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Abstract: 2,4-Dinitrotoluene (2,4-DNT) and 2,6-DNT are
priority pollutants, and 2,4-DNT dioxygenase of Burkhol-
deriasp. strain DNT (DDO) catalyzes the initial oxidation of
2,4-DNT to form 4-methyl-5-nitrocatechol and nitrite but
has significantly less activity on other dinitrotoluenes
and nitrotoluenes (NT). Hence, oxidation of 2,3-DNT, 2,4-
DNT, 2,5-DNT, 2,6-DNT, 2NT, and 4NT were enhanced
here by performing saturation mutagenesis on codon
1204 of the o subunit (DntAc) of DDO and by using a
membrane agar plate assay to detect catechol formation.
Rates of degradation were quantified both by the forma-
tion of nitrite and by the formation of the intermedi-
ates with high performance liquid chromatography. The
degradation of both 2,3-DNT and 2,5-DNT were achieved
for the first time (no detectable activity with the wild-
type enzyme) using whole Escherichia coli TG1 cells
expressing DDO variants DntAc 1204L and 1204Y (0.70 +
0.03 and 0.22+4+0.02 nmol/min/mg protein for 2,5-DNT
transformation, respectively). DDO DntAc variant 1204L
also transformed both 2,6-DNT and 2,4-DNT 2-fold faster
than wild-type DDO (0.8 + 0.6 nmol/min/mg protein and
4.7 +£0.5 nmol/min/mg protein, respectively). Moreover,
the activities of DDO for 2NT and 4NT were also enhanced
3.5-fold and 8-fold, respectively. Further, DntAc variant
1204Y was also discovered with comparable rate enhance-
ments for the substrates 2,4-DNT, 2,6-DNT, and 2NT
but not 4NT. Sequencing information obtained during
this study indicated that the 2,4-DNT dioxygenases of
Burkholderia sp. strain DNT and B. cepacia R34 are more
closely related than originally reported. This is the first
report of engineering an enzyme for enhanced degrada-
tion of nitroaromatic compounds and the first report of
degrading 2,5-DNT. © 2005 Wiley Periodicals, Inc.
Keywords: dinitrotoluene; 2,4-DNT dioxygenase; satu-
ration mutagenesis

INTRODUCTION

2,4,6-Trinitrotoluene (TNT) is the most common explosive
and the production intermediates 2,6-dinitrotoluene (2,6-
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DNT) and 2,4-DNT are found in the soil and ground water at
TNT facilities (Johnson et al., 2002; Nishino et al., 2000).
2,6-DNT and 2,4-DNT are also used for the production
of polyurethane foams as a precursor of toluene diisocyanate
(Nishinoetal., 1999), and both are listed as priority pollutants
by the U.S. Environmental Protection Agency (EPA)
(Nishino et al., 1999). Wastes containing 2,4-DNT are
regulated as hazardous if the concentration is over 0.13 ppm
(Suen and Spain, 1993), and both 2,4-DNT and 2,6-DNT are
carcinogenic to rats and mice (EPA/600/8-88/032, 1988)
whereas 2,3-DNTand 2,5-DNTare suspected human carcino-
gens (1994). 2,3-DNT, 2,4-DNT, 2,5-DNT, and 2,6-DNT
cause systemic intoxication (Gosselin et al., 1976). 2-
Nitrotoluene (2NT) and 4NT are also listed as high
production chemicals by the EPA, and there is potential for
human exposure (Dunnick et al., 2003). 2NT and 4NT may
cause cancer in mammalian species (Dunnick et al., 2003)
and are suspected of causing anemia in chronic exposures
(Clayton and Clayton, 1991).

Burkholderia sp. strain DNT was isolated from water
samples from Waconda Bay near the Volunteer Army
Ammunition Plant in Chattanooga, Tenn. (Spanggord et al.,
1991), and B. cepacia R34 was found from surface water at
the Radford Army Ammunition plant in West Virginia
(Nishino et al., 2000). These strains use 2,4-DNT as a sole
carbon and energy source (Johnson et al., 2002; Nishino et al.,
2000). Catabolism of 2,4-DNT is initiated by both 2,4-DNT
dioxygenases (DDO and R34 DDO), and the 2,4-DNT
oxidation pathway was reported previously (Johnson et al.,
2002; Suen and Spain, 1993) with the first product 4-methyl-
S-nitrocatechol (4MS5SNC) (Fig. 1). Though, 2,6-DNT is not a
sole carbon and energy source of either Burkholderia sp.
strain DNT or B. cepacia R34, DDO and R34 DDO oxidize
2,6-DNT to 3M4NC (Nishino et al., 2000) (Fig. 1).

DDO is very similar to R34 DDO since its ot and [ subunits
have 93% and 99.5% identity, respectively. As shown in this
report, even though DDO and R34 DDO are more similar at
the DNA level than first thought, DDO transforms 4NT to
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Figure 1. Oxidation of 2,3-DNT, 2,4-DNT, 2,5-DNT, 2,6-DNT, 4NT,
and 2NT by DDO DntAc variants 1204L and 1204Y. The new oxidation
pathways of 2,3-DNT and 2,5-DNT by DDO enzyme variants are marked
with asterisks (*).

both 4-methylcatechol and 4-nitrobenzyl alcohol, but R34
DDO transforms 4NT to 4-nitrobenzyl alcohol (Table I), so
the enzymes do not have the same activity.

Although there are many physiological roles for oxyge-
nases, they can be grouped broadly into two applications:
biodegradation and biosynthesis (van Beilen et al., 2003).
Directed evolution and saturation mutagenesis have been
used to enhance the behavior of the oxygenases for these
applications; for example, the activity of toluene ortho-
monooxygenase of B. cepacia G4 was enhanced for chlori-
nated ethenes and naphthalene degradation (Canada et al.,
2002) as well as for indigoid production (Rui et al., 2005),
and the regiospecific oxidation of toluene may be controlled
completely (Fishman et al., 2005). The large subunit of
biphenyl dioxygenase (BDO) from Pseudomonas pseudoal-
caligenes KF707 and B. cepacia 1LB400 have also been
shuffled to enhance the degradation of polychlorinated
biphenyls, benzene, and toluene (Kumamaru et al., 1998),
and random mutagenesis and saturation mutagenesis were

Initial product formation rate (nmol/min/mg protein) for the substrates 2,3-DNT, 2,4-DNT, 2,5-DNT, 2,6-DNT, 2NT, and 4NT by E. coli TG1 expressing wild-type R34 DDO, wild-type DDO, and

Table 1.

saturation mutagenesis variants DDO DntAc 1204L and 1204Y. Rates were determined both from nitrite released and from products detected with HPLC (300 pM substrate concentrations except 4NT which was

150 pM).
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®The product 4M3NC was detected by using GC-MS from variants DntAc DDO 1204L and 1204Y but not from wild-types.

“alc.: alcohol.
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used to improve the activity of toluene dioxygenase by
increasing the acceptability for 4-picoline which is a poor
substrate (Sakamoto et al., 2001).

DDO is a three-component enzyme system; electrons are
transferred from NADH through a flavoprotein reductase
(DntAa), an iron-sulfur [2Fe-2S] ferredoxin (DntAb), and an
iron-sulfur oxygenase which consists of a large (o) subunit
(DntAc) and a small () subunit (DntAd) (Parales et al.,
1998b; Suen et al., 1996). Naphthalene dioxygenase from
Pseudomonas sp. NCIB 9816-4 (NDO) is also a three-
component enzyme system similar to DDO (80% identity for
the alpha subunit). The X-ray crystal structure of NDO and
the active site residues have been determined (Kauppi et al.,
1998) which enabled the amino acids located near the active
site to be studied for their roles in controlling the re-
gioselectivity and enantioselectivity of the enzyme (Parales,
2003). For example, F352 in the o subunit of NDO (NahAc)
significantly affects the regio- and enantioselectivity of the
oxidation of naphthalene, biphenyl, and phenanthrene
(Parales et al., 2000a,b). By replacing valine at this position
to phenylalanine (V350F) in the related enzyme R34 DDO,
we changed the substrate specificity from 2,4-DNT to
substituted o- and m-phenols to create new synthetic routes
to nitrohydroquinone, methylhydroquinone, and methoxy-
hydroquinone for green chemistry (Keenan et al., 2004).

Yuetal. (2001) identified A206 position in the o subunit of
NDO (which is analogous to 1204 in DntAc of DDO, Fig. 5)
as important in determining regioselectivity with phenan-
threne since variant A206I formed 57% phenanthrene cis-
3,4-dihydrodiol compared to 90% for wild-type NDO.
Further, mutation at the analogous residue M220A in the o
subunit (TodC1) of a hybrid toluene dioxygenase from
Pseudomonas putida F1 and Burkholderia sp. strain PS12
restored dehalogenase activity for 1,2,4,5-tetrachloroben-
zene (Beil et al., 1998). Hence, codon 1204 of DDO DntAc
has been shown to affect dioxygenase activity for related
enzymes so it was mutated here with the goal of increasing
the nitrotoluene substrate range of DDO to include 2,3-DNT,
2,4-DNT, 2,5-DNT, 2,6-DNT, 2NT, and 4NT. Two DDO
DntAc variants with enhanced activity were found, 1204L
and 1204Y, and the degradation products were identified. For
comparison, the wild-type R34 DDO reactions were also
investigated.

EXPERIMENTAL METHODS

Bacterial Strains and Growth Conditions

Escherichia coli TG1 (Sambrook et al., 1989) was used to
express DDO from pBS(Kan)DNT (Fig. 2) or R34 DDO from
pBS(Kan)R34 (Keenan et al., 2004) under the control of a lac
promoter. Strains were cultured as described previously
(Keenan et al., 2004), and exponentially-grown cells were
resuspended in sodium phosphate buffer (pH 6.5) at an OD of
5-15.

B. cepacia R34 was used with broad-host-range plasmid
pVLT31 (de Lorenzo et al., 1993) and pVLT31-1204L which

F(-) origi
Xbal (871 1)j<f LW&W“&

dntAd XKW

EY
%
%

1204 Y
IS §
dntdc pBS(Kan)DNT
9391 bp
— ColELl origin
dntAb

Bgl11 (6368)

‘\~ lac promoter
ORF X Af{fk\\\ EcoR 1(3429)
7\\ dntAa
ORF 2

Figure 2. Plasmid map of pBS(Kan)DNT for the constitutive expression
of DDO (wild-type and variants) from dntAaAbAcAd and the relevant
restriction enzymes used for cloning (Bg/I, Xbal, and EcoRI), the
kanamycin resistance gene, and the constitutive lac promoter are shown.

contains the DDO DntAc 1204L mutation (described below).
Cells were grown from single colonies in Luria-Bertani (LB)
medium containing tetracycline (100 pg/mL) to maintain the
plasmid at 30°C and 250 rpm and incubated with 1 mM of
isopropyl-B-D-thiogalactopyranoside (IPTG) after 24 h.
After the culture reached an OD of 2.0, the cells were
washed with 100 mM sodium phosphate buffer (pH 6.5),
resuspended in an equal volume of buffer, and transferred to
MSB medium (Spain and Nishino, 1987) (final OD 0.1)
containing 1 mM of IPTG, tetracycline (100 pg/mL), and
0.3 mM of 2,5-DNT as a sole carbon source.

Chemicals

2,3-DNT, 2,4-DNT, 2,6-DNT, 2NT, 4NT, and 4-methylca-
techol were obtained from Aldrich Chemical Co., Inc.
(Milwaukee, WI). 2,5-DNT was obtained from Accustan-
dards Inc. (New Haven, Conn). 2-Nitrobenzyl alcohol and
4-nitrobenzyl alcohol were purchased from Fisher Scientific
Co. (Fairlawn, NJ), and 3M4NC and 4M5NC were provided
by G. R. Johnson of Tyndall Air Force Base.

Construction of pBS(Kan)DNT

The expression vector pBS(Kan)DNT (Fig. 2) was con-
structed for expression of DDO from the dntAaAbAcAd
locus (5.3 kb from pJS48 (Suen et al., 1996)) using the lac
promoter. The dnt locus was cloned into pBS(Kan) (Canada
etal., 2002) using a polymerase chain reaction (PCR) with a
mixture of Tag (Promega, Madison, WI) and Pfu (Stratagene,
La Jolla, CA) polymerases (1:1) that consisted of an initial
hot-start at 96°C for 3 min, after which the polymerases was
added, followed by 30 cycles of 94°C for 45 seconds, 55°C
for 45 seconds, and 72°C for 6 min (the final elongation
was 72°C for 7 min). The forward primer BSIIR34EcoF
(Table II) generated the EcoRlI site, and the reverse primer
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Table II. PCR primers used for construction of pBS(Kan)DNT, saturation mutagenesis of positions 1204
DntAc for DDO, and sequence analysis of both the wild-type DDO locus (dntAaAbAcAd) and the DntAc DDO

variants at codon 1204.

Purpose Primer Sequence
Plasmid BSIIR34EcoF 5'-GCATGGGAATTCCAACTGAAAAAAGAGCTTGCATGG-3
construction pBSIIDNTXbaR 5'-CCACTCTCTAGAACTGAAATCCAGGGTGTTGCACTTCAC-3’
Saturation DNTACcBgI2F 5'-ATGAGCGAGAACTGGATCG-3’
mutagenesis DNTDNTI204F 5'-GCGGAAAACTTTGTAGGTGACNNNTACCAC-3'
DNTR34V204R 5'-GATGCGTGCGTCCAACCAATGTGGTANNNGTCACCTAC-3'
DNTAcXbaR 5'-AGGGTTTTCCCAGTCACG-3'
Sequence T3MO 107F outer  5’GACCATGATTACGCCAAGCGCGC3’
analysis ContigAa 5'-CATCGTTTTCAATGAACTGTCCG-3’
pBSKanDntdntAb  5'-GACCGAGTGTACGGTGTCGTCAAGG-3’
DNTctgB 5'-AAATCCGGAAATCACCCC-3'
DNTctgC 5'-TTGTGTGCGGTTACCACG-3’
DNTctgD 5'-GACCACCAAGTATGGCAGTG-3'
DNTctgE 5'-GATTTGGGTTTCGGCAAG-3’
DNTctgF 5'-ACTTCGCTCCACTTCCGA-3’

Restriction site underlined and bold.

pBSIIDNTXbaR (Table II) generated an Xbal site; after
double digestion, the PCR fragment was cloned into the
multiple cloning site of pBS(Kan). The resulting plasmid was
electroporated into E. coli TG1 competent cells using a Bio-
Rad GenePulser/Pulse Controller (Hercules, CA) at 15 kV/
cm, 25 pF, and 200 Q. The pink color produced by DDO
expressed from pBS(Kan)DNT in E. coli TG1 colonies on
agar plates, and the indigo produced in broth cultures in-
dicated correct construction of the plasmid which was con-
firmed by DNA sequencing.

Saturation Mutagenesis at 1204

Saturation mutagenesis was performed at codon 1204 of DDO
in DntAc (GenBank accession no. U62430). All possible
64 codons were created at the target position by replacing the
codon with NNN via overlap-extension PCR. Two degenerate
primers, DNTDNTI204F (Table II) and DNTR34V204R
(Table II), were designed to randomize position 204 in DntAc.
The two additional primers for cloning, DNTAcBgI2F
(Table IT) and DNTAcXbaR (Table II), were chosen to utilize
the two unique restriction sites, Bg/Il and Xbal, that are
upstream and downstream, respectively, from position 1204
(Fig. 2). pBS(Kan)DNT (200 ng) was used as the template in
the initial PCR reaction, and Vent DNA polymerase (New
England Biolabs, Inc., Beverly, MA) was used in the PCR to
minimize random point mutations. A 1,059 bp DNA degene-
rate fragment was amplified using primers DNTAcBgI2F and
DNTR34V204R, and a 1,498 bp DNA degenerate fragment
was amplified using DNTDNTI204F and DNTAcXbaR.
After purifying from a 0.6% agarose gel, the two PCR frag-
ments were combined at a 1:1 ratio as templates to obtain the
full-length PCR product by using primers DNTAcBgI2F and
DNTAcXbaR. PCR (MJ Research minicyclerTM, Watertown,

MA) was performed at 96°C for 2 min, 30 cycles of 94°C
for 45 seconds, 55°C for 45 seconds, and 72°C for 2 min
30 seconds, with a final extension of 72°C for 7 min. The
resulting randomized PCR product (2,557 bp) was cloned
into pBS(Kan)DNT after double digestion of both vector and
insert with BgIIl and Xbal, replacing the wild-type region.
The resulting plasmid library was electroporated into E. coli
TG1 competent cells as described above.

Construction pVLT31-1204L

The 5.3 kb EcoRI and Xbal fragment from pBS(Kan)DNT
with variant DntAc [204L was cloned into the same sites of
the broad-host-range vector pVLT31 (de Lorenzo et al.,
1993) which contains the tetracycline-resistance gene. The
resulting plasmid was conjugated into B. cepacia R34 using
E. coli S17-1(Apir) (de Lorenzo et al., 1993) as a host for
biparental mating (Yee et al., 1998) with selection on MSB
containing tetracycline (10 pg/mL). The resulting strain was
B. cepacia R34-1204L with DDO variant 1204L under control
of tac promoter. The vector pVLT31 plasmid was also con-
jugated into wild-type B. cepacia R34 as a negative control.

Molecular Techniques and Protein Analysis

Sodium dodecyl sulfate-polyacrylamide gel electropho-
resis (SDS-PAGE) was performed as described previously
(Sambrook et al., 1989), and plasmid DNA was isolated using
a Midi or Mini Kit (Qiagen, Inc., Chatsworth, CA) and
digested by the restriction enzymes from New England
Biolabs, Inc.(Beverly, MA). DNA fragments were isolated
from agarose gels using the GeneClean III Kit (Bio 101,
Vista, CA). Ligation reactions were performed at 16°C for
20 hours (Sambrook et al., 1989) with a 3 to 1 molar ratio

LEUNGSAKUL ET AL.: PROTEIN ENGINEERING OF DNT DIOXYGENASE 419



(insert:vector). T4 DNA ligase and 5X T4 DNA ligase buffer
were from Invitrogen (Carlsbad, CA).

Colony Screening and Nitrite Detection

A nylon membrane agar colony screen was used with 300 pM
of 2,6-DNT (Keenan et al., 2004). The dark brown color
surrounding colonies indicated catechol was formed intra-
cellularly which was secreted and auto-oxidized to quinones
and semiquinones which have red brown color.

Nitrite released from DNT degradation using whole cells
was detected spectrophotometrically (Keenan et al., 2004).
Exponentially-grown cells resuspended in sodium phosphate
buffer were incubated with 300 pM of 2,3-DNT, 2,4-DNT,
2,5-DNT, or 2,6-DNT or 150 uM of 4NT at a cell density of
OD 5-101in sodium phosphate buffer (100 mM, pH6.5) for 5 to
60 min. For 24-DNT and 2,6-DNT degradation,
the supernatants changed from colorless to yellow due to
the accumulation of 4M5NC (Spanggord et al., 1991) and
3M4NC (Nishino et al., 2000), respectively. The nitrite con-
centration was determined using a linear calibration curve
(0.72 to 145 pM). Two to three replicates of both wild-type
enzymes and the enzyme variants were analyzed.

Product Formation Rates by HPLC

Reverse-phase, high performance liquid chromatography
(HPLC) was used to identify the products and to determine
the product formation rates from 2,4-DNT, 2,5-DNT, 2,6-
DNT, 2NT, and 4NT. Samples (10 mL) of exponentially-
grown, washed cells (OD 5 to 15) were contained in sealed
60 mL serum vials were incubated with 300 puM of 2,4-DNT,
2,5-DNT, or 2,6-DNT or 150 pM of 2NT or 4NT. 2,4-DNT,
2,5-DNT, 2,6-DNT, 2NT, and 4NT stock solutions were
diluted in acetonitrile. The samples were incubated at 37°C
on a shaker at 300 rpm for 5—60 min. 750 pL. samples were
taken at 5, 15, 30, 45, and 60 min using a 3 mL syringe to
determine the rates of formation. Samples were centrifuged
in a microcentrifuge for 5 min at 16,000 x g. Supernatants
(20 pL) were collected and analyzed using HPLC with a
Chromolith™ Performance RP-18¢ column (Merck KGaA,
4.6 x 100 mm) for 4M5NC and 3M4NC products and a
Zorbax SB-C8 column (Agilent Technologies, 5 pum, 4.6 x
250 mm) with a Waters Corporation (Milford, MA) 515
solvent delivery system. Compounds were detected by a
photodiode array detector (Waters 996). A gradient elution
was used with H,O (0.1% formic acid) and acetonitrile (95:5
0—1.5 min at 1 mL/min, 95:5 at 3.5 min at 3 mL/min, 85:15 at
5 minat 3 mL/min, 85:15 at 8 min at 1 mL/min, 60:40 at 9 min
at 1 mL/min, 60:40 at 12 min at 1 mL/min, and 95:5 at 15 min
at 1 mL/min) as the mobile phase for the 4M5NC and
3M4NC products. For 2-nitrobenzyl alcohol, 4-methylcate-
chol, and 4-nitrobenzyl alcohol, a gradient elution was used
with H,O (0.1% formic acid) and acetonitrile (70:30 0-—
8 min, 40:60 at 15 min and 70:30 at 20 min) as the mobile
phase at the flow rate of 1 mL/min. The compounds were
identified by comparison of retention time and UV-visible

spectra to those of authentic standards as well as by
co-elution with the standards. Two to three replicates of
both wild-type enzymes and the enzyme variants were
analyzed.

Product Identification via Gas
Chromatography-mass Spectrometry Analysis

4M3NC from 2,3-DNT oxidation was identified by gas
chromatography-mass spectrometry (GC-MS) using a Hew-
lett-Packard 5970B GC-MS instrument equipped with a
HP-1 column (12 m x 0.2 mm, 0.33 pM thickness), and the
ionization voltage was 70 eV. The initial column temperature
was 120°C for 2 min which was increased at 10°C/min to
270°C followed by an isothermal operation for 6 min. The
injector and detector temperatures were 270°C and 275°C.
Samples were prepared in a similar manner to the samples for
HPLC and were incubated for 1 h with 300 uM of a 2,3-DNT
stock solution dissolved in acetonitrile. Samples were
centrifuged in a microcentrifuge for 5 min at 16,000 x g,
and supernatants were extracted with ethyl acetate. Reaction
mixtures were acidified to pH 2.5 by adding hydrochloric
acid prior to extracting the product. The solvent was
evaporated under nitrogen, and the residue was dissolved in
40 pL of ethyl acetate. Trimethylsilyl derivatives were
prepared with N, O-bis(trimethylsilyl)-trifluoroacetamide
(BSTFA) (Alltech Associates Inc., Deerfield, I11.) by adding
40 pL of BSTFA into the samples, and the samples were
incubated for 30 min at room temperature. 4M3NC was
identified by GC-MS retention time (Rt) and characteristic
mass fragments (note that the molecular weight includes 144
from trimethylsilyl derivitization): Rt 8.4 min and molecular
ion [M+ (% relative intensity)] at m/z 313 (16) with major
fragment ions at m/z 298 (58), 281 (12), and 73 (100) which
were confirmed by comparison to the GC-MS data of Lessner
et al. (2002). Two to three replicates of both wild-type
enzymes and the enzyme variants were analyzed.

DNA Sequencing and Homology Modeling

The primers shown in Table II were used to sequence the
complete dnt locus (Keenan et al., 2004); all sequencing
was performed three times. The wild-type DDO o subunit
(DntAc) was modeled using SWISS-MODEL Server (Guex
etal., 1999; Guex and Peitsch, 1997; Peitsch, 1995; Schwede
et al., 2003) based on the polymer chain A NahAc template
(Protein Data Bank 107G (Karlsson et al., 2003)) of
Pseudomonas sp. NCIB 9816-4 NDO. The DDO DntAc
1204L variant was modeled from the generated wild-type
DDO model using the DeepView program (Swiss-Pdb
Viewer) (Guex et al., 1999; Guex and Peitsch, 1997; Peitsch,
1995; Schwede et al., 2003). The DeepView program per-
formed the amino acid substitutions isosterically for the
variant DDO alpha subunits based on residue interactions,
steric hindrance, and energy minimization. Figure 3 was
prepared using PyMOL (DeLano Scientific LLC, http://
pymol.sourceforge.net/).
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Leu 204

Ile 207

Figure 3. Active site of the DDO o subunit (DntAc three-dimensional
structure model) showing Ile 204 of the wild-type DDO (white), the variant
DntAc 1204L (red), and variant DntAc 1204Y (blue). Residues His 206, His
211, and Asp 360 (yellow) coordinately bind with the mononuclear iron
(pink sphere). Portions of the two ribbons of DDO which form the substrate
channel are shown in light blue (terminating at Lys 190 and His 211) and
green (terminating at Ala 343 and Ser 376). The orange residue (Ile 207)
participates in the new hydrogen bonds (pink) with the mutated residues.
Only a portion of an alpha subunit three-dimensional structure model is
shown from the catalytic oxygenase component that consists of three alpha
and three beta subunits (o333).

RESULTS

2,6-DNT Screening

DDO DntAc variants 1204L and 1204Y were identified from
saturation mutagenesis of 1204 by screening 300 colonies
from the library since it was reported by Rui et al. (2004)
that there is a 99% probability that all 64 codons will be
sampled if 292 colonies from the single site of random
mutagenesis are screened. Whereas wild-type DDO pro-
duces yellow/brown oxidized products with 2,6-DNT, DDO
DntAc variants 1204L and 1204Y were found to enhance the
production of yellow/brown metabolites on the nylon
membrane. DNA sequencing indicated there was only one
codon changed for both variants.

Nitrite Detection From Oxidation
of Nitroaromatics

The reactions of wild-type DDO, wild-type R34 DDO, and
the DDO DntAc variants 1204L and 1204Y for the nitro
compounds used in this work are summarized in Figure 1.
Previously, nitrite has been detected from the degradation of
2,4-DNT and 2,6-DNT using wild-type DDO and R34 DDO
(Johnson et al., 2002; Nishino et al., 2000; Parales et al.,
1998a; Spanggord et al., 1991).

The 1204L and 1204Y DDO DntAc variants oxidized
2,6-DNT 2-fold and 2.5-fold faster than wild-type DDO,
respectively (Table I). For 2,3-DNT and 2,5-DNT degrada-
tion, activity was achieved for the first time with the 12041
and 1204Y DntAc variants (Table I) since there was no
detectable activity for either of the wild-type enzymes.

Since 2,4-DNT is the natural substrate of DDO (Nishino
et al., 2000), its rate of oxidation was also checked via nitrite
release for the variants. The initial rate of 2,4-DNT oxidation
by wild-type DDO was 2-fold faster than wild-type R34
DDO, and the rate of 2,4-DNT oxidation by the DDO DntAc
variants [204L and 1204Y were 2-fold and 2.2-fold faster than
wild-type DDO (Table I). Hence, two new enzyme variants
were discovered that have elevated nitrite release for 2,3-
DNT, 2,4-DNT, 2,5-DNT, and 2,6-DNT. For 4NT oxidation,
the initial rate of DDO DntAc 1204L variant was 7.6-fold
faster than wild-type DDO (Table I).

HPLC and GC-MS Analysis of the 2,3-DNT, 2,4-DNT,
2,5-DNT, and 2,6-DNT Transformations

HPLC analysis was used to obtain the oxidation rates of the
variant DntAc and wild-type enzymes. As expected 2,4-DNT
was transformed to 4M5SNC by wild-type DDO (Nishino
et al., 2000; Spanggord et al., 1991), wild-type R34 DDO
(Johnson et al., 2002), and the two new DDO DntAc variants
1204L and 1204Y. 2,6-DNT was transformed to 3M4NC by
both wild-type DDO and R34 DDO (Nishino et al., 2000) and
the 1204L and 1204Y DDO DntAc variants (Fig. 1). As with
the nitrite analysis, the initial rates of 2,4-DNT oxidation by
DDO was 1.3 fold faster than R34 DDO, and the 2,4-DNT
degradation rate of the 2041 and 1204Y DntAc variants were
2.2 and 1.5 fold faster than wild-type DDO (Table I). For 2,6-
DNT oxidation, the initial rates by R34 DDO was similar to
the rate of DDO, and the 2,6-DNT degradation rates of the
DntAc I1204L and 1204Y variants were 2.2 and 2.8 fold faster
than wild-type DDO.

For 2,5-DNT degradation, 4M5NC (Fig. 1) was detected
from the DDO DntAc 1204L and I204Y variants in contrast to
wild-type DDO and R34 DDO which had no detectable
activity (Fig. 4A and B). For 2,3-DNT oxidation, the 4M3NC
product was detected from the DDO DntAc 12041 and 1204Y
variants by GC-MS in contrast to wild-type DDO which had
no detectable activity. The GC-MS fragmentation chromato-
gram of 4M3NC is shown in Figure 4C. Therefore, for all
the DNT substrates, the DntAc 1204L variant had elevated
activity.

HPLC Analysis of 2NT and 4NT Transformations

As seen previously for wild-type DDO (Parales et al., 1998a;
Suen et al., 1996), 2NT was transformed to 2-nitrobenzyl
alcohol by wild-type DDO and R34 DDO. Both the 1204L
and 1204Y DntAc DDO variants (Fig. 1) were also found to
form 2-nitrobenzyl alcohol. The 2NT transformation rate of
wild-type DDO was 3 fold faster than wild-type R34 DDO,
and the 2NT transformation rates of the 1204L and 1204Y
DntAc variants were 3.5 and 3.25 fold faster than wild-type
DDO (Table I).

In agreement with earlier studies with wild-type DDO
(Parales et al., 1998a; Suen et al., 1996), 4-methylcatechol
and 4-nitrobenzyl alcohol were detected from 4NT oxidation
by both wild-type DDO and by the 1204L DntAc variant
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Figure 4. HPLC chromatograms of 2,5 DNT degradation (300 pM) using wild-type DDO (A) and the 1204L variant (B) after 60 min. (C) GC-MS

fragmentation of the product 4M3NC from the degradation of 2,3-DNT.

(Fig. 1). Only 4-nitrobenzyl alcohol was detected from 4NT
oxidation by wild-type R34 DDO and the 1204Y DntAc
variant. The 4-methylcatechol formation rate of 1204L
DntAc variant was 5.6 faster than wild-type DDO which
was corroborated by the nitrite assay (7.6 fold, Table I). The
4-nitrobenzyl alcohol formation rate of wild-type R34 DDO
was 2 fold faster than wild-type DDO, and the 1204L DntAc
variant had a similar rate of 4NT oxidation compared to wild-
type DDO (Table I). The 1204Y DntAc variant was a down
variant for 4NT, but the DntAc 1204L variant had elevated
activity (3-6 fold) for both 2NT and 4NT.

422

Expression of DDO and Growth on 2,5-DNT

SDS-PAGE was used to determine the expression level of the
enzymes (Sakamoto et al., 2001). The DDO DntAc 1204L
and 1204Y variants had the same expression level as the
pBS(Kan)DNT wild-type enzyme based on identification of
the subunits DntAc (49 kDa) and DntAd (23 kDa); hence, the
changes in rate and regiospecificity were due to changes in
catalytic activity, not expression levels. Upon cloning DDO
DntAc variant 1204L into B. cepacia R34 using the broad-
host-range vector pVLT31, we were unable to detect an
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Figure 5. Alpha subunit amino acid sequence alignment of DDO (DntAc) and NDO (NahAc). Residue A206 of NDO is analogous to residue 1204 of DDO as
in bold and underlined. Amino acids that are different between DDO and NDO are highlighted in grey.

increase in cell number or mass using colonies, total protein,
and absorbance (results not shown).

DntAc Modeling

To determine the impact of the amino acid substitutions
on the active site structure, the program DeepView-Swiss-
PdbViewer was used to make the model of DntAc DDO
(451 amino acids) using the o subunit of NDO as a template.
There is relatively high identity between DntAc DDO and the
o subunit of NDO template, and the correct folds were
generated as judged by the positions of the mono nuclear iron
coordinating residues in DDO (H206, H211, and D360)
compared to NDO: the distances between the respective C,, of
the iron binding residues were less than 0.07 A for all three
residues from both enzymes. As shown in Figure 3, both
mutations [204L and 1204Y in DntAc may introduce a
hydrogen bond (1204 in wild-type DDO does not have a
hydrogen bond); the carbonyl group of L204 has a probable
hydrogen bond with the amino group of 1207 (distance 3.17
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A), and the carbonyl group of Y204 has another probable
hydrogen bond with the amino group of 1207 (distance
3.17 A).

DNA Sequencing

We sequenced the entire wild-type dntAaAbAcAd locus
from our cloning plasmid pBS(Kan)DNT as well as the entire
dntAaAbAcAd locus from the original plasmid that was used
to determine the DNA sequence from Burkholderia sp. strain
DNT, pJS48 (Suen et al., 1996). The DDO DNA sequences
from pBS(Kan)DNT and pJS48 are identical, so there were
no changes in the DNA sequence due to cloning into
pBS(Kan). However, nine sequencing errors were identified
in the published DNA sequence of DDO, GenBank accession
no. U62430 (Suen et al., 1996) that had a significant impact
on the protein sequence. One nucleotide was found to be
incorrectly inserted (at base pair position 873 of dntAa in
GenBank accession no. U62430) and four nucleotides
changes were found in the reductase gene dntAa (base pair
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positions 875, 876, 878, and 879 of dntAa in GenBank
accession no. U62430 should be changed from TGCAT to
GCCTA). Removing the wrong nucleotide and correcting
the four nucleotides resulted in 55 amino acid changes. One
incorrectly inserted and one incorrectly deleted nucleotide
were also found in the ferredoxin gene dntAb (between
codons P15 and L31 of DntAb), and another two nucleotides
changes were found in the dntAd gene (codons 42 and 43 of
DntAd should be changed from GCG CAC to GCC GAC).
Each of the changes was verified by sequencing three
times, and the corrected DNA sequences for dntAa
(accession number AY936476), dntAb (accession number
AY524770), and dntAd (accession number AY524771) have
been deposited in GenBank. The 14 amino acids changes in
DntAb (R16E, R18D, R19V, D20I, R21G, H22I, Q23N,
Y241, R25V, R26G, Q27K, G28E, D291, and C30A) and the
one amino acid change in DntAd (D43H) cause DDO to
match the equivalent residues in both R34 DDO and NDO.
With these DNA changes, the corrected DDO sequence now
has 99.7% identity to the analogous DntAa of R34 DDO,
100% identity to the analogous DntAb of R34 DDO, and has
99.5% identity to the analogous DntAd of R34 DDO; hence,
these enzymes are more evolutionarily-related than first
indicated (DntAc is 93% identical). This corroborates the
similar activities seen with these two enzymes for cresols,
nitrophenols, and methoxyphenols (Keenan et al. 2004,
unpublished).

DISCUSSION

These results show clearly that saturation mutagenesis of
DDO may be used to create DntAc I204L and 1204Y variants
with enhanced 2,4-DNT and 2,6-DNT degradation, and that
these variants are the first DDO that can transform 2,3-DNT
to 4M3NC and 2,5-DNT to 4M5NC in contrast to wild-types
DDO and R34 DDO which have no activity on these
substrates. To our knowledge, this is the first degradation of
2,5-DNT using a specific enzyme. Variants DntAc 1204L and
1204Y have increased activity towards 2NT producing 2-
nitrobenzyl alcohol, and [204L DntAc variant also has
enhanced activity towards 4NT producing 4-methylcatechol
and 4-nitrobenzyl alcohol, whereas the 1204Y DntAc variant
lost this activity (Table I). It is interesting that the 1204Y
mutation changes the mechanism from dioxygenation to
monooxygenation with 4NT: both wild-type DDO and the
1204L. variant produce both 4-methylcatechol and 4-
nitrobenzyl alcohol from 4NT oxidation whereas the 1204Y
variant produces only 4-nitrobenzyl alcohol. Similarly, the
1204Y variant had elevated monooxygenation of 2NT (Table I).
We have previously mutated positions 1204, S349, and T350
in the DDO alpha subunit and found that the most important
for DNT oxidation was position 1204 (unpublished).

For 2,5-DNT oxidation, it was found that 4M5NC was the
transformation product which is the same product as that
derived from 2,4-DNT, the original sole carbon and energy
source substrate of Burkholderia sp. strain DNT and B.
cepacia R34. Hence, it is possible that after cloning the DDO

DntAc variant 1204L or 1204Y into Burkholderia sp. strain
DNT or B. cepacia R34, a strain may be created allowing
growth on 2,5-DNT since the rest of the pathway is the same
as the 2,4-DNT degradation pathway (Johnson et al., 2002;
Nishino et al., 2000). However, cloning the DDO DntAc
1204L variant into B. cepacia R34 using the broad-host-
range vector pVLT31 did not result in growth on 2,5-DNT.
Perhaps the problem lies in the toxicity of this compound
and that it is very difficult to show growth on 2,4-DNT
itself. However, this strain degrades 2,3-DNT, 2,4-DNT, 2,5-
DNT, 2,6-DNT, 2NT, and 4NT which might be useful for
contaminated sites that contain mixtures of these com-
pounds.

Although non-conserved loops are a major factor in model
accuracy (Guex et al., 1999), the NDO NahAc template was
used (78% amino acid identity to DDO DntAc) to yield a
homology model which deviates by less than 0.07 A. The
model in Figure 3 shows the altered residues of DDO position
1204 lie in a presumed substrate channel. It is interesting
that although isoleucine and leucine have the same mole-
cular weight and hydrophobicity, the leucine substitution
caused the variant to have significant activity for 2,3-DNT
and 2,5-DNT and enhanced activity for 2,4-DNT, 2,6-DNT,
2NT, and 4NT; hence, this is one of the first reports that
shows a change in enzyme activity due to an amino acid
substitution that does not alter the residue size and
hydrophobicity. Beil et al. (1998) reported that the substitu-
tion of M220A at the analogous position in the o subunit of the
toluene dioxygenase from P. putida F1 facilitates tetrachlor-
obenzene to access the active site; hence, substitution of a
smaller and more hydrophobic residue was beneficial.
Similarly, when smaller and more hydrophobic amino acids
were substituted in the o subunit of BDO from B. cepacia
LB400 (T335A/F3361/1341T, T335A/F336L/1341T, and
T335A/F336L/N338T), there was enhanced activity for
polychlorinated biphenyl degradation (Mondello et al.,
1997).

Both the DntAc mutations 1204L and 1204Y in DDO may
introduce a hydrogen bond which suggests that hydrogen
bonding plays a role for enhancing in the activity for 2,3-
DNT, 2,4-DNT, 2,5-DNT, 2,6-DNT, 2NT, and 4NT since the
hydrogen bond might make the substrate channel more rigid
and might affect the substrate binding affinity as seen for
ribulose biphosphate carboxylase/oxygenase (Bainbridge
et al., 1998). It was reported that D137N variant of hy-
poxanthine phosphoribosyltransferases displays 40-fold
reduction in k.,/K,, for nucleotide formation with hypo-
xanthine as a substrate, and from the crystal structure, they
showed that the Asn 137 side chain of the D137N variant does
not form the same hydrogen bonds with the substrate as the
wild-type enzyme (Canyuk et al., 2001; Xu and Grubmeyer,
1998). Disruption of hydrogen bonds may cause the impor-
tant amino acids in the catalytic site to lose their catalytic
activity (Bainbridge et al., 1998). Hence, forming hydrogen
bonds seems to affect the activity of DDO. Clearly, further
structural study would be required for more detailed analysis
such as the substrate docking.

424 BIOTECHNOLOGY AND BIOENGINEERING, VOL. 92, NO. 4, NOVEMBER 20, 2005



NITROAROMATIC NOMENCLATURE

DNT dinitrotoluene

TNT 2,4,6-trinitrotoluene

NT nitrotoluene

DDO 2,4-DNT dioxygenase of Burkholderia sp. strain DNT
R34 DDO 2,4-DNT dioxygenase of Burkholderia cepacia R34

DntAa flavoprotein reductase

DntAb iron-sulfur ferredoxin

DntAc large (or) subunit of the iron-sulfur oxygenase

DntAd small (B) subunit of the iron-sulfur oxygenase

4MSNC 4-methyl-5-nitrocatechol

3M4NC 3-methyl-4-nitrocatechol

4M3NC 4-methyl-3-nitrocatechol

NDO naphthalene dioxygenase from Pseudomonas sp. NCIB 9816-4
BDO biphenyl dioxygenase
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