
JOURNAL OF BACTERIOLOGY,
0021-9193/00/$04.0010

Mar. 2000, p. 1641–1649 Vol. 182, No. 6

Copyright © 2000, American Society for Microbiology. All Rights Reserved.

Substrate Specificity of Naphthalene Dioxygenase: Effect of
Specific Amino Acids at the Active Site of the Enzyme

REBECCA E. PARALES,* KYOUNG LEE,† SOL M. RESNICK,‡ HAIYAN JIANG,§
DANIEL J. LESSNER, AND DAVID T. GIBSON

Department of Microbiology and Center for Biocatalysis and Bioprocessing,
The University of Iowa, Iowa City, Iowa 52242

Received 22 September 1999/Accepted 14 December 1999

The three-component naphthalene dioxygenase (NDO) enzyme system carries out the first step in the aerobic
degradation of naphthalene by Pseudomonas sp. strain NCIB 9816-4. The three-dimensional structure of NDO
revealed that several of the amino acids at the active site of the oxygenase are hydrophobic, which is consistent
with the enzyme’s preference for aromatic hydrocarbon substrates. Although NDO catalyzes cis-dihydroxyla-
tion of a wide range of substrates, it is highly regio- and enantioselective. Site-directed mutagenesis was used
to determine the contributions of several active-site residues to these aspects of catalysis. Amino acid substi-
tutions at Asn-201, Phe-202, Val-260, Trp-316, Thr-351, Trp-358, and Met-366 had little or no effect on product
formation with naphthalene or biphenyl as substrates and had slight but significant effects on product
formation from phenanthrene. Amino acid substitutions at Phe-352 resulted in the formation of cis-naphtha-
lene dihydrodiol with altered stereochemistry [92 to 96% (1)-1R,2S], compared to the enantiomerically pure
[>99% (1)-1R,2S] product formed by the wild-type enzyme. Substitutions at position 352 changed the site of
oxidation of biphenyl and phenanthrene. Substitution of alanine for Asp-362, a ligand to the active-site iron,
resulted in a completely inactive enzyme.

The naphthalene dioxygenase (NDO) enzyme system (EC
1.14.12.12) from Pseudomonas sp. strain NCIB 9816-4 cata-
lyzes the first step in the aerobic degradation of naphthalene.
In this reaction (Fig. 1), NDO adds both atoms of oxygen to
the aromatic nucleus of naphthalene, forming homochiral (1)-
cis-(1R,2S)-dihydroxy-1,2-dihydronaphthalene (cis-naphthalene
dihydrodiol) (30, 31). In addition, NDO catalyzes the oxidation
of a wide variety of aromatic compounds to enantiomerically
pure chiral products (8, 56). The NDO system consists of three
components, each of which has been purified and character-
ized. An iron-sulfur flavoprotein reductase and an iron-sulfur
ferredoxin transfer electrons from NAD(P)H to the catalytic
oxygenase component (14, 15, 23, 24). The oxygenase is com-
posed of large and small subunits, a and b, respectively, that
are in an a3b3 configuration (35). NDO is a member of a large
family of oxygenases whose a subunits contain a Rieske [2Fe-
2S] center and mononuclear nonheme iron (10). In the NDO
system, electrons are transferred from the Rieske center of the
ferredoxin to the Rieske center of the oxygenase a subunit.
The reduced Rieske center in one a subunit transfers an elec-
tron to mononuclear iron at the active site in an adjacent a
subunit (35, 50). His-208, His-213, and Asp-362 coordinate the
active-site iron, forming a 2-His-1-carboxylate facial triad. This
structural motif is found in other mononuclear nonheme iron
enzymes, including tyrosine hydroxylase, isopenicillin syn-
thetase, and 2,3-dihydroxybiphenyl 1,2-dioxygenase (26, 40).
Asp-205 in the catalytic domain of the NDO a subunit is
hydrogen bonded to His-208 and to His-104 in the adjacent a

subunit (Fig. 2). His-104 is one of the Rieske center ligands.
Asp-205 has been shown to be required for efficient electron
transfer from the Rieske center to the active-site iron (50).

Recent studies have shown that the oxygenase a subunits are
responsible for determining the substrate specificities of NDO
and the related enzymes 2-nitrotoluene dioxygenase (2NTDO)
from Pseudomonas sp. strain JS42 and 2,4-dinitrotoluene di-
oxygenase (DNTDO) from Burkholderia sp. strain DNT (48,
49). The crystal structure of NDO allowed the identification of
amino acids near the active-site iron atom in the catalytic
domain of the a subunit (35) (Fig. 2). We have used this
information to design site-directed mutations in the a subunit
of NDO in order to identify amino acids near the active site
that control the regioselectivity and enantioselectivity of NDO.
Several variants of NDO with amino acid substitutions at the
active site were generated and characterized. Those with sub-
stitutions at position 352 resulted in the largest changes in
NDO specificity.

MATERIALS AND METHODS

Bacterial strains and plasmids. Bacterial strains and plasmids used in this
study are listed in Table 1. Escherichia coli strains DH5a and JM109(DE3) were
used for subcloning and gene expression experiments, respectively. Competent
E. coli strains ES1301 mutS and JM109 were purchased from Promega Corp.,
Madison, Wis., and used in the site-directed mutagenesis procedure described
below.

Media and growth conditions. E. coli strains were grown at 37°C in Luria-
Bertani medium (12) or Terrific broth medium (42). Antibiotics were added to
the following final concentrations as appropriate: ampicillin, 150 mg/ml; tetracy-
cline, 12.5 mg/ml. To produce induced cells for biotransformation studies,
JM109(DE3) strains carrying plasmids of interest were grown at 30°C in minimal
salts medium (MSB) (60) containing 10 mM glucose, 0.1 mM thiamine, and
ampicillin. Isopropyl-b-D-thiogalactopyranoside (IPTG) was added to a final
concentration of 100 mM when the culture turbidity reached 0.6 to 0.8 at 660 nm.
After a 2-h induction, biotransformations were initiated as described below. For
plates, MSB was solidified with 1.8% Noble agar (Difco Laboratories, Detroit,
Mich.) and Luria-Bertani medium was solidified with 1.5% Bacto Agar (Difco
Laboratories).

Molecular techniques. Plasmid DNA was isolated as described previously (42)
or by using a Midi Kit (Qiagen, Inc., Chatsworth, Calif.). For nucleotide se-
quencing, DNA was further purified using a Centricon 100 filter unit (Amicon,
Inc., Beverly, Mass.). Restriction digests were performed as suggested by the
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enzyme suppliers (New England Biolabs, Inc., Beverly, Mass., and Promega
Corp.). DNA fragments were purified from gel slices using the GeneClean Spin
Kit according to the instructions of the manufacturer (Bio 101, Vista, Calif.).
Ligation reactions, transformation of E. coli strains, and agarose gel electro-
phoresis were performed by standard procedures (59).

Site-directed mutagenesis. Mutagenesis of nahAc was carried out with the
Altered Sites II in vitro Mutagenesis System according to the instructions of the
manufacturer (Promega Corp.). Plasmid pMASTER-1 (50), which contains the
39 end of the nahAc gene and the complete nahAd gene (which encode the a and
b subunits of NDO, respectively), was used as the template for mutagenesis.
Each mutagenic oligonucleotide was designed with a silent mutation that altered
the restriction pattern of the plasmid (Table 2) to facilitate screening for clones
carrying the desired mutation. Phosphorylated oligonucleotides used for mu-
tagenesis were synthesized by Genosys Biotechnologies Inc., Midland, Tex. The
nucleotide sequences of both strands of the entire insertion in pMASTER-1 were
determined for each mutant. Fluorescent automated DNA sequencing was car-
ried out by the University of Iowa DNA Facility using an Applied Biosystems
373A automated DNA sequencer. After verification of each mutation by restric-
tion digestion and sequence analysis, the 1.5-kb KpnI-XbaI fragments carrying
each mutation were individually cloned into KpnI-XbaI-digested pDTG141. Af-
ter this subcloning step, the presence of each mutation was verified by restriction
and sequence analyses. The resulting derivatives of pDTG141 were introduced

into JM109(DE3) for expression studies, and in this way each mutant protein was
produced from an identical expression system.

Whole-cell biotransformations. Induced E. coli cultures (50 ml) were supple-
mented with 20 mM glucose and 80 mM phosphate buffer (pH 7.2). Solid
substrates (naphthalene, biphenyl, or phenanthrene) were added to a final con-
centration of 0.025% (wt/vol). Cultures were incubated at 30°C with shaking (250
rpm) for 15 to 18 h. To obtain cells for large-scale biotransformations to produce
cis-biphenyl 3,4-dihydrodiol, JM109(DE3)(pDTG141-F352V) was grown at 27°C
in MSB containing glucose, thiamine, and ampicillin in a 10-liter Biostat B
fermentor (B. Braun Biotech International, Melsungen, Germany). Automated
addition of NH4OH was used to maintain the pH at 7.3, and a low glucose feed
rate was used to maintain the dissolved O2 concentration at approximately 25%
saturation. Cultures were induced for 3 h with 150 mM IPTG when the optical
density of the culture (660 nm) reached approximately 0.7. Induced cultures (5.5
liters) were incubated at 27°C for 14 to 17 h with 0.025% (wt/vol) substrate
(biphenyl or phenanthrene), high agitation (700 rpm), automated pH control
(pH 7.3), and a slow glucose feed.

Indigo formation. JM109(DE3) strains carrying pDTG141 derivatives with the
various mutations were grown overnight at 37°C on nitrocellulose filters placed
on MSB agar plates containing 10 mM glucose, 0.1 mM thiamine, and 150 mg of
ampicillin per ml. Dried Whatman no. 1 filter papers that had been soaked in a
10% solution of indole dissolved in acetone were placed in the petri dish covers
after colony formation. Production of indigo from indole vapor by NDO (16) was
observed as colonies turned blue. No induction was carried out for these studies.

Separation and identification of products. Culture supernatants from whole-
cell biotransformation experiments were extracted with sodium hydroxide-
washed ethyl acetate and analyzed by thin-layer chromatography (TLC) (57).
Phenyl boronic acid (PBA) derivatives (27) were prepared as previously described
(55). PBA-derivatized extracts were analyzed by gas chromatography-mass spec-
trometry (GC-MS) as previously described (54). cis-Naphthalene dihydrodiol
was purified by preparative-layer chromatography with chloroform-acetone (8:2)
(58). Regioisomers of biphenyl dihydrodiol were separated by preparative-layer
chromatography (1.0- or 2.0-mm thickness; E. Merck Industries, Inc., Gibbstown,
N.J.) using multiple elution (three or four developments) with chloroform-
acetone (9:1). cis-Biphenyl 3,4-dihydrodiol was also purified by radial-dispersion
chromatography using a Chromatotron (Harrison Research, Palo Alto, Calif.).
Extracts in chloroform containing 0.1% triethylamine were applied to 2.0-mm-
thick silica plates and eluted at a flow rate of 7 ml/min with a chloroform-acetone
step gradient (0 to 15% acetone in 3% steps over 1 h; 0.1% triethylamine was
present at each step). Fractions (8 ml) were analyzed by TLC, and those con-
taining cis-biphenyl 3,4-dihydrodiol were combined and concentrated at 35°C
under reduced pressure.

Chiral stationary-phase high-pressure liquid chromatography was used to re-
solve the enantiomers of cis-naphthalene dihydrodiol. A Chiralcel OJ column
(Chiral Technologies, Exton, Pa.) was used as described previously (58). Under
these conditions, the (1)-(1R,2S)- and (2)-(1S,2R)-enantiomers of cis-naphtha-
lene dihydrodiol eluted with retention times of 30 and 33 min, respectively.
Proton (1H) nuclear magnetic resonance (NMR) spectra were acquired on the
Varian UNITY-500 500-MHz spectrometer in the College of Medicine NMR
Facility at the University of Iowa. All spectra were obtained using an 8-s relax-
ation delay, a 5-s acquisition time, a spectral width of 12 ppm, and a 90-degree
pulse width of 6.6 ms. Samples were prepared as previously described (58).
Optical rotations were determined at 25°C using a Jasco P1020 polarimeter with
a 589-nm-wavelength Na lamp. The results are the average of rotations given by
three independently purified cis-biphenyl 3,4-dihydrodiol samples. High-resolu-
tion mass spectra were recorded (by Lynn Teesch, HR-MS Facility, The Uni-
versity of Iowa) on a VG ZAB-HF mass spectrometer equipped with direct inlet
probe. Absorbance spectra (200 to 350 nm) were recorded on a Beckman DU-70
spectrophotometer.

Chemicals. Naphthalene was obtained from Fisher Scientific Co., Pittsburgh,
Pa. Indole, biphenyl, phenanthrene, and 4-hydroxybiphenyl were purchased from

FIG. 1. Reaction catalyzed by the three-component NDO system.

FIG. 2. Structure of the active site of NDO, showing the Rieske [2Fe-2S]
center and mononuclear iron in adjacent a subunits with their coordinating
amino acids (shown in white ball-and-stick format). Also shown are Asp-205, an
amino acid important for efficient electron transfer between the two redox
centers, and the amino acids that were targets for site-directed mutagenesis in
this study. RasMol (version 2.6) was used to generate the view of the active site.
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Aldrich Chemical Co., Milwaukee, Wis. Synthetic (1/2)-cis-naphthalene dihy-
drodiol and homochiral (1)-cis-naphthalene dihydrodiol were prepared as pre-
viously described (29, 31, 53). Synthetic cis-phenanthrene 9,10-dihydrodiol was
provided by Derek Boyd.

Gel electrophoresis and Western blot analyses. Cell pellets (from 1-ml culture
suspensions) were resuspended in 200 ml of sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis sample loading buffer (2) and boiled for 10 min, and
samples (15 ml each) were separated by sodium dodecyl sulfate–12% polyacryl-
amide gel electrophoresis (2). Gels were subjected to Western blotting using an
antibody specific for the a subunit of NDO (49) as described previously (25, 44).
Antigens were visualized using alkaline phosphatase-conjugated goat anti-mouse
immunoglobulin G (Pierce, Rockford, Ill.).

RESULTS

Construction and preliminary analysis of modified NDO
proteins. Nine positions near the active site in the a subunit of
NDO were chosen for site-directed mutagenesis. Based on the
crystal structure of NDO (35), Asn-201, Phe-202, Val-260,
Trp-316, Phe-352, Trp-358, and Met-366 are located near
enough to the mononuclear iron to interact with substrates in
the active site (Fig. 2). Asn-201 is positioned too far from the
iron atom to be a ligand in the crystallized form of NDO, but

was suggested as a possible ligand during some stage of the
catalytic cycle. According to the NDO structure, Asp-362 is
one of three amino acids that coordinate the iron at the active
site (35). Asp-362 was replaced by alanine in order to disrupt
iron coordination. Amino acid substitutions were also made at
position 351, since the corresponding amino acid has been
shown to be critical in determining polychlorinated biphenyl
(PCB) congener specificity in biphenyl dioxygenase (36, 45).
Site-directed mutations made in the a subunit of NDO are
shown in Table 2. In most cases, small hydrophobic amino
acids (alanine, valine, and leucine) were substituted for larger
hydrophobic amino acids such as phenylalanine and trypto-
phan in order to change the size and/or shape of the active-site
pocket. In some cases, amino acid substitutions were chosen
based on alignments of various related dioxygenase sequences
(see Discussion).

Indigo formation was used as the first screen for NDO ac-
tivity. Freshly grown cells of JM109(DE3) carrying modified
pDTG141 plasmids were incubated in the presence of indole.
Most strains carrying mutant NDO enzymes formed blue col-

TABLE 1. Strains and plasmids used in this study

Strain or plasmid Relevant characteristicsa Source or reference

E. coli strains
DH5a D(lacZYA-argF)U169 hsdR17 relA1 supE44 endA1 recA1 thi gyrA96

f80dlacZDM15
Life Technologies, Gaithersburg, Md.

JM109 endA1 recA1 gyrA96 thi hsdR17 relA1 supE44 D(lac-proAB) mcrA [F9 traD36
proAB1 lacIqZDM15]

65

JM109(DE3) endA1 recA1 gyrA96 thi hsdR17 relA1 supE44 D(lac-proAB) mcrA [F9 traD36
proAB1 lacIqZDM15] l(DE3)

Promega Corp.

ES1301 mutS Kmr lacZ53 mutS201::Tn5 thyA36 rha-5 metB1 deoC IN(rrnD-rrnE) Promega Corp.

Plasmids
pDTG141 Apr; nahAaAbAcAd (encoding the naphthalene dioxygenase components

reductaseNAP, ferredoxinNAP, and large and small subunits of the oxygenase,
respectively) under the control of the T7 promoter of pT7-5

61

pMASTER-1 Tcr Aps; pALTER-1 carrying the KpnI-XbaI fragment of pDTG141
(nahAc9Ad)

50

a Kmr, kanamycin resistance; Apr, ampicillin resistance; Tcr, tetracycline resistance.

TABLE 2. Amino acid substitutions in the a subunit of NDO generated by site-directed mutagenesis

Mutation Mutagenic oligonucleotidea Restriction site
change

Indigo
formationb

N201A 59-GAGGCACCCGCGGAAGCTTTTGTGGGAGATGCA-39 HindIII 1
N201Q 59-GCACCCGCGGAACAATTTGTGGGAGATGCA-39 Tsp509I 1
N201S 59-CCGCGGAAAGCTTTGTGGGAG-39 HindIII 11
F202L 59-CCGCGGAAAAGCTTGTGGGAGATG-39 HindIII 2
F202V 59-CGCGGAAAACGTTGTGGGAGATG-39 AclI 11
V260A 59-ATATTCAGGTGCGCATAGCGCAG-39 FspI 11
V260L 59-GGACGGATATTCAGGGCTCCATAGCGCAGACTTG-39 BanII 11
V260N 59-GACGGATATTCAGGTAACCATAGCGCAGACTTG-39 BstEII 11
W316A 59-GGTGTTTTCAAAGTCGCGAACCCGATCGAC-39 NruI 111
T351N 59-CTGTTCAGCGAAACTTCGGGCCTGCT-39 Remove AclI 11
T351R 59-CTGTTCAGCGAAGGTTCGGGCCTGCT-39 Remove AclI 1
T351S 59-CTGTTCAGCGAAGCTTCGGGCCTGCT-39 HindIII 111
F352L 59-TTCAGCGAACGCTCGGGCCTGC-39 Remove AclI 11
F352V 59-TTCAGCGAACGGTCGGGCCTGC-39 Remove AclI 1
W358A 59-GGCCTGCTGGCTTCGCGGAAAGCGACGACA-39 None 2c

D362A 59-GAAAGCGACGCCAATGACAAT-39 BsaHI 2
M366W 59-ACGACAATGACAATTGGGAAACAGCTTCGC-39 MfeI 11

a Underlined bases indicate the position of the introduced or eliminated restriction site. Base changes are in boldface.
b Indigo formation was monitored after 8 h as described in Materials and Methods. 111, colonies were dark blue [corresponds to JM109(DE3)(pDTG141),

expressing wild-type NDO]; 11, colonies were medium blue; 1, colonies were pale blue; 2, no blue color [corresponds to negative control, JM109(DE3)(pT7-5)].
c Colonies were pale blue after 12 h.
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onies in the presence of indole (Table 2). Strains producing
F202L and D362A mutant NDO enzymes formed white colo-
nies, suggesting either that these enzymes were inactive or that
indole was not a substrate for the modified enzymes. The strain
carrying the W358A substitution in NDO formed pale blue
colonies upon extended incubation with indole, indicating very
weak activity with indole as a substrate.

Production of mutant NDO a subunits. Formation of mu-
tant a subunits was verified in Western blots using whole-cell
protein samples from induced JM109(DE3) carrying modified
pDTG141 plasmids. A monoclonal antibody specific for the a
subunit of NDO was used (49). The results show that all mu-
tant constructs formed full-length a subunits and that there
were small variations in the amounts of each mutant protein
produced (Fig. 3). More importantly, these results demon-
strate that the inability of the D362A and F202L NDO variants
to produce products (see below) was not due to the absence of
protein. However, we cannot rule out the possibility that the
mutations affected the solubility of the proteins or the speci-
ficity of the antibody interaction.

Biotransformations with naphthalene as substrate. Wild-
type NDO converts naphthalene to cis-naphthalene 1,2-dihy-
drodiol (30, 31). Biotransformations with naphthalene resulted
in the formation of cis-naphthalene 1,2-dihydrodiol by all
NDO variants except those carrying the F202L and D362A
substitutions, which formed no product. W358A transforma-
tions were very inefficient, with less than 5% of the substrate
transformed within 15 h as judged by GC-MS analysis of ex-
tracted culture supernatants. In contrast, wild-type NDO trans-
formed .50% of the naphthalene in less than 5 h. The wild-
type and all mutant NDO enzymes formed enantiomerically
pure (.99%) (1)-(1R,2S)-cis-naphthalene dihydrodiol, except
for those with amino acid substitutions at Phe-352. The F352V
and F352L variants formed 92 and 96% (1)-(1R,2S)-cis-naph-
thalene dihydrodiol, respectively. This result provides the first
evidence of the importance of a specific amino acid, Phe-352,
in determining the enantioselectivity of NDO.

Biotransformations with biphenyl as substrate. Wild-type
NDO oxidized biphenyl to two metabolites which were de-
tected by TLC. The major metabolite (Rf, 0.2) and the minor
metabolite (Rf, 0.18) dehydrated to phenolic products (M1,
170) when analyzed by GC-MS. These results suggested that

both metabolites were dihydrodiol isomers, and this was con-
firmed by GC-MS of their stable respective phenyl boronic acid
derivatives, which gave molecular ions at m/z 274. The major
metabolite (87% relative yield) had a retention time of 13.8
min and was identical to cis-2,3-dihydroxy-1-phenylcyclohexa-
4,6-diene (cis-biphenyl 2,3-dihydrodiol) produced from biphe-
nyl by Sphingomonas yanoikuyae B8/36 (formerly Beijerinckia
sp. strain B8/36) (20). The minor PBA-derivatized product
(13% relative yield) had a retention time of 14.2 min and
was identified as cis-3,4-dihydroxy-1-phenylcyclohexa-1,5-diene
(cis-biphenyl 3,4-dihydrodiol; see below).

The F202L and D362A mutants formed no products from
biphenyl. Mutants N201A and W358A formed only trace
amounts of cis-biphenyl 2,3-dihydrodiol. Amino acid substitu-
tions at N201, F202, V260, W316, and T351 had slight effects
on the regiospecificity of NDO, as seen by the product distri-
butions shown in Fig. 4A. However, both NDO mutants with
changes at position 352 formed cis-biphenyl 3,4-dihydrodiol as
the major product (Fig. 4A). The enzyme with the largest
specificity change, F352V, formed 96% cis-biphenyl 3,4-dihy-
drodiol.

Identification and characterization of cis-biphenyl 3,4-dihy-
drodiol. The second biphenyl transformation product ran
slightly slower than cis-biphenyl 2,3-dihydrodiol on TLC plates
and, when analyzed by GC-MS as its PBA derivative, had a
retention time of 14.2 min, compared to 13.8 min for the PBA
derivative of cis-biphenyl 2,3-dihydrodiol. The products formed
from biphenyl by the F352V mutant were isolated by radial-
dispersion chromatography. Approximately 140 mg of crude
extract was applied to a 2.0-mm-thick silica Chromatotron
plate and eluted as described in Materials and Methods to
allow isolation of 40 to 60 mg of pure cis-biphenyl 3,4-dihy-
drodiol and 1 to 2 mg of cis-biphenyl 2,3-dihydrodiol (fractions
eluting before the 3,4-diol). The 3,4-regiochemistry of the diol
and 1H NMR shift assignments were established by chemical
shift multiplicities and independent H-H decoupling experi-
ments. The 3,4-regiochemistry of the dihydrodiol was apparent
by decoupling at H-3 (4.31 ppm), which reduced the multiplic-
ity of the H-2 signal (ddd, 6.16) to a singlet with fine splitting.
Acid dehydration resulted in the formation of a product that
coeluted with authentic 4-hydroxybiphenyl in TLC and GC-MS
analyses.

Physical characteristics of the cis-biphenyl 3,4-dihydrodiol
were as follows: lmax (methanol), 204, 228, and 276 nm (ε204 5
11,870, ε228 5 18,580, and ε276 5 4,340 M21cm21); calculated
mass for the phenylboronate derivative 12C18

1H15
16O2

11B,
274.1160; found mass, 274.1165; mass spectrum of phenyl bo-
ronate derivative m/z (relative intensity), 174 (M1, 100), 170
(55), 152 (11), 142 (84), 115 (22), 77 (6); [a]D 237.5 6 4.4, n 5
3 (c 0.5, methanol); 1H NMR (chloroform), d 4.21 (ddd, J 5
6.4, 4.0, 1.5 Hz, H-4), 4.31 (dd, J 5 6.4, 4.2 Hz, H-3), 6.09 (ddd,
J 5 9.8, 4.0, 0.8 Hz, H-5), 6.16 (ddd, J 5 4.2, 1.7, 0.7 Hz, H-2),
6.37 (dt, J 5 9.9, 1.6 Hz, H-6), 7.30 (tt, 1H aromatic-p), 7.37 (m,
2H, aromatic-m), 7.46 (m, 2H, aromatic-o).

Biotransformations with phenanthrene as substrate. Since
many of the amino acid substitutions made in this study would
be predicted to increase the size of the putative NDO substrate
binding site, a larger substrate, phenanthrene, was tested.
Identification of the three regioisomers of cis-phenanthrene
dihydrodiol was carried out by comparing GC-MS data with
cis-3,4-dihydroxy-3,4-dihydrophenanthrene (cis-phenanthrene
3,4-dihydrodiol) and cis-1,2-dihydroxy-1,2-dihydrophenanthrene
(cis-phenanthrene 1,2-dihydrodiol) produced by S. yanoikuyae
B8/36 (32) and with synthetic cis-9,10-dihydroxy-9,10-dihydro-
phenanthrene (cis-phenanthrene 9,10-dihydrodiol). The PBA
derivatives of cis-phenanthrene 9,10-dihydro-

FIG. 3. Western blots showing a subunits formed by JM109(DE3) carrying
pDTG141 derivatives with mutations as indicated below. A monoclonal antibody
specific for the a subunit of NDO was used as described in Materials and
Methods. Lanes: M, prestained molecular mass markers (Bio-Rad Laboratories,
Hercules, Calif.); 1, purified wild-type NDO (2 mg); 2, F202L; 3, F202V; 4,
V260A; 5, V260L; 6, V260N; 7, N201Q; 8, N201A; 9, N201S; 10, W316A; 11,
T351N; 12, T351R; 13, T351S; 14, F352L; 15, F352V; 16, W358A; 17, D362A; 18,
M366W; 19, pT7-5 (negative control); 20, wild-type NDO (pDTG141).
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diol, cis-phenanthrene 3,4-dihydrodiol, and cis-phenanthrene
1,2-dihydrodiol had GC retention times of 18.0, 19.1, and 20.2
min, respectively. Wild-type NDO from Pseudomonas sp.
strain NCIB 9816-4 formed a 9:1 mixture of cis-phenanthrene

3,4-dihydrodiol and cis-phenanthrene 1,2-dihydrodiol (Fig.
4B). These results are similar to those obtained with NDO
from Pseudomonas sp. strain 119 and biphenyl dioxygenase
from S. yanoikuyae B8/36 (32).

FIG. 4. Product distributions with biphenyl (A) and phenanthrene (B) as substrates. Extracts of culture supernatants from E. coli strains producing wild-type and
mutant NDO enzymes were derivatized with PBA and subjected to GC-MS analysis as described in Materials and Methods. Product distributions were determined from
the GC-MS peak area integrations of total ion current chromatograms. The data shown are averages from at least three experiments, and standard deviations were 5%
or less. Absolute stereochemistry is not intended.
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With the exception of the F202L and D362A mutants, all
mutant NDO enzymes formed products with phenanthrene as
substrate. Amino acid substitutions at all positions changed
product ratios to some extent. V260A and W358A mutants
preferentially oxidized phenanthrene at the C-3 and C-4 posi-
tions, forming almost no cis-phenanthrene 1,2-dihydrodiol
(Fig. 4B). Several variants, including the N201A, N201S,
F202V, W316A, T351R, F352V, F352L, and M366W mutants,
produced a significantly greater proportion of cis-phenan-
threne 1,2-dihydrodiol than did wild-type NDO (Fig. 4B). Of
particular interest is the result with the F352V mutant. This
enzyme had the opposite regioselectivity to wild-type NDO,
forming 83% cis-phenanthrene 1,2-dihydrodiol, in contrast to
wild type, which formed 90% cis-phenanthrene 3,4-dihydro-
diol. The F352L mutant oxidized phenanthrene to a small
amount (5% of the total product) of cis-phenanthrene 9,10-
dihydrodiol (Fig. 4B).

DISCUSSION

Biphenyl dioxygenases (BPDOs) from Burkholderia sp. strain
LB400 (21), S. yanoikuyae B8/36 (20), and Comamonas testos-
teroni B-356 (28) form only biphenyl 2,3-dihydrodiol from biphe-
nyl, although various chlorinated biphenyls have been shown to
be oxidized at the C-3 and C-4 positions by BPDOLB400 (22).
The results presented here provide a detailed characterization
of the minor product (13%) formed by NDO from Pseudomo-
nas sp. strain NCIB 9816-4 from biphenyl, cis-biphenyl 3,4-
dihydrodiol. This NDO enzyme system is apparently not
unique in catalyzing the formation of cis-biphenyl 3,4-dihydro-
diol. Recently, NDO from Pseudomonas putida G7 was shown
to produce a minor product (3%) from biphenyl that was
identified by GC-MS and indirect methods as biphenyl 3,4-
dihydrodiol (3). NDO from Pseudomonas fluorescens N3 was
also reported to form a small amount (15%) of cis-biphenyl
3,4-dihydrodiol (13). However, the low yield of product and
reported instability of the compound precluded extensive char-
acterization. The construction of the F352V NDO variant,
which produced 96% cis-biphenyl 3,4-dihydrodiol from biphe-
nyl, allowed the purification of enough product to complete the
characterization described in Results. Stability problems were
not encountered as long as a pH of .7.0 was maintained
during all steps in the biotransformation, extraction, and puri-
fication.

The biological formation of cis-3,4-dihydrodiols is rarely ob-
served (8), and synthetic chemists have devised chemoenzy-
matic methods to obtain this type of compound (7). The en-

zymes that carry out the next two steps in the naphthalene
degradation pathway, the cis-dihydrodiol dehydrogenase and
the meta ring cleavage dioxygenase, have been shown to de-
grade biphenyl and PCB metabolites with substitutions at the
3,4 position (3, 5, 38). Thus, it appears that naphthalene deg-
radation pathway enzymes can carry out the first three steps in
biphenyl degradation using an alternative set of intermediates.
This observation may have application in the construction of
new degradative pathways for biphenyl and PCBs (4).

Single or multiple amino acid substitutions that result in
major changes in substrate specificity have been identified in
other oxygenase enzyme systems. Single amino acid changes in
oxygenases such as toluene 4-monooxygenase and cytochrome
P450cam have been reported (1, 34, 43, 46, 51). In the case of
toluene dioxygenase, the substitution of a single amino acid in
the a subunit (Met-220 changed to Ala) resulted in an enzyme
capable of dehalogenating 1,2,4,5-tetrachlorobenzene, a reac-
tion not carried out by wild-type toluene dioxygenase (6). Site-
directed and random mutagenesis studies with biphenyl dioxy-
genases from Burkholderia sp. strain LB400 and Pseudomonas
pseudoalcaligenes KF707 have identified amino acids in the
oxygenase a subunits that are important in determining PCB
congener specificity (9, 17, 36, 39, 45). In particular, replace-
ment of Asn-377 by Thr in BPDOLB400 significantly extended
the range of PCBs oxidized (45).

Table 3 shows the amino acids in related dioxygenases that
are located at positions corresponding to those mutated in
NDO. Some amino acids listed in Table 3 (Phe-202 and Asp-
362) are conserved in all of the enzymes shown. In other cases,
amino acids are not conserved and an amino acid in NDO was
changed to one present in one of the other enzymes. Some of
the NDO mutations were chosen based on the identification of
amino acids critical for determining substrate specificity in
other dioxygenases. In NDO, Thr-351, when changed to Asn,
had a minor effect on product formation from phenanthrene.
Replacement of this amino acid with Arg in NDO had a slight
effect on product formation from biphenyl and a larger effect
when phenanthrene was provided as the substrate (Fig. 4). This
position corresponds to the critical amino acid in BPDOLB400,
Asn-377, that was mentioned above.

Changes at Val-260 in NDO resulted in minor changes in
product formation with biphenyl and phenanthrene. The cor-
responding amino acid in BPDOKF707, Met-283, when changed
to Ser, resulted in an enzyme with no activity (36). The oppo-
site mutation in BPDOLB400, Ser-283 to Met, in the context of
two other mutations did not change the substrate specificity
(45). However, amino acid changes at this position were shown

TABLE 3. Comparison of amino acids at the active sites of selected dioxygenase a subunits

Positionb
Amino acid in the following enzymea:

NDO mutation(s)
NDO9816-4 2NTDOJS42 DNTDODNT TDOF1 BPDOLB400 BPDOKF707

201 Asn Asn Asn Gln Gln Gln Ala, Gln, Ser
202 Phe Phe Phe Phe Phe Phe Leu, Val
260 Val Asn Val Leu Ser Met Ala, Leu, Asn
316 Trp Trp Phe Trp Trp Trp Ala
351 Thr Ser Ser Thr Asn Thr Asn, Arg, Ser
352 Phe Ile Thr Phe Phe Phe Leu, Val
358 Trp Trp Trp Phe Phe Phe Ala
362 Asp Asp Asp Asp Asp Asp Ala
366 Met Met Met Trp Trp Trp Trp

a 2NTDOJS42, 2NTDO from Pseudomonas sp. strain JS42 (47); DNTDODNT, DNTDO from Burkholderia sp. strain DNT (62); TDOF1, toluene dioxygenase from
P. putida F1 (66); BPDOLB400, BPDO from Burkholderia sp. strain LB400 (18); BPDOKF707, BPDO from P. pseudoalcaligenes KF707 (63).

b Position numbers refer to NDO. Alignments were carried out with the Pileup program (Wisconsin Sequence Analysis Package; Genetics Computer Group,
Madison, Wis.) using a gap weight of 3.5 and a gap length of 0.1.
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to affect the regioselectivity and enantioselectivity of 2NTDO
(J. V. Parales and D. T. Gibson, Abstr. 99th Gen. Meet. Am.
Soc. Microbiol., abstr. Q-249, p. 579, 1999). Substitution of Val
for Asn-260 in 2NTDO resulted in an enzyme that no longer
oxidized the aromatic ring of 2-nitrotoluene, forming only the
monooxygenation product 2-nitrobenzyl alcohol (Parales and
Gibson, Abstr. 99th Gen. Meet. Am. Soc. Microbiol.). The
opposite change in specificity did not occur with the V260N
NDO mutant. Like wild-type NDO, the V260N mutant did not
oxidize the aromatic ring of 2-nitrotoluene but formed only
2-nitrobenzyl alcohol (data not shown).

Toluene dioxygenase, which has a Trp residue at the posi-
tion corresponding to 366 in NDO, dihydroxylates the aro-
matic ring of toluene to form cis-toluene dihydrodiol (19, 37).
However, the M366W variant of NDO oxidized toluene to
benzyl alcohol (data not shown), the same product formed by
the wild-type enzyme (41). Changing Trp-316 to Ala resulted
in a minor change in regioselectivity with phenanthrene.
Changing this conserved amino acid to Phe in 2NTDO had a
slight effect on the stereochemistry of cis-naphthalene dihydro-
diol formed from naphthalene (Parales and Gibson, Abstr.
99th Gen. Meet. Am. Soc. Microbiol.).

The most interesting mutations identified in this study are at
position 352. This amino acid appears to play a major role in
controlling both the stereochemistry of cis-naphthalene dihy-
drodiol formed from naphthalene and the regioselectivity with
substrates such as biphenyl and phenanthrene (Fig. 4). In ad-
dition, a product that is not made by wild-type NDO, cis-
phenanthrene 9,10-dihydrodiol, was formed from phenan-
threne by the F352L mutant. To compare the substrate
specificities of NDO and the new NDO variants with those of
the closely related enzymes 2NTDO and DNTDO, we carried
out biotransformations with biphenyl and phenanthrene and
found that both were very poor substrates for 2NTDO and
DNTDO. Both enzymes made a trace amount of cis-biphenyl
2,3-dihydrodiol from biphenyl, and DNTDO made a trace
amount of phenanthrene 3,4-dihydrodiol from phenanthrene
(data not shown). It is not clear at this time why biphenyl and
phenanthrene are such poor substrates for 2NTDO and
DNTDO. It is interesting, however, that the only mutation in
NDO that affected the stereochemistry of cis-naphthalene di-
hydrodiol was at position 352. In contrast to NDO and toluene
dioxygenase, which make homochiral (1)-cis-naphthalene di-
hydrodiol (64), DNTDO and 2NTDO form 96 and 70% (1)-
cis-naphthalene dihydrodiol, respectively (48, 62). These en-
zymes do not have Phe at the position corresponding to 352 in
NDO (Table 3).

In NDO, Asp-205 is located between the two redox centers
at the junction of two adjacent a subunits (35). Replacement of
Asp-205 by glutamine resulted in a variant of NDO with no
activity (50). In the glutamine-containing enzyme, electron
transfer between the Rieske center and the mononuclear iron
was shown to be blocked, indicating that Asp-205 is essential
for this electron transfer step to occur (50). Iron at the active
site of NDO is coordinated by His-208, His-213, and Asp-362
(35). All three of these residues are conserved in the ring-
hydroxylating dioxygenases whose sequences have been deter-
mined to date. The corresponding histidine residues in toluene
dioxygenase from P. putida F1 (His-222 and His-228) were
replaced with alanine residues, and these substitutions resulted
in completely inactive enzymes (33). The inability to detect
products from four different substrates in this study indicates
that substitution of Ala at position 362 results in an inactive
form of NDO. No activity was detected in crude cell extracts of
the D362A mutant with either oxygen uptake assays or product
formation assays with [14C]naphthalene (data not shown).

These results are consistent with the identification of Asp-362
as a ligand to the mononuclear iron at the active site.

Asn-201, a possible fourth iron-coordinating amino acid, was
observed in the crystal structure of NDO. This residue was too
far from the iron atom to serve as a ligand in the crystallized
form of the enzyme but was suggested as a possible ligand
during a step in the catalytic cycle (35). Amino acid substitu-
tions at Asn-201 resulted in enzymes with reduced but signif-
icant activity, indicating that this residue does not participate
in the coordination of iron at the active site. Crude cell extracts
of the N201A and N201Q variants had 5 to 10% of the activity
of wild-type NDO (data not shown). The results presented in
Fig. 4 suggest that Asn-201 may play a minor role in determin-
ing regioselectivity with biphenyl and phenanthrene as sub-
strates. However, Asn-201 may be more important for main-
taining appropriate interactions between a subunits through its
hydrogen bond with Tyr-103 near the Rieske center in an
adjacent a subunit (35). Substitution of an alanine at Asn-201
would disrupt this hydrogen bond and could affect the flow of
electrons from the Rieske center to the mononuclear iron, thus
reducing enzyme activity. The incorporation of the larger Gln
residue at this position may prevent the normal interaction of
a subunits even though Gln would be capable of forming a
hydrogen bond with Tyr-103. The N201S mutant showed 35 to
40% of the wild-type NDO activity (data not shown), indicat-
ing that serine is a reasonably good substitute for Asn at this
position, as is commonly the case (52).

Of the three substrates tested, the most significant effects of
mutations at the active site were observed with the largest
substrate, phenanthrene. This is not an unexpected result,
since the substrate pocket is of limited size and larger sub-
strates are likely to come in contact with more amino acids in
the active site. Many of the mutations involved the substitution
of a small hydrophobic amino acid for a larger one, and in most
cases this type of substitution did not severely reduce the
activity of the enzyme, as can sometimes occur (11). However,
one exception was the replacement of Trp-358 by Ala, which
resulted in an enzyme with poor activity with naphthalene,
biphenyl, and phenanthrene. In future studies it will be inter-
esting to compare the activities of this and other mutant en-
zymes with larger polycyclic aromatic compounds. Another
exception was the F202L mutant, which failed to form products
with all substrates tested. The reason that this substitution
resulted in an inactive enzyme while the F202V mutant had
good activity is not understood. Somewhat surprisingly, muta-
tions that introduced changes in polarity or charge (V260N and
T351R) resulted in enzymes with good activity toward hydro-
phobic substrates. In general, most changes at the active site,
with the exception of those that affect iron binding (Asp-362)
and electron transfer (Asp-205 [50]), were tolerated well, sug-
gesting that there is significant flexibility in the range of amino
acids that can be introduced at the active site. This suggests
that oxygenases with novel catalytic capabilities can be gener-
ated by introducing single or multiple mutations near the ac-
tive site.

ACKNOWLEDGMENTS

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

We thank Derek Boyd, The Queen’s University of Belfast, Belfast,
United Kingdom, for providing cis-phenanthrene 9,10-dihydrodiol;
William Kearney at the University of Iowa College of Medicine NMR
Facility for assistance in interpreting NMR data; Juan Parales for
assisting with large-scale biotransformations; and Maja Ivkovic-Jensen
and Juan Parales for helpful discussions.

VOL. 182, 2000 SITE-DIRECTED MUTAGENESIS OF NAPHTHALENE DIOXYGENASE 1647



REFERENCES

1. Atkins, W. M., and S. G. Sligar. 1988. The roles of active site hydrogen
bonding in cytochrome P-450cam as revealed by site-directed mutagenesis.
J. Biol. Chem. 263:18842–18849.

2. Ausubel, F. M., R. Brent, R. E. Kingston, D. D. Moore, J. G. Seidman, J. A.
Smith, and K. Struhl. 1993. Current protocols in molecular biology. John
Wiley & Sons, Inc., New York, N.Y.

3. Barriault, D., J. Durand, H. Maaroufi, L. D. Eltis, and M. Sylvestre. 1998.
Degradation of polychlorinated biphenyl metabolites by naphthalene-catab-
olizing enzymes. Appl. Environ. Microbiol. 64:4637–4642.

4. Barriault, D., and M. Sylvestre. 1999. Functionality of biphenyl 2,3-dioxy-
genase components in naphthalene 1,2-dioxygenase. Appl. Microbiol. Bio-
technol. 51:592–597.

5. Barriault, D., M. Vedadi, J. Powlowski, and M. Sylvestre. 1999. cis-2,3-
Dihydro-2,3-dihydroxybiphenyl dehydrogenase and cis-1,2-dihydro-1,2-dihy-
droxynaphthalene dehydrogenase catalyze dehydrogenation of the same
range of substrates. Biochem. Biophys. Res. Commun. 260:181–187.

6. Beil, S., J. R. Mason, K. N. Timmis, and D. H. Pieper. 1998. Identification of
chlorobenzene dioxygenase sequence elements involved in dechlorination of
1,2,4,5-tetrachlorobenzene. J. Bacteriol. 180:5520–5528.

7. Boyd, D. R., N. D. Sharma, S. A. Barr, H. Dalton, J. Chima, G. Whited, and
R. Seemayer. 1994. Chemoenzymatic synthesis of the 2,3- and 3,4-cis-dihy-
drodiol enantiomers of monosubstituted benzenes. J. Am. Chem. Soc. 116:
1147–1148.

8. Boyd, D. R., and G. N. Sheldrake. 1998. The dioxygenase-catalysed forma-
tion of vicinal cis-diols. Nat. Prod. Rep. 15:309–324.
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