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The stereospecific oxidation of indan and indene was examined with mutant and recombinant strains
expressing naphthalene dioxygenase of Pseudomonas sp. strain 9816-4. Pseudomonas sp. strain 9816/11 and
Escherichia coli JM109(DE3)[pDTG141] oxidized indan to (1)-(1S)-indanol, (1)-cis-(1R,2S)-indandiol, (1)-
(1S)-indenol, and 1-indanone. The same strains oxidized indene to (1)- cis-(1R,2S)-indandiol and (1)-(1S)-
indenol. Purified naphthalene dioxygenase oxidized indan to the same four products formed by strains 9816/11
and JM109(DE3)[pDTG141]. In addition, indene was identified as an intermediate in indan oxidation. The
major products formed from indene by purified naphthalene dioxygenase were (1)-(1S)-indenol and (1)-
(1R,2S)-indandiol. The results show that naphthalene dioxygenase catalyzes the enantiospecific monooxygen-
ation of indan to (1)-(1S)-indanol and the desaturation of indan to indene, which then serves as a substrate
for the formation of (1)-(1R,2S)-indandiol and (1)-(1S)-indenol. The relationship of the desaturase, mono-
oxygenase, and dioxygenase activities of naphthalene dioxygenase is discussed with reference to reactions
catalyzed by toluene dioxygenase, plant desaturases, cytochrome P-450, methane monooxygenase, and other
bacterial monooxygenases.

Pseudomonas sp. strain 9816-4 grows with naphthalene as
the sole source of carbon and energy (9). The initial reaction is
catalyzed by a multicomponent enzyme system designated
naphthalene dioxygenase (NDO) (11, 12, 23, 24). NDO cata-
lyzes the NAD(P)H-dependent enantiospecific incorporation
of dioxygen into naphthalene to form (1)-cis-(1R,2S)-dihy-
droxy-1,2-dihydronaphthalene (cis-naphthalene dihydrodiol)
(26, 27) (Fig. 1). An analogous reaction is catalyzed by toluene
dioxygenase (TDO) from Pseudomonas putida F1, where en-
antiomerically pure (1)-cis-(1S,2R)-dihydroxy-3-methylcyclo-
hexa-3,5-diene (cis-toluene dihydrodiol) is the first detectable
oxidation product (17, 31, 60). TDO also catalyzes the enan-
tiospecific oxidation of naphthalene to (1)-cis-naphthalene di-
hydrodiol (18, 39).
In addition to the enantiospecific oxidation of naphthalene

and toluene, NDO and TDO from the above strains oxidize
many related aromatic compounds to optically active dihydro-
diols (10, 18, 28, 30). Other bacterial dioxygenases show similar
properties, and more than 130 chiral arene cis-dihydrodiols
have been produced from a small number of strains (7, 35, 48).
The high enantiomeric purity of these compounds has led to
their use as chiral synthons in the enantiospecific synthesis of a
wide variety of biologically active natural products (7, 8, 46,

57). The present studies focus on another facet of this inter-
esting group of dioxygenases, that is, their ability to catalyze
reactions other than the formation of arene cis-dihydrodiols.
For example, the TDO expressed by P. putida F39/D oxidizes
indan to (1R)-indanol and oxidizes indene to cis-(1S,2R)-in-
dandiol and (1S)-indenol (55). Similar reactions have been
reported for TDO from P. putida UV4, although the 1-indenol
produced by this strain is the (1R)-enantiomer (3, 5).
We now report the identification and absolute stereochem-

istry of the products formed from indan and indene by NDO
from Pseudomonas sp. strain 9816-4 and confirm earlier obser-
vations on the desaturation of indan to indene by NDO (22).

MATERIALS AND METHODS
Organisms. Pseudomonas sp. strain 9816/11 is a mutant which oxidizes naph-

thalene stoichiometrically to (1)-cis-(1R,2S)-dihydroxy-1,2-dihydronaphthalene
(40). This organism is a derivative of Pseudomonas sp. strain 9816-4 (9, 59), which
harbors the genes for naphthalene catabolism on an 83-kb NAH plasmid desig-
nated pDTG1 (45). Pseudomonas sp. strain 9816/C84, a cured strain, was used as
a control in experiments with strain 9816/11. Escherichia coli strain JM109
(DE3)[pDTG141] contains the structural genes (nahAaAbAcAd) for NDO in
plasmid pT7-5 (50). Expression of NDO in this strain is inducible by the addition
of isopropylthiogalactopyranoside (IPTG). E. coli JM109(DE3)[pT7-5] was used
as a control in experiments with strain JM109(DE3)[pDTG141].
Biotransformation experiments. Strain 9816/11 was grown at 308C in mineral

salts basal medium (MSB) (49) with 0.2% (wt/vol) pyruvate as a carbon source
in the presence of 0.05% (wt/vol) salicylate or anthranilate. These aromatic acids
induce the synthesis of naphthalene catabolic enzymes in strain 9816 (2). Trans-
formations of indan and indene, except where noted otherwise, were conducted
with washed cell suspensions (turbidity, 2.0 to 2.5 at 600 nm) in 200 or 800 ml of
50 mM sodium-potassium phosphate buffer (pH 7.2) in 1.0-liter Erlenmeyer or
2.8-liter Fernbach flasks, respectively. Pyruvate (0.2%, wt/vol) was provided as an
energy source, and indan or indene was added at a concentration of 0.05%
(vol/vol). The cell suspensions were incubated on a rotary shaker (220 rpm) at
308C, and at designated times, cells were removed by centrifugation, and the
supernatant solutions were extracted three times with sodium hydroxide-washed
ethyl acetate. The organic extract was dried over anhydrous Na2SO4 and con-
centrated under reduced pressure (308C) prior to analysis of transformation
products.
E. coli JM109(DE3)[pDTG141] was grown in a 5.0-liter Bioflow II Fermentor
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(New Brunswick, Inc.) as previously described (42). IPTG-induced cells were
incubated with indan and indene as described above except that glucose (0.2%,
wt/vol) was provided as the energy source and indan and indene were provided
at 0.1 and 0.025% (vol/vol), respectively. Unused cells were stored at 2708C.
Oxidation of indan to indene by purified NDO. The individual components of

NDO (reductaseNAP, ferredoxinNAP, and ISPNAP) were purified to homogeneity
as described previously (11, 23, 24). Reactions were carried out in 2.34 ml of 50
mM Tris-HCl buffer, pH 7.5, in 15-ml conical glass tubes. Reaction mixtures
contained reductaseNAP (73 mg of protein), ferredoxinNAP (48 mg of protein),
ISPNAP (860 mg of protein), NADH (5.0 mmol), flavin adenine dinucleotide (5.0
nmol), and indan (3.38 mmol). Reactions were initiated by the addition of indan
and were conducted at room temperature for 10 min. At this time, reaction
mixtures were extracted twice with diethyl ether. The organic extract was dried
over anhydrous sodium sulfate and concentrated to a small volume prior to
analysis by high-pressure liquid chromatography (HPLC) and gas chromatogra-
phy/mass spectrometry (GC/MS). Reverse-phase HPLC was conducted with a
Beckman Ultrasphere 5-mm C-18 column, and separation of products was
achieved with a programmed linear gradient of methanol-water (50 to 95%
methanol) at a flow rate of 1.0 ml/min (see Fig. 3).
Oxidation of indan, indene, and (1S)-indanol by purified NDO. The experi-

ments described in Table 3 were conducted with ISPNAP purified from E. coli
JM109(DE3)[pDTG121] as recently described by Suen and Gibson (52). Reduc-
taseNAP and ferredoxinNAP were purified from E. coli JM109(DE3)[pDTG141]
(32). Transformation reactions were carried out in 15-ml conical polyethylene
tubes. Reaction mixtures contained, in 2.0 ml of 50 mM 2-(4-morpholino)-
ethanesulfonic acid (MES) buffer (pH 6.8), reductaseNAP (20 mg of protein),
ferredoxinNAP (70 mg of protein), ISPNAP (50 mg of protein), ferrous ammonium
sulfate (0.05 mmol), NADH (0.25 mmol), and indan, indene, or (1S)-indanol (0.5
mmol in 20 ml of methanol). Reactions were initiated by addition of substrate,
and each tube was capped and incubated horizontally at 238C with gentle agita-
tion (;60 rpm) for 1 h. Oxidation products were extracted with ethyl acetate as
described above prior to analysis by GC/MS.
Analytical procedures. Thin-layer chromatography (TLC) and preparative-

layer chromatography (1.0- or 2.0-mm silica thickness; Merck) were conducted as
described previously (43). Radial-dispersion chromatography was performed on
2.0-mm-thickness silica plates, and products were eluted with a chloroform-
acetone step gradient (0 to 40% acetone; 20% steps over 1 h) at a flow rate of
7.0 ml/min. All fractions were analyzed by TLC (solvent: chloroform-acetone,
80:20, vol/vol), and those containing products were combined for further char-
acterization. Open-column silica gel chromatography was used where indicated
in the text. GC-MS was conducted as described previously (43). Relative yields
of products were determined from the integration of their total ion current peak
areas. Proton 1H nuclear magnetic resonance (1H NMR) spectra, absorption
spectra, and optical rotation values were obtained as described previously (43).
Reported [a]D values were determined in chloroform at 258C.
Chiral stationary-phase HPLC was conducted as described previously (43).

Enantiomers of cis-1,2-indandiol were separated on a Chiralcel OJ column (25
cm by 4.6 mm; Chiral Technologies, Exton, Pa.) with a mobile phase of hexane
and 2-propanol (9:1) at a flow rate of 0.5 ml/min. Under these conditions, the
(1)-cis-(1R,2S)- and (2)-cis-(1S,2R)-enantiomers of indandiol eluted with re-
tention times of 18.5 and 23.6 min, respectively. 1-Indenol enantiomers were
separated on a Chiralcel OB-H column (25 cm by 4.6 mm) under identical
conditions, with (2)-(1R)-indenol and (1)-(1S)-indenol eluting at 15.1 and 25.3

min, respectively. The Chiralcel OB-H column also resolved (2)-(1R)-indanol
and (1)-(1S)-indanol, which eluted at 11.8 and 17.4 min, respectively.
Chemicals. Indan, indene, (1)-(1S)-indanol, (2)-(1R)-indanol, 1-indanone,

1,3-indandione, indole, indoline, and 2,3-dihydrobenzofuran were obtained from
Aldrich Chemical Company, Milwaukee, Wis. Indan, free from contaminating
indene, was obtained by reverse-phase HPLC on a semipreparative Waters C-18
column. The solvent was 70% methanol, and the flow rate was 2.5 ml/min. Under
these conditions, indene elutes at 15 min and indan elutes at 22 to 23 min. The
middle fractions containing pure indan were pooled to give a stock indan solu-
tion (13 mM) for enzyme experiments. Racemic cis-1,2-indandiol was prepared
by treatment of indene with osmium tetroxide. trans-1,3-Indandiol was prepared
by reducing 1,3-indandione with sodium borohydride. (2)-cis-(1S,2R)-Indandiol
was prepared by reacting (6)-cis-indandiol with (2)-menthoxyacetyl chloride.
The crude diesters were purified by silica gel chromatography and recrystallized
from methanol. Direct hydrolysis of the first crystals obtained gave (2)-cis-
(1S,2R)-indandiol (mp, 105 to 1078C; [a]D, 50.48) (25).

RESULTS

Oxidation of indan by strains 9816/11 and JM109(DE3)
[pDTG141]. When a suspension of anthranilate-induced cells
of 9816/11 was incubated overnight with indan, several oxida-
tion products were detected by TLC. The major product was
identified as 1-indanone based on its Rf value, HPLC retention
time, absorption spectrum, and the properties of its semicar-
bazone derivative. Minor products, tentatively identified by
TLC and HPLC, were 1-indanol, 1-indenol, and 1,2-indandiol.
In addition, several unidentified minor polar peaks were ob-
served.
In order to identify primary indan oxidation products, the

experiment was repeated, and product formation was deter-
mined after 1 h. Four major metabolites were detected by
HPLC (Fig. 2) and identified as cis-1,2-indandiol, 1-indenol,
1-indanol, and 1-indanone by comparing their HPLC retention
times and absorption spectra with those of authentic com-
pounds. Sufficient material for further structural studies was
obtained by incubating a 2.4-liter suspension of induced cells
with indan for 1 h. Cells were removed by centrifugation, and
ethyl acetate extraction of the clear supernatant solution fol-
lowed by silica gel column chromatography gave crude prepa-
rations of cis-1,2-indandiol, 1-indanone, and a mixture of 1-in-
danol and 1-indenol. The monols were separated by HPLC. All
four indan metabolites were crystallized and shown to have 1H
NMR and mass spectra identical to those given by authentic
compounds (55). The specific rotations, [a]D, for cis-1,2-indan-
diol, 1-indanol, and 1-indenol were 1538, 1328, and 11288,
respectively.
The formation of cis-1,2-indandiol and 1-indenol was unex-

FIG. 1. Sequence of electron transfer from NAD(P)H to the oxygenase com-
ponent (ISPNAP) of NDO, resulting in the formation of (1)-cis-(1R,2S)-dihy-
droxy-1,2-dihydronaphthalene. The individual components reductaseNAP, ferre-
doxinNAP, and ISPNAP have been purified (11, 23, 24), and their structural genes
have been cloned and sequenced (38, 47). The redox state of each protein is
indicated as reduced (Red.) and oxidized (Ox.).

FIG. 2. HPLC separation of products formed from indan by strain 9816/11.
Cells were grown as described in Materials and Methods. Products were sepa-
rated by reverse-phase HPLC on a radial-compression 10-mm C-18 column. The
solvent used was methanol-water (36:64) at a flow rate of 1.9 ml/min.
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pected, since previous studies showed that TDOs from P.
putida F39/D (55) and P. putida UV4 (5) oxidize indan to
(2)-(1R)-indanol and 1-indanone as the major products. In a
second experiment, salicylate-induced cells of strain 9816/11
and IPTG-induced cells of JM109(DE3)[pDTG141] were in-
cubated with indan for 5 and 24 h, respectively. Products were
separated by preparative-layer chromatography (cis-1,2-indan-
diol, Rf 0.2, and indanol-indenol mixture, Rf 0.6) and identified
by GC/MS. Absolute configurations were determined by chiral
stationary-phase HPLC and are shown in Table 1. A significant
amount of indanone (16%) was produced by strain 9816/11.
We have noticed in other experiments that 1-indanone forma-
tion increases with the time of incubation of indan with strain
9816/11 and appears to be correlated with a decrease in the
enantiomeric purity of (1)-(1S)-indanol recovered (data not
shown). Indan oxidation was not observed in control experi-
ments with strains 9816/C84 and JM109(DE3)[pT7-5].
Oxidation of indene by strains 9816/11 and JM109(DE3)

[pDTG141]. Experiments analogous to those described above
for indan were conducted with indene. Salicylate-induced cells
of strain 9816/11 oxidized indene to two major products, which
were isolated by radial-dispersion chromatography and identi-
fied as (1)-cis-(1R,2S)-indandiol ([a]D, 1408) and (1)-(1S)-
indenol ([a]D, 11288). The same diol ([a]D, 1348) and monol
([a]D,11378) products were formed by JM109(DE3)[pDTG141].
Both organisms formed small amounts of 1-indanone (Table
2).
The formation of (1)-cis-(1R,2S)-indandiol and (1)-(1S)-

indenol from indan (Table 1) can be explained by the desatu-
ration (dehydrogenation) of indan or the dehydration of 1-in-
danol to yield indene, which would then serve as a substrate to
give the products shown in Table 2. However, indene was never
detected as an intermediate in the metabolism of indan or
1-indanol by strains 9816/11 and JM109(DE3)[pDTG141].

Only minor amounts of (1S)-indenol were formed from (1S)-
indanol by both strains, thus eliminating the desaturation of
(1S)-indanol as a major source of (1S)-indenol.
Oxidation of indan to indene by purified NDO. In order to

unequivocally establish the role of NDO in the observed di-
oxygenation, monooxygenation, and desaturation reactions,
purified NDO components (reductaseNAP, ferredoxinNAP, and
ISPNAP) were incubated with indan in the presence of NADH.
Reaction products were extracted with ether, separated by
HPLC, and identified by their retention times and absorption
spectra (Fig. 3). Indan oxidation was not observed when any
one of the NDO components or NADH was omitted from the
reaction mixture. The identity of indene was confirmed by
analyzing the ether extract by GC/MS. The reaction product
had a retention time of 6.98 min, and its mass spectrum gave a
molecular ion M1 at m/z 116 (100%) and major fragment ions
at m/z 115 (91%), 89 (10%), 63 (12%), and 58 (32%). These
properties are identical to those given by authentic indene.
When indene was oxidized by purified NDO, the only products
detected were (1S)-indenol and cis-(1R,2S)-indandiol (Table
3). In contrast, the major products formed from indan were
(1S)-indanol and (1S)-indenol. Smaller amounts of indene,
(1R,2S)-indandiol, and 1-indanone were also detected. (1S)-
Indanol was a poor substrate for NDO. The major oxidation
product detected was a diol with the same retention time as
trans-1,3-indandiol. Minor amounts of (1S)-indenol and 1-in-
danone were also produced.
Oxidation of indoline and dihydrobenzofuran by strain

9816/11. Previous studies have shown that NDO and TDO
expressed by 9816/11 and P. putida F39/D, respectively, oxidize
indole to indigo (13). The proposed reaction sequence involves
cis-dihydroxylation of the heterocyclic ring followed by nonen-
zymatic dehydration to yield indoxyl, which autooxidizes to
indigo. Salicylate-induced cells of 9816/11 oxidized indoline to

TABLE 1. Yields, enantiomeric composition, and absolute configuration of hydroxylated products
formed from indan by strains expressing NDOa

Strainb

1-Indanol cis-1,2-Indandiol 1-Indenol

Yield
(%)

Enantiomeric
compositionc

(%)

Absolute
configurationd

Yield
(%)

Enantiomeric
composition

(%)

Absolute
configuration

Yield
(%)

Enantiomeric
composition

(%)

Absolute
configuration

9816/11 64 79 (1)-(1S)- 7 86 (1)-(1R,2S)- 8 69 (1)-(1S)-
JM109(DE3)[pDTG141] 54 93 (1)-(1S)- 18 91 (1)-(1R,2S)- 19 83 (1)-(1S)-

a Products were identified by GC/MS. Yields were determined by integration of total ion current peak areas under the conditions described in Materials and Methods.
b Other products formed by strain 9816/11 were 1-indanone (18%) and 2-hydroxy-1-indanone (;1%). Approximately 1% indan remained at the end of the

experiment. The only other product formed by strain JM109(DE3)[pDTG141] was 1-indanone (3%). Approximately 6% indan remained at the end of the experiment.
c Determined by integration of peak areas of enantiomers separated by chiral stationary-phase HPLC under conditions described in Materials and Methods.
d Absolute configuration of the major enantiomer.

TABLE 2. Yields, enantiomeric composition, and absolute configuration of the hydroxylated products
formed from indene by strains expressing NDOa

Strainb

cis-1,2-Indandiol 1-Indenol

Yield
(%)

Enantiomeric
compositionc

(%)

Absolute
configurationd

Yield
(%)

Enantiomeric
composition

(%)

Absolute
configuration

9816/11 53 90 (1)-(1R,2S)- 43 94 (1)-(1S)-
JM109(DE3)[pDTG141] 56 86 (1)-(1R,2S)- 42 81 (1)-(1S)-

a Products were identified by 1H NMR and GC/MS. Yields were determined by integration of total ion current peak areas under the conditions described in Materials
and Methods.
b 1-Indanone (;4%) was the only other product formed by 9816-11. 1-Indanone (;2%) was the only other product formed by JM109(DE3)[pDTG141].
c Determined by integration of peak areas of enantiomers separated by chiral stationary-phase HPLC under conditions described in Materials and Methods.
d Absolute configuration of the major enantiomer.
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a blue compound, which was extracted with hot chloroform
and shown to have TLC properties, absorption, and mass spec-
tra identical to those given by authentic indigo. In contrast,
toluene-induced cells of P. putida F39/D did not oxidize indo-
line to indigo.
The structural similarity of 2,3-dihydrobenzofuran to indo-

line suggested that it may serve as a substrate for the desatu-
rase activity of NDO. Several products were formed from 2,3-
dihydrobenzofuran by 9816/11. One of these was identified by
GC/MS as 2,3-benzofuran. The identities of the other products
were not determined in the present study.

DISCUSSION

The results presented show that NDO catalyzes dioxygen-
ation, monooxygenation, and desaturation reactions with in-
dan. The formation of (1)-(1S)-indenol and (1)-cis-(1R,2S)-
indandiol from this substrate was of interest, since previous
studies with TDO from P. putida F39/D (6, 55) and UV4 (5)
showed that the major products formed from indan are (2)-
(1R)-indanol and 1-indanone. The variable enantiomeric com-
position of the (1R)-indanol formed by these strains is due to
the presence of a dehydrogenase which preferentially oxidizes
(1S)-indanol to 1-indanone (5, 6). A similar dehydrogenase is
probably responsible for the lower enantiomeric composition
of the (1S)-indanol formed from indan by 9816/11. This con-
clusion is based on the higher enantiomeric composition of the
(1S)-indanol formed by JM109(DE3)[pDTG141] and the
larger amount of 1-indanone formed by 9816/11 after 5 h
(Table 1). In addition to the compounds listed in Table 1,
9816/11 also produced 2-hydroxy-1-indanone as a minor prod-
uct. Subsequent studies showed that NDO oxidizes 1-indanone
to racemic 2-hydroxy- and (3R)-hydroxy-1-indanone (;80%
R-enantiomer). In contrast, 1-indanone is not oxidized by TDO
from strain F39/D (43).
Table 2 shows that NDO oxidizes indene to (1)-cis-(1R,2S)-

indandiol and (1)-(1S)-indenol. The former product is of
higher enantiomeric composition and of the opposite configu-
ration than the (2)-cis-(1S,2R)- indandiol formed by the TDO-
containing strains F39/D (55) and UV4 (5). In addition, the

(1)-(1S)-indenol formed by NDO is of higher enantiomeric
purity than the same product formed by F39/D (55) and of
opposite configuration to the (2)-(1R)-indenol formed in high
enantiomeric purity by UV4 (5).
The formation of (1)-cis-(1R,2S)-indandiol in high enantio-

meric purity by NDO in strains 9816/11 and JM109(DE3)
[pDTG141] provides a direct route to this enantiomer. Recent
studies by Boyd and his associates have shown that naphtha-
lene-grown cells of P. putida NCIMB 8859 oxidize indene to
1,2-indandiol, with an excess of the (1R,2S)-enantiomer. The
concentration of indene used in these experiments (0.5 to 1.0
mg ml21) is critical, since the same NCIMB 8859 cells catalyze
the enantiospecific removal of (1R,2S)-indandiol from a race-
mic mixture of cis-1,2-indandiol provided at lower concentra-
tions (0.2 to 0.4 mg ml21) (1). These observations, those de-
scribed in this paper, and studies currently in progress (40)
indicate that NDO may provide a family of chiral synthons that
differ in configuration from those formed by TDO. The expla-
nation for these differences awaits detailed studies on the
structure and mechanism of action of both dioxygenases.
The oxidation of indan and indene to (1S)-indenol and cis-

(1R,2S)-indandiol by NDO suggests that the enzyme catalyzes
the desaturation of indan or the dehydration of 1-indanol to
yield indene, which then serves as a substrate for the monoox-
ygenase and dioxygenase activities of the enzyme. Attempts to
detect indene formation from indan during whole-cell experi-
ments with strains 9816/11 and JM109(DE3)[pDTG141] were
unsuccessful. Indene was finally detected by HPLC analysis of
the products formed from indan by purified NDO (Fig. 3) and
identified by showing that its retention time, absorption spec-
trum, and mass spectrum were identical to those of authentic
indene. Additional evidence for the desaturase activity of
NDO was provided by showing that strain 9816/11 oxidizes
indoline (1,2-dihydroindole) to indigo. The oxidation of indole
to indigo by NDO and other oxygenases, including TDO, has
been reported previously (4, 13). Thus, it was of interest that
the TDO expressed by strain F39/D did not oxidize indoline to
indigo, a characteristic consistent with its inability to desatu-
rate indan to indene. Other desaturation reactions catalyzed by
NDO include the formation of benzofuran from dihydroben-
zofuran (this study) and ethenyloxybenzene from phenetole
(41).
Strains 9816/11 and JM109(DE3)[pDTG141] and purified

NDO did not form detectable amounts of indene from (1S)-
indanol, and only very low yields of 1-indenol were formed
from this substrate by purified NDO (Table 3). The enzyme
did, however, oxidize (1S)-indanol to a compound tentatively
identified as trans-1,3-indandiol. Thus, all of the available ev-

FIG. 3. HPLC separation of the products formed from indan by purified
NDO. The experimental conditions and procedures used for the identification of
products are described in Materials and Methods.

TABLE 3. Yields, molecular weights, and retention times
of products formed from indan, indene, and

(1S)-indanol by purified NDOa

Product M1 Retention
time (min)

% of product formed from:

Indan Indene (1S)-Indanol

Indene 116 6.98 2.4 12.5 —b

(1S)-Indenol 132 9.45 20.1 57.9 0.8
(1S)-Indanol 134 9.76 67.1 — 85.5
1-Indanone 132 10.4 3.5 — 2.2
(1R,2S)-Indandiol 150 12.35 7.0 29.6 —
trans-1,3-Indandiol 150 12.53 — — 11.5

a Reactions were carried out for 1 h, and products were separated and iden-
tified by GC/MS as described in Materials and Methods. The absolute configu-
rations given are based on results with intact cells (Tables 1 and 2).
b—, not detected.
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idence indicates that NDO catalyzes the desaturation of indan
to indene, which then serves as a substrate for the formation of
cis-(1R,2S)-indandiol and (1S)-indenol, as shown in Fig. 4. The
formation of 1-indanone from (1S)-indenol probably occurs by
nonenzymatic isomerization (16), whereas 1-indanone forma-
tion from (1S)-indanol appears to be catalyzed by a dehydro-
genase, as discussed above.
The desaturation reaction catalyzed by NDO and the struc-

tural organization of the enzyme (Fig. 1) both have features in
common with plant stearoyl-acyl carrier protein (stearoyl-
ACP) D9 desaturase. This enzyme forms oleoyl-ACP in a re-
action that requires NAD(P)H, oxygen, ferredoxin oxidoreduc-
tase, ferredoxin, and a terminal desaturase component which
contains non-heme iron (34, 36). Recent studies with the
cloned desaturase from the castor bean plant have shown that
the iron is in the form of diiron-oxo clusters, which are in-
volved in the generation of a high-valency iron-oxo species
responsible for the desaturation reaction (14).
The desaturation and monooxygenation reactions catalyzed

by NDO are also analogous to reactions catalyzed by cyto-
chrome P-450. For example, the initial abstraction of a hy-
drogen atom from indan by an (FeO)31 species followed by
oxygen rebound (hydroxylation) or removal of the b-hydro-
gen atom (desaturation) would account for the observed
products (20, 21). In this context, it is of interest that NDO
can catalyze O-dealkylation (41), N-dealkylation, and sulfoxi-
dation reactions (32), which are also typical cytochrome P-450
reactions. Other non-heme iron oxygenases that catalyze reac-
tions similar to those catalyzed by cytochrome P-450 are the
soluble forms of methane monooxygenase (19, 33) and 4-
methoxybenzoate monooxygenase (56). Ammonia monooxy-
genase appears to be responsible for the cytochrome P-450-
type reactions catalyzed by Nitrosomonas europaea (29, 54).
The iron at the active site of methane monooxygenase (15,

44) and plant stearoyl-ACP D9 desaturase (14) is in the form
of diiron clusters. In addition, deduced amino acid sequence
analyses (14) show that the conserved motif proposed for the
iron-binding sites in all known diiron-oxo proteins are also
present in the putative oxygenase components of toluene
4-monooxygenase (58) and phenol hydroxylase (37). Lipscomb
has proposed that the diiron-oxo clusters in methane mono-
oxygenase are converted during catalysis to an [Fe(IV) z
Fe(IV)]AO species, which would be a strong oxidant similar to
the Fe(IV)AO species proposed for cytochrome P-450 (33).
An iron-peroxo complex [FeO2]

1 has been proposed for the
oxygenating species in 4-methoxybenzoate O-demethylase
(56).
The unique feature of NDO that sets is apart from the

oxygenases described above is its ability to catalyze the enan-
tiospecific incorporation of dioxygen into naphthalene and re-
lated compounds. It seems probable that this reaction is cata-
lyzed by a strong oxidizing species generated by the interaction
of oxygen with mononuclear iron present in the large (a)
subunit of ISPNAP (51). The monooxygenase, desaturase, and
other diverse reactions catalyzed by NDO are probably cata-
lyzed at the same site and, like cytochrome P-450, reflect dif-
ferences in the ‘‘fit’’ of the substrate in the active site, the
available oxidizable sites of the different substrates, and the
rate-limiting steps in catalysis (20, 21). Current studies are
directed towards understanding the role of mononuclear iron
in NDO, which may involve Fenton-type reactions. In this
context, it is of interest that H2O2 and Fe

21 in organic solvents
can catalyze desaturation, monooxygenation, and dioxygenase
reactions (53).
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