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Construction of enzymatic reaction system for extremely difficult hydroxylations
utilizing malfunction of metalloenzyme
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We have achieved highly active hydroxylation of gaseous alkanes, including

the most challenging methane hydroxylation, using an enzymatic reaction system with dummy substrates
(decoy molecules) that alter the activity of cytochrome P450BM3, a long-chain fatty acid
hydroxylase derived from Bacillus megaterium. By screening over a thousand developed decoy molecules
using a color assay, we established a method to select the optimal decoy molecule for the target
substrate. Additionally, we have successfully used decoy molecules to facilitate the crystallization
of P450BM3 and have succeeded in the crystallographic analysis of oxidation reaction intermediate
analogs. Furthermore, we have also successfully constructed hydroxylation reaction systems with

manganese-substituted heme, replacing the active site metal in P450BM3, and whole-cell reaction
systems using decoy molecules.

P450



P450BM 3 1

2 P450BM 3
Keat 17,100
P450BM 3
P450BM 3
2 P450BM3 _ =
ON 1 P450BM3
P450BM 3
HEEORD
> HDj\/W\/WY\
OH
KER{ L = FEAEARES
HAC-CHy mEET
. T LEN BM
OFF Ok ‘i?m NADPH, 0, (eJEal42iS 13?% Lrgt PA50BM3
P450BM3
TR G C T
i B
ON DRE =% I5/—
BAMLIE AR
2 P450BM3
P450BM 3 ON
2 P450BM 3
P450BM 3
P450
P450BM 3
P450
GC-Mass
(ITC) X SPring-8
(HPLC)

HPLC



(SPME)

300
NADPH

GC-Mass

(O. Shoji* etal.,, ACS A4 Pﬁiﬁ A5 /)-)

450BM3

Catal., 2023, 13, 8613, O. Shoji* al., Catal. Sci. Technol., 2023, 13, 13¢H, —— '3CH;—OH

6146)
6 13C (*CH.,)
10MPa 100 5MPa 50
15CH20H &
3CHPA-Pip-Phe MIS ozerz EW %
(TTN) 4.0 + 0.4 s iy
P450BM 3 LT RANTYS Y o \AN\,(S ?{M}S
3 4 P450 Foeh”
P450BM3 & BiLENEE
\Cys
P450BM 3 - MEEGDKEEE
»
P450 Resting state 2EEH)
yS
*ED HO O’JB CH;OH
(Nz) 12CH4 5 CH, <:>
13CH, O’j 0,+2e7+2H" & BLEEE
13CH 3OH SiHPA-PIp-Phe Cys y
4CHBA-Pip-Phe TTN 3CHPA-Pip- * 177 * 5 U OKEAE
Phe 6 4 3 P450BM3
a)5 b) 5CH, 10 MPa (a) N
[ I i 2?»*;7(\
[4Y0F==10"4} s A
3 ? | S

Total turnover number

N

o

Pip Pip Pro Pip Pip Pro
Phe Phe Phe Phe Phe Phe
3CH,
0.1 1 5

MPa MPa MPa 10 MPa

Highest Activity Observed in
Bromomethane Screening

Q. ..

3CHPA-Pip-Phe

Second

Q. .
oy )go

C8AM-Pip-Phe

4th

QA . a. ..

2CHAA-Pip-Phe 3CPPA-Pro-Phe

C8AM 3CHPA 2CHAA 4CHBA 3CPPA

3.4 36 3.8 4.0
Retention time / min

c7 3CHPA N

Pro Pip °

Phe Phe decoy (b) TErZGB Ala328 4
N, CH, ™CH,

3rd
3CHPA-Pro-Phe

6th

Q. ..

4CHBA-Pro-Phe

13C

5 3CHPA-Pip-Phe
P450BM3

a), b)

c)



P450BM 3
ON

5 P450BM 3 CYP153
P450

|
(O. Shaji* et al., Angew. Chem. Int. Ed., 2023, 62, €202215706)

~ NH
OH
PAS0BM3 0
2 1.6A HERILRETIMDF
PA50BM3 PAS0BM3 PAS0BM3
PAS0BM3
PAS0BM 3
Mo O P450BM 3 Mo=0
Mo=0 Fe=0O
PA50BM3
Native Chemistry of P450s This work: mimicking Cpd | by a synthetic analogue
Haem iron-oxo species Oxomolybdenum mesoporphyrin IX

(Compound |, Cpd ) (Mo(O)MPIX)

i _ ® An artificial
® Highly reactive metalloporphyrin

0X0 species

® Stable and unreactive

Mo O &
P450BM 3
PAS0BM3 6 P450BM3 Mo O
P450BM3 F87A
6 Mo
O P450BM3 F87A
m P450BM3(CYP102A1) P450 (O. Shoji* et al., J.
Inorg. Biochem., 2023, 245, 112235)
CYP102A5 CYP102A7
PA50 P450BM3 CYP102A1
CYP102A5
= (O. Shoji* et al., Angew. Chem. Int. Ed.,
2022, 134, €202111612.)
OmpF
OmpF 7 OmpF
PA50BM3



H oH

HO 4
OmpF P450BM3
OmpFA108-130 (A 23)
AlphaFold model
7 OmpF

OmpF  AlpahFold2
n P450BM3 (O. Shoji* et al., ACS Catal., 2022, 12,
11108.)

P450 P450
P450BM 3
P450BM 3 9 P450
10 Mn P450BM 3 Mn
P450BM 3
Mn P450BM 3
P450BM 3
Non-native
cofactor
A Keas
Iron-deficient Heme-substituted
medium Heme domain
—p ‘\g" Heme-substituted
A . S O Full-length P450y;
Nutrient-rich Reductase
medium domain
9 (Mn) P450BM3
Mn-PPIX Ho

10 Mn P450BM3



9 9 1 0

K. Omura, Y. Aiba, K. Suzuki, S. Ariyasu, H. Sugimoto, O. Shoji

12

A P450 Harboring Manganese Protoporphyrin IX Generates a Manganese Analogue of Compound I by
Activating Dioxygen

2022

ACS Catal.

11108-11117

Dol
10.1021/acscatal .2c01345

Y. Shisaka, 0. Shoji 472

Bridging the gap: Unveiling novel functions of a bacterial haem-acquisition protein capturing 2022

diverse synthetic porphyrinoids

Coord. Chem. Res. 214793
DOl

10.1016/j .ccr.2022.214793

K. Suzuki, J. K. Stanfield, K. Omura, Y. Shisaka, S. Ariyasu, C. Kasai, Y. Aiba, H. Sugimoto, 62

0. Shoji

A Compound 1 Mimic Reveals the Transient Active Species of a Cytochrome P450 Enzyme: Insight 2022

into the Stereoselectivity of P450-Catalysed Oxidations

Angew. Chem. Int. Ed. 202215706
DOl

10.1002/anie.202215706

J. K. Stanfield, 0. Shoji 50(12)

The Power of Deception: Using Decoy Molecules to Manipulate P450BM3 Biotransformations 2021

Chem. Lett. 2025-2031
DOl

10.1246/cl.210584




M. Karasawa, K. Yonemura, J. K. Stanfield, K. Suzuki, O. Shoji

64(7)

Designer Outer Membrane Protein Facilitates Uptake of Decoy Molecules into a Cytochrome 2022

P450BM3-Based Whole-Cell Biocatalyst (English ver.)

Angew. Chem. Int. Ed. -
DOl

10.1002/anie.202111612

Lee Yuri Kim Bohee Kim Seonghan Ng Elvis Wang Hei Ariyasu Shinya Shoji Osami Yoon 14

Sungho Hirao Hajime Cho Jaeheung

Influence of Solvents on Catalytic C-H Bond Oxidation by a Copper(l1)-Alkylperoxo Complex 2024

ACS Catalysis 3524 3532
DOl

10.1021/acscatal .3c05643

Kodama Yusaku Ariyasu Shinya Karasawa Masayuki Aiba Yuichiro Shoji Osami 13

Highly selective hydroxylation of gaseous alkanes at the terminal position by wild-type 2023

CYP153A33

Catalysis Science and Technology 6146 6152
DOl

10.1039/D3CY00752A

Ariyasu Shinya Yonemura Kai Kasai Chie Aiba Yuichiro Onoda Hiroki Shisaka Yuma Sugimoto 13

Hiroshi Tosha Takehiko Kubo Minoru Kamachi Takashi Yoshizawa Kazunari Shoji Osami

Catalytic Oxidation of Methane by Wild-Type Cytochrome P450BM3 with Chemically Evolved Decoy 2023

Molecules

ACS Catalysis 8613 8623

Dol
10.1021/acscatal .3c01158




Stanfield Joshua Kyle Onoda Hiroki Ariyasu Shinya Kasai Chie Burfoot Eleanor Mary Sugimoto 245
Hiroshi Shoji Osami

Investigating the applicability of the CYP102A1-decoy-molecule system to other members of the 2023
CYP102A subfamily

Journal of Inorganic Biochemistry 112235 112235

DOl

10.1016/j -jinorgbio.2023.112235

106 19 29

Osami Shoji

Using Decoy Molecules to Manipulate P450BM3 Biotransformations

The 29th Federation of Asian and Oceanian Biochemists and Molecular Biologists Conference & the 2022 Chinese Society of
Biochemistry and Molecular Biology Online Conference

2022

0. Shoji

Gaseous alkane hydroxylation catalyzed by fatty acid hydroxylase

The 13th International Symposium of Advanced Energy Science

2022

0. Shoji

Using Decoy Molecules to Manipulate P450BM3 Biotransformations

8th Asian Conference on Coordination Chemistry (ACCC8 2022)

2022




0. Shoji

Hydroxylation of Nonnative Substrates by Wild-type Cytochrome P450BM3 with Decoy Molecules

16th European Biologic Inorganic Chemistry Conference (EuroBIC-16)

2022

0. Shoji

Use of Decoy Molecules to Manipulate P450BM3 Biotransformations

The 51st Kast International Symposium Bioinorganic Frontiers for Cata

2022

S. Ariyasu, K. Yonemura, C. Kasai, Y. Aiba, H. Sugimoto, O. Shoji

Catalytic Oxidation of Methane by Wild-type Cytochrome P450BM3 with Chemically Evolved Decoy Molecules

10th Asian Biological Inorganic Chemistry Conference (AsBIC10)

2022

0. Shoji

Use of decoy molecules to manipulate P450BM3 biotransformations”

143

2023




P450

2023

2023

On-Site Microcrystallisation

2022

55

2022

0. Shoji

Use of Decoy Molecules to Manipulate P450BM3 Biotransformations

72

2022




2022

CYP153
IRCCS
2023
P450
194
2022
CYP153 1
31 (SRM2022)

2022




Y. Yokoyama, S. Ariyasu, M. Karasawa, K. Yonemura, Y. Aiba, H. Sugimoto, 0. Shoji

Catalytic Hydroxylation of Non-native Substrates by Cytochrome P450BM3 Mutants with Expanded Structural Availability of
Decoy Molecules by Directed Evolution

103 2023

2023

Q.V. Nguyen, S. Ariyasu, Y. Aiba, 0. Shoji

Construction of Artificial Metalloproteins by Utilizing Heme Acquisition Protein from Acinetobacter baumannii

103 2023
2023
P450
103 2023
2023
PA50BM3
103 2023

2023




P450

2023

2023

P450BM3

2023

2023

K. Yonemura, S. Ariyasu, H. Sugimoto, S. Matsuoka, O. Shoji

Systematic Evolution of Dipeptidic Molecules for the Induction of the Non-native Reaction Activity Catalyzed by Cytochrome
P450BM3 and the Analysis of the Activation Mechanisms"

60

2022

Q. V. NGUYEN, A. SHINYA, Y. AIBA, 0. SHOJI

Reconstitution of heme acquisition protein from Acinetobacter baumannii with synthetic metal complexes

72

2022




P450

16

2022

/ P450BM3

16

2022

P450BM3

2022

2022

P450BM3

31 (SRM2022)

2022




/ P450BM3

31 (SRM2022)

2022

Q.V. Nguyen, S. Ariyasu, Y. Aiba, 0. Shoji

Use of hemophore from Acinetobacter baumannii for construction of artificial metalloproteins

10th Asian Biological Inorganic Chemistry Conference (AsBIC10),

2022

F. Ito, S. Ariyasu, M. Karasawa, Y. Aiba, 0. Shoji

Whole-cell Biocatalysts Harboring Homologs of P450BM3 Triggered by Decoy Molecules for Microbial Degradation of
Environmental Pollutants

10th Asian Biological Inorganic Chemistry Conference (AsBIC10),

2022

Y. Sugai, M. Karasawa, Y. Kodama, S. Ariyasu, Y. Aiba, 0. Shoji

Hydroxylation of Propane Catalyzed by Intracellular Cytochrome P450BM3 Activated by Amino Acid Derivatives

10th Asian Biological Inorganic Chemistry Conference (AsBIC10),

2022




K. Yonemura, S. Ariyasu, H. Sugimoto, S. Matsuoka, O. Shoji

Analysis of the Binding Mode of Dipeptidic Molecules and Non-native Substrates to Cytochrome P450BM3

16th European Biologic Inorganic Chemistry Conference (EuroBIC-16)

2022

Y. Yokoyama, M. Karasawa, S. Ariyasu, Y. Aiba, H. Sugimoto, 0. Shoji

Directed Evolution of Cytochrome P450BM3 to Be Optimized for Natural Decoy Molecules

16th European Biologic Inorganic Chemistry Conference (EuroBIC-16)

2022

0. Shoji

"Hydroxylation of Nonnative Substrates Catalyzed by Cytochrome P450BM3 Exploiting Decoy Molecule

International Conference on Porphyrins and Phthalocyanines (ICPP)

2021

0. Shoji

Hydroxylation of Nonnative Substrates Catalyzed by Cytochrome P450BM3 Exploiting Decoy Molecules

2021 JBNU International On-line Bioinorganic Symposium

2021




0. Shoji

Heme Acquisition Protein HasA with Synthetic Metal Complexes

The 2021 International Chemical Congress of Pacific Basin Societies

2021

33

2021

2021

2021

2022




P450

47

2021

S. Ariyasu, K. Yonemura, C. Kasai, Y. Aiba, H. Sugimoto, O. Shoji

Enzymatic Methane Hydroxylation by Cytochrome P450BM3 with Chemically Evolved Decoy Molecules

71

2021

P450

47

2021

Construction of an Artificial Protein Dimer for Selective Binding of Biomolecule at Its Interface

21

2021




Directed Evolution of Cytochrome P450BM3 for Responding N-Acyl Homoserine Lactones as Decoy Molecules

21
2021
P450BM3
32
2021
P450BM3
32
2021
P450BM3 /
32

2021




33

2021

P450BM3

33

2021

P450BM3

15

2021

Joshua Kyle Stanfield

P450BM3

15

2021




/ P450BM3

15

2021

(- )

71

2021

Q. V. Nguyen, H. Inaba, G. Ueda, E. Sakakibara, S. Ariyasu, Y. Aiba, 0. Shoji

Construction of artificial HasA protein bearing oxo-molybdenum porphyrin complex

11 CSJ 2021
2021
Joshua Kyle Stanfield
P450BM3
11 CSJ 2021

2021




P450BM3

11 CSJ

2021

2021

Co

11 CSJ

2021

2021

HasA

11 CSJ

2021

2021

Lionel E. Cheruzel

P450

52

2021




P450BM3

52

2021

Analysis of activation mechanisms of P450BM3 by decoy molecules

102 (2022)

2022

The creation of rigid hemoprotein multimers triggered by metal coordination

102 (2022)

2022

Directed Evolution of Cytochrome P450BM3 for Responding Natural Products as Decoy Molecules for Direct Benzene Hydroxylation
without Chemical Synthesis

102 (2022)

2022




Stanfield, Joshua K.

Non-Native Hydroxylation Reactions Based on Substrate-Misrecognition System in Bacillus Strains Expressing Homologs of
Cytochrome P450BM3

102 (2022)

2022

Whole Cell Hydroxylation of Propane Catalyzed by Intracellular Cytochrome P450BM3 with Decoy Molecules

102 (2022)

2022

0. Shoji

Use of Decoy Molecules to Manipulate P450BM3 Biotransformations

the 6th Symposium on Advanced Biological Inorganic Chemistry (SABIC-2024)

2024

0. Shoji

Using Decoy Molecules to Manipulate Cytochrome P450BM3 Biotransformations

2023 International Joint Meeting of the 23rd International Conference on Cytochrome P450 and the 38th Annual Meeting of the
Japanese Society for the Study of Xenobiotics [2023 1CCP450/JSSX]

2023




0. Shoji

Use of Decoy Molecules to Manipulate Cytochrome P450BM3 Biotransformations

ICBIC 20-20th International Conference on Biological Inorganic Chemistry

2023

0. Shoji

Biotransformations by Cytochrome P450BM3 with Decoy Molecules

4th IRTG Joint Symposium University of Munster and Nagoya University

2023

0. Shoji

Using Decoy Molecules to Manipulate P450BM3 Biotransformations

Japan-German Joint Symposium on Natural Product Biosynthesis

2023

S. Ariyasu, K. Yonemura, C. Kasai, Y. Aiba, H. Sugimoto, O. Shoji

Catalytic Oxidation of Gaseous Alkanes by Wild-type Cytochrome P450BM3 with Chemically Evolved Decoy Molecules

2023 International Joint Meeting of the 23rd International Conference on Cytochrome P450 and the 38th Annual Meeting of the
Japanese Society for the Study of Xenobiotics [2023 1CCP450/JSSX]

2023




V. Q. Nguyen, S. Ariyasu, Y. Aiba, 0. Shoji

Reconstitution of a hemophore from Acinetobacter baumannii for applications in antibacterial therapy

The 9th Asian Conference on Coordination Chemistry (ACCC9)

2024

V. Q. Nguyen, S. Ariyasu, Y. Aiba, H. Sugimoto, O. Shoji

Modification of Hemophore of Acinetobacter baumannii for Antibacterial Applications

2023 International IRCCS-ILR-IRTG Symposium on “ New Horizons of Molecular Functions

2023

M. Ishigami, S. Ariyasu, K. Yonemura, Y. Aiba, H. Sugimoto, O. Shoji

Development of Dummy Substrates Introduced Dicarboxylic Acids to induce Oxidation of Small Molecules by Cytochrome P450BM3

2023 International IRCCS-ILR-IRTG Symposium on“ New Horizons of Molecular Functions

2023

Y. Yokoyama, M. Karasawa, S. Ariyasu, Y. Aiba, H. Sugimoto, 0. Shoji

Directed evolution of P450BM3 for the expansion of the structural diversity of decoy molecules

2023 International Joint Meeting of the 23rd International Conference on Cytochrome P450 and the 38th Annual Meeting of the
Japanese Society for the Study of Xenobiotics [2023 1CCP450/JSSX]

2023




F. Ito, S. Ariyasu, M. Karasawa, C. Kasai, Y. Aiba, 0. Shoji

Non-Recombinant Whole-Cell Biocatalysts Controlled with Dummy Substrates for Degradation of Soil Contaminants

2023 International Joint Meeting of the 23rd International Conference on Cytochrome P450 and the 38th Annual Meeting of the
Japanese Society for the Study of Xenobiotics [2023 1CCP450/JSSX]

2023

M. Ishigami, S. Ariyasu, K. Yonemura, Y. Aiba, H. Sugimoto, O. Shoji

Rational Development of New Structural Decoy Molecules Which Respond to Cytochrome P450BM3

2023 International Joint Meeting of the 23rd International Conference on Cytochrome P450 and the 38th Annual Meeting of the
Japanese Society for the Study of Xenobiotics [2023 1CCP450/JSSX]

2023

F. Ito, S. Ariyasu, M. Karasawa, C. Kasai, Y. Aiba, 0. Shoji

Whole-Cell Biocatalysts Expressing P4580s Triggered by Fatty Acid Analogs for Pollutant Degradation without Genetic
Modification

ICBIC 20-20th International Conference on Biological Inorganic Chemistry

2023

Y. Yokoyama, M. Karasawa, S. Ariyasu, Y. Aiba, H. Sugimoto, 0. Shoji

Whole-cell Hydroxylation of Benzene by Cytochrome P450BM3 Mutants Developed by Directed Evolution with Diffusible Decoy
Molecule

ICBIC 20-20th International Conference on Biological Inorganic Chemistry

2023




Y. Sugai. M. Karasawa, Y. Kodama, K. Yonemura, S. Ariyasu, Y. Aiba, 0. Shoji

Hydroxylation of Gaseous Alkanes Catalyzed by Cytochrome P450BM3-overexpressing E. coli with Decoy Molecules

ICBIC 20-20th International Conference on Biological Inorganic Chemistry

2023
2 IRCCS

2023

0. Shoji

Use of Decoy Molecules to Manipulate P450BM3 Biotransformations

73

2023

2023




P450

2024

2024

V. Q. Nguyen, S. Ariyasu, Y. Aiba, H. Sugimoto, O. Shoji

Utilizing heme uptake system of Acinetobacter baumannii to develop artificial metalloproteins for antibacterial applications

144

2024

P450

2024

2024

Biotransformation of Propane to Propanol by E. coli Expressing Wild-type Cytochrome P450BM3

104

2024




V. Q. Nguyen, S. Ariyasu, Y. Aiba, H. Sugimoto, O. Shoji

Development of Artificial Metalloproteins from Hemophore of Acinetobacter baumannii for Antibacterial Applications”

104
2024
P450BM3
104
2024
IRCCS
2024
P450BM3
IRCCS

2024




P450

56

2023

P450BM3

56

2023

P450BM3

56

2023

P450BM3

56

2023




P450BM3

13 CSJ 2023

2023
P450BM3

13 CSJ 2023

2023
P450BM3

13 CSJ 2023

2023

V. Q. Nguyen, S. Ariyasu, Y. Aiba, 0. Shoji

Constructing artificial hemophores incorporating synthetic metal complexes for antibacterial applications against
Acinetobacter baumannii

73

2023




P450

35

2023

V. Q. Nguyen

Utilizing Hemophore of Acinetobacter baumannii for Development of Antibacterial Therapeutics

35

2023

P450BM3

35

2023

P450BM3

2023




P450BM3

34

2023

P450BM3

32

(SRM2023)

2023

P450BM3

49

2023

2022

472




2022
319
22 P450BM3

2022

319
Shoji, O.; Aiba, Y.; Ariyasu, S.; Onoda, H. 2023
Elsevier Ltd 7208
Heme-containing proteins: Structures, functions, and engineering. In Bioinorganic Chemistry and
Homogeneous Biomimetic Inorganic Catalysis; Pecoraro, V. L.; Guo, Z.; in Comprehensive
Inorganic Chemistry 111

5 3 15

7245497 2023







