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ABSTRACT: Styrene monooxygenase (SMO) is a two-
component flavoprotein catalyzing the selective epoxidation
of various C=C double bonds. For cell-free catalysis,
traditionally a cascade of NAD(P)H:flavin oxidoreductase,
nicotinamide cofactor (NADH), and NADH regeneration
enzyme is required to supply StyA with the reduced flavin
adenine dinucleotide cofactor (FADH,) required for catalysis.
Herein, we present a more direct and efficient FADH,
regeneration system using the nicotinamide cofactor mimic
1-benzyl-1,4-dihydronicotinamide (BNAH) as the sole reduc-
tant. Thus, BNAH replaces two enzymes and the nicotinamide

cofactor, resulting in a significantly simplified reaction system.
KEYWORDS: asymmetric epoxidation, electron transfer, mNADHs,

S tyrene monooxygenases (SMOs) are highly interesting
biocatalysts enabling the organic chemist to perform
challenging enantiospecific epoxidation and sulfoxidation
reactions (Scheme 1).'™'* One of the major challenges for
the practical application of these enzymes lies in their
complicated molecular architecture. Essentially, SMOs utilize
a reduced flavin cofactor (FADH,) provided by a NAD(P)-
H:flavin oxidoreductase using reduced nicotinamide cofactors
as reductant.'™"® The latter are prohibitively expensive, thus
requiring enzymatic in situ regeneration systems to allow for
their use in catalytic amounts. As a result, rather complicated
electron transport chains comprising two additional enzymes
and the nicotinamide cofactor result (Scheme 1), which
(unnecessarily) complicate the practical application of these
enzymes. #1315

An additional major limitation for the preparative application

of SMO lies in the so-called oxygen dilemma: on the one hand,
molecular oxygen is necessary to complete the monooxyge-
nase’s catalytic cycle, but at the same time, O, also leads to
uncoupling of the electron supply from the monooxygenation
reaction. This oxygen dilemma is particularly severe because a
diffusible reduced flavin is involved in the overall mechanism
and is well-known to react very quickly with molecular oxygen,
producing H,0, (vide infra).> 1

Overall, to fully exploit the catalytic potential of SMO, a
simpler, more robust electron transport chain needs to be
established, and the sometimes very poor electron transfer yield
(ETY, calculated as product formed per electron donor) from
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the sacrificial electron donor to the oxygenase must be
improved significantly.

Previously, we have proposed that simpler reaction schemes
(shorter electron transport chains) could significantly improve
the electron transfer yield for SMOs by using e.g. [Cp*Rh-
(bpy)(H,0)]** as a direct flavin reduction catalyst.”'""”
However, the mutual inactivation of the heavy-metal catalyst
and enzymes'® together with issues related to the cost of the
catalyst and its toxicological properties, to our mind, exclude it
from being a practical solution for the future. Nevertheless,

19-22 along with others before us,*® have

recently we,
demonstrated that simple synthetic nicotinamides (mNADHs)
are capable of reducing flavins at a high rate, thereby making
them interesting stoichiometric reductants for flavoprotein-
catalyzed C=C bond reductions and hydroxylations.
Encouraged by these promising preliminary results, we
decided to evaluate the direct nonenzymatic regeneration of the
reduced flavins using 1-benzyl-1,4-dihydronicotinamide
(BNAH) as a stoichiometric reducing agent. Currently, in
situ regeneration systems of BNAH are limited but are under
investigation. We envisioned that the simpler reaction scheme
(BNAH replacing the NAD(P)H:flavin oxidoreductase, the
natural nicotinamide cofactor, and the putative NAD(P)H
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Scheme 1. Styrene Monooxygenase (SMO) Catalyzed
Epoxidation of Styrenes: (Top) Molecular Architecture of
the Electron Transport Chain Comprising a
NAD(P)H:flavin Oxidoreductase (StyB) Catalyzing the
Hydride Transfer from NAD(P)H to the Flavin;” (Bottom)
Proposed Direct Regeneration of FADH, using Synthetic

Nicotinamides?
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“For in situ regeneration of the reduced mcotmamlde cofactor
typically an enzymatic regeneration system is used. “1-Benzyl-1,4-
dihydronicotinamide (BNAH) as a stoichiometric reducing agent. In
the proposed setup BNAH substitutes for two enzymes (StyB and the
regeneration enzyme) and the nicotinamide cofactor (NADH).

regeneration system) would lead to more robust and efficient
reaction schemes (Scheme 1).

As a model enzyme we chose the styrene monooxygenase
(SMO, EC 1.14.14.11) from Rhodococcus opacus 1CP (StyAl),
which was recently discovered and described as a novel subtype
among SMOs.***7%% StyA1, together with its natural reductase
StyA2B or together with a related reductase StyB, performs
highly selective oxo functionalizations. However, it was also
demonstrated that StyB does not deliver sufficient reducing
equivalents for StyAl to employ its maximum potential in
biocatalysis. We suspected the oxygen dilemma to eventually
account for this shortcoming.

In a first set of experiments, we established for the first time
that the BNAH could in fact replace the natural NADH, StyB
reductase system and NADH regeneration system required to
perform the biocatalytic epoxidation reaction. Control reactions
in the absence of BNAH, FAD, or StyAl, respectively, yielded
no detectable product formation. Encouraged by these results,
we further explored the substrate scope of the novel, simplified
reaction scheme. A selection of a-, f-, para-, and meta-
substituted styrene derivatives (Table 1) as well as substituted
aromatic sulfides (Table 2) were tested for conversion and
enantioselectivity.

Admittedly, several reaction conversions for asymmetric
epoxidation were low due to enzyme stability issues, seen over
the time course in Figure 1 (additionally see Section 3, Figures
S1-SS, in the Supporting Information), but with excellent ee
values (up to >99%). Conversions could be improved through
the addition of more StyAl. The best results were obtained
with substrates 1a, 3a, 9a, and 12a in terms of conversion and
ee. cis-f-Methylstyrene (3a), a-methylstyrene (4a), and meta-
substituted styrene substrates (entries 6, 8, 10, and 12)
generally afforded excellent ee values of >99%.
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Table 1. Enantioselective Epoxidation of Styrene Derivatives
with the StyA1/BNAH System®

R? 0, H,0 R?
N R NS R3
|// R SYyAT L, e
R' 1-15a FADed FAD®X R' 1-15b
BNA* BNAH
1R'"=H,R?=H,R®=H,R*=H 9R"=p-F,R?=H,R®=H,R*=H

2R'"=H,R?=CHg, R®=H,R*=H
3R'=H R2=H,R®=CH, R*=H
4R'=H,R?=H,R®=H, R*=CHs3
5R'=p-Br,R2=H,R®=H,R*=H
6R'=m-Br, RZ=H,R®=H,R*=H
7R'=p-C,R?=H,R®=H,R*=H
8R'=m-Cl,R?=H,R®=H,R*=H

10R'=m-F,R?=H,R®=H,R*=H
11R"=p-CHs, R2=H,R®*=H,R*=H
12R'=m-CHs, R?=H,R®=H,R*=H
13R"=p-OCH;, R2=H,R¥=H,R*=H
14 Allyl benzene

15 1,2-Dihydronaphthalene

e [Product o\
Entry  Product TN (h') yield] (mM)" ee (%)
o 433 1.30
1 ()/“ 93 (S)
175 0.02¢
e
2 ©>N 107 0.32 >99 (S)
.0
3 ©/\" 390 1.17 94 (18,28)
el
4 ©N ---- 83 0.25 99 (1S,2R)
Ko
5 /@N 130 0.39 66 (S)
Br
0
6 5’©N 123 0.37 >99 (8)
e}
7 DN 97 0.29 83(S)
Cl
.0
8 C‘©N 67 0.20 >99 (8)
.0
9 333 1.00 >99 (S
i @N (S)
.0
10 Fj@N 73 022 >99 (8)
fonl !
11 107 0.32 nd.
KeJ
12 \©N 300 0.90 >99 (S)
0
13 163 0.49 98 (S
MeO/©N ( )
14 @A% 133 0.40 >99 (S)
0
15 @O 73 022 n.d.
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Table 1. continued

“Reaction conditions: Tris-HCl buffer (50 mM, pH 7.0), BNAH (10
mM), catalase (651 U), FAD (50 uM), styrene (4 mM), StyAl (3.0
uM), final volume 1 mL, shaken at 900 rpm, 30 °C, 60 min. *The
turnover number (TN) was calculated as [product yield]/[StyAl].
The product yield was measured by GC with calibration curves and
dodecane (2 mM) as an internal standard; n.d. = not determined. “The
enantiomeric excess was measured by chiral GC. “Reaction performed
with StyAl (0.114 4M) and StyB as previously described over 2 h,”®
without BNAH.

Table 2. Enantioselective Biocatalytic Sulfoxidation Reaction
of Thioanisole Derivatives with the StyA1/BNAH System®

0, H,0 /9
S S
Xy7TR? / Xy R?
StyA1
iy \ B
R' 16-19a FA§_<FAD°X R" 16-19b
BNA* BNAH
16 R'=H, R?=CHjy 18 Benzyl methyl sulfide
17 R' = 0-CI, R? = CHj3 19 R' = H, R2 = CH,CHj3
[Product ee (absolute
TN , :
Entry  Product ()" yield] configuration)
(mM)* (%)°
16 (j’s'\ 887 266 >99 (8)
17 @[S\ 957 2.87 >99 (S)
Cl
7~
18 @(}S\b 583 175 99 (S)
. 9

19 @Sv 870 2.61 64 (S)

“Reaction conditions: Tris-HCl buffer (50 mM, pH 7.0), BNAH (10
mM), catalase (651 U), FAD (50 uM), styrene (4 mM), StyAl (3.0
uM), final volume 1 mL, shaken at 900 rpm, 30 °C, 60 min. bThe
turnover number (TN) was calculated as [product]/[StyAl]. The
product yield was measured by GC with calibration curves and
dodecane (2 mM) as an internal standard. “The enantiomeric excess
was measured by chiral GC.

A series of sulfide substrates was also screened with the
StyA1/BNAH system (Table 2). The oxidation of methyl
phenyl sulfides by SMOs generally gives poor to good
enantioselectivity, achieving between 45 and 92% ee.
Surprisingly, we obtained excellent enantiomeric excess
(>99% ee, compounds 16—18) with high conversions, where
no overoxidation was observed.

Interestingly, the performance (in terms of turnover number
(TN) attainable for StyAl) of the simplified reaction scheme
surpassed the performance of the “natural” system significantly
(Table 1). We suspected the more efficient electron transfer to
account for this observation and therefore performed a set of
experiments under BNAH-limiting conditions. As shown in
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Figure 1. Time course of the StyAl-catalyzed epoxidation of styrene

(1a). Standard reaction conditions: Tris-HCI buffer (50 mM, pH 7.0),

BNAH (10 mM), catalase (651 U), FAD (50 uM), styrene (4 mM),

StyAl (2.2 uM), final volume 1 mL, shaken at 900 rpm, 30 °C, 90 min.

Table 3, electron transfer yields (ETYs) of up to 80% could be
achieved, which is in stark contrast with respect to the ETYs

Table 3. Electron Transfer Yields (ETYs) for Different
Substrates and Enzyme Concentrations®

o
S 0 é

©/\ or ©/ StyAl, FAD |—» ©/\‘ or @/ ~
1a 16a / \‘ 1b 16b

BNAH
+ 0,

BNA*
+ H,0

[StyAl] (uM) [BNAH] (mM) [(S)-styrene epoxide] (mM)” ETY (%)°

2.2 0.5 0.29 58
0.75 0.38 51
1 0.46 46
4.4 0.5 0.33 66
0.75 0.43 58
1 0.54 54
[StyAl] [BNAH] [(S)-methy], hen}il sulfoxide] ETY
(M) (mM) (mM) (5)°
2.2 0.5 0.30 60
0.75 0.42 56
1 0.54 54
4.4 0.5 0.39 77
0.75 0.64 85
1 0.72 72

“General conditions: Tris-HCI buffer (50 mM, pH 7.0), BNAH (0.5,
0.75, or 1 mM), catalase (651 U), FAD (50 uM), styrene (4 mM),
StyAl (2.2 uM or 4.4 uM), final volume 1 mL, shaken at 900 rpm, 30
°C, 60 min. “The product yield was measured by GC with calibration
curves and dodecane (2 mM) as an internal standard. “The electron
transfer yield (ETY) was measured as ([product]/[BNAH]) X 100.

obtained in the traditional regeneration scheme (generally less
than 5%).

Two observations from this set of experiments are
particularly interesting to note: first, the ETY tended to be
higher in the presence of elevated enzyme concentrations, and
second, the ETY with thioanisole (being the “better substrate”)
was generally higher than that with styrene (being the “worse
substrate”). Both observations support the assumption that the
ETY is mostly determined by the efficiency with which StyAl
can utilize FADH, in competition with the spontaneous aerobic
reoxidation of FADH,. Thus, styrene monooxygenases were
previously reported to stabilize the reactive flavin species in the
presence of substrate,”* and the data obtained here allow us to
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conclude that methyl phenyl sulfide does it even better than the
natural substrate styrene.

Next, we investigated the influence of the FAD concentration
on the overall reaction (Figure 2). Doubling the concentration
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Figure 2. Initial styrene oxide formation at different FAD
concentrations at StyAl concentrations of 4.4 uM (A), 22 uM
(®), and 1.1 gM (O). Error bars represent standard deviations.
Reaction conditions: Tris-HCI buffer (50 mM, pH 7.0), BNAH (10
mM), catalase (651 U), FAD, styrene (4 mM), StyAl, final volume 1
mL, shaken at 900 rpm, 30 °C, 20 min.

of the enzyme from 1.1 to 2.2 uM at optimal FAD
concentration (S0 pM) doubled the formation of styrene
oxide. Maximum styrene oxide formation rates were observed
between 50 and 75 uM of FAD. Doubling again the enzyme
concentration to 4.4 uM led to 2.3 mM of styrene oxide, a
lower amount than expected, perhaps due to oxygen limitation.
Under these conditions, an ETY of 90% was achieved (see the
Supporting Information).

Interestingly, an optimal FAD concentration was observed.
The increasing overall reaction rate up to approximately 50 M
FAD may easily be explained by the bimolecular character of
the FADH, reduction reaction (BNAH + FAD + H" — BNA*
+ FADH,) and the resulting rate dependence on both
concentrations.'” However, the decrease of the product
formation rate at higher FAD concentrations is somewhat
more difficult to explain. Nevertheless, we believe that the
preferred aerobic reoxidation mechanism of reduced flavins
proceeding via a synproportionation step sufficiently explains
this observation.”” The first step of the aerobic reoxidation is
the fast synproportionation of FAD and FADH, to the
intermediate semiquinone (eq 1). The following (equally
fast) next steps are single electron transfer from the
semiquinone to O, vyielding fully reoxidized FAD and
superoxide (eq 2), which undergoes disproportionation into
H,0, and O, (eq 3).

108 Mgt
FADH, + FAD 2FAD®
sx10°M 717! (1)
o 10°M s o
FAD" + O, ——— FAD + O, 2)
o 8X10M s
20, —— H,0, + O, (3)

Apparently, the rate of the first step (semiquinone formation,
eq 1) also depends on the FAD concentration. Furthermore,
the equilibrium is shifted to the semiquinone side in the
presence of higher FAD concentrations. Overall, this
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sufficiently explains the observed reduction in epoxidation
rate (and concomitantly in the ETY; Figure 1).

Finally, a 100 mg scale reaction was performed with
thioanisole as substrate. Using StyAl, BNAH, and FAD, a
53% yield was obtained with >99% ee of the (S)-methyl phenyl
sulfoxide. This demonstrates that preparative application of the
proposed simplified reaction scheme is principally feasible. At
the present stage the poor thermal stability of the SMO used
represents the major limitation en route to preparative scale.

In conclusion, we have developed a simpler, more robust,
and eflicient electron transport system for preparative-scale
biocatalytic asymmetric (ep)oxidation to afford enantiopure
epoxides and sulfoxides, using BNAH as a cheap and efficient
reductant. As a comparison, BNAH allows an ETY of 66% in
comparison to 2—5% with the same SMO and its natural
reductase.”®

We believe our system is not limited to styrene
monooxygenases but can provide a more efficient catalytic
process for two-component flavin monooxygenases (2CFMOs)
in general, making them more attractive for practical

se.|/?32028736 [ndeed, preliminary experiments with the
2CFMO tryptophan 7-halogenase (PrnA) with BNAH gave
promising results; further experiments are ongoing. We
envision application of the proposed simplified regeneration
system to further 2CFMOs, which is currently being developed
in our laboratory.
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