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Enabling highly (R)-enantioselective epoxidation of styrene
by engineering unique non-natural P450 peroxygenases

This article describes the H,0,-dependent (R)-enantioselective
epoxidation of styrene and its derivatives by site-mutated
variants of a unique non-natural P450BM3 peroxygenase,
working in tandem with a dual-functional small molecule
(DFSM). The observed (R)-enantiomeric excess (ee) of styrene
epoxidation is up to 99%, and the best mutant (with 98% ee)
gave a catalytic TON of 4350, representing the best activity

of P450 towards styrene epoxidation, to date. This study
indicates that the synergistic use of protein engineering and an
exogenous DFSM constitutes an efficient strategy to control
enantioselectivity of styrene epoxidation.
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Unlike the excellent (S)-enantioselective epoxidation of styrene performed by natural styrene
monooxygenases (ee > 99%), the (R)-enantioselective epoxidation of styrene has not yet achieved
a comparable efficiency using natural or engineered oxidative enzymes. This report describes the H,O,-
dependent (R)-enantioselective epoxidation of unfunctionalized styrene and its derivatives by site-
mutated variants of a unique non-natural P450BM3 peroxygenase, working in tandem with a dual-
functional small molecule (DFSM). The observed (R)-enantiomeric excess (ee) of styrene epoxidation is
up to 99% with a turnover number (TON) of 918 by the best enantioselective mutant F87A/T2681/L181Q,
while the best active mutant F87A/T268I/V78A/A184L (with 98% ee) gave a catalytic TON of 4350,
representing the best activity of a P450 peroxygenase towards styrene epoxidation to date. Following
this approach, a set of styrene derivatives, such as o-, m-, p-chlorostyrenes and fluorostyrenes, could
also be epoxidized with modest to very good TONs (362-3480) and high (R)-enantioselectivities (95—
99% ee). The semi-preparative scale synthesis of (R)-styrene oxide performed at O °C with high

conversion, maintaining enantioselectivity, and moderate isolated yields, further suggests the potential
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Accepted 21st March 2021 application of the current P450 enzymatic system in styrene epoxidation. This study indicates that the

synergistic use of protein engineering and an exogenous DFSM constitutes an efficient strategy to
DOI: 10.1039/d1sc00317h control the enantioselectivity of styrene epoxidation, thus substantially expanding the chemical scope of

rsc.li/chemical-science P450 enzymes as useful bio-oxidative catalysts.

styrene oxide generation, but not for the (R)-configuration.***
For example, the proline-derived Cl-symmetric salen ligand
with a Ti(OiPr), catalyst effectively converted several styrene

Introduction

Optically-pure styrene oxides are extremely useful building

blocks for synthesizing chiral organic compounds and func-
tional polymers." The asymmetric epoxidation of styrenes
represents one of the most direct ways to prepare such
compounds, and thus, it has attracted significant attention in
recent years.> However, despite critical progress in the devel-
opment of asymmetric epoxidations based on synthetic
molecular catalysts or biocatalysts, there is limited under-
standing regarding the highly-enantioselective epoxidation of
terminal olefins, including styrene. Most catalytic systems
demonstrate excellent enantioselective excess (ee) for (S)-
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derivatives to (S)-epoxides with 96-98% ee.*> The famous
Jacobsen catalyst only generated 57% ee for (R)-styrene oxide,
but that value improved to 86% when the reaction was per-
formed at —78 °C.* Similarly, a modified Shi epoxidation
produced (R)-styrene oxide with decent enantioselectivity (71—
85% ee).” Some biomimetic porphyrin-ligand-based metal
catalysts also suffer from insufficient enantioselectivity issues.®

In nature, styrene monooxygenases (SMOs) are the most
notable biocatalysts performing styrene epoxidation reactions;
however, their outstanding selectivity produces only (S)-styrene
oxide (>99% ee).” Recently, the first natural SMO to generate (R)-
styrene oxide (with 91% ee) was identified from the genome of
Streptomyces sp. NRRL S-31.® However, the highest known (R)-
enantioselectivity (98% ee) for styrene oxidation was achieved
by a strain of Mycobacterium sp. containing an ethene mono-
oxygenase that interacts with a limited substrate scope.® Certain
engineered enzymes, such as cytochrome P450 mono-
oxygenases and the Agrocybe aegerita unspecific peroxygenase
(AaeUPO), have also been designed for the asymmetric epoxi-
dation of olefins."®'* Although some evolved variants exhibit
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excellent (R)-enantioselectivities for aromatic ring-substituted
styrene derivatives (up to 99% ee),** to the best of our knowl-
edge, the highest (R)-enantioselectivity toward styrene oxide
(96% ee) was observed by Reetz and Wang using a SO5 mutant
of the NADPH-dependent P450BM3 enzyme."* However, in
terms of potential synthetic applications as chiral pharmaceu-
tical intermediates, the ee value typically must exceed 98%."
Considering the very high (S)-enantioselectivity achieved by
native SMO enzymes, it remains a significant challenge to
achieve comparable (R)-enantioselectivity in the epoxidation of
unfunctionalized styrene using native enzymes or rationally-
designed non-natural enzymes.

Recently, peroxygenase enzymes have garnered increasing
interest related to the development of novel biocatalysts.* These
enzymes can promote P450-like oxyfunctionalization reactions
without a cofactor (i.e., NADPH) or reduced partner proteins,
thus exhibiting potential for practical synthetic applications.*
By utilizing the known “shunt pathway” in the catalytic cycle of
P450 enzymes, an NADPH-dependent P450 monooxygenase
from Balillus megaterium (P450BM3) can be repurposed for
peroxygenase activity via site-directed mutagenesis or directed
evolution."”” We recently constructed a unique artificial PA50BM3
peroxygenase system by introducing an external dual-functional
small molecule (DFSM),*® such as N-(w-imidazolyl)-hexanoyl-i-
phenylalanine (Im-C6-Phe). The DFSM binds to P450BM3 using
an acyl amino acid as the anchoring group, and its imidazolyl
moiety serves as a built-in acid-base catalyst to facilitate H,O,
activation. Given the fact that the ee of (R)-styrene oxide
increased from 7% to 84% by the P450BM3_F87A mutant upon
addition of Im-C6-Phe,'®* we reasoned that the DFSM may also
participate in tuning substrate orientation in active site pockets
to influence the enantioselectivity of epoxidation (Fig. 1).
Encouraged by the valuable contribution of the DFSM, herein we
report further improvements in the enantioselectivity by protein
engineering of the P450 peroxygenase system. This approach
leads to excellent (R)-enantioselectivity of styrene epoxidation
(up to 99% ee), relative to enzymatic and chemical catalysts re-
ported to date.

= P450BM3_F87A / H,0, 2
ﬁ - = gﬁ
Mo~ J;(OH
H & major
DFSM (Im-C6-Phe) (R)-epoxide

Fig.1 Asymmetric epoxidation of unfunctionalized styrenes catalyzed
by DFSM-facilitated P450BM3 peroxygenases. The DFSM, a dual-
functional small molecule, binds with P450 through an anchor group,
and is proposed to play a role in activating H,O, and tuning substrate
orientation by using the other inbuilt base group (imidazolyl group).
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Results and discussion

Effect of T268 mutation on the activity and enantioselectivity
of styrene epoxidation by NADPH- and H,0,-dependent
P450BM3 systems

It is well known that key residues located near the active site of
enzymes significantly affect their catalytic activity and selec-
tivity. However, among these residues, some may be highly
conserved so that they are generally untouchable in protein
engineering because the mutation of highly conserved residues
may lead to the possible decrease or even loss of their intrinsic
functions. T268 located close to the heme center in P450BM3
belongs to one of such residues mentioned above. Indeed, the
highly conserved threonine residue at the proximal position of
heme is believed to play a versatile role in the formation of
active oxygen species, compound I, in the catalytic cycle of most
NADPH-dependent P450 enzymes (Fig. 2A, Path A)." Many
studies have shown that mutating the conserved threonine
decreases or even eliminates the catalytic activity of native
NADPH-dependent P450 enzymes.** However, we have demon-
strated that the introduction of a DFSM could partially rescue
the peroxygenase activity of the DFSM-facilitated P450BM3-
H,0, system even when the T268 residue was replaced by vali-
ne."® This provided us a chance to construct a novel H,O0,-
dependent P450 biocatalyst based on its T268 mutant.'®>%¢
More importantly, it is worthy to note that T268 mutation also
showed a positive effect on regio- or stereoselectivity in P450-
catalyzed non-native reactions. For instance, Arnold, Fasan,
and Shoji groups have respectively reported that the T268A
mutant of P450BM3 showed a drastic effect on the enantiose-
lectivity in intramolecular C-H amination or cyclopropanation
reactions.>® We observed the substantial contribution of T268
mutations in regioselective demethylation for the oxidation of
aromatic ethers by the DFSM-facilitated P450BM3 perox-
ygenase.'® Therefore, we hypothesized that merging the posi-
tive effect of Im-C6-Phe and the potential positive effect of T268
mutation will improve the (R)-enantioselectivity of styrene
epoxidation.

We initially evaluated the effect of T268 mutation on the
activity and enantioselectivity of styrene epoxidation by NADPH-
and H,0,-dependent P450BM3 systems, respectively. The
epoxidation of styrene was firstly examined by using full-length
P450BM3 enzymes upon addition of NADPH. The catalytic
turnover numbers (TONSs) of variants with single mutations of
phenylalanine (F87A, F87G, and F87V) reached 142, 628, and
788 together with poor enantioselectivity, respectively (Table 1,
entries 1-3 and Fig. S31). The double mutants (F87A/T268V,
F87G/T268V, and F87V/T268V) exhibited drastically weakened
catalytic activities, as evidenced by their 8-, 23-, and 11-fold
decreases in TONs relative to the corresponding single mutants
(Table 1, entries 4-6). These results are consistent with previous
reports that the mutation of the threonine residue leads to the
decrease of catalytic activity. We reasoned that the lower epox-
idation activity may be due to the sluggish formation of
compound I'when the T268 residue is substituted with valine as
shown in the proposed catalytic mechanism (Fig. 2A, Path B).

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig.2 (A) Proposed mechanistic role of the T268 residue in the formation of compound | in the catalytic cycle of NADPH-dependent P4A50BM3

monooxygenase and DFSM-facilitated P450BM3 peroxygenase (Path A), the mutation of T268 impeding the formation of compound | in both
NADPH- and H,O,-dependent P450BM3 systems (Path B), and the plausible role of DFSM in the activation of to induce the formation of
compound | in the case of the T268V mutation in the DFSM-facilitated P450BM3 peroxygenase (Path C). (B) Active site of wild-type PA50BM3
(PDB no. 1JPZ), highlighting the relative positions of T268 and the axially-coordinated H,O.

Table 1 Epoxidation of styrene catalyzed by NADPH-dependent
P450BM3“ and H,0O,-dependent P450BM3?

Entry P450s Im-C6-Phe  Oxidant TON¢ ee?
1 full_F87A X O,/NADPH 142 20 14
2 full_F87G X O,/NADPH 628 +24 63
3 full_F87V X O,/NADPH 788+3  —58
4 full_F87A/T268V X O,/NADPH 18+1  nd
5 full_ F87G/T268V X O,/NADPH 27+1  nd
6 full_F87V/T268V X O,/NADPH 72 + 1 —21
7° H_F87A/T268V X H,0, nd nd
8 H_F87G/T268V X H,0, nd nd
9 H_F87V/T268V X H,0, nd nd
10°  H_F87A/T268V  V/ H,0, 382+2 94
11 H_F87G/T268V v H,0, 767 +2 83
12 H_F87V/T268V v H,0, 161+3 52

“ Reaction conditions: full_F87X (0.5 uM), styrene (4 mM), and NADPH
(5 mM) in 0.1 M pH 8.0 phosphate buffer at 25 °C. ° Reaction
conditions: H_F87X/T268V (0.5 uM), styrene (4 mM), Im-C6-Phe (500
uM), and H,0, (20 mM) in pH 8.0 phosphate buffer. © TON: turnover
numbers estimated for 30 minute reactions. ¢ ee: enantiomeric excess
(%) of (R)-styrene oxide determined by chiral GC and calculated from
(R)-styrene oxide/((R)-styrene oxide + (S)-styrene oxide) according to
the corresponding peak area. ° Previously-reported results.”®™ For
entries 1-6, “full” denoted mutants of full-length P450BM3; for entries
7-12, “H” denoted mutants of the P450BM3 heme domain; nd: not
detected.

Although protein engineering can efficiently improve the cata-
lytic activity of enzymes in most cases, we concluded that it is
difficult to further improve the catalytic activity of the T268
mutants of P450BM3 by this general approach due to the above

© 2021 The Author(s). Published by the Royal Society of Chemistry

mechanism. Therefore, it is difficult to control the enantiose-
lectivity of epoxidation by the approach of mutating the T268
residue in the NADPH-dependent P450BM3 system.

We then scrutinized the effect of the T268V mutation on the
H,0,-driven P450BM3 system. Double mutations (F87A/T268V,
F87G/T268V, and F87V/T268V) in the P450BM3 heme domain
led to complete loss of catalytic activity towards styrene epoxi-
dation in the absence of Im-C6-Phe (Table 1, entries 7-9).
Comparing these results to the catalytic TONs achieved by the
heme domain with single mutants, F87A (42), F87G (53), and
F87V (120), under identical reaction conditions,"* suggested
that the T268 residue may also play a key role in the formation
of compound I in the H,0,-driven P450BM3 system (Fig. 24,
Path A and B). Additionally, the catalytic TONs of the double
mutants (F87X/T268V) reached 382, 767, and 161 following the
addition of Im-C6-Phe (entries 10-12). This indicated that the
DFSM could act as a built-in base to assist the activation of
H,0,, thus reviving the peroxygenase activity of P4A50BM3, even
when the highly-conserved T268 residue was mutated (Fig. 2A,
Path C). Unlike the T268 mutation in the NADPH-dependent
P450BM3 monooxygenase, which almost irreversibly blocks
the formation of compound I, this is a mechanistic advantage of
the DFSM-facilitated P450BM3 peroxygenase that allows us to
further improve the catalytic activity of this peroxygenase
system by protein engineering. Moreover, double-mutants
containing T268V demonstrated enhanced (R)-enantiose-
lectivity for styrene epoxidation (entries 10-12) relative to
previously-reported results regarding single mutants.'**** This
result indicated the importance of mutating T268 to further

Chem. Sci., 2021, 12, 6307-6314 | 6309
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tune the enantioselectivity of styrene epoxidation in the DFSM-
facilitated P450BM3-H,O, system. Therefore, we reasoned that
both the catalytic activity and (R)-enantioselectivity for styrene
epoxidation by this unique non-natural P450 peroxygenase
system can be well improved by mutations of T268 and further
protein engineering.

Protein engineering for improving the activity and (R)-
enantioselectivity of styrene epoxidation

We firstly constructed a library of double mutants probing only
two selected positions (F87 and T268) to avoid excess screening
efforts (Table S1 and Fig. S4t). None of the examined variants
exhibited epoxidation activity in the absence of Im-Cé6-Phe.
However, certain mutants (F87A/T268V, F87A/T2681, F87G/
T268V, F87G/T268I, F87V/T268I, and F871/T268I) demon-
strated the formation of styrene oxide with moderate to good
TONs (318 to 767) and good to excellent (R)-enantioselectivity
(83% to 97% ee), in the presence of Im-C6-Phe. These results
demonstrated the importance of T268 mutation for tuning the
enantioselectivity. It is worth noting that only T268V and T268I
mutations showed positive effects for the ee enhancement when
combined with mutations at the 87 position, and the TONs
changed with the increase or decrease of the residue size of
mutations at the 268 position. On the other hand, smaller
mutations seemed beneficial for TON improvement, while both
bigger and smaller mutations led to decreasing ee values when
compared with F87A (Table S17). These results suggested that
the nature (or the suitable combination) of double mutants is
quite significant for creating a suitable space for accommo-
dating substrates near the active site.

Despite its relatively low TON (335), the double mutant F87A/
T268I (AI) was selected as the parent enzyme on which to
perform the next round of mutations because of its excellent
enantioselectivity (97% ee). With the aim of further improving
the catalytic activity and enantioselectivity, we introduced
additional mutations at ten other key residues around the
substrate pocket highlighted in Fig. 3A (L75, V78, A82, L181,
A184, 1263, A264, E267, A328, R255)." Residues L75, V78, A82,
1263, A264, E267, and A328 are located around the hydrophobic
access channel for the native substrate of PA50BM3. Residues
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Edge Article

L181 and A184 are situated near the top of the active site, and
A184 has specifically been reported to affect the enantiose-
lectivity of styrene epoxidation by NADPH-dependent
P450BM3."* Residue R255 is located on the surface of the
protein along helix I and is known to be a site that influences
the catalytic activity of P450py\0.>*> These residues were selec-
tively mutated to several other amino acids with structurally-
and functionally-diverse side chains to tune substrate pocket
properties. Similar approaches have been applied to construct
small and smart libraries, which efficiently decrease the effort
involved in developing stereoselective isozymes or multi-
functional enzyme variants by directed evolution.*® Therefore,
a library containing approximately 60 combinations of these ten
mutations in Al was created and screened for styrene epoxida-
tion activity and enantioselectivity (Table S2 and Fig. S51).
Most of the examined triple mutants involving the 75, 263,
264, 267, and 328 positions led to generally negative effects, i.e.,
reducing enantioselectivity, catalytic TONs, or both. Triple
mutants involving a change at R255 increased the proportion of
R-styrene oxide produced (up to >99% ee), but significantly
decreased the catalytic TONs to 120 (Fig. S5 and Table S27).
Fortunately, some triple mutants modified at the 78, 82, 181,
and 184 positions, including AI/V78A, AI/A82V, AI/L181Q, Al/
L181M, and AI/A184L, exhibited improved enantioselectivities
and catalytic TONs compared with the parent AI (Fig. 3B).
Among them, AI/L181Q demonstrated the best (R)-enantiose-
lectivity (99% ee) with a good TON of 918. The catalytic TON of
AI/L181Q is close to 1000, which is considered an important
benchmark for potential practical applicability. To further
improve the enantioselectivity and catalytic TONs, we prepared
several quadruple mutants by combining these beneficial
mutation sites on the basis of AL Although more than half of
them did not show positive effects on either enantioselectivities
or catalytic TONs, combining them with the most active triple
mutant AI/V78A resulted in four highly-active quadruple
mutants (Fig. S6 and Table S31). Unfortunately, the mutant AI/
V78A/L181Q increased the catalytic TON to 2060 but accompa-
nied by decreased enantioselectivity (97% ee) when compared
with AI/L181Q. Interestingly, both other mutants containing
V78A, AI/V78A/A82V (TON = 4052) and AI/V78A/A184L (TON =

A) A184 B) 6000 100
L181 4500 4 "
E237 90
‘( R255 A32 k/; 3 3000 L
3% 75 2 8 8
' 83 ¢ ¢ f oo | 1377 1524 1576
A58 A328 1500 : g6 1927 N 918 | 80
335 ]
A87 1268 - \ )
0 75
& AY 5 > » (s D o Y
g & < r&% /\,1@ Y:\Q, R Y%,'L R & RS \:3’\ YXV Y:\‘b
L Heme 6\9 ,‘,«V\ © ® ® N é\ R
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Fig. 3

(A) The residues around the active site of P450BM3 (PDB no. 1JPZ), and the residues F87 and T268 were mutated to A87 and 1268,

respectively. (B) Protein engineering of P450BM3 for styrene epoxidation. Experiments were performed using P450BM3 variants (uM), 4 mM
styrene, 20 mM (or 80 mM) H,O,, and 2 mM Im-C6-Phe in pH 8.0 phosphate buffer at 4 °C (or 25 °C) for 30 min. "Al" denoted the double mutant
F87A/T268I. *In some cases, trace amounts of phenyl acetaldehydes were detected by GC.
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4349) exhibited excellent catalytic activity together with the
same enantioselectivity relative to AI/V78A, each achieving 98%
ee (Fig. 3B, S6 and Table S37).

Substrate scope

Encouraged by these excellent results, we examined the scope of
olefinic substrates that could be epoxidized using the DFSM-
facilitated P450BM3 peroxygenase system. As discussed above,
appropriate spaces near the active site have an important
influence on the activity and selectivity of the substrate.
Considering the size difference between styrene and its deriv-
atives, it is reasonable that mutants favourable for styrene are
not necessarily optimal mutants for other styrene derivatives. In
theory, a full scan of all established mutants would help us find
the most beneficial mutant for each substrate, but this requires
too much screening work. Therefore, we respectively selected
several mutants with different mutation sizes at key sites to
examine different substrates. The advantage of this approach is
that if we find mutants that have relatively good activity and
selectivity for a substrate, even if it is not the best, we can
achieve our aim of demonstrating that the current system is
effective for that substrate.

By employing different P450BM3 mutants, we discovered
that the catalytic system has a broad substrate scope, with the
capability to catalyze epoxidations of ortho-, meta-, and para-
substituted chlorostyrenes (1b-d) and fluorostyrenes (le-g;
Fig. 4, S7-S11 and Tables S4-S97) to generate the corresponding
(R)-enantiomeric epoxide products (2d-g) with moderate to
excellent TONs (up to 3480) and excellent ee (>99%). It is
worthwhile to note that the F87A/T268A mutant achieved better
ee (87%) and excellent TON (1724) compared to F87A/T268I and

o)
r X P450BM3 variants
R— R—- =
= H,0,/ Im-C6-Phe L
1b-g 2b-g
o)
cl cl C|/©/Q
(R)-2b (R)y-2¢ (R)-2d
F87AT268ANT8A F87A/T268I/A82l F87A/T268I/A82V/A184l

TON: 1445 ee: 95%

A

TON: 362 ee: 96% TON: 719 ee: 99%

g,

(R)-2e (R)-2f (R)-2g
F87A/T268I/V78C F87A/T268I/V78A/A82V F87A/T268I/NV78C
TON: 1215 ee: 98% TON: 2876 ee: 97% TON: 1312 ee: 99%
F87A/T268I/V78A/A184L F87A/T268I/V78A/A184L

TON: 3480 ee: 98% TON: 2803 ee: 99%

Fig. 4 Substrate scope of epoxidation reactions catalyzed by
P450BM3 variants using H,O5 in the presence of Im-C6-Phe. *In some
cases, trace amounts of phenyl acetaldehyde were detected by GC.

© 2021 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Chemical Science

F87A/T268V mutants, the latter only provided moderate ee (50%
and 51%) and TONs (153 and 514) for the epoxidation of o-
chlorostyrene (Fig. S7 and Table S47). The (R)-enantioselectivity
of 2b can be improved to 95% by the triple mutant F87A/T268A/
V78A. In addition, the best ee of 2c reached 96% by F87A/T2681/
A821 with a moderate TON (362). This indicated that the size of
the amino acid side chain at the 268 position substantially
affected the enantioselectivity and catalytic activity of certain
substrates having larger Cl-substituted groups. This is also
confirmed by the reaction results of 2f-2g, in which substrates
with smaller F-substituted groups (2e-2g) or less steric
hindrance 2f (para-chlorostyrene) gave excellent ee (97-99%)
and catalytic TONs.

Semi-preparative scale synthesis of (R)-styrene oxide

Having achieved highly (R)-enantioselective epoxidation of
styrenes, we next investigated the semi-preparative scale
synthesis of (R)-styrene oxide by using the DFSM-facilitated
P450BM3 peroxygenase system to further examine its practical
applicability. The reactions were performed with a higher
styrene concentration (10 mM) by using the most active F87A/
T2681/V78A/A82V mutant (2.5 pM) and the most enantiose-
lective F87A/T2681/L181Q mutant (6 puM) in the presence of
optimized amounts of Im-Cé6-Phe (2 mM) and H,0, (80 mM)
(Fig. S13 and S14t%) in 20 mL 0.1 M pH 8.0 phosphate buffer at
0 °C, respectively. As shown in Table 2, the starting styrene is
almost consumed by both mutants of F87A/T2681/L181Q
(consumption ratio: 84%) and F87A/T2681/V78A/A82V
(consumption ratio: 97%), while enantioselectivities were
almost maintained (Fig. S15-S177). Styrene oxide was isolated
as a colourless liquid (10.5 mg, 43.8% for F87A/T2681/L181Q
and 13 mg, 54.2% for F87A/T2681/V78A/A82V, respectively).
The moderate yields relative to high styrene consumption may
be due to the volatilization of the substrate, and a similar
styrene volatilization phenomenon was also observed by Holl-
mann et al. in their previous reports.'** Although these results
indicated the potential of the DFSM-facilitated P450BM3 per-
oxygenase system in the (R)-enantioselective epoxidation of
styrene and its derivatives, there are still some challenges to
develop a practical biocatalytic system for synthetic application.
Firstly,it is worth noting that developing a more efficient DFSM
is crucial for achieving this aim because of the larger loading

Table 2 Semi-preparative scale synthesis of (R)-styrene oxide by
using the DFSM-facilitated P450BM3 peroxygenase system“?

Mutants Consumption/% Yield/% ee’/%
F87A/T2681/L181Q 84 43.8 99
F87A/T2681/V78A/A82V 97 54.2 97

¢ Reaction conditions: heme domain of P450BM3 mutants (2.5 uM),
styrene (10 mM, dissolved in 2% methanol), H,O, (80 mM), Im-C6-
Phe (2 mM) in 20 mL 0.1 M pH 8.0 phosphate buffer at 0 °C. ® Trace
amount of phenyl acetaldehyde was detected by GC but not isolated
(Fig. S15). ° Consumption ratio (%) = consumed styrene/initial
styrene x 100%. ¢ Isolated yields based on starting styrene. © ee:
enantiomeric excess (%) of (R)-styrene oxide determined by chiral GC.
76.0 um enzyme was used.
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amount. Moreover, it is also an issue for the stability of P450
enzymes and their reusability under the reaction conditions,
e.g. low temperature (0 °C). The stability issue may be solved by
further protein engineering. Considering the difficulty to
recover trace amounts of P450 enzyme catalysts, further devel-
opment of immobilized P450s may be a solution to improve the
practical application capacity of the current catalytic system.

Conclusions

In summary, we have achieved high (R)-enantioselectivity and
activity in the H,0,-dependent epoxidation of unfunctionalized
styrene and its derivatives through protein engineering of
a unique DFSM-facilitated P450BM3 peroxygenase system. The
enantiomeric excess of (R)-styrene oxide (99%) is comparable to
or even higher than that of reported native or engineered
oxidative enzymes. This enantioselectivity is comparable but
inverse to the well-known styrene monooxygenase (styA) that
oxidizes styrene to (S)-styrene oxide with >99% ee.>*® Further-
more, a catalytic TON of ~4500 (with 98% ee) was achieved by
the most active mutants in our system, and following this
approach, a set of styrene derivatives, such as o-, m-, p-chlor-
ostyrenes and fluorostyrenes could also be epoxidized with
modest to very good TONs (362-3480) and high (R)-enantiose-
lectivities (95-99% ee). Finally, the semi-preparative scale
synthesis of (R)-styrene oxide gave high conversion, maintain-
ing enantioselectivity, and moderate isolated product yields.
These results suggested the potential application of the current
P450 enzymatic system in styrene epoxidation. The crucial
mutation of T268 and addition of a DFSM comprise an effective,
novel approach for controlling enantioselectivity, which cannot
be applied to natural NADPH-dependent P450BM3 mono-
oxygenases because they lose their monooxygenation activity
following T268 mutation. This work substantially expands the
catalytic potential of P450 enzymes as (R)-enantioselective
epoxygenases, further indicating that the discussed P450 per-
oxygenase system may have unique advantages for asymmetric
epoxidation.
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