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Selective Oxidation of Organic Compounds by Utilizing Toluene Monooxygenases

Hiroshi I1IDA
Takahiro MARUYAMA
Hidetaka KOBAYASHI
Hitoshi KAKIDANI

Toluene monooxygenases are known to oxidize toluene and other hydrocarbons in the environment. In this

work, toluene 2-monooxygenase (T2MO) from gram-negative bacterium Burkholderia cepacia G4 was chosen to

investigate its applicability as biocatalyst. Recombinant Escherichia coli strains harboring the gene for TM20

were found to perform the enantioselective epoxidation of terminal olefins besides the regioselective

hydroxylation of toluene and naphthalene. Lowering reaction temperature led to an increase in

enantioselectivity. Of several trichloroethylene (TCE)-degrading bacteria, Janibacter brevis showed higher

oxidation activity and enhanced enantioselectivity in the epoxidation of 1-butene as compared with the T2MO

recombinant E. coli strains. In addition, J. brevis exhibited a unique oxidation profile, suggesting its potential as

an attractive source for novel monooxygenases.
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Fig.O O Catabolic pathways of toluene by various environmental microorganisms

0 B. cepacia G4 grows on toluene as sole carbon and energy source. Initial catabolic process is hydroxylation
of benzene ring by T2MO at ortho position, followed by another hydroxylation by T2MO. Subsequent oxidative

ring opening is catalyzed by C230.
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Fig.O O Epoxidation of olefin by toluene 2-monooxygenase working in living microorganism

0 Toluene 2-monooxygenase (T2MO) from Burkholderia cepacia G4 is encoded by 4.6-kb operon tomA012345 ¥ and

is a three-component enzyme consisting of a 211-kDa hydroxylase (from formA1A43A4 ) with two catalytic oxygen-bridged
binuclear iron centers, a 40-kDa NADH-oxidoreductase (from formA5), and a 10.4-kDa protein also called B protein (from
tomAZ2)) involved in electron transfer between hydroxylase and NADH-oxidoreductase ®.  An ORF encoded by tomA0 is
a hypothetical protein with unknown function (74aa for short ORF, 97aa for long ORF ).
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Tableld [0 Toluene hydroxylation activity of the recombinant
E. coli strains

Initial reaction rate

E. coli ORF [0 MM/h/ODigl]
JM109/pT2MO11 long 0.074
IM109/pT2MO12 short 0.042
IM109/pT2MO13 absent 0.007

Thirty micromole of toluene was added to 20 ml cell suspension
(ODg=5).00 3-Methylcatechol was the sole detectable product.
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Table O Propylene epoxidation activity of the bacteria

Initial reaction rate

Strain ORF 0 mMM/h/ODg0]
E. coli®

0JM109/pT2MO11 long 0.31
0JM109/pT2MO12 short 0.21

0 JM109/pT2MO13 absent 0.00

0 BL21(DE3)/pT2MO11  long 0.57

0 BL21(DE3)/pT2MO12  short 0.47

B. cepacia G4 ° (native) 0.35

Enzyme activity of each strain was induced by ®IPTG
or ® phenol.00 Propylene (0.19 mmol) was added to 19 ml
cell suspension (ODg,=10). Propylene oxide was
measured by GC.
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Table [0 1-Butene epoxidation activity of the bacteria

. Initial reaction rate Optical purity
Strain ORF 0 mM/h/ODggl] of the product

O0eed(R/S)

E. coli®

0 BL21(DE3)/pT2MO11  long 0.31 48.3(R)
0 BL21(DE3)/pT2MO12 short 0.25 48.3(R)
0 BL21(DE3)/pT2MO13  absent 0.02 45.9(R)
B. cepacia G4 ° (native) 0.42 46.8(R)
B. cepacia G4 © (native) 0.38 46.9(R)

Enzyme activity of each strain was induced by # IPTG , * phenol, or ¢ toluene.
1-Butene (0.42 mmol) was added to 15 ml cell suspension (ODgy=5).
1,2-Epoxybutane was measured by GC.
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Fig.O O Effect of temperature on the reaction rate and enantioselectivity

0 (A) Production of propylene oxide. (B) Production of epichlorohydrin. (C) Initial reaction rate. (D) Optical purity of the epoxides. Propylene (0.45 mmol)
or allyl chloride (0.15 mmol) was added to 15 ml cell suspension (ODe=3.5) at zero hour. The same amount of each substrate was added at 3 h (reaction at
30 0)or5h (reactionat20 0 ). PO; propylene oxide. ECH; epichlorohydrin.
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Fig.0 O Oxidation of naphthalene and propylene by
TCE-degrading bacteria

0 Enzyme activity of each strain was induced by phenol. Additionally
induction of B. cepacia G4 enzyme activity was performed by toluene
(denoted G4(T)). Naphthalene (0.1 p mol) was added to 1 ml cell
suspension (ODg=1). Propylene (0.19 mmol) was added to 10 ml cell
suspension (ODg=10) . Each reaction was performed at 30 O except
for B. kururiensis KP23 at37 0. e , A, B. cepaciaG4; x , B. cepacia
E1; 0, B.sp.JS150; U, B. kururiensis KP23; O , C. testosteroni R5; o ,
J. brevis; 00, P. stutzeri OX1; O, R. eutropha IMP134.

Tabled O 1-Butene epoxidation activity of the TCE-degrading
bacteria

Initial reaction rate Optical purity

Dm0 O e e
B. cepacia E1 0.26 40(R)
B. sp. JS150 0.14 47(R)
R. eutropha JMP134 0.42 56(R)
C. testosteroni R5 0.54 57(R)
J. brevis 0.98 61(R)

1-Butene epoxidation reaction was performed as described in
Table 3. Enzyme activity of each strain was induced by phenol.
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Table[ O Oxidation activity of J. brevis toward various organic compounds

Initial concentration

Initial reaction rate Optical purity

Substrate of substrated mMO Product 0 mM/h/ODygy0 DOfD f::_ Er?g;‘;t)
Propylene Propylene oxide 1.2 70(R)
1-Butene 1,2-Epoxybutane 0.94 61(R)
1,3-Butadiene 10 Butadiene monoxide 0.36

Butadiene monoxide 10 Butadiene diepoxide 0.09

1-Pentene 10 1,2-Epoxypentane 0.01

Allyl alcohol 10 Glycidol 0.06

Allyl bromide 10 NR*#

Allyl chloride 10 Epichlorohydrin 0.56 T4(R)
Allyl ethyl ether 10 NR?

Methyl acrylate 10 Methyl glycidate 0.31¢

Ethyl acrylate 10 Ethyl glycidate 0.46¢

Styrene 5 Styrene oxide 0.03 38(R)
Cyclohexene 5 Cyclohexene oxide 0.29

Toluene 5 Cresol © ND"®

o-Cresol 5 ND® 0.42¢

m- Cresol 5 ND® 0.24¢

p-Cresol 5 ND°® 0.34¢

Naphthalene 15 1-Naphthol 0.08

Ethyl cinnamate 15 ND ® 00.15¢

Enzyme activity of the bacterium was induced by phenol.C0 Each substrate was added to cell suspension
as follows: 15 ml cell suspension (ODe=5) for propylene (0.37 mmol), 1-butene (0.42 mmol); 20 ml cell
suspension (ODs=5) for 1,3-butadiene, butadiene monoxide, 1-pentene, allyl bromide, methyl acrylate,
and ethyl acrylate; 18 ml cell suspension (OD=10) for allyl chloride, allyl alcohol, styrene, cyclohexene,
toluene, cresols (o-,m-and,p-), naphthalene, and ethyl cinnamate.

2NR, no reaction. ® ND, not determined. © ortho.meta,para=48:3:1. ¢ Initial rate of substrate degradation.

0 100
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Fig.O O Active site of ToMO along with a possible binding
mode of allyl chloride

O Allyl chloride molecule (represented by stick with a green end, chlorine
atom) was docked with X-ray crystal structure of ToMO 2> (PDB entry :
1TOQ) by Auto Dock 3.02%. An output structure of allyl chloride with
preferable position and conformation was selected for display. Six amino
acid residues (Glu104, Glul34, His137, Glu197, Glu231, and His234)
coordinated to two Fe atoms are highlighted. 02, an oxygen atom
derived from molecular oxygen is supposed to attack C=C bond of allyl
chloride in a stereoselective manner. Schematic representation of four
a -helices (Helix B, C, E, and F) surrounding the active site are also showr
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