmetric reduction of citral (1a, Table 1) in a
chemo-, regio-, and stereoselective fashion is a challenging
task.>?) Both OPR1 and OPR3 quickly reduced the con-
jugated C=C-bond in a highly chemo-, regio-, and stereose-
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Table 1: Asymmetric bioreduction of activated alkenes using OPR1 and OPR3.

Entry Substrate Product Cofactor? OPR1 OPR3
Conv. [%]"! ee [%)] Conv. [%]" ee [%)]

1 NADH >99  (S)>95 9  (S) >95
2 / A GHeo Y\/\(\C,ﬁ, NADPH >99  (S)>95 9  (S) >95
3 S11b NAD*/FDH <5 - <5 -
4 1a (8- NAD*/GDH 20 (5)>95 90 (5 >95
5 NADP*/G6PDH 15 (S)>95 95 (S) >95
6 o o NADH 58 (S) 61 27 (S)45
7 NADPH 45 (S) 64 19 ()45
8 NAD"/FDH 88 <3 65 <3
9 ’n ()2b NAD*/GDH 69 (S)72 45 (5)67
10 NADP*/G6PDH 4 (561 10 (5)58
11 0 ? NADH oo - 1 (5)>9
12 NADPH - 2 (5)>99
13 NAD*/FDH nd - 6 () >99
14 3a (S)3b NADP*/G6PDH nd - 1T () >9
15 o o NADH ~98  (R) 51 78 (R) S5
16 NADPH >95  (R)52 77 (R)33
17 NAD*/FDH >95  (R)51 >95  (R)52
18 NADP*/G6PDH >95  (R) 91 >95  (R) 99

o} o}

4a (R)-4b
19 COM coH NADH >99  (R) >99 o -
20 | NADPH >99  (R)>99 e -
21 COH COH NAD*/GDH! >99  (R) >99 nd -
22 5a (R)-5b NADP*/G6PDH 9%  (R) >99 nd -

o] O
23 NADH 99 (R) >99 99 (R) >99
24 o’ ] . NADPH 99 (R)>99 99 (R) >99
25 NAD*/FDH 99 (R)97 99 (R) 92
26 ! s NADP*/G6PDH 99 (R) 96 99 (R)97

6a (R)-6b

69

27 Jw NADH >99  (R) 97 (S) 82
28 PhJ\/NOZ on NO, NADPH >99  (R) 9% 72 (587
29 7a (R)- or (S)-Tb NAD*/FDH >90  (R) 95 0 (575
30 NADP*/G6PDH 9  (R) 98 75 (S) 93

[a] NADH/NADPH = sstoichiometric amounts of cofactors; NAD*/FDH=NADH was recycled using formate dehydrogenase/formate; NADP*/
G6PDH = NADPH was recycled using glucose 6-phosphate/glucose 6-phosphate dehydrogenase; NAD*/GDH = NADH was recycled using glucose/
glucose dehydrogenase; [b] determined after 48 h by GC or HPLC analysis using an internal standard; nr=no reaction, nd=not determined;
[c] carbonyl reduction that gave the unsaturated allylic alcohol prevailed; [d] in presence of Mg®".

lective fashion to give (S)-1b in greater than 95 % ee using
either NADH or NADPH as cofactor (Table 1, entries 1 and
2). The nonconjugated olefin and the aldehyde moiety, which
is quickly reduced in whole-cell bioreductions,” remained
untouched. Attempts to recycle NADH using formate
dehydrogenase/formate (FDH)! failed because of the pre-
dominant reduction of the carbonyl group that furnished the
corresponding allylic alcohol (3,7-dimethylocta-2,6-dien-1-ol)
in greater than 95% yield (Table 1, entry3). This side
reaction was presumably caused by primary-alcohol dehy-
drogenases, which are present as impurities in commercially
supplied FDH preparations. However, the recycling of
NADH or NADPH was achieved by using the glucose
dehydrogenase/glucose (GDH) and glucose-6-phosphate
dehydrogenase/glucose-6-phosphate  (G6PDH)  systems,
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respectively (Table 1, entries 4 and 5). Significant differences
in the activities and stereoselectivities of OPR1 and OPR3
were observed using the a- and p-substituted 2-cyclopente-
nones 2a and 3a. Substrate 2a was converted in reasonable
rates by both enzymes in up to 72% ee, whereas 3a was not
reduced by OPR1 and was only slowly reduced by OPR3,
albeit with excellent stereoselectivity (Table 1, entries 11-14).
Again, recycling of the NADH cofactor with the FDH system
failed because of racemization of the product a-methylcyclo-
pentanone formed ((S)-2b; Table 1, entry 8); fortunately, the
GDH system succeeded again. Encouraged by these results,
we tested the reduction of ketoisophorone (4a) to the
levodione (4b), which is an important building block for the
synthesis of zeaxanthin on an industrial scale.'” Both
isoenzymes converted 4a into (R)-4b smoothly in up to
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99% ee in the absence of the competing carbonyl reduc-
tions®! (Table 1, entries 15-18).

The stereoselective reduction of o-methylmaleic acid
(citraconic acid, 5a) failed with OPR3 but succeeded with
isoenzyme OPRI1, and (R)-a-methylsuccinate was obtained
with excellent reaction rates and absolute stereoselectivity
(>99% ee; Table 1, entries 19 and 20), which proved that the
carboxylic acid moiety serves as an excellent activating group.
The Z configuration of Sa appears to play a crucial role, since
its counterpart with the E configuration (mesaconic acid) and
the exo-methylene analogue (itaconic acid) proved to be
completely unreactive. With the dicarboxylic acid 5a, recy-
cling of the cofactor using GDH or G6PDH initially failed
completely under standard conditions, which presumably is
due to removal of essential metal ions (such as Ca** or Mg*")
from GDH and G6PDH, respectively, by complexation
caused by the dicarboxylic acid. This drawback was efficiently
circumvented by addition of Mg** ions (equimolar to
substrate 5a) to the GDH or G6PDH system (Table 1,
entries 21 and 22). An a-substituted maleimide 6a was
investigated to extend the substrate tolerance of OPRs on
carboxylic acid derivatives. Again, excellent reaction rates
and stereoselectivities were obtained using both enzymes
(Table 1, entries 23-26).

As a result of the electronic similarity of the carboxy and
nitro groups, nitroalkenes also can be reduced by enoate
reductases to furnish the corresponding nitroalkanes.’” From
the two possible chiral centers that are created, only the
distant one is configurationally stable, whereas the carbon
atom which bears the nitro group undergoes spontaneous
epimerization.”® Bioreduction of 2-phenyl-1-nitropropene
(7a) gave surprising results: although 7a was reduced using
OPR1 with excellent rates to yield (R)-7b in greater than
99 % ee, a complete reversal of stereoselectivity was observed
using isoenzyme OPR3, which furnished (S)-7b in up to
93% ee. This rare case of stereocomplementary behavior is
particularly remarkable in view of the fact that the isoen-
zymes OPR1 and OPR3 are structural homologues with
active-site architectures that are highly conserved (overall
sequence identity 53 %). This conservation not only encom-
passes the carbonyl-binding motif H-X-X-H(N)-X-Y in the
active site, but also extends to the amino acid side chain
interactions with FMN.?¥ Preliminary data from modeling
studies based on the crystal structures of OPR1 and OPR3
suggest that this stereochemical reversal is caused by subtle
differences in the shape of the active sites.” Stereocomple-
mentary behavior of enzymes has been observed in a number
of cases:;®! however, the magnitude of the “stereochemical
switch” was usually moderate and generally ee values no
greater than around 80 % were achieved that was caused by
the logarithmic dependence of the difference in transition
energies of stereoisomers on the stereochemical outcome.””!
The difference in the AAG* values for the transformation of
7a into (R)-7b or (S)-7b in 99 and 93 % ee, respectively, is
remarkably 5.1 kcalm™".*¥

In contrast to the enoate reductases reported so far that
showed a preference for a specific substrate-type,l! the 12-
oxophytodienoate reductase isoenzymes OPR1 and OPR3
from tomato displayed a remarkably broad substrate range
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for the stereoselective asymmetric bioreduction of a,f3-
unsaturated enals, enones, dicarboxylic acids, N-substituted
maleimides, and nitroalkenes. Although both isoenzymes are
structurally closely related, they reduced a nitroalkene in a
strict stereocomplementary fashion. The scope of these
enzymes for the asymmetric bioreduction of activated alkenes
in a stereocomplementary fashion on a preparative scale is
currently under investigation.
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