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Degradation of hazardous organic chemicals by bacterial cytochrome P450

Hisayoshi IKATSU
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BT 5NLY VNI EIZHGZONTZFRTH 5,
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EWcThHy, RV7 1)y OMEMEEDENIC X
D, 7HIANL, ~Nha, NAhchEIIXHIENT
Wb, PASOIE T H FALEGEL Y VXV EHTH D
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12450nm [ZHIUAR K 2 7R3 2 &b S 7z,

COMFRIE, BEL R LIERILEWII R T BREL
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Bl & L CfEH & 45 camphor (&, Pseudo-

monas. putida PpG1 (ATCC 17453%k) DHAKRN

HiE s 3

IZBWT, 56— KR T 5 -exo-hydroxycamphor (2
IKERAL 4L, fevr T2, 5-ketocamphane ([ ZfGEH & v
bo DWTZOILEWN T 7 b LI N2tk Bk
R DA RS 2 48 TR IIWERR & 1 VEEERIC
THfEsNELESND, ZOFE—BEROKEEILEER
7% P450cam T& 52V,

FrEAl (sulfonylurea) fF7EF CTHEE L 72 Strepto-
myce griseolus ATCC 11796 IZFLOIRFHAITH 5
sulfometuron methyl & chlorsulfuron % X 1 O#%H
TH T 5%, T OH 2 P450su 1 (CYPI05A 1),
P450su2 (CYP105B1) & UF P450coN @ 3 FE % @ P450
A L, PABOSU 1 & P450suU 2 A% A o 8 3 12
G- LT Z Eht sz, BRER2GHT 5
L LTI Z DI, Rhodococcus sp. strain NI
86/21D JE £ 3 % PAS07S atrazine % & @ thiocar-
bamate ;ADBRFEH| ZMH T2 2 Lr@E I LT
5%,

Streptomyces griseus ATCC 13273H: % soybean
flour = e FZR & LCTHs#E L 72 & %12, precocene
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72We ZOREFR T RIS HRET L 7245 R, P450soy

(CYP105D1) T&H 5 Z &AW 6 & 7 o 729,
P45013 precocene I DAUH 12 BT, HH) O ERE
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19884 (21X Haggblom 512X ) r7oa 7z /) —)b
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MG LTWbDO0 5 0 75 72DI1F19924E12 7 -
ThrLThHEY,
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DRI BRE S b &) 1% - 72, Lam & Vilker
IZ bromotrichloromethane (BTM) & 1,2-dibromo-
3-chloropropane (DBCP) Oft#t##dt L, Zh b
DY EH450cam 12 L D SN b 2L 2 W5 H L
L 723V, Castro & (& trichloronitromethane (chloropic-
rin), bromotrichloromethane, carbon tetrachloride,
ethylenedibromide, 1,2-dibromo-3-chloropropane
D % Mgt LU, PA50cam 252 5 O Y # L3¢
HZ xR RWEL®, B, polyhalomethane 1%

aerobic cl;l cl;l HCI c o

2 [l
y CI—'C|24C|)-—OH:| Cl*T_C—H
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anaerobic H

1,1-Dichloroethylene

2 1,1,1, 2-tetrachloroethane O ER{LHY B X B ILHY
RS

EICHIRE NG 7 > % 5207, vicinal halide (3 olefin |2
RSN B 2 L3y Sz, Vilker & Khan (3 P.
putida PpG786D resting culture % F\> T P450cam
2 & 41, 2-dibromo-3-chloropropane (DBCP) @
w7 o4k & A&, DBCP 25 PpG786Fk I & 1) L,
WENLZEEHL2E LY, [HEEIZ, camphor
TH: & L 72 W PpG786%k @ resting cell 1X1,1,2-
trichloroethane %, ERILAEEE T/ 0 OFRER L N7 Y
FEFVIVERIS, BILREHTE= V0T 4 FIotH
L7230, & 512, PpG786HkIIBEAIS: T T hexa-
chloroethane , pentachloroethane, 1,1,1,2 - tetra-
chloroethane % #% JC B9 12 4 3 L 72%, K212
1,1, 1, 2-tetrachloroethane OWEALAY & N5 70 B9 3
TR Z R L7z,
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4. 4 FEEREKFZHEONH

# HUA| precocene T 2 U4 % P450& L CTHid
& N7z Streptomyces griseus ATCC 13273D AT 5
P450soy (CYP105D1) #°JEH 2% < DB DL
WEZHT 22 EPL DL SNz, Trower 5
(& P450soy |2 & % 14 O J5 F AL & O AUH K& OF
HEY ZBET L7, ZORRER TITRLY,
P450soy 1& aromatic, benzylic, alicyclic hydroxyla-
tion, O-dealkylation, non-aromatic double bond
epoxidation, N-oxidation, N-acetylation 7 & f& 4
D JE % il 5 5 AW S 9 & % o 72,

Taylor & 1% CYP105D1 % KIGHIZFIL & &, sk
B ORBEEZMET L7z ZOFER, benzo [al
pyrene, erythromycin, warfarin, teststeron 7 & %
KT HZEVHENER 725, $72, Lamb 5
13 CYP105D1% 77 A X K pSP19g10L (2 Hl A& 3A A
T, Acinetobacter calcoaceticus strain BD41312583H
SR, FOHRER A.calcoaceticus Db & b L ACH
THWREHNLINCT P TPV ROT b TV HE
k, zoo oy ROz eo oy FEkE R
L7z,
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# 1  Streptomyces griseus ATCC 132737 ¥ 4 3 %
P450soy (CYP105D1) 2 & W L# S N2 5 &K IEA
WAL & & Z OG>

Substrate

Products

Phenol, Catechol, Hydroquinone,

Benzene Benzaldehyde

Chlorobenzene 2-Chlorophenol, 4-Chlorophenol

Toulene 2-Methylphenol

Naphthalene 1-Naphthol

Biphenyl Zbil—o}lli}rrlc;oxybiphenyl , 4 - hydroxy-
2 - Hydroxyestradiol , 4 - hydroxy-

178 -Estradiol estradiol

Benzo(a)pyrene  3-Hydroxybenzo[a]pyrene

Aniline 2-Am1{19phenol, 4-Aminophenol,
Acetanilide

Cyclohexane Cyclohexanol

7-Ehoxycoumarin 7-Hydroxycoumarin

Precocene 11 cis-and trans-recocene dihydrodiols

Pyridine Pyridine N-oxide
GO aﬂ” GO +ﬁ o'p
Phenanthren

—_— +  other products

Fluoranthene 3-Fluor: lh 1

1-Pyrenol

_> “ OH 4+ one more product

Bei nzo{ a|pyrene

3-Hydroxybenzo|a]pyren:

3 P450cam I 22— % ¥ M X A RFEHFERILKE

DL

Kulisch & Vilker 1377 % AL &4 O PE LI G
H 3 5 72 % P450cam ORI % M5t L,
g L2 (resting  culture) TF 7% L 0%
fRC& 52 & xdhis L7z, Fruetel 513455 P450
cam, putidaredoxin & UF putidaredoxin reductase %
v T ostyrene DU &2 BET L 720, 2 0 R,
styrene (I styrene oxide & i & @ phenylacetalde-
hyde (2 3 & 4172, Harford-Cross & {Z P450cam
DIGEHBAL F8TA-YI6F & F8TL-YOF D I = — % »
MR L, ZRGEBRICKZONH 2 MG L

camphor T

HiE AE 5

720 ZF DFEHR, 3 1278 ¥ #% & T phenanthrene,
fluoranthene, pyrene, benzo [a] pyrene DL # A%
TELZENPHL L % o720, LWL P450cam

BRREFEVWEEZ LN TWZY, ThET
DOHFFEIC L ), MEEHOfLFwELZR#TE L L
S vk 7z, P450cam, P450soy LIARIZ & 3&
BRI O PAS0AS T K & B W] REME DS
H5b

4. 5 ZTOHMOERILEVEDSE

TV I OB AT O EIC L o TEE
LEFRTHY, LFITHEMICE, BIEHRMED 72
OIS EWIC X 5 7V VEORBHIBEEATS 72
NHZEZAHATHbB, TVI VHOM/RHE LT
1, 19684F 12
sp. strain 7E1C 2 PAS0%E FEA L TW5B 2 &S
nE RN Z @ P4502T n-octane % octanoic acid
AR L TWD 2 EATRENY, $72, 19844FIC
1% Acinetobacter calcoaceticus \Z n-hexadecane |2 &
DFEEh, ATV h v EHT S PSR
Do 72%, P450soy (CYP105D1) (3 #% B #) pre-
cocene I PAHZ b N ¥ VB L BRTFHIRO KR
1k, O-Fi 7 v ¥ vk, THRF 14k, N-oxidation,
N-acetylation %2 &£ % A KB 2 /R T 2 & A%
HEINTWDD0, 208, PAS0% WV THB(LSY
B a5 M & L CId, Bacillus
14777, Nocardia NH1*® Methylosinus trichospo-
rium OB 3b¥ 7: EA3HiE s Tw b

n-octane THAH L 72 Corynebacterium

cereus Ul-

5. $bUIC

AR, A X DEREIMBEEMT E LTNM A+ L
AT L= a YHMASER S Twb, N T L
AFA T =Y a VTR S RBMAENE, HEOfL
WP R SRS BEDERTH B, SHRIGEET
BAESFEOHEM 2 T, &0y ol = F /-
oA sRE S NE L Bbins, TS, F b



6 MWD EEAET BT ~ 7 10— 4 PASOIC & 2 H EH/ERILEYW D57 1#

70— L PASOIREEHFANI LN &, BIUAEY
ME WA THEIET B2 D, HELFWE S HN
FMHTEZ L WREEDVEHCEETH 5,

MR ASE LT 5 PAS0IE %  OF EFHILEY %
DR AZENTELZEDS, BEHICBIAE
ERRICEYW O 5 IZHITE O PAS0ATE S L T b
LIS NG, Lo L, MDA T 2 PAS0IE 1T
EAEDHERBETH Y, BEORETIIRAENIC
BHEEESNR TV AW L2 b, BEH THMED
PASOZEEL TV ENE ) DPEAHLET I TH 5,
Ltk, TOHHOWEI#ED 2 & 2R L 72w,

SEXE

1) Bagley, D. M. and Gossett, J. M.(1995)Chloroform
degradation in methanogenic methanol enrichment
cultures and by Methanosaricina barkeri 227.Appl.
Environ. Microbiol.61 : 3195-3201

2 ) Arciero, D., Vannelliti, T., Logan, M. and Hooper, A.
B. (1989)Degradation of trichloroethylene by the am-
monia-oxidizing bacterium Nitrosomonas europaea.
Biochem. Biophys. Res. Commun. 159 : 640-643.

3) Freedman, D. L. and Gossett, J. M.(1989)Biological
reductive dechlorination of tetrachloroethylene and
trichloroethylene to ethylene under methanogenic
conditions. Appl. Environ. Microbiol. 55 : 2144-2151.

4) Vannelli, T., Logan, M., Arciero, D. M. and Hooper,
A. B.(1990) Degradation of halogenated aliphatic com-
pounds by the ammonia-oxidizing bacterium Nitroso-
monas europaea. Appl. Environ. Microbiol. 56 : 1169~
1171.

5) Sakazawa, C., Shimano, M., Tanigichi, Y. and Kato,
N.(1981)Symbiotic utilization of polyvinyl alcohol by
mixed culture. Appl. Environ. Microbiol .37 : 747-756.

6) Olson, B. H., Barkay, T. and Colwell, R. R.(1979)Role
of plasmids in mercury transformation by bacteria
isolated from the aquatic environment. Appl. Environ.
Micribiol .38 : 478-485.

7) fEHALT, KEAZ (1992) AHA LAY &Mk

8)

10)

11)

12)

13)

14)

15)

16)

17)

18)

. KBRBEF&EELS ¢ 505-510.

Ahmed, M. and Focht, D. D.(1973)Degradation of
polychlorinated biphenyls by two species of Achromo-
bacter. Can. | .Microbiol .19 : 47-52.
David Nelson (2006) Cytochrome P450Homepage.
http : //drnelson.utmem.edu/CytochromeP450.html.
Tully, R. E., Berkum, P., Lovins, K. W., Keister, D. L.
(1998) Identification and sequencing of a cytochrome
P450 gene cluster from Bradyhizobium japonicum.
Biochimica et Biophysica Acta, 1398 : 243-255.

Cole, S. T.(1998) Deciphering the biology of Mycobac-
terium tuberculosis from the complete genom se-
quence. Nature, 393 ; 537-544.

Cooper, D. Y., Levin, S., Narasimhulu, S., Rosenthal,
0. and Estabrook, R. W.(1965)Photochemical action
spectrum of the terminal oxidase of mixed function
oxidase system. Science 147 : 400.

e T, KAIEHE (1988) &9 X 3 o B % R,
pp. 100-104, kAL A =074 7 4 v 7, AL
Vermeulen, N. P. E.(1996)Role of metabolism in
chemical toxicity. In, Cytochromes P450, edited by
Ioannides, C. pp.29-54, CRC Press, New York.
HBEAE (2001) BEERILEMTHO DO T L
71— 2 PASOIBIR F-HLAUEW BHSS. “FR10~124
FERHAT e R B & (BRAEFE (C) (2)) W JR B R
.

Ho, P. P. and Fulco, A. J.(1976)Involvement of a sin-
gle hydroxylase species in the hydroxylation of
palmitate at the w-1, w-2 and »-3 position by a
preparation from Bacillus megaterium Biochim.Bio-
phys. Acta 431 . 249-256.

Matsunaga, 1., Yokotani, N., Gotoh, O., Kusunose, E.,
Yamada, M. and Ichihara, K. (1997) Molecular clon-
ing and expression of fatty acid a-hydroxylase from
Sphingomonas paucimobilis. J. Biol. Chem., 272,
23592-23596.

Berg, A., Carlstrom, K., Gustafsson, J. -A. and Ingel-
man-Sundberg, M. (1975) Demonstration of a cyto-
chrome P-450-dependent steroid 158 -hydroxylase in

Bacillus megaterium. Biochem. Biophys. Res. Com-



19)

20)

21)

22)

23)

24)

25)

26)

27)

06 . 1414-1423.
Ishizaki, T., Hirayama, N., Shinkawa, H., Nimi, O.
and Murooka, Y. (1989) Nucleotide sequence of the

munmn.

gene for chlesterol oxidase from a Streptomyces sp. J.
Bacteriol . 171 : 596-601.

Sasaki, J., Miyazaki, A., Saito, M., Adachi, T., Mizoue,
K., Hanada, K., Omura, S. (1992) Transformation of
vitamin D3 to 1 @, 25-dihydroxyvitamin D3 via 25-hy-
droxyvitamin D3 using Amycolata sp. strains. Appl.
Microbiol. Biotechnol. 38  152-157.

Koga, H., Yamaguchi, E., Matsunaga, K., Aramaki,
H., and Horiuchi, T. (1989) Cloning and nucletide
sequences of NADH-putidaredoxin reductase gene
(camA) and putidaredoxin gene (camB) involved
cytochrome P-450cam hydroxylase of Pseudomonas
putida. J. Biochem., 106, 831-836.

Rommesser, J. A. and O’Keefe, D. P. (1986) Induc-
tion of cytochrome P-450-dependent sulfonylurea
metabolism in Streptomyces griseolus. Biochem. Bio-
phys. Res. Commun. 140 . 650-659.

Nagy, 1., Compernolle, F., Ghys, K., Vanderleyden, J.
and Mot, R. D. (1995) A single cytochrome P-450
system is involved in degradation of the herbicides
EPTC (S-ethyl dipropylthio-carbamate) and atrazine
by Rhodococcus sp. strain NI186/21. Appl. Environ. Mi-
crobiol . 61 . 2056- 2060.

Sariaslani, F.S., Mcgee, LR. and Ovenall, D.W.
(1987) Microbial transformation of precocen II:
Oxidative reactions by Streptomyces griseus. Appl. En-
viron. Microbiol ., 53, 1780-1784.
M.K., Sariaslani, F.S.,

(1988) Xenobiotic oxidation by cytochrome P-450-

Trower, and Kitson, F.G.
enriched extracts of Streptomyces griseus. Biochem.
Biophys. Res. Commun., 157, 1417-1422.

Apajalahti, J.H.A., and Salkinoja-Salonen, M.S.
(1987) Dechlorination and para-hydroxylation of
polychlorinated phenols by Rhodococcus chlorophenoli-
cus. J. Bacteriol ., 169, 675-681.

Uotila, J.S., Salkinoja-Salonen, S., and Apajahti, J.H.A.

(1991) Dechlorination of pentachlorophenol by

28)

29)

30)

31)

32)

33)

34)

35)

36)

Wi AE 7

membrane bound enzymes of Rhodococcus chlorophe-
nolicus PCP-1. Biodegradation, 2, 25-31.

Haggblom, M.M., Nohynek, L.J. and Salkinoja-Sa-
lonen, M.S. (1988) Degradation and O-methylation
of chlorinated phenolic compounds by Rhodococcus
and Mycobacterium strains. Appl. Environ. Microbiol .,
54, 3043-3052.

Uotila, J.S., Kitunen, V.H., Saastamoinen, T., Coote,
T., Haggblom, M.M., and Salkinoja-Salonen, M.S.
(1992) Characterization of aromatic dehalogenases
of Mycobacterium fortuitum CG-2. J. Bcteriol., 174,
5669-5675.

Castro, C.E., Wade, R.S., and Belser, N.O. (1983)
Biodehalogenation. The metabolism of chloropicrin
by Pseudomonas sp. J. Agric. Food Chem., 31, 1184~
1187.

Lam, T., and Vilker, V.L. (1987) Biodehalogenation
1, 2 -dibromo- 3 -
PpG-786.

of bromotrichloromethane and
chloropropane by Pseudomonas putida
Biotechnol. Bioeng., 29, 151-159.

Castro, C.E., Wade, RS. and Belser, N.O. (1985)
Biodehalogenation : Reactions of cytochrome P-450
with polyhalomethanes. Biochemistry, 24, 204-210.
Vilker, V. L., Khan, F. (1989) Stability of cytochrome
P-450 enzyme and the dehalogenation activity in
resting cultures of Pseudominas putida PpG 786.
Biotechnology Progress 5 . 70-74.

Castro, C.E., and Belser, N.O. (1990) Biodehalo-
genation : Oxidative and reductive metabolism of 1,
1, 2 -trichloroethane by Pseudomonas putida-biogen-
eration of vinyl chloride. Environ. Toxicol. Chem., 9,
707-714.

Logan, M.S.P., Newman, L.M., Schanke, C.A., and
Wackett, L.P.(1993) Cosubstrate effects in reductive
dehalogenation by Pseudomonas putida G786 ex-
pressing cytochrome P-450cam. Biodegradation, 4,
39-50.

Trower, M.K., Sariaslani, F.S., and Kitson, F.G.
(1988) Xenobiotic oxidation by cytochrome P-450-

enriched extracts of Streptomyces griseus. Biochem.



8

37)

38)

39)

40)

41)

42)

MW EEAET BT ~ 7 10— 4 PASOIZ & B2 HEHRILEYW D57 1#

Biophys. Res. Commun., 157, 1417-1422.

Taylor, M., Lamb, D.C., Cannell, R., Dawson, M., and
Kelly, S.L. (1999) Cytochrome P450105D1 (CYP105
D1) from Streptomyces griseus: Heterologous ex-
pression, activity, and activation effects of multiple
xenobiotics. Biochem. Biophys. Res. Commun., 263,
838-842.

Lamb, D.C.,, Kelly, D.E., Masaphy, S., Jones, G.L,
and Kelly, S.L. (2000) Engneering of heterologous
cytochrome P450 in Acinetobacter sp.: Application
for pollutant degradation. Biochem. Biophys. Res.
Commun., 276, 797-802.

Kulisch, G.P., and Vilker, V.L. (1991) Application of
Pseudomonas putida PpG 786 containing P-450 cyto-
chrome monooxygenase for removal of trace naph-
thalene concentration. Biotechnol. Prog., 7, 93-98.
Fruetel, J.A., Collins, J.R., Camper, D.L., Loew, G.H.,
and Montellano, P.R.O. (1992) Calculated and ex-
perimental absolute stereochemistry of the styrene
and p-methylstyrene epoxides formed by cyto-
chrome P450cam. J. Am. Chem. Soc., 114, 6987-
6993.

Harford-Cross, C.F., Carmichael, , A.B., Allan, F.K,,
England, P.A., Roouch, D.A. and Wong, L.L. (2000)
Protein engneering of cytochrome P450cam (CYP
101) for the oxidation of polycyclic aromatic hydro-
carbons. Protein Engng., 13, 121-128.

Cardini, G. and Jurtshuk, P. (1968) Cytochrome P-

450 involvement in the oxidation of #-octane by cell-

43)

44)

45)

46)

47)

48)

49)

free extracts of Corynebacterium sp. strain 7E1C. J.
Biol. Chem. 243 . 6070-6072.

Cardini, G., and Jurtshuk, P., (1970) The enzymatic
hydroxylation of n-octane by Corynebacterium sp.
strain 7E 1 C. J. Biolog. Chem., 245, 2789-2796.
Aspeeger, O., Naumann, A., and Kleber, H.P., (1984)
Inducibility of cytochrome P-450 in Acinetobacter
calcoaceticus by n-alkanes. Appl. Microbiol. Biotech-
nol ., 19, 398-403.

Trower, M. K., Sariaslani, F. S. and Kitson, F. G.
(1988) Xenobiotic oxidation by cytochrome P-450-
enriched extracts of Streptomyces griseus. Biochem.
Biophys. Res. Commun. 157 . 1417-1422.

Sariaslani, F. S. and Stahl, R. G.Jr. (1990) Activation
of promutagenic chemicals by Streptomyces griseus
containing cytochrome P-450soy. Biochem. Biophys.
166 : 743-749.

Liu, W.G., and Rosazza, J.P.N. (1993) A soluble Ba-

Res. Commun.

cillus cereus cytochrome P-450cin system catalyzes
1, 4 -cineole hydroxylations. Appl..Environ. Micro-
biol ., 59, 3889-3893.

Broadbent, D.A., and Cartwright, N.J. (1971) Bacte-
rial attack on phenolic ethers. Resolution of a Nocar-
dia O-demethylase and purification of a cytochrome
P450 component. Microbios, 4, 7 -12.

Yoshinakri, T., and Shafer, D. (1990) Degradation of
dimethyl nitrosamine by Methylosinus trichosporium

OB 3 b. Can. J. Microbiol ., 36, 834-838.

Abstract

Cytochrome P450s (P450), which are a special class of heme-containing monooxygenase, are widely distrib-
uted in the biosphere in mammalian, plant, insect, fish, and microbial systems. Different P450 isozymes not only
accept a broad range of substrates, but also catalyze a large number of oxidation reactions such as aromatic oxi-
dation, alophatic oxidation, dealkylation, oxidative deamination, and dehalogenation. Due to their versatility and
wide distribution in biological systems, P450 has been recognized to have a central role in the oxidative metabo-
lism of chemicals of pharmaceutical, agricultural, and environmental significance.
potential tools in the biodegradation of hazardous organochemicals in the environmrnt. The present paper shows
the degradation ability of hazardous organochemicals by cytochrome P450-producing bacteria..

Key words : cytochrome P450, hazardous organochemicals, biodegradation

Bacterial P450s are therefore




