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Naphthalene dioxygenase (NDO) from Pseudomonas sp. strain NCIB 9816-4 adds both atoms of the dioxygen
molecule to styrene to form (R)-1-phenyl-1,2-ethanediol. Product formation is tightly coupled to dioxygen
consumption and NADH oxidation. NDO oxidizes styrene-dg at almost the same initial rate as styrene. The
results indicate that dioxygen activation by NDO is different from that by cytochrome P-450 and other
monooxygenases, which oxidize styrene to styrene 1,2-oxide.

Bacterial dioxygenases which contain non-heme iron and
Rieske-type (2Fe-2S) redox clusters play a crucial role in the
initiation of the degradation of many aromatic hydrocarbons.
These enzymes add both atoms of the dioxygen molecule to the
aromatic ring of the substrate to form cis-dihydrodiols (10).
One well-known example is the three-component naphthalene
dioxygenase (NDO) from Pseudomonas sp. strain NCIB 9816-4
(6,7, 11, 12, 26, 27), which catalyzes the homochiral dihydroxy-
lation of naphthalene to (+)-cis-(1R,2S)-dihydroxy-1,2-dihy-
dronaphthalene (cis-naphthalene dihydrodiol) in the presence
of dioxygen and NAD(P)H (15, 16) (Fig. 1). Recent studies
have shown that NDO exhibits a relaxed substrate specificity
and catalyzes multiple oxidative reactions which lead to ste-
reospecific monohydroxylation (9, 24, 31), desaturation (9, 23,
29), stereospecific sulfoxidation (18), O dealkylation (23), and
N dealkylation (19) with appropriate substrates.

Almost all of the reactions catalyzed by NDO are also cat-
alyzed by cytochrome P-450 (hereafter called P-450). However,
P-450 has not been reported to form cis-dihydrodiols and
NDO has not been reported to form epoxides or catalyze
National Institutes of Health shift reactions (5). We used sty-
rene as a substrate for NDO to probe for epoxide formation,
since P-450 monooxygenases are known to oxidize styrene to
styrene 1,2-oxide (8, 34).

Identification of reaction products. The oxidation of styrene
by purified NDO components (reductasey,p, ferredoxingap,
and ISPy 4p) (19, 28) was conducted in 2 ml of 50 mM sodium
2-(N-morpholino)ethanesulfonate (MES) buffer, pH 6.8, con-
taining NADH (0.5 wmol), Reductaseyp (16 ng), Ferredox-
inyap (35 pg), ISPyap (50 pg), Fe(NH,),(SO,), - 6H,O (0.1
pmol), and styrene (0.25 wmol). After 2 h, an internal standard
(25 pl of a 10 mM methanol stock solution of 1-phenethyl
alcohol) was added to the reaction mixture, which was then
extracted with ethyl acetate, concentrated, and analyzed by gas
chromatography-mass spectrometry as described previously
(24). Only one product, which eluted at 10.72 min and gave a
mass spectrum identical to that given by authentic 1-phenyl-
1,2-ethanediol, was detected. This product was purified by
thin-layer chromatography (solvent, chloroform-acetone =
8:2, R, = 0.19), and its enantiomeric composition was deter-
mined by chiral stationary-phase-high-performance liquid
chromatography (HPLC) on a Chiralcel OB-H column (4.6
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mm by 25 cm, 5-pm particle size; Chiral Technologies Inc.,
Exton, Pa.) (24). Enantiomers were eluted with hexane and
2-propanol (9:1) at a flow rate of 0.5 ml/min, the effluent was
monitored at 254 nm, and the areas under each peak were
integrated. (R)-1- and (S)-1-phenyl-1,2-ethanediol eluted at
15.8 and 19.4 min, respectively. Chiral stationary-phase-HPLC
analysis showed the product to be (R)-1-phenyl-1,2-ethanediol
in 78.6% enantiomeric excess. This value was obtained from
the average of three independent measurements.

Reaction rate and stoichiometry. The rate of formation of
1-phenyl-1,2-ethanediol was determined by dioxygen consump-
tion and NADH oxidation. Dioxygen consumption was mea-
sured with a Clark-type oxygen electrode (Rank Brothers,
Cambridge, England) as previously described (18). Reaction
mixtures contained, in 1.0 ml of 50 mM MES buffer, pH 6.8,
NADH (0.25 pmol), Reductasey,p (4 pg), Ferredoxingap (14
pg), ISPyap (25 pg), and Fe(NH,),(SO,), + 6H,O (0.1 pmol).
Reactions were initiated by the addition of 0.1 pmol of styrene.
NADH oxidation was determined by measuring the decrease
in A5,,. The reaction mixtures were the same as those used for
dioxygen consumption. An extinction coefficient of 6.22 mM "

0,+2H* +

N AD(P)+ Naphthalene
Reduced Oxidized Reduced
Reductasensp Ferredoxiny,p ISPxap
Oxidized Reduced Oxidized
2H*
NAD(P)H + H* OH
OH

(+)-cis-(1R,25)-Dihydroxy-
1,2-dihydronaphthalene
(cis-naphthalene dihydrodiol)

FIG. 1. Proposed electron transport chain and its role in the oxidation of
naphthalene by NDO.
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FIG. 2. Oxygen consumption (A) and NADH oxidation (B) by NDO determined in the presence of styrene. Additions of reactants are indicated by arrows.

cm ™! was used to quantitate the amount of NADH oxidized.
The initial rates of dioxygen consumption and NADH oxida-
tion were 2.8 wmol of dioxygen utilized per min per mg of
ISP Ap (Fig. 2A) and 3.2 wmol of NADH utilized per min per
mg of ISPy.p (Fig. 2B), respectively. In both experiments,
dioxygen consumption and NADH oxidation were tightly cou-
pled to styrene oxidation. Stoichiometric measurements
showed that 1 mol each of styrene, NADH, and dioxygen are
required to form 1 mol of 1-phenyl-1,2-ethanediol.

Oxidation of deuterated styrene. When styrene-dg (98% at-
om% D; Aldrich Chemical Co., Milwaukee, Wis.) was used as
a substrate for NDO, only one product was detected by gas
chromatography-mass spectrometry. The product eluted at
10.66 min and gave a molecular ion, M™" (% relative intensity),
at m/z 146 (9.3), with major fragment ions at m/z 113 (100, loss
of CD,OH) and m/z 85 (83, loss of CO from m/z 113 species).
The spectrum is identical to that of 1-phenyl-1,2-ethanediol
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except for the increase in mass due to deuterium atoms. The
initial rate of formation of deutero 1-phenyl-1,2-ethanediol
was determined by dioxygen consumption and NADH oxida-
tion, and values of 2.9 pmol of dioxygen utilized per min per
mg of ISP ,p and 3.1 wmol of NADH utilized per min per mg
of ISPy sp, respectively, were obtained. Stoichiometric amounts
of dioxygen and NADH were utilized in the oxidation of sty-
rene-dg to deutero 1-phenyl-1,2-ethanediol.

130, incorporation. '®0, incorporation experiments were
conducted as previously described (24) in an atmosphere con-
taining '°0, and '®0, in a ratio of 34:66. Gas chromatography-
mass spectrometry analysis of the 1-phenyl-1,2-ethanediol
formed showed a ratio of M™* to (M*+4) of 38:62. AM™"+2
ion was not detected (Fig. 3). This result, together with the
results obtained from dioxygen consumption experiments, in-
dicates that both atoms of oxygen in the product originate from
a single dioxygen molecule. Thus, the direct formation of
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FIG. 3. Mass spectra of 1-phenyl-1,2-ethanediol formed from styrene by purified NDO under air (A) and an atmosphere containing a mixture of '°O, and 'O,

(34:66) (B).
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FIG. 4. Oxidation of styrene by dioxygenases, monooxygenases, and peroxi-
dases. (A) Vinyl cis dihydroxylation by NDO (this study); (B) benzene ring cis
dihydroxylation by toluene (14, 30) and styrene (1, 32) dioxygenases; (C) vinyl
epoxidation by P-450 monooxygenases (8, 34), cytochrome ¢ peroxidase (21),
chloroperoxidase (4, 22), bacterial styrene monooxygenases (13, 20), and soluble
methane (2, 3, 36) and ammonia (17) monooxygenases. e.e., enantiomeric excess.

1-phenyl-1,2-ethanediol from styrene by NDO can be distin-
guished from the formation of the same compound by mam-
malian liver. In hepatic microsomes, styrene is oxidized by
P-450 monooxygenases to styrene 1,2-oxide, which serves as a
substrate for epoxide hydrolase to yield 1-phenyl-1,2-
ethanediol (34). In the latter reaction, oxygen from H,O yields
one of the hydroxyl groups in the product. Styrene 1,2-oxide
was not a substrate for NDO (data not shown).

Figure 4 shows the products formed from styrene oxidation
catalyzed by dioxygenases, monooxygenases, and peroxidases.
NDO catalyzes the oxidation of styrene by direct addition of
activated dioxygen to the vinyl w-bond (Fig. 4, reaction A). A
similar result was previously reported for the oxidation of 4-vi-
nylbenzoate to 4-glycylbenzoate by 4-methoxybenzoate mono-
oxygenase (35). A recent thorough review on the microbial
metabolism and biotransformation of styrene (33) cites only
one report on the oxidation of styrene to 1-phenyl-1,2-
ethanediol (25). In this case, the diol is thought to arise from
the hydrolysis of styrene 1,2-oxide. P. putida (1) and Rhodo-
coccus rhodochrous NCIMB 13259 (32) both initiate styrene
oxidation at the aromatic nucleus to form (—)-cis-(2R,3S)-
dihydroxy-2,3-dihydrostyrene (Fig. 4, reaction B). P. putida
39/D also catalyzes the formation of a styrene cis-dihydrodiol
(30), and Hudlicky et al. observed changes in the regiospeci-
ficity and stereoselectivity of the toluene dioxygenase in this
organism when chlorinated styrenes substituted at different
ring positions were used as substrates (14). These results show
that this family of dioxygenases catalyzes the dihydroxylation
of w-bond systems, with regioselectivity being determined by
the position of the w-bond. Oxygenases that form styrene 1,2-
oxide include hepatic and bacterial P-450 isozymes (8, 34),
cytochrome ¢ peroxidase (21), chloroperoxidase (4, 22), bac-
terial styrene monooxygenases (13, 20), soluble methane mono-
oxygenases from Methylococcus capsulatus (Bath) (3, 36) and
Methylosinus trichosporium OB3b (2), and ammonia monoox-
ygenase from Nitrosomonas europaea (17) (Fig. 4, reaction C).
Thus, the mechanism of dioxygen activation by NDO and re-
lated dioxygenases is quite different from that of the enzymes
catalyzing reaction C in Fig. 4 and should account for cis
dihydroxylation, as well as typical P-450 reactions (monohy-
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droxylation, desaturation, O and N dealkylation, and sulfoxi-
dation).

This work was supported by U.S. Public Health Service grant
GM29909 from the National Institute of General Medical Sciences.

We thank John M. Brand for determining the enantiomeric purity of
the 1-phenyl-1,2-ethanediol and Rebecca E. Parales for helpful discus-
sions during preparation of the manuscript.

REFERENCES

1. Bestetti, G., E. Galli, C. Benigni, F. Orsini, and F. Pelizzoni. 1989. Biotrans-
formation of styrenes by a Pseudomonas putida. Appl. Microbiol. Biotechnol.
30:252-256.

2. Burrows, K. J., A. Cornish, D. Scott, and L. J. Higgins. 1984. Substrate
specificities of the soluble and particulate methane monooxygenases of
Methylosinus trichosporium OB3b. J. Gen. Microbiol. 130:3327-3333.

3. Colby, J., D. I. Stirling, and H. Dalton. 1977. The soluble methane mono-
oxygenase of Methylococcus capsulatus (Bath): its ability to oxygenate n-
alkanes, n-alkenes, ethers, and alicyclic, aromatic and heterocyclic com-
pounds. Biochem. J. 165:395-402.

4. Colonna, S., N. Gaggero, L. Casella, G. Carrea, and P. Pasta. 1993. Enan-
tioselective epoxidation of styrene derivatives by chloroperoxidase catalysis.
Tetrahedron Asymmetry 4:1325-1330.

5. Daly, J. W., D. M. Jerina, and B. Witkop. 1972. Arene oxides and the NIH
shift: the metabolism, toxicity and carcinogenicity of aromatic compounds.
Experientia 28:1129-1149.

6. Ensley, B. D., and D. T. Gibson. 1983. Naphthalene dioxygenase: purification
and properties of a terminal oxygenase component. J. Bacteriol. 155:505—
511.

7. Ensley, B. D., D. T. Gibson, and A. L. Laborde. 1982. Oxidation of naph-
thalene by a multicomponent enzyme system from Pseudomonas sp. strain
NCIB 9816. J. Bacteriol. 149:948-954.

8. Fruetel, J., R. L. Mackman, J. A. Peterson, and P. R. Ortiz de Montellano.
1994. Relationship of active site topology to substrate specificity for cyto-
chrome P450,.,, (CYP108). J. Biol. Chem. 269:28815-28821.

9. Gibson, D. T., S. M. Resnick, K. Lee, J. M. Brand, D. S. Torok, L. P. Wackett,
M. J. Schocken, and B. E. Haigler. 1995. Desaturation, dioxygenation and
monooxygenation reactions catalyzed by naphthalene dioxygenase from
Pseudomonas sp. strain 9816-4. J. Bacteriol. 177:2615-2621.

10. Gibson, D. T., and V. Subramanian. 1984. Microbial degradation of aromatic
hydrocarbons, p. 181-251. In D. T. Gibson (ed.), Microbial degradation of
organic compounds. Marcel Dekker Inc., New York.

11. Haigler, B. E., and D. T. Gibson. 1990. Purification and properties of ferre-
doxingap, @ component of naphthalene dioxygenase from Pseudomonas sp.
strain NCIB 9816. J. Bacteriol. 172:465-468.

12. Haigler, B. E., and D. T. Gibson. 1990. Purification and properties of
NADH-ferredoxiny,p reductase, a component of naphthalene dioxygenase
from Pseudomonas sp. strain NCIB 9816. J. Bacteriol. 172:457-464.

13. Hartmans, S., M. J. van der Werf, and J. A. M. de Bont. 1990. Bacterial
degradation of styrene involving a novel flavin adenine dinucleotide-depen-
dent styrene monooxygenase. Appl. Environ. Microbiol. 56:1347-1351.

14. Hudlicky, T., E. E. Boros, and C. H. Boros. 1993. New diol metabolites
derived by biooxidation of chlorostyrenes with Pseudomonas putida: deter-
mination of absolute stereochemistry and enantiomeric excess by convergent
syntheses. Tetrahedron Asymmetry 4:1365-1386.

15. Jeffrey, A. M., H. J. C. Yeh, D. M. Jerina, T. R. Patel, J. F. Davey, and D. T.
Gibson. 1975. Initial reactions in the oxidation of naphthalene by Pseudo-
monas putida. Biochemistry 14:575-583.

16. Jerina, D. M., J. W. Daly, A. M. Jeffrey, and D. T. Gibson. 1971. cis-1,2-
Dihydroxy-1,2-dihydronaphthalene: a bacterial metabolite from naphtha-
lene. Arch. Biochem. Biophys. 142:394-396.

17. Keener, W. K., and D. J. Arp. 1994. Transformations of aromatic compounds
by Nitrosomonas europaea. Appl. Environ. Microbiol. 60:1914-1920.

18. Lee, K., J. M. Brand, and D. T. Gibson. 1995. Stereospecific sulfoxidation by
toluene and naphthalene dioxygenases. Biochem. Biophys. Res. Commun.
212:9-15.

19. Lee, K., and D. T. Gibson. Unpublished data.

20. Marconi, A. M., F. Beltrametti, G. Bestetti, F. Solinas, M. Ruzzi, E. Galli,
and E. Zennaro. 1996. Cloning and characterization of styrene catabolism
genes from Pseudomonas fluorescens ST. Appl. Environ. Microbiol. 62:121—
127.

21. Miller, V. P., G. D. DePillis, J. C. Ferrer, A. G. Mauk, and P. R. Ortiz de
Montellano. 1992. Monooxygenase activity of cytochrome ¢ peroxidase. J.
Biol. Chem. 267:8936-8942.

22. Ortiz de Montellano, P. R., Y. S. Choe, G. DePillis, and C. E. Catalano. 1987.
Structure-mechanism relationships in hemoproteins. J. Biol. Chem. 262:
11641-11646.

23. Resnick, S. M., and D. T. Gibson. 1993. Biotransformation of anisole and
phenetole by aerobic hydrocarbon-oxidizing bacteria. Biodegradation 4:195—
203.

24. Resnick, S. M., D. S. Torok, K. Lee, J. M. Brand, and D. T. Gibson. 1994.



3356

25.

26.

27.

28.

29.

NOTES

Regiospecific and stereoselective hydroxylation of 1-indanone and 2-in-
danone by naphthalene dioxygenase and toluene dioxygenase. Appl. Envi-
ron. Microbiol. 60:3323-3328.

Rustemov, S. A., L. A. Golovleva, R. M. Alieva, and B. P. Baskunov. 1992.
New pathway of styrene oxidation by a Pseudomonas putida culture. Micro-
biology 61:1-5. (English translation.)

Simon, M. J., T. D. Osslund, R. Saunders, B. D. Ensley, S. Suggs, A.
Harcourt, W.-C. Suen, D. L. Cruden, D. T. Gibson, and G. J. Zylstra. 1993.
Sequences of genes encoding naphthalene dioxygenase in Pseudomonas
putida strains G7 and NCIB 9816-4. Gene 127:31-37.

Suen, W.-C., and D. T. Gibson. 1993. Isolation and preliminary character-
ization of the subunits of the terminal component of naphthalene dioxyge-
nase from Pseudomonas putida NCIB 9816-4. J. Bacteriol. 175:5877-5881.
Suen, W.-C., and D. T. Gibson. 1994. Recombinant Escherichia coli strains
synthesize active forms of naphthalene dioxygenase and its individual « and
B subunits. Gene 143:67-71.

Torok, D. S., S. M. Resnick, J. M. Brand, D. L. Cruden, and D. T. Gibson.
1995. Desaturation and oxygenation of 1,2-dihydronaphthalene by toluene
and naphthalene dioxygenase. J. Bacteriol. 177:5799-5805.

30.
31.

32.

33.

34.

3s.

36.

J. BACTERIOL.

Wackett, L. P. 1984. Ph.D. thesis. University of Texas, Austin.

Wackett, L. P., L. D. Kwart, and D. T. Gibson. 1988. Benzylic monooxygen-
ation catalyzed by toluene dioxygenase from Pseudomonas putida. Biochem-
istry 27:1360-1367.

Warhurst, A. M., K. F. Clarke, R. A. Hill, R. A. Holt, and C. A. Fewson. 1994.
Metabolism of styrene by Rhodococcus rhodochrous NCIMB 13259. Appl.
Environ. Microbiol. 60:1137-1145.

Warhurst, A. M., and C. A. Fewson. 1994. A review: microbial metabolism
and biotransformations of styrene. J. Appl. Bacteriol. 77:597-606.

Watabe, T., N. Ozawa, and K. Yoshikawa. 1981. Stereochemistry in the
oxidative metabolism of styrene by hepatic microsomes. Biochem. Pharma-
col. 30:1695-1698.

Wende, P., K. Pfleger, and F.-H. Bernhardt. 1982. Dioxygen activation by
putidamonooxin: substrate-modulated reaction of activated dioxygen. Bio-
chem. Biophys. Res. Commun. 104:527-532.

Wilkins, P. C., H. Dalton, C. J. Samuel, and J. Green. 1994. Further evidence
for multiple pathways in soluble methane-monooxygenase-catalyzed oxida-
tions from the measurement of deuterium kinetic isotope effects. Eur. J.
Biochem. 226:555-560.



