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Materials and methods

All chemical reagents were purchased from commercial sources (e.g. Wako, TCI, Merck and Aldrich) and used
without further purification unless otherwise specified. Following Fmoc-amino acids were used for the
preparation of 400 Z-dipeptide library: Fmoc-Gly, Fmoc-Ala, Fmoc-Val, Fmoc-Leu, Fmoc-Ile, Fmoc-Pro,
Fmoc-Phe, Fmoc-Tyr(zBu), Fmoc-Trp(Boc), Fmoc-Ser(Bu), Fmoc-Thr(zBu), Fmoc-Asn(Trt), Fmoc-GIn(Trt),
Fmoc-Lys(Boc), Fmoc-Arg(Pbf), Fmoc-His(Trt), Fmoc-Asp(OfBu), Fmoc-Glu(O7Bu), Fmoc-Cys(Trt), Fmoc-
Met. 2CoHg gas (99.99%) were purchased from Taiyo Nippon Sanso Corp. C:Hg gas (99 atom%) was
purchased from ICON Isotopes.

Measurement

Ultraviolet-visible spectra were recorded on a Shimadzu UV-2600 spectrophotometer and a Shimadzu UV-2450
spectrophotometer. High performance liquid chromatography (HPLC) analyses were performed using an
COSMOSIL 5Cig-MS-II column (4.6 mm x 250 mm; nacalai tesque, Inc., Kyoto, Japan) installed on a
Shimadzu SCL-10Avp system controller equipped with a Shimadzu LC-10AD pump systems, an SPD-
10AVVP UV/Vis Detector, an SIL-20A autosampler, a Shimadzu CTO-10Avp column oven and a Shimadzu
DGU-20A3 degasser. Gas Chromatography (GC)-MS analyses were performed with GC-MS-QP2010 SE
equipped with a Rtx-1 column (Restek corporation, 60.0 m x 0.32 mm). 'H NMR spectra were measured on a
JNM-A400 spectrometer (JEOL). 'H NMR chemical shifts were reported versus tetramethylsilane (TMS) and
referenced to residual solvent peaks (DMSO-ds: 2.50 ppm at 25 °C). ESI-TOF-MS spectra were measured by
micrOTOF 11 (BRUKER ANALYTIC). Microplate was handled by TECAN® Infinite M200 PRO Multimode
Microplate Reader (Tecan Ltd.).

Expression and purification of P450BM3

Expression and purification of cytochrome P450BM3 was performed according to previously described
methods' . The details of P450BM3 purification are described below. The purity of protein was checked by
SDS-PAGE and the enzyme concentration was determined by pyridine hemochromagen assay.

Escherichia coli cells expressing PAS0BM3 were suspended in 20 mM Tris-HCI (pH 7.4) and disrupted using an
ultrasonicator at 4 °C. After removing cell debris by centrifugation, the supernatant was applied to a
CELLUFINE A*500 anion-exchange column (JNC). Weakly bound impurities were removed with 20 mM Tris-
HCI containing 50 mM KCI (pH 7.4) and tightly bound proteins including P450BM3 were eluted in 250 mM
KCI (pH 7.4) and fractions containing P450BM3 were pooled and desalted by spin centrifugation-dialysis using
an Amicon® Ultra Centrifuge Filter Ultracel® (Millipore,Co.) with a MWCO of 30 kDa, followed by further
purification using a DEAE 650S anion-exchange column (TOSOH). P450BM3 was eluted in Tris-HCI buffer
over a KCI concentration gradient ranging from 0 to 120 mM. Eluted fractions were pooled and concentrated
before applying to a Sephacryl S-300 gel-filtration column (GE Healthcare), equilibrated with 20 mMm Tris
buffer and 100 mm KCl (pH 7.4 and the P4A50BM3 fraction was collected).
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General procedure for the preparation of N-substituted-Xaa-Yaa molecules (3CPPA-Pip-Phe as an
example)

N-substituted-Xaa-Yaa molecules were synthesized by general solid-phase peptide synthesis method.’ Details
are as following:

Coupling of Yaa to resin

CI-Trt(2-Cl) resin (50 mg, 1.60 mmol g!) was dispersed in dichloromethane and left to swell for at least one
hour in a reaction vessel. Solvent was removed from the resin and Fmoc-L-Phenylalanine (Fmoc-Phe, 46.5 mg,
0.12 mmol, for Yaa), N,N-diisopropylethyl amine (DIPEA, 41.8 pL, 0.24 mmol), and dichloromethane (2 mL)
were added to resin and the reaction vessel was shaken for 60 min. After the reaction, solvent was removed and
the resin was washed thrice with dichloromethane. Methanol/dichloromethane (1/1, v/v) (3 mL) was added to
the resin and the reaction mixture was shaken for 40 min. Solvent was removed and the resin was washed with
dichloromethane and N,N-dimetylformamide (DMF) five times each.

Fmoc deprotection
Piperidine/DMF (1/4, v/v) (2 mL) was added to the resin. After 20 min shaking, solution was removed and resin
was washed with DMF 10 times.

Coupling of Xaa or N-substituent

Fmoc-Pipecolic acid (Fmoc-Pip, 84.3 mg, 0.24 mmol, for Xaa) or 3-cyclopentylpropionic acid (34.1 mg,
0.24 mmol, for N-substituent), HOBt*H>O (54.1 mg, 0.40 mmol), N,N’-diisopropylcarbodiimide (DIC, 62.6 uL,
0.40 mmol), and DMF (3 mL) were added to the resin and stirred for 90 min. The Kaiser or chloranil test was
performed to confirm completion of coupling. When coupling was not completed, double or further couplings
were performed until coupling was completed.

Cleavage of N-substituted-Xaa-Yaa from the resin

Cleavage was carried out in 4 mL of 20 % AcOH in dichloromethane for at least 2 hours. The resin was
separated and washed thrice with dichloromethane (6 mL) and then thrice with MeOH (6 mL). Filtrates were
combined and evaporated. When the amino acid residues are protected by any protecting group, following
deprotection procedure was performed. Obtained products were used for the screening without further
purifications. The compounds which were used for estimation of turnover frequency (TOF), total turnover
number and coupling efficiency were characterized by '"H NMR and ESI-MS.

Deprotection of protecting group on N-substituted-Xaa-Yaa which contains sidechain-protected Xaa or Yaa.
Cleaved peptides were treated with deprotecting solution (95 % trifluoroacetic acid (TFA), 2.5 %
triisopropylsilane, 2.5 % water, 3 mL) for 3 hours. Solution was evaporated and obtained products were used
for screening without further purifications.
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N-(3-cyclopentyl)propanoyl-L-pipecolyl-L-phenylalanine (3CPPA-Pip-Phe):

'"H NMR (DMSO-ds, 400 MHz) 6: 7.88 (1H, d, J = 7.6 Hz), 7.40-7.23 (5H, m), 4.50 (1H, d, J = 12.8 Hz), 4.40
(1H,t,/J=15.4 Hz), 3.12 (2H, t, J= 8.2 Hz), 2.50 (2H, d, /= 6.2 Hz), 2.10-0.86 (19H, m). ESI-MS: m/z 401.24
([M+H]"), 423.23 ([M+Na]"), 445.21 ([M-H+2Na]"), 823.46 ([2M+Na]"), 801.48 ([2M+H]"), 845.44 ([2M-
H+2Na]"), 1223.70 ([3M+Na]"), 1245.68 ([3M-H+2Na]").

N-(3-cyclopentyl)propanoyl-L-pipecolyl-L-cyclohexylalanine (3CPPA-Pip-Cha):

"H NMR (DMSO-ds, 400 MHz) 6: 7.95 (1H, d, J = 7.2 Hz), 4.53 (1H, d, J= 7.6 Hz), 4.27 (1H, t, J = 12.4 Hz),
3.76-0.82 (32H, m). ESI-MS: m/z 407.29 ([M+H]"), 429.27 ([M+Na]"), 451.26 ([M-H+2Na]"), 836.56
([2M+Na]"), 813.57 ([2M+H]"), 1241.84 ([3M+Na]").

N-caproyl-L-pipecolyl-L-phenylalanine (C6AM-Pip-Phe):
"H NMR (DMSO-ds, 400 MHz) §: 7.60 (1H, d, J = 7.6 Hz), 7.26-7.20 (5H, m), 4.50 (1H, d, J = 13.6 Hz), 3.85
(1H,t,J=9.6 Hz), 3.04 (2H, t, J = 13.2 Hz), 2.39 (2H, t, J = 12.0 Hz), 2.1-0.85 (17H, m). ESI-MS: m/z 375.23
(IM+H]"), 397.21 ([M+Na]"), 419.20 ([M-H+2Na]"), 771.43 ([2M+Na]"), 749.45 ([2M+H]"), 793.41 ([2M-
H+2Na]"), 1145.65 ([3M+Na]"), 1167.63 ([3M-H+2Na]").

N-(5-methylcaproyl)-L-pipecolyl-L-cyclohexylalanine (SMHA-Pip-Cha):

'"H NMR (DMSO-ds, 400 MHz) 6: 7.91 (1H, d, J = 7.6 Hz), 4.51 (1H, d, J = 12.8 Hz), 4.26 (1H, t, J= 13.0 Hz),
3.36 (2H, t, J = 11.2 Hz), 2.33-0.85 (32H, m). ESI-MS: m/z 395.29 ([M+H]"), 417.28 ([M+Na]"), 439.26 ([M-
H+2Na]"), 811.56 ([2M+Na]"), 789.57 ([2M+H]"), 833.54 ([2M-H+2Na]"), 1205.84 ([3M+Na]"), 1227.83
([3M-H+2Na]").

N-enanthoyl-L-pipecolyl-L-phenylalanine (C7AM-Pip-Phe):

'"H NMR (DMSO-ds, 400 MHz) §: 7.92 (1H, d, J = 8.0 Hz), 7.26-7.17 (5H, m), 4.20 (1H, d, J = 12.8 Hz), 3.52
(IH, d, J = 13.2 Hz), 3.03 (2H, t, J = 10.4Hz), 2.35-0.85 (27H, m). ESI-MS: m/z 389.24 ([M+H]"), 411.23
([M+Na]"), 433.21 ([M-H+2Na]"), 799.46 ([2M+Na]"), 777.48 ([2M+H]"), 821.44 ([2M-H+2Na]"), 1187.70
([3M+Na]"), 1209.68 ([3M-H+2Na]").
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General procedure for the preparation of combinatorial libraries of 400 Z-dipeptides by split-mix solid
phase synthesis

As described in Figure S1, 20 combinatorial libraries of Z-dipeptides, which were used in step one of screening,
were prepared by split-mix solid phase synthesis.® 20 canonical amino acids were coupled to Cl-Trt(2-Cl) resin
(50 mg, 1.60 mmol g!) in 20 reaction vessels individually as Yaa. After the coupling reaction, all the resin in
20 reaction vessels was combined into one reaction vessel. The mixed resin was shaken for 1 hour in
dichloromethane (30 mL). After mixing, the resin was divided into 20 portions. After deprotection of Fmoc-
protecting group, 20 canonical amino acids were coupled to resin in 20 reaction vessels individually as Xaa.
Deprotection of Fmoc-protecting group, coupling of Z-protecting group by Z-Cl, cleavage of molecules from
the resin, and removal of protecting groups on the amino acid residues were executed according to the protocols
described above. 20 combinatorial libraries containing 20 molecules each were used for screening without
further purification (Figure S2).
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Figure S1. Scheme of synthesis of 400 Z-dipeptides.



Mixture A

ZAA
ZLAP
ZAY
ZAH
ZAC

ZAG
ZAV
ZAD
ZAK
ZAM

ZAI
ZAF
ZAE
ZAS
ZAN

ZAL
ZAW
ZAR
ZAT
ZAQ

Mixture P

ZPA
ZPP
LPY
ZPH
ZPC

ZPG
ZPV
ZPD
ZPK
ZPM

ZPI
ZPF
ZPE
ZPS
ZPN

ZPL
ZPW
ZPR
ZPT
ZPQ

Ce=BiCe)

Mixture Y

ZYA
ZYP
Yy
ZYH
ZYC

ZYG
YV
ZYD
ZYK
ZYM

ZY1I
ZYF
ZYE
ZYS
ZYN

ZYL
ZYW
ZYR
YT
YQ

\I Mixture H

ZHA
ZHP
ZHY
ZHH
ZHC

o

ZHG
ZHV
ZHD
ZHK
ZHM

ZHI
ZHF
ZHE
ZHS
ZHN

J

ZHL
ZHW
ZHR
ZHT
ZHQ

s

ZCA
ZCP
ZCY
ZCH
ZccC

-

ZCG
ZCV
ZCD
ZCK
ZCM

\I Mixture C

ZCI
IZCF
ZCE
ZCS
ZCN

J

ZCL
ZCW
ZCR
ZCT

ca

e

Mixture G Mixture I
ZGA Z1GG ZGI ZGL ZIA 216G Z1I ZIL
ZGP ZGV ZGF ZGW ZIP ZIV Z1F Z1W
ZGY ZGD ZGE ZGR Z1Y ZID ZIE ZIR
ZGH ZGK 2GS ZGT ZIH 21K 21S Z'T
ZGC ZGM ZGN ZGQ ZI1C Z'M ZIN Z1Q
Mixture V Mixture F
ZVA IVG ZVI ZVL ZFA ZFG ZFI 1
ZVP ZVV ZVF ZVW ZFP ZFV ZFF 1
ZVY ZIVD ZVE ZVR ZFY ZFD ZFE ZFR
ZVH ZVK ZVS ZIVT ZFH ZFK ZFS ZFT
ZVC ZVM ZVN ZVaQ ZFC ZFM ZFN ZFQ
Mixture D Mixture E
ZDA IDG ZIDI ZEA 215G ZFI Z
ZDP ZDV ZDF ZEP ZEV ZEF Z
ZDY ZIDD ZDE Z°Y ZED ZFE Z
ZDH ZDK ZDS ZFH ZEK ZES Z
ZDC ZDM ZDN Z-C ZEM ZEN Z
~~— Mixture K /™~ ,— Mixture § —m~
ZKA ZKG ZKI ZKL _.= ZSA 1SG ZSI ZISL _.=
7KkP 7KV zKF zkw UL 75P 75V z5F zsW WU
ZKY ZKD ZKE ZKR . ZSY ZSD ZSE ISR .
ZKH ZKK ZKS ZKT ZSH ZSK 2SS ZIST
/Wxn ZKM ZKN ZKQ ) /wmn ZSM ZSN ZsQ \\
— Mixture M ————~ ,~— Mixture N ——
ZMA ZMG ZMI ZIML f— ZNA ZNG ZNI ZNL
ZMP ZMV ZMF ZMW ZNP ZYV ZNF ZNW
ZMY ZIMD ZME ZIMR ZNY ZND ZNE ZNR
ZMH ZMK ZMS ZIMT ZNH ZNK ZNS ZNT
/Wzo ZMM ZMN ZMQ ) /w C ZNM ZNN ZNQ

Mixture L

ZLA
ZLP
ZLY
ZLLH
ZLLC

ZLG
ZLV
ZLD
ZLK
ZLM

ZLI
ZLF
ZLE
ZLS
ZLN

Mixture W

ZWA
ZWP
ZWY
ZWH
ZWC

ZWG
WV
ZWD
ZWK
ZWM

IWI
IWF
ZWE
ZWS
ZWN

ZWL
ZWW
ZWR
IWT
ZWa

Mixture R

ZRA
ZRP
ZRY
ZRH
ZRC

ZRG
ZRV
ZRD
ZRK
ZRM

ZRI
ZRF
ZRE
ZRS
ZRN

\I Mixture T

ZTA
LTP
ITY
ZTH
ZTC

-

TG
TV
ZTD
ITK
ZTM

JA N
IZTF
ITE
TS
ZTN

ZQA
ZQP
QY
ZQH
zQcC

\_

QG
Qv
QD
QK
QM

\l Mixture Q

ZQl
ZQF
ZQE
Qs
ZQN

ZQL
JAY
ZQR
QT
ZQQ

Figure S2. Combinatorial libraries of 400 Z-dipeptides.
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Figure S3. Pictures of colored well plates during the 1st step of screening.
When Xaa = isoleucine (I), proline (P), valine (V), phenylalanine (F) or
tyrosine (Y), decoy activity was observed.

Yaa= E R H K S T C M N O

Figure S4. Pictures of colored well plates during the 2nd step of screening.
When Yaa = phenylalanine, tryptophan or tyrosine, decoy activity was observed.

ZPF ZPY ZPW ZVF ZVY
++ + - ++ -
(Standard)

»

ZVW  ZIF  zZIY ZIW  ZFF ZFY ZFW ZYF ZYY ZYW

- ++ - + + - - - - -

Figure S5. Pictures of colored well plates during the 3rd step of screening.
When the combination of Xaa-Yaa = isoleucine-phenylalanine, proline-
phenylalanine, or valine-phenylalanine, high decoy activity was observed.
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Table S1. Absorbance of each well at 509 nm during the 3rd step of screening.

Decoy molecules  Absorbance at 509 nm Decoy molecules Absorbance at 509 nm
Z-Pro-Phe
(Standard) 0.3908 Z-Val-Tyr 0.1828
Z-Pro-Tyr 0.2173 Z-Val-Trp 0.1034
Z-Pro-Trp 0.1062 Z-lle-Phe 0.3493
Z-Val-Phe 0.3467 Z-lle-Tyr 0.1600
Z-lle-Trp 0.1446
Z-Phe-Phe 0.1967
Z-Phe-Tyr 0.1653
Z-Phe-Trp 0.1625
Z-Tyr-Phe 0.1557
Z-Tyr-Tyr 0.1227
Z-Tyr-Trp 0.0911
1 T (o] o (o] o o
N J AR J AR
03 - ()Aij*@@
> O A ©
2 0.6 - Z-Pro-Phe Z-lle-Phe Z-Val-Phe
Q
]
0 04 - -
% 0.2 - L B I —
m | | | | |
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Q¥ g® Q&\“” SNIPNPAS Q}c\‘ Fo® &R S <& SR <R

O &0 o€ (& 5 ¥ N *',\\Q’A’?}A’b/\‘\‘@«*‘
T AR 4R VS AT AR A

Figure S6. Relative activity of Z-dipeptides calculated from absorbance at 509
nm during the 3rd step of screening. The activity of Z-Pro-Phe is set to 1.
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Figure S7. The chemical structures of N-substituents employed for the 4th step of screening.
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Figure S7. (continued).
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ZPF
+++
(Standard)

1 12 13 14 15 16 17 18 19 20 21 22

++ = - - - - - - + - + +++

- - ++ o+ - - - - - + +4++ ++

105 106 107 108 109 110 111 112 113 114 1 116

Figure S8. Pictures of colored well plates during the 4th step of screening and

chemical structures of effective N-substituents
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Table S2. Absorbance of each well at 509 nm during the 4th step of screening.

Z (ZPF)

- ++

3CPPA (12) 4MVA (34)

121 122 123 124

- +

125
+++ +

126 127

137 138 139 140

++ - -

2CHAA (38)  CBAM (45)

5MHA (101)

Xy (119)  3CHPA (125)

Figure S8. (continued).

C7AM (126)

Top hits (+++ in FigureS8) are highlighted in pink.

PMB (128)

Decoys Absorbance Decoys Absorbance Decoys Absorbance Decoys Absorbance
at 509 nm at 509 nm at 509 nm at 509 nm
1 0.0825 42 0.1158 83 0.1165 124 0.2522
2 0.0814 43 0.0832 84 0.1145 125 1.1966
3 0.0847 44 0.1995 85 0.0965 126 0.9439
4 0.0921 45 0.8135 86 0.2197 127 0.3208
5 0.6129 46 0.5196 87 0.1063 128 1.3022
6 0.0867 47 0.1232 88 0.1643 129 0.1102
7 0.0905 48 0.1036 89 0.5138 130 0.1544
8 0.0818 49 0.0812 90 0.1092 131 0.0978

13



9 0.1203 50 0.0717 91 0.0829 132 0.1223
10 0.0972 51 0.0801 92 0.0889 133 0.1575
11 0.0843 52 0.0846 93 0.0843 134 0.1496
12 1.1624 53 0.0883 94 0.2246 135 0.2017
13 0.3807 54 0.0849 95 0.1654 136 0.1316
14 0.1899 55 0.0983 96 0.1073 137 0.6078
15 0.0863 56 0.089 97 0.1048 138 0.098
16 0.0761 57 0.1362 98 0.1368 139 0.1172
17 0.2713 58 0.1302 99 0.1111 140 0.1507
18 0.1118 59 0.1502 100 0.1215 141 0.4217
19 0.2957 60 0.1177 101 1.0857 142 0.0951
20 0.0944 61 0.1153 102 0.1348 143 0.0918
21 0.1826 62 0.1049 103 0.1177 144 0.0861
22 0.7000 63 0.1053 104 0.0941 145 0.0841
23 0.4201 64 0.1068 105 0.0895 146 0.1119
24 0.1368 65 0.1093 106 0.0834 147 0.089
25 0.1244 66 0.2951 107 0.0913 148 0.4021
26 0.1159 67 0.4999 108 0.0887 149 0.1229
27 0.0741 68 0.3268 109 0.1143 150 0.1117
28 0.1124 69 0.1056 110 0.0987 151 0.1042
29 0.0698 70 0.0969 111 0.0883 152 0.3411
30 0.0733 71 0.1317 112 0.0645 153 0.0864
31 0.1667 72 0.0915 113 0.09 154 0.1128
32 0.0822 73 0.109 114 0.1036 155 0.157
33 0.3865 74 0.0779 115 0.1028 156 0.1588
34 1.0031 75 0.3342 116 0.1119 157 0.1204
35 0.0976 76 0.0908 117 0.1133 158 0.0814
36 0.0977 77 0.0839 118 0.1165 159 0.0789
37 0.6229 78 0.0917 119 1.6871 160 0.1212
38 1.1201 79 0.089 120 0.1566 161 0.1064

14
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39 0.1392 80 0.0812 121 0.1505 162 0.2622
40 0.1525 81 0.1299 122 0.7727 163 0.0827
41 0.1158 82 0.0944 123 0.151 164 0.0995

ZPF 1.2596

OH

o

L-Valine
(Val, V) for Xaa

H

o

L-Proline
(Pro, P) for Xaa

0
HZN\:)LOH

&

L-Phenylalanine
(Phe, F) for Yaa

Figure S9. The chemical structures of non-canonical amino acids employed during the 5th step of screening,
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a-Methylalanine (Aib)

1-Aminocyclopropanecarboxylic acid (Acc)

L-Pipecolic acid (Pip)

Hydroxy- L-proline (Hyp)

L-Pydolic acid (Pyr)

D-Proline (D-Pro)

L-Cyclohexylalanine (Cha)

L-Pentafluorophenylalanine (Phe(F5))

L-4-Pyridylalanine (4-Pal)

and correspondence between effective canonical amino acids and employed non-canonical amino acids.
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Z-Aib-Phe Z-Acc-Phe Z-Pip-Phe
+++ + +++

- | |
» I 0B
Z-Pro-Cha Z-Pro-Phe(F5)  Z-Pro-4-Pal

+++ ++ +

‘ ®

Z-Hyp-Phe Z-D-ro-Phe

Z-Pyr-Phe
_ ++ —_
ZPi:
+++
(Standard)

Figure S10. Pictures of colored well plates during the 5th step of screening.

_ N-substituents

3CHPA

C7AM C6AM

Aib Pip

OA”WOWW
MMMM@”’

3CPPA 2CHAA PM

5MHA 4MVA Xy

- Yaa .
(o] o
¥ou ¥ Hon

Phe Cha

Figure S11. Substructures employed during the 6th step of screening.
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)

2CHAA-Aib-Phe 2CHAA-Aib-Cha

PMB-Aib-Phe

4MVA-Aib-Phe 4MVA-Aib-Cha 4MVA-Pip-Phe 4MVA-Pip-Cha

Figure S12. Pictures of colored well plates during the 6th step of screening.
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3CPPA-Pip-Phe
3CPPA-Pip-Cha
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Figure S13. Absorbance of reaction mixtures at 509 nm during the 6th step of screening.
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Hydroxylation reactions of non-native substrates
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Figure S14. HPLC analysis of the reaction mixture of benzene
hydroxylation catalyzed by P450BM3 in the presence (black line)
and absence (purple line) of Z-Pro-Phe as a decoy molecule
monitored at 271 nm.

Hydroxylation of anisole and toluene for TOF estimation

Hydroxylation of anisole and toluene by P450BM3 was performed according to the reported procedure.*
Hydroxylation reaction was carried out in 1 mL of 20 mM Tris-HCI (pH = 7.4) buffer containing 100 mM KClI at
25 °C for 10 min in the presence of 0.25 uMm P450BM3, 10 mM anisole or toluene, 5 mM NADPH, and 100 um
3CPPA-Pip-Phe as a decoy molecule in a glass vial. 3CPPA-Pip-Phe was dissolved in DMSO and added to the
reaction mixture. Reaction mixture was stirred vigorously. After a 5 min reaction, a solution of hydrochloric
acid (1 M) was added to the reaction mixture to quench the reaction and the mixture was then neutralized with a
solution of NaOH (1 M). The resulting solution was filtered and analyzed by reversed-phase HPLC. The HPLC
analytical conditions were as follows: flow rate of 0.5 mL min’!, acetonitrile/water ratio of 1/1, column
temperature of 40 °C, and monitored absorption wavelength at 272 nm or 276 nm for anisole hydroxylation
analysis and toluene hydroxylation analysis, respectively. Guaiacol (anisole hydroxylated product) and o-cresol
(toluene hydroxylated product) were identified using authentic samples. Reaction was performed at least in
triplicate. The NADPH consumption was estimated as follows: a 30 pL of reaction mixture after 10 min
reaction was diluted 20 times and the absorbance of NADPH at 340 nm was monitored. The concentration of
NADPH was calculated using a molar extinction coefficient of 6220 M™' cm™.
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Hydroxylation of cyclohexane for TOF estimation

The reaction was carried out in the same manner as for the hydroxylation of benzene. 200 pL of the reaction
mixture was mixed with dichloromethane (200 pL) and n-pentanol (5 pL, 20 mM DMSO solution, internal
standard). The organic phase was separated. The obtained solution was directly analyzed by GC-MS. The GC-
MS analytical conditions were as follows: column temperature 100 °C (3 min hold); 20 °C min'; 220 °C (6 min
hold), injection temperature: 250 °C, interface temperature: 200 °C, ion source temperature: 200 °C, carrier gas:
helium. Cyclohexanol was identified using authentic samples. Reaction was performed at least in triplicate. The
NADPH consumption was estimated as follows: a 30 puL of reaction mixture after 5 min reaction was diluted 20
times and the absorbance of NADPH at 340 nm was monitored. The concentration of the NADPH was
calculated using a molar extinction coefficient of 6220 M~ cm™.

Hydroxylation of propane for TOF estimation

The reaction was carried out in the similar manner to that for the hydroxylation of benzene, but gas-saturated
buffer solution (propane/oxygen: 80/20, v/v) was used for propane hydroxylation. In addition, a propane and
oxygen gas balloon (v/v = 80/20) was connected to glass vial to supply propane and oxygen gas. 200 pL of the
reaction mixture was mixed with dichloromethane (200 pL) and 3-pentanol (5 puL, 20 mM DMSO solution,
internal standard). The organic phase was separated. The obtained solution was directly analyzed by GC-MS.
The GC-MS analytical conditions were as follows: column temperature 40 °C (2 min hold); 20 °C min™'; 200 °C
(5 min hold), injection temperature: 240 °C, interface temperature: 200 °C, ion source temperature: 200 °C,
carrier gas: helium. 2-propanol was identified using authentic samples. Reaction was performed at least in
triplicate. The NADPH consumption was estimated as follows; a 30 uL of reaction mixture after 5 min reaction
was diluted 20 times and the absorbance of NADPH at 340 nm was monitored. The concentration of the

NADPH was calculated using a molar extinction coefficient of 6220 M! cm™.
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Table S3. Date collection and refinement statics of decoy-bound P450BM3.

3CPPA-Pip-Phe

3CHPA-Pro-Phe

C7AM-Pro-Phe

bound form bound form bound form
PDB code 6L1B 6K3Q 6L1A
Data collection
Wavelength 1.000 1.000 1.000
Space group P2 P21212 P21212
Cell dimensions
a. b, c(A) 58.85, 148.30, 58.95, 148.48, 58.83, 128.43,
> 63.69 64.48 148.89
«. B.v 90.00, 98.61, 90.00, 99.31, 90.00, 90.00,
> 90.00 90.00 90.00
Resolution (A) 48.00-1.74 48.31-2.06 48.62-1.84
(1.77-1.74) (2.11-2.06) (1.87-1.84)
No. of total observed reflections 841936 471093 1347367
No. of unique reflections 109197 67423 98678

CCinz 0.999 (0.517) 0.997 (0.610) 0.999 (0.543)
Rmeas 0.126 (1.704) 0.168 (1.720) 0.152 (2.505)
Rpim 0.045 (0.609) 0.063 (0.644) 0.041 (0.660)
<I/o(l)> 13.0 (1.4) 8.0 (1.3) 13.4 (1.3)
Completeness (%) 99.1 (98.1) 99.6 (94.7) 100.0 (100.0)
Multiplicity 7.7 (1.7) 7.0 (6.9) 13.7 (14.3)
Refinement statistics

Resolution range (A) 48.00-1.74 48.31-2.06 48.62-1.84
No. of monomer/asymmetric unit 2 2 2
Rwork/ Rfree (%) 17.18/20.29 21.01/26.51 19.14/22.58
RMSD bond length (A) 0.0104 0.0067 0.0097
RMSD bond angles (A) 1.6382 1.4721 1.6379
No. of atoms 8540 7825 8271
Average B-factor (A?) 24.71 38.81 31.44
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3CPPA-Pip-Phe

Figure S185. Plausible structures of 3CPPA-Pip-Phe bound form of P450BM3 with benzene, anisole,
toluene, cyclohexane, and propane calculated by AutoDock Vina!® using the crystal structure of
3CPPA-Pip-Phe-bound P450BM3 as a rigid receptor for the docking of substrates.
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Figure S16. Spectral changes of P4A50BM3 (4 um) induced by (A) Z-Pro-Phe, (B) 3CPPA-Pip-Phe,
(C) 3CPPA-Pip-Cha, (D) C6AM-Pip-Phe, (E) SMHA-Pip-Cha, and (F) C7AM-Pip-Phe in a buffer
consisting of 20 mm Tris HCI (pH 7.4) and 100 mm KCI at 25 °C. (I) to (VI) depict absorbance
changes observed during titration of P450BM3 with each decoy molecule. Inset graphs (a) to (f)
depict fitted plots of absorbance changes against the concentration of decoy molecules. Dashed lines
represent fitted curves. Titration of P450BM3 was performed according to the reported procedure. /4]
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Table S4. Dissociation constants of decoy molecules bound to P450BM3.

Decoy Molecule Ka [UM]
Z-Pro-Phe 34.3
3CPPA-Pip-Phe 10.3
3CPPA-Pip-Cha 4.2
C6AM-Pip-Phe 5.5
5MHA-Pip-Cha 20.4
C7AM-Pip-Phe 18.3

Dissociation constants (Kq) were determined by fitting the plots to the following equation.

([E] + [S] + Ka) — /([E] + [S] + Ko)? — 4 x [E][S]

AAzgp — AA419 = AApax Z[E]

AAmax IS the maximum change in absorbance at infinite decoy molecule concentration. [E] is the total
concentration of cytochrome P450BM3. [S] is the concentration of decoy molecule. Dissociation constants (Kq)
were determined from titration curves by fitting with the above tight binding equation.
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Table S5. TOF and coupling efficiency of ethane hydroxylation
catalyzed by wild-type P450BM3 in the presence of decoy molecules. [@

Decoy Molecule TOF [min P450BM31][] Coupling efficiency [%]™!
PFC9-Phel’! 282+18 1.4
Z-Pro-Phe 234%26 4.5
3CPPA-Pip-Phe 298x1.0 15
3CPPA-Pip-Cha 27509 1.6
C6AM-Pip-Phe 53.9x26 3.9
5MHA-Pip-Cha 245%+1.0 14
C7AM-Pip-Phe 82.7x1.1 6.5

[a] Reaction conditions: P450BM3 (0.2 uM), decoy molecule (20 um), NADPH
(5 mm), ethane-pressure (5 MPa), ethane-saturated Tris-HCI buffer (20 mm Tris-
HCI, 100 mm KCI, pH 7.4) at room temperature for 10 min. [b] The uncertainty is
given as the standard deviation of at least three measurements.
[c] ([Product]/NADPH consumption] x 100. [d] Previously reported top decoy
molecule for ethane hydroxylation.’
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E 40
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Figure S17. TOF of ethane hydroxylation with C7AM-Pip-Phe as a decoy molecule at 5 MPa-gas
(left: 13C,Hs, right: '>C2Hg). In the left graph, GC-MS signal at MW. 48 was assigned to '*C,HsOH. In
the right graph, GC-MS signal at MW. 46 was assigned to '2CoHsOH. The TOF of '*C,HsOH was
slightly smaller when compared to that of '>?C,HsOH, which is due to the inhibition by impurities in
the gas used for the experiments (*>*C2HsOH: 99.99 % purity, '*CoHsOH: 99 atom% purity). Reaction
conditions: P450BM3 (0.2 puM), decoy molecule (20 uM), NADPH, (5 mM), gas (**C2He or '2C,Hs)-
saturated Tris-HCI buffer (20 mm Tris-HCI, 100 mm KCI, pH 7.4), gas ('*C2Hg or '2C,He)-pressure (5
MPa), at room temperature for 10 min. Intensity of '>CoHsOH was used as the standard for both
experiments.
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