Electronic Supplementary Material (ESI) for Chemical Science.
This journal is © The Royal Society of Chemistry 2021

Supporting Information

Enabling Highly (R)-Enantioselective Epoxidation of
Styrene by Engineering Unique Non-Natural P450

Peroxygenase

Panxia Zhao,™*' Jie Chen, ' Nana Ma,"* Jingfei Chen,” Xiangquan Qin,"*
Chuanfei Liu,” Fuquan Yao," Lishan Yao," Longyi Jin,’ and Zhiqi Cong*"*

TCAS Key Laboratory of Biofuels and Shandong Provincial Key Laboratory of
Synthetic Biology, Qingdao Institute of Bioenergy and Bioprocess Technology,
Chinese Academy of Sciences, Qingdao, Shandong, 266101, China

*University of Chinese Academy of Sciences, Beijing, 100049, China
YDepartment of Chemistry, Yanbian University, Yanji, Jilin, 133002, China

* To whom correspondence should be addressed. E-mail: congzq@qibebt.ac.cn

S1



Experimental Section

Materials

All chemical reagents were purchased from commercial sources (e.g. Aldrich, TCI, Fluka,
and Alladin) and used without further purification until otherwise noticed. Styrene was freshly
prepared by passing through a short column packed with aluminum oxide. Dual-functional small
molecule (DFSM), N-(@-imidazolyl)-hexanoyl-l-phenylalanine (Im-C6-Phe) was synthesized

according to our previous report.!

Expression and Purification of Cytochrome P450BM3 Enzymes
The full-length of Cytochrome P450BM3 enzymes and its heme domain forms were

respectively cultured and purified according to previous report.?> Purified proteins were
characterized by SDS pages (Figures S1). The formation of a ferrous CO complex was confirmed
by UV/visible spectral change through the reduction of ferric heme of P450BM3 enzymes by
addition of Na,S;0; in the presence of carbon monoxide (CO) (Figure S2). 3 The concentrations
of P450BM3 and its variants were measured by Hemochrome binding assay.*® A general
procedure is shown as below.

A pyridine solution was made by combining pyridine (1.75 mL) and 1 M aqueous of NaOH
(0.75 mL). The solution was mixed at room temperature then centrifuged for 30 s at 5000 rpm to
remove excess aqueous base. To a cuvette containing 0.75 mL of protein solution in phosphate
buffer (0.1 M, pH 8.0), 0.25 mL of the pyridine solution was added followed by 2 mg of sodium
dithionite. A UV/vis spectrum was recorded immediately. Hemoprotein concentration was
determined from the absorbance of the hemochrome complex using extinction coefficients of €418
=196 mM'! cm’!. Absorbance was assigned as the difference between the peak max at 418 nm and
the baseline at 420 nm as determined by extrapolating from two points on either side of the

hemochrome peak (390 nm and 450 nm).

Mutagenesis and Recombination
All the mutations were made by PCR based site-directed mutagenesis and verified by DNA

sequencing. The single mutants at the position of 87 were prepared according to previous report.'
The F87 mutants were then used as parent templates to prepare the double mutants containing the
positions of 87 and 268, respectively. The F87A/T2681, F87A/T268 A mutant was used as parent
template to prepare the triple mutants containing another position shown in Figure 3A. The
quadruple mutants were respectively prepared by using the corresponding triple mutants as parent
template. Beneficial mutations selected from the prepared mutations were recombined. All primers

used were as follows.
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The parent templates and primers used for the preparation of double mutants.

Parent primer sequence

template

T268A-F | 5°- GCGACAAGTGGTCTTTTATCATTTGC -3°

T268V-F | 5°- GTGACAAGTGGTCTTTTATCATTTGC -3’

T2681-F | 5°- ATCACAAGTGGTCTTTTATCATTTGC -3’

F87A T268L-F | 5’- CTGACAAGTGGTCTTTTATCATTTGC -3°

T268F-F | 5°- TTCACAAGTGGTCTTTTATCATTTGC -3’

T268W-F | 5°- TGGACAAGTGGTCTTTTATCATTTGC -3’

T268-R | 5°- TTCGTGTCCCGCAATTAAGAATG -3’

T268V-F | 5°- GTGACAAGTGGTCTTTTATCATTTGC -3°

F87G T2681-F | 5°- ATCACAAGTGGTCTTTTATCATTTGC -3’

T268-R | 5°- TTCGTGTCCCGCAATTAAGAATG -3’

T268V-F | 5°- GTGACAAGTGGTCTTTTATCATTTGC -3’

F87V T268I-F | 5°- ATCACAAGTGGTCTTTTATCATTTGC -3°

T268-R 5’- TTCGTGTCCCGCAATTAAGAATG -3’

T268V-F | 5°- GTGACAAGTGGTCTTTTATCATTTGC -3’

F87I1 T2681-F | 5°- ATCACAAGTGGTCTTTTATCATTTGC -3°

T268-R | 5°’- TTCGTGTCCCGCAATTAAGAATG -3’

T268V-F | 5°- GTGACAAGTGGTCTTTTATCATTTGC -3’

F87L T2681-F | 5°- ATCACAAGTGGTCTTTTATCATTTGC -3’

T268-R | 5°- TTCGTGTCCCGCAATTAAGAATG -3’

T268V-F | 5°- GTGACAAGTGGTCTTTTATCATTTGC -3°

BM3
T268-R | 5°- TTCGTGTCCCGCAATTAAGAATG -3’

The parent templates and primers used for the preparation of triple mutants.

primer sequence

L75M-F 5’- CGATGAAATTTGTACGTGATTTTGCAGGAGAC -3’

L75F-F 5’- CGTTTAAATTTGTACGTGATTTTGCAGGAGAC -3’

L75Q-F 5’- CGCAGAAATTTGTACGTGATTTTGCAGGAGAC -3’

L75K-F 5’- CGAAAAAATTTGTACGTGATTTTGCAGGAGAC -3°

L75F-R 5’- CTTGACTTAAGTTTTTATCAAAGCGTGATTCATCG -3’

V78T-F 5’- CTTAAATTTACCCGTGATTTTGCAGGAGACG -3’

VI8M-F | 5°- CTTAAATTTATGCGTGATTTTGCAGGAGACG -3’

V78A-F 5’- CTTAAATTTGCACGTGATTTTGCAGGAGACG -3°

V78C-F 5’- CTTAAATTTTGCCGTGATTTTGCAGGAGACG -3’

V78F-F 5’- CTTAAATTTITTCGTGATTTTGCAGGAGACG -3’

V78I-F 5’- CTTAAATTTATTCGTGATTTTGCAGGAGACG -3°

V78L-F 5’- CTTAAATTTCTGCGTGATTTTGCAGGAGACG -3’

V78S-F 5’- CTTAAATTTAGCCGTGATTTTGCAGGAGACG -3’

V78-R 5’- CGCTTGACTTAAGTTTTTATCAAAGCGTGAT -3°

A82-F 5’- GTTAGCGACAAGCTGGACGCATG -3’

A82G-R 5’- CCGTCTCCACCAAAATCACGTACAAATTTAAG -3’
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A82V-R

5’- CCGTCTCCCACAAAATCACGTACAAATTTAAG -3’

A82I-R 5’- CCGTCTCCAATAAAATCACGTACAAATTTAAG -3’
A82L-R 5’- CCGTCTCCCAGAAAATCACGTACAAATTTAAG -3’
A82F-R 5’- CCGTCTCCAAAAAAATCACGTACAAATTTAAG -3’
A82M-R 5’- CCGTCTCCCATAAAATCACGTACAAATTTAAG -3’
A82S-R 5’- CCGTCTCCGCTAAAATCACGTACAAATTTAAG -3’
A82T-R 5’- CCGTCTCCGGTAAAATCACGTACAAATTTAAG -3’
A82E-R 5’- CCGTCTCCTTCAAAATCACGTACAAATTTAAG -3’
A82C-R 5’- CCGTCTCCGCAAAAATCACGTACAAATTTAAG -3’
A82D-R 5’- CCGTCTCCATCAAAATCACGTACAAATTTAAG -3’
A82N-R 5’- CCGTCTCCATTAAAATCACGTACAAATTTAAG -3’
L181F-F 5’- GTGCATTTGATGAAGCAATGAACAAGCTG -3°
L181Q-F | 5’- GTGCACAGGATGAAGCAATGAACAAGCTG -3’
L181I-F 5’- GTGCAATTGATGAAGCAATGAACAAGCTG -3’
L18IM-F | 5’- GTGCAATGGATGAAGCAATGAACAAGCTG -3’
L181T-F 5’- GTGCAACCGATGAAGCAATGAACAAGCTG -3’
L18IN-F | 5’- GTGCAAATGATGAAGCAATGAACAAGCTG -3’

L181-R 5’- GGACCATACTTGTAATAAATGGATGAGGCT -3’
Al184V-F | 5°- CACTGGATGAAGTGATGAACAAGCTG -3’

A184I-F 5’- CACTGGATGAAATCATGAACAAGCTG -3’
AI84L-F | 5°- CACTGGATGAACTGATGAACAAGCTG -3’
AlI84M-F | 5°- CACTGGATGAAATGATGAACAAGCTG -3’
A184F-F 5’- CACTGGATGAATTTATGAACAAGCTG -3’
Al184T-F | 5°- CACTGGATGAAACCATGAACAAGCTG -3’
A184Q-F | 5°- CACTGGATGAACAGATGAACAAGCTG -3°
A184N-F | 5°- CACTGGATGAAAATATGAACAAGCTG -3’
A184-R 5’- CACGGACCATACTTGTAATAAATGGATGAG -3’
R255S-F 5’- AGCTATCAAATTATTACATTCTTAATTGCGGG -3’
R255D-F | 5°- GATTATCAAATTATTACATTCTTAATTGCGGG -3°
R255V-F | 5°- GTGTATCAAATTATTACATTCTTAATTGCGGG -3’
R255L-F 5’- CTIGTATCAAATTATTACATTCTTAATTGCGGG -3’
R255Q-F | 5°- CAGTATCAAATTATTACATTCTTAATTGCGGG -3’

R255-R 5’- AATGTTCTCGTCATCAAGCGGC -3’

1263-F 5’- GGACACGAAATCACAAGTGGTCTTTTATC -3’
1263V-R 5’- CGCCACTAAGAATGTAATAATTTGATAGCG -3’
1263G-R 5’- CGCGCCTAAGAATGTAATAATTTGATAGCG -3’
A264-F 5’- GAAATCACAAGTGGTCTTTTATCATTTGCG -3’

A264C-R | 5°- GTGTCCGCAAATTAAGAATGTAATAATTTGATAG -3’
A264S-R | 5°- GTGTCCGCTAATTAAGAATGTAATAATTTGATAG -3’
A264T-R | 5°- GTGTCCGGTAATTAAGAATGTAATAATTTGATAG -3’

E267-F 5’- ATCACAAGTGGTCTTTTATCATTTGC -3°

E267Q-R | 5’- CTGGTGTCCCGCAATTAAGAATG -3’

E267L-R

5’- CAGGTGTCCCGCAATTAAGAATG -3’
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A328V-F | 5°- GTGCCTGCGTTTTCCCTATATGC -3’
A328S-F | 5°- AGCCCTGCGTTTTCCCTATATGC -3’
A328-R 5’- AGTTGGCCATAAGCGCAGC -3’

The parent templates and primers used for the preparation of quadruple mutants.

Parent template primer sequence

A82-F 5’- GTTAGCGACAAGCTGGACGCATG -3’

A82V-R | 5’- CCGTCTCCCACAAAATCACGTACAAATTTAAG -3’
L181Q-F | 5’- GTGCACAGGATGAAGCAATGAACAAGCTG -3’
F87A/T2681/V78A | LI81IM-F | 5’- GTGCAATGGATGAAGCAATGAACAAGCTG -3’

L181-R | 5°- GGACCATACTTGTAATAAATGGATGAGGCT -3’
A184L-F | 5°- CACTGGATGAACTGATGAACAAGCTG -3’

Al184-R | 5°- CACGGACCATACTTGTAATAAATGGATGAG -3’
L181Q-F | 5’- GTGCACAGGATGAAGCAATGAACAAGCTG -3’
L181M-F | 5°- GTGCAATGGATGAAGCAATGAACAAGCTG -3’
F87A/T2681/A82V | LI181-R | 5’- GGACCATACTTGTAATAAATGGATGAGGCT -3’
A184L-F | 5°- CACTGGATGAACTGATGAACAAGCTG -3’

A184-R | 5°- CACGGACCATACTTGTAATAAATGGATGAG -3’
L181Q-F | 5’- GTGCACAGGATGAAGCAATGAACAAGCTG -3’
F87A/T2681/A184L | L181IM-F | 5°- GTGCAATGGATGAAGCAATGAACAAGCTG -3’

L181-R | 5°- GGACCATACTTGTAATAAATGGATGAGGCT -3’

AS82-F 5’- GTTAGCGACAAGCTGGACGCATG -3’

A82 V-R | 5°- CCGTCTCCCACAAAATCACGTACAAATTTAAG -3’

F87A/T2681/A184V
A82M-R | 5’- CCGTCTCCCATAAAATCACGTACAAATTTAAG -3’
A82T-R | 5°- CCGTCTCCGGTAAAATCACGTACAAATTTAAG -3°
AR2-F 5’- GTTAGCGACAAGCTGGACGCATG -3’
A82V-R | 5’- CCGTCTCCCACAAAATCACGTACAAATTTAAG -3’
F87A/T2681/A1841

A82M-R | 5’- CCGTCTCCCATAAAATCACGTACAAATTTAAG -3’
A82T-R | 5’- CCGTCTCCGGTAAAATCACGTACAAATTTAAG -3°

General procedure for epoxidation of styrene catalyzed by full-length P450BM3

The full-length P450BM3 enzymes (0.5 pM) was transferred to a glass sample bottle containing
0.1 M, pH 8.0 phosphate buffer, styrene (4 mM, dissolved in methanol). The reaction was initiated
by the addition of NADPH (2 mM, dissolved in pH 8.0 phosphate buffer). The reaction mixture
was incubated in water bath at 25 °C for 30 min. The reaction mixture was neutralized and
extracted with 1 mL of hexane (or ethyl acetate), and the organic phase was separated and dried
with sodium sulphate anhydrous. The formation of styrene oxide and benzene acetaldehyde were
identified according to the retention time of authentic samples by gas chromatography (GC). The
catalytic turnover numbers (TON) of unreacted styrene and epoxide product were determined by
using benzophenone as an internal standard according to the calibration curves prepared with the
authentic samples (Figure S18). The optical purity of styrene oxide was determined with HPLC
or GC.
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General procedure for epoxidation of styrenes by H,O,-dependent P450BM3
(with styrene as an example)
The heme domains of P450BM3 variants (0.5 uM) were transferred to a glass sample bottle

containing 0.1 M, pH 8.0 phosphate buffer, styrene (4 mM, dissolved in methanol), without or
with Im-C6-Phe (2 mM, dissolved in pH 8.0 phosphate buffer). The reaction was initiated by the
addition of H,O, (80 mM, dissolved in pH 8.0 phosphate buffer). The reaction mixture was
incubated in water bath at 25 °C or 4 °C for 30 min. The reaction mixture was neutralized and
extracted with 1 mL of hexane (or ethyl acetate), and the organic phase was separated and dried
with sodium sulphate anhydrous. The formation of epoxides and the corresponding acetaldehydes
were identified according to the retention time of authentic samples by gas chromatography (GC).
The catalytic turnover numbers (TON) of unreacted styrenes and the corresponding epoxide
products were determined by using benzophenone as an internal standard according to the
calibration curves prepared with the authentic samples (Figure S18). The optical purity of styrene

oxide was determined with chiral HPLC or GC.

General procedure for Semi-preparative scale synthesis of (R)-styrene oxide by
the DFSM-facilitated P450BM3 peroxygenase system.

2.5 uM heme domain of F87A/T2681/V78A/A82V (6 uM in the case of F87A/T2681/L181Q)
was transferred to a glass flask containing 20 mL 0.1 M pH 8.0 phosphate buffer, 10 mM styrene
(dissolved in 2% methanol) and 2 mM Im-C6-Phe. The reaction was initiated by the addition of
80 mM H»0; and incubated at 0 °C for 30 min. The same amount of enzyme was added to the
reaction mixture and incubated for another 30 min. 1mL reaction mixture was taken and extracted
with 1 mL ethyl acetate, then the organic phase was separated and dried with anhydrous sodium
sulphate. The concentration of unreacted styrene and the optical purity of styrene oxide formed
were determined by gas chromatography (GC) and chiral GC, respectively.

The untreated reaction mixture was extracted with dichloromethane (10 mL x 3) for three
times, the combined organic phase was dried with anhydrous sodium sulphate, filtered and
concentrated. The crude product was purified by flash chromatography to give styrene oxide as
colorless oil liquid (F87A/T2681/V78A/A82V: 13.0 mg, 54.2% yield; F87A/T2681/L181Q: 10.5
mg, 43.8% yield). '"H NMR (600 MHz CDCls): § 7.26~7.36 (m, 5H), 3.86-3.87 (t, J = 3.86, 1H),
3.14-3.16 (t, J=3.15, 1H), 2.80-2.81 (dd, J = 2.81, 1H).

Instruments and Analytical Conditions
GC: The product analysis was performed on a Shimadzu GC-2010 plus gas chromatograph

equipped with a DB-5 column (length: 30 m, internal diameter: 0.25 mm, film thickness: 1pm,
Agilent, USA), a flame ionization detector, and an AOC/20i auto sampler system. The analytical
conditions were as follows:

splitting ratio: 1/9, temperature program: injector 260 °C, detector 300 °C, 100 °C oven for
Imin, then 15 °C/min gradient to 200 °C, 60 °C /min gradient to 280 °C for 8 min (total 17 min).
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Chiral GC: The chiral analysis was performed on a Shimadzu GC-2030 plus gas
chromatograph equipped with a Astec CHIRALDEX G-TA column (length: 30 m, internal
diameter: 0.25 mm, film thickness: 0.12 pm, Germany, GER), a flame ionization detector, and an
AOC/20i1 auto sampler system.

The analytical conditions of styrene epoxide, 2-fluorostyrene epoxide and 4-fluorostyrene
epoxide were as follows:

splitting ratio: 1/9, temperature program: injector 200 °C, detector 200 °C, 80 °C oven for 3
min, then 10 °C/min gradient to 100 °C for 5 min, 5 °C /min gradient to 105 °C for 7 min, 60
°C/min gradient to 170 °C for 3 min (total 19.08 min).

The analytical condition of 2-chlorostyrene epoxide was as follows:

splitting ratio: 1/9, temperature program: injector 200 °C, detector 200 °C, 80 °C oven for 3
min, then 10 °C/min gradient to 100 °C for 5 min, 5 °C /min gradient to 140 °C for 2.5 min, 60
°C/min gradient to 170 °C for 2 min (total 20 min).

The analytical condition of 3-chlorostyrene epoxide was as follows:

splitting ratio: 1/9, temperature program: injector 200 °C, detector 200 °C, 80 °C oven for 3
min, then 10 °C/min gradient to 100 °C for 5 min, 10 °C /min gradient to 170 °C for 10 min (total
24 min).

The analytical condition of 3-fluorostyrene epoxide was as follows:

splitting ratio: 1/9, temperature program: injector 200 °C, detector 200 °C, 80 °C oven for 3
min, then 10 °C/min gradient to 100 °C for 5 min, 5 °C /min gradient to 120 °C for 2 min, 5 °C
/min gradient to 135 °C, 60 °C/min gradient to 170 °C for 2 min (total 18.58 min).

Chiral HPLC: The chiral analysis was performed on a Hitachi plus HPLC chromatograph
equipped with a Chiralpak AD-3 column (250 x 4.6mm, DAICEL), The analytical condition of 4-
chlorostyrene was as follows:

splitting rate: 1.0 mL/min, mobile phase: hexane 100%, oven temperature: 25 °C, UV
detector:200 nm, Injection volume: 10 pL.
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Figure S1 SDS Page of PA50BM3 variants. A) Lane 1-9: F87A/T2681/L75M, F87A/T2681/L75Y,

F87A/T2681/L75F, F87A/T268I/L75Q, F87A/T2681/L75K, F87A/T268I/L75T,
F87A/T2681/V78T, F8TA/T2681/V78M, F87A/T2681/V78A. B) Lane 1-9: F87A/T2681/V78C,
F87A/T2681/VT8F, F87A/T2681/V78I, F87A/T2681/V78L, F87A/T2681/VT8S,

F87A/T2681//L181F, F87A/T2681//L181Q, F87A/T2681/L1811, F87A/T2681/L181M. C) Lane 1-
9: F87A/T268I/L181T, F87A/T268I/L18IN, F87A/T2681/R255S, F87A/T2681/R255D,
F87A/T2681/R255V, F87A/T2681/R255L, F87A/T2681/R255Q, F87A/T2681/1263V,
F87A/T2681/1263Q. D) Lane 1-9: F87A/T2681/V78A/A82V, F8TA/T2681/V78A/L181Q,
F87A/T2681/VT8A/L181M, F87A/T2681/VT8A/A184L, F87A/T2681/A82V/L181Q,
F87A/T2681/A82V/L181M, F87A/T2681/A82V/A184L, F87A/T2681/L181Q/A184L,
F87A/T2681/L181M/A184L. E) Lane 1-8: F87A/T2681/A264C, F87TA/T2681/A264S,
F87A/T2681/A264T, F87A/T2681/E267Q, F87A/T2681/E267L, F87A/T2681/A328V,
F87A/T2681/A328S, T268V. Lane M: molecular mass standards.
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Figure S2 UV/visible spectral changes of P450BM3 variants (black line) upon addition of

Na2S204 (red line) for the formation of a ferrous CO complex through the reduction of ferric heme.
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Figure S3 Typical chiral GC analyses for the epoxidation of styrene catalyzed by full-length
P450BM3 mutants by addition of NADPH (2 mM) at 25 °C. 1) the standard sample of styrene

epoxide; 2) F87A; 3) F87G; 4) F87V; 5) F87V/T268V.
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Figure S4 Typical chiral GC analyses for the epoxidation of styrene catalyzed by the double
mutants of P450BM3 heme domain by addition of H,O> (80 mM) at 4 “C in the presence of Im-
C6-Phe. 1) the standard sample of styrene epoxide; 2) F87A/T2681; 3) F87A/T268V.
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Figure S5 Typical chiral GC analyses for the epoxidation of styrene catalyzed by the triple
mutants of P450BM3 heme domain by addition of HO, (80 mM) at 25 °C in the presence of Im-
C6-Phe. 1) the standard sample of styrene epoxide; 2) F§7A/T2681/75M; 3) F87A/T2681/L75F; 4)
F87A/T2681/L75Q; 5) F87A/T268I/L75K; 6) F87A/T2681/V78T; 7) F8TA/T2681/V78M; 8)
F87A/T2681/V78A; 9) F87A/T2681/V78C; 10) F87A/T2681/V78F; 11) F87A/T2681/V78I; 12)
F87A/T2681/V78L; 13) F87A/T2681/V78S; 14) F87A/T2681/A82V; 15) F87TA/T2681/A821; 16)
F87A/T2681/A82C; 17) F87A/T2681/A82G; 18) F87A/T2681/A82L; 19) F87A/T2681/A82S; 20)
F87A/T2681/A82T; 21) F87A/T2681/A82M; 22) F8TA/T2681/A82E; 23) F87A/T2681/L181F; 24)
F87A/T2681/L181Q; 25) F87A/T2681/L1811; 26) F87A/T2681/L181M; 27) F87A/T2681/L181T;
28) F87A/T2681/L181N;29) F87A/T2681/A1841;30) F87A/T2681/A184Q;31)
F87A/T2681/A184T; 32) F87A/T2681/A184V; 33) F87TA/T2681/A184L; 34) F87A/T2681/A184M;
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42)  F8TA/T2681/1263G; 43) F87A/T2681/A264S; 44) F8TA/T2681/A264T;, 45)
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Figure S6 Typical chiral GC analyses for the epoxidation of styrene catalyzed by the quadruple
mutants of P450BM3 heme domain by addition of H,O, (80 mM) at 4 “C in the presence of Im-
C6-Phe. 1) the standard sample of styrene epoxide; 2) F87A/T268I/V78A/A82V; 3)
F87A/T2681/VT8A/A181Q; 4) F8TA/T2681/VT8A/A181M; 5) F87A/T2681/V78A/A184L; 6)
F87A/T2681/A82V/A181Q; 7) F87A/T2681/A82V/A181M; 8) F87A/T2681/A82V/A184L; 9)
F87A/T2681/A181Q/A184L; 10) F87A/T2681/A181M/A184L.
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Figure S7 Typical chiral GC analyses for the epoxidation of 2-chlorostyrene catalyzed by the
mutants of P450BM3 heme domain by addition of H,O> (80 mM) at 4 “C in the presence of Im-
C6-Phe. 1) the standard sample of 2-chlorostyrene epoxide; 2) F87A/T268A; 3)
F87A/T268A/VT8A; 4) F8TA/T268A/A82V; 5) F8TA/T268A/L181M; 6) F87A/T268A/L181Q.
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Figure S8 Typical chiral GC analyses for the epoxidation of 3-chlorostyrene catalyzed by the
mutants of P450BM3 heme domain by addition of H,O> (80 mM) at 4 “C in the presence of Im-
C6-Phe. 1) the standard sample of 3-chlorostyrene epoxide; 2) F87A/T2681/A82G; 3)
F87A/T2681/A821; 4) F87A/T2681/A82L; 5) F87A/T2681/A82V; 6) F87TA/T2681/VT18A/A82V; 7)
F87A/T2681/A82V/A184l; 8) F87TA/T2681/A82V/A184V.
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Figure S9 Typical chiral HPLC analyses for the epoxidation of 4-chlorostyrene catalyzed by the
mutants of P450BM3 heme domain by addition of H,O> (80 mM) at 4 “C in the presence of Im-
C6-Phe. 1) the standard sample of 4-chlorostyrene epoxide; 2) F87A/T2681I/A82V; 3)
F87A/T2681/A82V/A184V; 4) F87TA/T2681/A82V/A184I; 5) F87A/T2681/A82T/A184V.
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Figure S10 Typical chiral GC analyses for the epoxidation of 2-fluorostyrene catalyzed by the
mutants of P450BM3 heme domain by addition of H,O, (80 mM) at 4 “C in the presence of Im-
C6-Phe. 1) the standard sample of 2-fluorostyrene epoxide; 2) F87A/T2681; 3) F87A/T2681/VT78A;
4) F87A/T2681/VT78C; 5) F8TA/T2681/A1841; 6) F87A/T2681/V7T8A/AR2V; 7)
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Figure S11 Typical chiral GC analyses for the epoxidation of 3-fluorostyrene catalyzed by the
mutants of P450BM3 heme domain by addition of H,O> (80 mM) at 4 “C in the presence of Im-
C6-Phe. 1) the standard sample of 3-fluorostyrene epoxide; 2) F87A/T2681/V78A; 3)
F87A/T2681/VT8C; 4) F87A/T2681/A82I; 5) F87A/T2681/A82L; 6) F87A/T2681/A82V;7)
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Figure S12 Typical chiral GC analyses for the epoxidation of 4-fluorostyrene catalyzed by the
mutants of P450BM3 heme domain by addition of H,O, (80 mM) at 4 ‘C in the presence of Im-
C6-Phe. 1) the standard sample of 4-fluorostyrene epoxide; 2) F87A/T2681/V78A; 3)

F87A/T2681/V78C; 4) F87A/T2681/A184V; 5) F87TA/T2681/VT8A/A184L; 6)
F87A/T2681/A82T/A184V.
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Figure S13 Optimizing the amount of H,O» used in styrene epoxidation catalyzed by P450BM3
F87A/T2681/V78Cmutant (0.5 uM) in the presence of Im-C6-Phe (500 uM) at 25 °C.
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Figure S14 Optimizing the amount of Im-C6-Phe used in styrene epoxidation with H>O, (20
mM) catalyzed by PAS0BM3_F87A/T2681/V78C mutant (0.5 uM) at 25 °C.
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Figure S15 GC analyses for the unreacted styrene and formed styrene oxide in the semi-
preparative scale epoxidation of styrene (10 mM) catalyzed by the mutants of F87A/T2681/L181Q
(A) and F87A/T2681/V78A/A82V (B) upon addition of H,O, (80 mM) in the presence of Im-C6-
Phe (2 mM) in 0.1 M pH 8.0 phosphate buffer at 0 °C.
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Figure S16 Chiral GC analyses for the semi-preparative scale epoxidation of styrene (10 mM)
catalyzed by the mutants of F87A/T268I/L181Q (A) and F87A/T2681/V78A/A82V (B) upon
addition of H,O; (80 mM) in the presence of Im-C6-Phe (2 mM) in 0.1 M pH 8.0 phosphate
buffer at 0 °C.
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Figure S17 '"H NMR spectra of styrene oxide isolated from the semi-preparative scale epoxidation

of styrene (10 mM) catalyzed by the mutants of F87A/T268I/L181Q (A) and

F87A/T2681/V78A/A82V (B) upon addition of H>O, (80 mM) in the presence of Im-C6-Phe (2
mM) in 0.1 M pH 8.0 phosphate buffer at 0 °C.

S51



Styrene 1 -
w2
w21 y=03752x = 08
= R?=0.9965 )
= % 06 -
g 1 o
S (0]
= g 04
7 £
03 & 02
0 T T 1 0
2 4 6 0
Styrene (uM)
2-Chlorostyrene i
2.5 4 2
2 0.4277 3 077
Q 2 A y=0. X S |
5 R” = 0.9962 %06
215 A 2 05 A
wn M 5
£ £ 04 -
= ] Z 03
it g
N (0.5 A E 0.2 4
< 01
0 : , . .
0 2 4 o
2-Chlorostyrene(uM)
3 i -
3-Chlorostyrene 0.7
2 2.5 " 0.6
E = S 05
s 2 y = 0.4824x 3
2 R>=0.9909 =
oy £ 04 -
2 1.5 °
8 03 A
5 02
7S 5 0.1 1
=
0 : , .9 0
2 4 6 0
3-Chlorostyrene (M)
25 4-Chlorostyrene
0.8 -
Z I y = 0.4387x 2
B R2=0.9982 < 0.6
5 15 =
3 2
g 1 g 04
= =
= wn
Q 05 g 02
N =
0 . : , :r') 0
2 4 6

4-Chlorostyrene (uLM)

S52

Styrene Oxide

y =0.5037x
R?=0.9948

0.5 1 1.5 2
Styrene Oxide (uM)

2-Chlorostyrene Oxide

y=0.4931x
R?=0.9987

0.5 115
2-Chlorostyrene Oxide (uM)

3-Chlorostyrene Oxide

y=0.4187x
R>=0.9953

0.5 1 1.5
3-Chlorostyrene Oxide (uM)

4-Chlorostyrene Oxide

y =0.4515x
R2=10.9967

0

0.5 1 1.5
4-Chlorostyrene Oxide (M)



21 2-Fluorostyrene o 20 2-Fluorostyrene Oxide
2 E 0.5 4
3 1 y=03119x T oo4 | y=04721x
o R2=0.991 2 ' R2=0.9949
2 1 S 03 -
: Z
g o 024
— =
[_rl_1 0.5 A g
[\ i 0.1 A
0 : ; . o ; : .
0 2 4 6 0 0.5 1 1.5
2-Fluorostyrene (M) 2-Fluorostyrene Oxide (uM)
18 - 3-Fluorostyrene 3-Fluorostyrene Oxide
1.6 0.8 ~
n14 - y=03113x % 0.7 - y = 0.4577x
317 R?=0.996 S 0.6 - R® = 0.9905
[5) =
ESR S 0.5
2 2
80'8 g 5 0.4
50.6 4 2 03
2]
Hx 0.4 1 2 0.2
“02 - 2 01 1
0 T T 1 curl-; O T T T 1
0 2 4 6 0 0.5 1 1.5 2
3-Fluorostyrene (uM) 3-Fluorostyrene Oxide (uM)
16 - 4-Fluorostyrene 4-Fluorostyrene Oxide
1.4 A o 077
@12 4 sz=—062gg§§ 2067 y—04324x
S 14 e 205 R?=0.996
£ 5
508 A % 0.4 -
€ 0.6 - £03 |
E 202 -
; 0.4 A =i
< 0.2 A 2 0.1 A
n
0 T T 1 ﬂ- 0 T T T 1
0 2 4 6 0 0.5 1 1.5 2

4-Fluorostyrene (uM) 4-Fluorostyrene Oxide (uM)

Figure S18 The calibration curves of styrene substrates and the corresponding epoxide products.
IS: Internal standard.
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Table S1 Screening of PA5S0BM3 double mutants for the epoxidation of styrene with H>O, in the
presence of Im-C6-Phe [ °]

mutations ee % TON
F87A/T268A nd¥! 12442
F87A/T268V 94 38242
F87A/T2681 97 335+8
F87A/T268L nd¥! 53+2
F87A/T268F nd¥! 25+2
F87A/T268W nd!¥! 40+1
F87G/T268V 83 767+3
F87G/T2681 94 318+17
F87V/T268V 52 16143
F87V/T2681 90 395448
F871/T268V nd¥! 8146
F871/T2681 nd!¥! 32243
F87L/T268V nd¥ 16+4
F87L/T2681 nd!¥! 47+1

[a] Reaction conditions: P450BM3 (0.5 uM), H202 (20 mM), Im-C6-Phe (0.5 mM), styrene (4 mM) in pH 8.0
phosphate buffer at 25 °C. [b] All the control reactions did not show obvious activity of styrene epoxidation in
the absence of Im-C6-Phe. [c] TON: Turnover numbers were estimated over a 30/min reaction. [d] nd: not

detected.
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Table S2 Screening of P450BM3 mutants for the epoxidation of styrene with H>O; in the presence

of Im-C6-Phe (2]

mutations ee % TON
F87A/T2681/L75M 97 1098+19
F87A/T2681/L75Y nd!¥! 59+1
F87A/T2681/L75F 97 80+1
F87A/T2681/L75Q 95 203+3
F87A/T2681/L75K 97 79+1
F87A/T2681/VT8T 97 1006£19
F87A/T2681/V78M 97 29644
F87A/T2681/VT8A 97 1524+16
F87A/T2681/V78C 97 830+20
F87A/T2681/V78F 94 874+4
F87A/T2681/V78I1 96 201+1
F87A/T2681/VT8L 97 24942
F87A/T2681/V78S 97 91743
F87A/T2681/A82V 97 1027422
F87A/T2681/A821 97 10865
F87A/T2681/A82C 97 792+18
F87A/T2681/A82G 97 527420
F87A/T2681/A82L 96 544+1
F87A/T2681/A82S 96 645+1
F87A/T2681/A82F nd!¥! 12+1
F87A/T2681/A82N nd!¥! 30+1
F87A/T2681/A82T 96 578+1
F87A/T2681/A82M 91 147242
F87A/T2681/A82E 51 nd¥
F87A/T2681/L181F 97 48142
F87A/T2681/L181Q 99 918+54
F87A/T2681/L1811 97 879+10
F87A/T2681/L181M 98 1576+82
F87A/T2681/L181T 98 879+52
F87A/T268I/L181N 98 355+1
F87A/T2681/A184F nd!¥! nd¥
F87A/T2681/A1841 97 635+1
F87A/T2681/A184Q 97 401+1
F87A/T2681/A184T 97 664+13
F87A/T2681/A184V 97 804+1
F87A/T2681/A184L 97 81643
F87A/T2681/A184M 97 1015+3
F87A/T2681/A184N 97 nd¥
F87A/T2681/R255S 98 298+1
F87A/T2681/R255D >99% 120+1
F87A/T2681/R255V 98 164+1
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F87A/T2681/R255L 98 292+5

F87A/T2681/R255Q 98 435+4
F87A/T2681/1263V 98 608+8
F87A/T2681/1263G 92 206+32
F87A/T2681/A264C nd“ nd“
F87A/T2681/A264S 96 698+2
F87A/T2681/A264T 95 526+5
F87A/T2681/E267Q 91 478+18
F87A/T2681/E267L 97 148+3
F87A/T2681/A328V 92 47+1
F87A/T2681/A328S 98 150+3

[a] Reaction conditions: P450BM3 (0.5 uM), H202 (80 mM), Im-C6-Phe (2 mM), styrene (4 mM) in pH 8.0
phosphate buffer at 25 °C. [b] All the control reactions did not show obvious activity of styrene epoxidation in the

absence of Im-C6-Phe. [c] TON: Turnover numbers were estimated over a 30/min reaction. [d] nd: not detected.

Table S3 Screening of P450BM3 mutants for the epoxidation of styrene with H>O; in the
presence of Im-C6-Phe [&°]

F87A/T2681/V78A/A82V 98 4052422
F87A/T2681/V78A/A181Q 97 2060+40
F87A/T2681/V78A/A181M 97 2051£36
F87A/T2681/V78A/A184L 98 4349+26
F87A/T2681/A82V/A181Q 98 2361
F87A/T2681/A82V/A181M 99 699+9
F87A/T2681/A82V/A184L 98 1030450
F87A/T2681/L181Q/A184L 98 815+22
F87A/T2681/L181M/A184L 97 538+17

[a] Reaction conditions: P450BM3 (0.5 uM), H202 (80 mM), Im-C6-Phe (2 mM), styrene (4 mM) in pH 8.0
phosphate buffer at 4 °C. [b] All the control reactions did not show obvious activity of styrene epoxidation in the

absence of Im-C6-Phe. [c] TON: Turnover numbers were estimated over a 30/min reaction. [d] nd: not detected.

Table S4 Screening of P450BM3 mutants for the epoxidation of 2-chlorostyrene with H,O, in
the presence of Im-C6-Phe [ ]

mutations ee % TON
F87A/T268A 87 172447
F87A/T2681 50 153+1
F87A/T268V 51 514+1
F87A/T268A/VT8A 95 1445+14
F87A/T268A/A82V 90 2023+24
F87A/T268A/L181M 85 1300+51
F87A/T268A/L181Q 80 131443

[a] Reaction conditions: PASOBM3 (0.5 uM), H202 (80 mM), Im-C6-Phe (2 mM), styrene (4 mM) in pH 8.0
phosphate buffer at 4 °C. [b] All the control reactions did not show obvious activity of 2-chlorostyrene
epoxidation in the absence of Im-C6-Phe. [c] TON: Turnover numbers were estimated over a 30/min reaction.

[d] nd: not detected.
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Table S5 Screening of P450BM3 mutants for the epoxidation of 3-chlorostyrene with H,O, in
the presence of Im-C6-Phe [ ]

mutations ee % TON
F87A/T2681/A82G 92 31045
F87A/T2681/A821 96 362+2
F87A/T2681/A82L 96 479+11
F87A/T2681/A82V 91 262+13
F87A/T2681/VT8A/AR2V 91 47244
F87A/T2681/A82V/A1841 91 496=+13
F87A/T2681/A82V/A184V 90 3114

[a] Reaction conditions: P450BM3 (0.5 uM), H202 (80 mM), Im-C6-Phe (2 mM), styrene (4 mM) in pH 8.0
phosphate buffer at 4 °C. [b] All the control reactions did not show obvious activity of 3-chlorostyrene
epoxidation in the absence of Im-C6-Phe. [c] TON: Turnover numbers were estimated over a 30/min reaction.

[d] nd: not detected.

Table S6 Screening of P450BM3 mutants for the epoxidation of 4-chlorostyrene with H,O, in
the presence of Im-C6-Phe [

mutations ee % TON
F87A/T2681/A82V 98 454+1
F87A/T2681/A82V/A184V 98 67134
F87A/T2681/A82V/A1841 98 719+1
F87A/T2681/A82T/A184V 96 473+3

[a] Reaction conditions: PASOBM3 (0.5 uM), H202 (80 mM), Im-C6-Phe (2 mM), styrene (4 mM) in pH 8.0
phosphate buffer at 4 °C. [b] All the control reactions did not show obvious activity of 4-chlorostyrene
epoxidation in the absence of Im-C6-Phe. [c] TON: Turnover numbers were estimated over a 30/min reaction.

[d] nd: not detected.

Table S7 Screening of P450BM3 mutants for the epoxidation of 2-fluorostyrene with H,O5 in
the presence of Im-C6-Phe [ ]

mutations ee % TON
F87A/T2681 97 677+10
F87A/T2681/V78A 98 483+25
F87A/T2681/V78C 98 1215+11
F87A/T2681/A1841 97 488+23
F87A/T2681/V78A/A82V 98 2192+10
F87A/T2681/V78A/A184L 98 34804216

[a] Reaction conditions: PASOBM3 (0.5 uM), H202 (80 mM), Im-C6-Phe (2 mM), styrene (4 mM) in pH 8.0
phosphate buffer at 4 °C. [b] All the control reactions did not show obvious activity of 2-fluorostyrene
epoxidation in the absence of Im-C6-Phe. [c] TON: Turnover numbers were estimated over a 30/min reaction.

[d] nd: not detected.
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Table S8 Screening of P450BM3 mutants for the epoxidation of 3-fluorostyrene with H,O, in
the presence of Im-C6-Phe [ ]

mutations ee % TON
F87A/T2681/VT8A 97 1304+6
F87A/T2681/V78C 96 33043
F87A/T2681/A821 96 882422
F87A/T2681/A82L 94 829+10
F87A/T2681/A82V 96 503+1
F87A/T2681/VT8A/AR2V 97 2876+130
F87A/T2681/VT8A/A184L 96 3316+5
F87A/T2681/A82V/A1841 96 1215+42
F87A/T2681/A82V/A184V 96 887+8

[a] Reaction conditions: P450BM3 (0.5 uM), H202 (80 mM), Im-C6-Phe (2 mM), styrene (4 mM) in pH 8.0
phosphate buffer at 4 °C. [b] All the control reactions did not show obvious activity of 3-fluorostyrene
epoxidation in the absence of Im-C6-Phe. [c] TON: Turnover numbers were estimated over a 30/min reaction.

[d] nd: not detected.

Table S9 Screening of P450BM3 mutants for the epoxidation of 4-fluorostyrene with H,O, in
the presence of Im-C6-Phe [ ]

mutations ee % TON
F87A/T2681/V78A 99 2037+13
F87A/T2681/V78C 99 1312+11
F87A/T2681/A184V 98 680+13
F87A/T2681/V78A/A184L 99 2803+51

F87A/T2681/A82T/A184V 97 480+9

[a] Reaction conditions: PASOBM3 (0.5 uM), H202 (80 mM), Im-C6-Phe (2 mM), styrene (4 mM) in pH 8.0
phosphate buffer at 4 °C. [b] All the control reactions did not show obvious activity of 4-fluorostyrene
epoxidation in the absence of Im-C6-Phe. [c] TON: Turnover numbers were estimated over a 30 min reaction.

[d] nd: not detected.
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