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Naphthalene dioxygenase (NDO) from Ralstonia sp. strain U2 has not been reported to oxidize nitroaromatic
compounds. Here, saturation mutagenesis of NDO at position F350 of the �-subunit (NagAc) created variant
F350T that produced 3-methyl-4-nitrocatechol from 2,6-dinitrotoluene (26DNT), that released nitrite from
23DNT sixfold faster than wild-type NDO, and that produced 3-amino-4-methyl-5-nitrocatechol and 2-amino-
4,6-dinitrobenzyl alcohol from 2-amino-4,6-dinitrotoluene (2A46DNT) (wild-type NDO has no detectable ac-
tivity on 26DNT and 2A46DNT). DNA shuffling identified the beneficial NagAc mutation G407S, which when
combined with the F350T substitution, increased the rate of NDO oxidation of 26DNT, 23DNT, and 2A46DNT
threefold relative to variant F350T. DNA shuffling of NDO nagAcAd also generated the NagAc variant G50S/
L225R/A269T with an increased rate of 4-amino-2-nitrotoluene (4A2NT; reduction product of 2,4-dinitrotolu-
ene) oxidation; from 4A2NT, this variant produced both the previously uncharacterized oxidation product
4-amino-2-nitrocresol (enhanced 11-fold relative to wild-type NDO) as well as 4-amino-2-nitrobenzyl alcohol
(4A2NBA; wild-type NDO does not generate this product). G50S/L225R/A269T also had increased nitrite
release from 23DNT (14-fold relative to wild-type NDO) and generated 2,3-dinitrobenzyl alcohol (23DNBA)
fourfold relative to wild-type NDO. The importance of position L225 for catalysis was confirmed through
saturation mutagenesis; relative to wild-type NDO, NDO variant L225R had 12-fold faster generation of
4-amino-2-nitrocresol and production of 4A2NBA from 4A2NT as well as 24-fold faster generation of nitrite
and 15-fold faster generation of 23DNBA from 23DNT. Hence, random mutagenesis discovered two new
residues, G407 and L225, that influence the regiospecificity of Rieske non-heme-iron dioxygenases.

2,4-Dinitrotoluene (24DNT) and 26DNT are priority pol-
lutants (17) generated during the synthesis of the explosive
2,4,6-trinitrotoluene (TNT), polyurethane foams, toluene,
diisocyanate, and dyestuffs (10, 33a). These DNT isomers
are genotoxic in Wistar rats (23). Other DNT isomers such
as 23DNT, 25DNT, and 34DNT are found in industrial effluent
streams (7) and are reported to be human carcinogens (29).
Aminonitrotoluenes are generated biologically from the re-
duction of DNTs (35), add to the complexity of sites con-
taminated with nitroaromatic compounds, and provide mo-
tivation for engineering oxygenase enzymes to initiate their
biodegradation. In the environment, TNT is also readily re-
duced to the aminodinitrotoluene isomers 2-amino-4,6-dinitro-
toluene (2A46DNT) and 4A26DNT (5, 37), and these reduc-
tion products are more toxic than the parent compound TNT
(14).

Recombinant Escherichia coli strains expressing 24DNT

dioxygenase (DDO) from the Burkholderia cepacia R34 and
Burkholderia sp. strain DNT (DNT DDO) oxidize 2A46DNT
at the 3,4 position, releasing nitrite to form 3-amino-4-methyl-
5-nitrocatechol (3A4M5NC), and hydroxylation of the methyl
group forms 2-amino-4,6-dinitrobenzyl alcohol (2A46DNBA)
(Fig. 1) (13). The recombinant nitrobenzene dioxygenase
from Comamonas sp. strain JS765 has been shown to oxidize
4A26DNT at the 2,3 position, releasing nitrite and to generate
3A6M5NC (13). The wild-type naphthalene dioxygenase (NDO)
from Ralstonia sp. strain U2 has not been reported to degrade
these aminodinitrotoluenes or any other nitroaromatic com-
pounds (6). Since few nitroaromatic compounds are generated
through biological activity (5), the instances of microbiological
degradation of nitroaromatic compounds are relatively sparse;
therefore, directed evolution of enzymes to create organisms
capable of transforming or mineralizing these compounds may
benefit bioremediation efforts.

The initial step in the utilization of naphthalene as a carbon
source by Ralstonia sp. strain U2 is catalyzed by NDO, which
is encoded by nagAaAbAcAd. NDO is a non-heme-iron, ring-
hydroxylating dioxygenase (6) similar to the naphthalene di-
oxygenase from Pseudomonas sp. strain NCIB 9816-4 (NCIB
NDO). Unlike NCIB NDO, NDO from U2 contains an ac-
tive salicylate 5-hydroxylase (encoded by nagGH) within the
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nagAaGHAbAcAd operon (6). The NagG (salicylate 5-hydrox-
ylase large-subunit) and NagH (salicylate 5-hydroxylase small-
subunit) terminal hydroxylase subunits utilize the same elec-
tron transfer subunits, NagAa and NagAb, as the terminal
dioxygenase (6) to catabolize naphthalene through gentisate

rather than through catechol (6). Truncated homologs of nagG
are present in all four known nitroarene dioxygenases from
strains B. cepacia R34 (DDO), Burkholderia sp. strain DNT
(DNT DDO), Acidovorax sp. strain JS42 (2-nitrotoluene dioxy-
genase) (25), and Comamonas sp. strain JS765 (nitrobenzene

FIG. 1. Wild-type and variant NDO dioxygenase reactions with 2,6-dinitrotoluene, 2,3-dinitrotoluene, and 2-amino-4,6-dinitrotoluene, and the
monooxygenase-like reactions toward 2,3-dinitrotoluene, 2-amino-4,6-dinitrotoluene, and 4-amino-2-nitrotoluene. The NagAc variant with the
highest rate of product formation is indicated above each reaction arrow, and product percentages are shown in parentheses for that variant.
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dioxygenase) (20). Hence, the U2 nagAaGHAbAcAd operon
may be the naphthalene dioxygenase that evolved into the
nitroarene dioxygenases (6).

Saturation mutagenesis at the DDO DntAc alpha-subunit
position V350 was shown by us to increase the rate of DDO for
the addition of a single-oxygen atom to the benzene ring of
substituted phenols (e.g., o-methoxyphenol and o-nitrophenol)
(16). The NDO terminal oxygenase (alpha) subunit, NagAc
(448 amino acids), has 89% amino acid sequence identity with
NahAc of NCIB NDO (12) and 91% identity with DntAc of
DDO (12).

Our goal was to engineer the NDO NagAc for activity to-
ward nitroaromatic compounds through saturation mutagene-
sis (at position F350) and through DNA shuffling of the U2
NDO nagAcAd terminal oxygenase genes. We reasoned that by
starting with a dioxygenase with no detectable activity towards
nitroaromatic compounds, we would be able to determine key
residues that influence NDO activity, and these residues might
provide insight into the structure/function relationships of this
family of Rieske non-heme-iron dioxygenases. Here, through
protein engineering, we generated NDO activity toward nitro-
aromatic compounds and discovered that alpha-subunit resi-
dues L225, F350, and G407 influence NDO activity with ni-
troaromatic compounds (alpha-subunit residues analogous to
L225 and G407 have not been linked previously to the catalytic
activity of any Rieske non-heme-iron dioxygenases). This ap-
pears to be the first report of the biological synthesis 4-amino-
2-nitrocresol and 2,3-dinitrobenzyl alcohol (23DNBA), of the
use of the Ralstonia sp. strain U2 NDO for the oxidation of
nitroaromatic compounds, and the first directed evolution of a
dioxygenase for nitroaromatic compounds.

MATERIALS AND METHODS

Bacterial strains, growth conditions, and sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis (SDS-PAGE). E. coli strain TG1 (32) was used as the
host for the recombinant dioxygenase constructs during cloning, solid-phase
screening, and whole-cell transformations of 26DNT. E. coli JVQ2 with two
nitroreductase mutations (nfsAB) (36) was used during whole-cell transforma-
tions of 2A46DNT, 23DNT, and 4A2NT to minimize the undesired reduction of
the nitro groups.

For whole-cell dioxygenase transformations, single colonies were initially in-

oculated into 25 ml of LB medium (32) containing 1.0% glucose and kanamycin
(100 �g/ml) and grown overnight at 37°C at 250 rpm. Glucose maintained
plasmid segregational stability by suppressing dioxygenase expression until en-
zyme activity was desired. Ten milliliters of the overnight culture was inoculated
into 250 ml of LB medium containing 1.0 mM isopropyl-�-D-thiogalactopyrano-
side and kanamycin (100 �g/ml) and grown at 37°C at 250 rpm from an initial
optical density at 600 nm (OD600) of 0.3 to 2.0 (�3 h of incubation). The 24DNT
dioxygenases from B. cepacia R34 and Burkholderia sp. strain DNT were ex-
pressed in both E. coli TG1 and E. coli JVQ2 from the plasmids pBS(Kan)
R34 (16) and pBS(Kan)DNT (21), respectively. The relative expression of
the nagAaAbAcAd loci from E. coli TG1/pBS(Kan)NDO� and E. coli JVQ2/
pBS(Kan)NDO� was evaluated using SDS-PAGE (32) with a 12% acrylamide
gel.

Chemicals. Dimethyl formamide and chloroform were purchased from
Fisher Scientific Co. (Fairlawn, N.J.). 24DNT, 26DNT, 23DNT, 2-amino-4-
nitrotoluene (2A4NT), 4A2NT, 4A26DNT, sulfanilamide, and N-(1-naphth-
yl)ethyldiamine were purchased from Sigma Chemical Co. (St. Louis, MO).
2A46DNT was purchased from AccuStandard Inc. (New Haven, CT). 3-Methyl-
4-nitrocatechol (3M4NC), 4M5NC, and 3A4M5NC were supplied by Jim Spain
of the U.S. Air Force. 4-Amino-2-nitrobenzyl alcohol (4A2NBA) and 2,4-dini-
trobenzyl alcohol (24DNBA) were supplied by Masa-aki Mori (23).

Construction of pBS(Kan)NDO. The expression vector pBS(Kan)NDO was
constructed by PCR amplification of the Ralstonia sp. strain U2 nagAaGHAb
AcAd loci from plasmid pWWF6 (6) using standard PCR conditions and Pfu
high-fidelity DNA polymerase (Stratagene, La Jolla, CA). The front primer
BSIIKpnNag-Fwd (Table 1) contains the restriction site KpnI, and the rear
primer BSIIBamNag-Rvs (Table 1) contains the restriction site BamHI; these
primers allowed the directional cloning of the 5.2-kb nagAaGHAbAcAd loci
downstream of the lac promoter of the expression vector pBS(Kan) (high-copy-
number plasmid derived from pBluescript II KS�) (2) and generated the
9,284-bp plasmid pBS(Kan)NDO. E. coli TG1 cells were transformed with the
plasmid constructs using Bio-Rad Gene Pulser (Hercules, CA) at 1.5 V, 25 �F,
and 200 �; correctly constructed plasmids were selected based on the production
of indigoid compounds from recombinant TG1 colonies.

To avoid the possibility of interference from an active salicylate hydroxylase,
genes nagG and nagH were removed from the original pBS(Kan)NDO construct
using two naturally occurring BsrGI restriction sites (generating a 1,208-bp
fragment); the remaining 8,076-bp pBS(Kan)NDO vector was ligated on itself to
generate the new U2 nagAaAbAcAd expression vector pBS(Kan)NDO� which
was electroporated into E. coli TG1 cells. Deletion of nagGH from pBS(Kan)
NDO was verified through restriction enzyme digests using BsrGI, EcoRI, and
BamHI.

Saturation mutagenesis of NDO nagAc. Saturation mutagenesis at position
F350 of the alpha subunit (nagAc) of NDO was performed as described previ-
ously (16) using the degenerate primers (Table 1) nagAc-F350-In-Fwd (forward)
and nagAc-F350-In-Rvs (reverse) as well as primers nagAb-Fwd (upstream of
the unique EcoRI site and the start codon for NagAc) and dntAcXba-Rvs
(downstream of the stop codon for NagAd and the unique XbaI site). A degen-

TABLE 1. Primers used for the cloning the U2 nagAaGHAbAcAd loci of Ralstonia sp. strain U2 into pBS(Kan), for the saturation
mutagenesis of F350, G407, and L225 of NDO NagAc, and for the sequencing of the wild-type and mutant insert regions nagAc and nagAd

Primer Sequence

nagAaGHAbAcAd loci cloninga

BSIIKpnNag Fwd ...............................................................................5�-GGCGGAGAGGTACCAACTGAAAAAAGAGCTTGCATGG-3�
BSIIBamNag Rvs................................................................................5�-GGATGACCGGATCCGCCATCAAGGCAGGCATCCCCAGG-3�

Saturation mutagenesis and shufflingb

nagAb Fwd ..........................................................................................5�-CCCTGAAGGCGATGTGGTCG-3�
dntAcXba Rvs .....................................................................................5�-AGGGTTTTCCCAGTCACG-3�
nag Back PCR Fwd ............................................................................5�-GCCCTCTGCACCAAGGTCG-3�
pBSii Back PCR Rvs..........................................................................5�-GGGCGAATTGGAGCTCC-3�
nagAc F350 In Fwd............................................................................5�-GCTGACGCGGTTCAGCGCACTNNNGGACCAGCAGG-3�
nagAc F350 in Rvs .............................................................................5�-CCCAGAATCCTGCTGGTCCNNNAGTGCGCTGAACC-3�
U2 G407 In Fwd.................................................................................5�-CGTCGTTGCCAAATCGGCAATCNNNGAAACCAGCTATCG-3�
U2 G407 In Rvs..................................................................................5�-GGTAGAATCCGCGATAGCTGGTTTCNNNGATTGCCGATTTGG-3�
U2 L225 In Fwd..................................................................................5�-GGTCAGTCGATATTTACCCCTNNNGCGGGCAACGC-3�
U2 L225 In Rvs ..................................................................................5�-GGAAGCATAGCGTTGCCCGCNNNAGGGGTAAATATCG-3�

a Restriction sites used in the cloning of the U2 nagAaGHAbAcAd loci are represented in italics and are underlined.
b Degenerate positions used in the randomization of positions F350, G407, and L225 are denoted as N (underlined).
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erate 1,281-bp PCR fragment was amplified using primers nagAb-Fwd and
nagAc-F350-In-Rvs, and a 1,293-bp degenerate PCR fragment was amplified
using primers nagAc-F350-In-Fwd and dntAcXba-Rvs. The two fragments were
combined during the final reassembly PCR using the nested outer primers
nag-Back-PCR-Fwd and pBSii-Back-PCR-Rvs (Table 1) as described previously
(16). The resulting randomized 2,258-bp PCR product was ligated into pBS(Kan)
NDO�, after the double digestion of both vector and insert with EcoRI and
XbaI, replacing the wild-type region. The resulting plasmid library was electro-
porated into E. coli TG1.

For saturation mutagenesis of NagAc position G407, a 2,258-bp reassembly
PCR product containing NNN for the 407 codon was obtained from the
degenerate 1,592-bp PCR product generated by the primers nagAb-Fwd and U2-
G407-In-Rvs (Table 1) and the degenerate 916-bp PCR product generated by
U2-G407-In-Fwd and dntAcXba-Rvs. For NagAc position L225, a 2,258-bp re-
assembly PCR product containing NNN for the 225 codon was obtained from the
degenerate 1,041-bp PCR product generated by the primers nagAb-Fwd and
U2-L225-In-Rvs (Table 1) and the degenerate 1,416-bp PCR product generated
by U2-L225-In-Fwd and dntAcXba-Rvs. The final degenerate G407 and L225
PCR fragments were combined during the final reassembly PCR using the nested
outer primers nag-Back-PCR-Fwd and pBSii-Back-PCR-Rvs (Table 1).

DNA shuffling of NDO nagAcAd. DNA shuffling of 100% of nagAc and 100%
of nagAd of NDO was performed using DNaseI to generate 50-bp fragments as
described previously for toluene ortho-monooxygenase (2). The reassembly PCR
primers (Table 1) nag-Back-PCR-Fwd and pBSii-Back-Rvs anneal upstream and
downstream of the natural restriction site EcoRI and restriction site XbaI (en-
coded in the multiple-cloning site), respectively, allowing cloning of only the
mutagenized region. The shuffled reassembly product was then ligated into
plasmid pBS(Kan)NDO�, replacing the 2,058-bp nagAcAd region.

Subcloning of NDO NagAc mutants. The variant F350T fragment (1,235 bp)
was ligated into the G407S plasmid backbone fragment (6,841 bp) via the nat-
urally occurring restriction sites EcoRI (5� restriction site) and AccI (3� restric-
tion site), generating the variant F350T/G407S. The G50S/L225R/A269T triple
mutant fragment (821 bp) was ligated into the F350T plasmid backbone frag-
ment (7,255 bp) via the naturally occurring restriction sites EcoRI (5� restriction
site) and Bsu36I (3� restriction site), generating the quadruple mutant G50S/
L225R/A269T/F350T. After subcloning, both the F350T/G407S and G50S/
L225R/A269T/F350T mutations were verified by sequencing the variant nagAc
gene from the reconstructed pBS(Kan)NDO�.

Colony screening. The randomized libraries generated through saturation mu-
tagenesis and DNA shuffling were screened for the production of NDO-medi-
ated oxidized products using a solid-phase assay as described previously (16);
these oxidation products were detected after extracellular auto-oxidation. Each
screening plate contained 300 to 1,000 �M concentrations of the substrates
24DNT, 26DNT, 2A46DNT, 4A26DNT, o-cresol, or p-cresol.

Product identification and rates of formation via HPLC. After two rounds of
solid-phase screening, the positive variants were grown in liquid culture for
analysis using reverse-phase high-pressure liquid chromatography (HPLC) as
described previously (16). For all the nitroaromatic substrates, 10 to 20 ml of
exponentially grown cells resuspended in 50 mM Tris-Cl buffer, pH 7.6, were
incubated in 250-ml glass shake flasks with 0.5 mM substrate (dimethyl form-
amide was the diluent and 10 to 20 �l of substrate stock solution was added to
the cell suspension). After 0 to 60 min, 1.5 ml of the incubating cell suspension
was removed and centrifuged at 14,000 rpm for 1 to 2 min in a Spectrafuge 16 M
Microcentrifuge (Labnet Inc., Woodbridge, N.J.). The substrates and products
were separated using a 100- by 4.6-mm Chromolith Performance RP-18e column
(Merck KGaA, Darmstadt, Germany). For the analysis of 26DNT and 2A46DNT
oxidation, a gradient elution was performed with H2O–0.1% formic acid and
acetonitrile (95:5 for 0 to 3.5 min, 85:15 for 5 to 8 min, 60:40 for 9 to 12 min, and
returned to 95:5 at 15 min) as the mobile phases at a flow rate of 1 ml/min for
the first 1.5 min, at 3 ml/min for 3.5 min, and remaining at 1 ml/min for 10 min.
For the analysis of 23DNT and 4A2NT oxidation, a gradient elution was per-
formed with H2O–0.1% formic acid and acetonitrile (100:0 for 0 to 15 min, 0:100
for 15 to 20 min, and returned to 100:0 after 30 min) as the mobile phases at a
flow rate of 2 ml/min.

The products were identified by comparing their HPLC retention times and
UV-visible spectra to standard chemicals and were corroborated through coelu-
tion (equal concentration of an authentic standard added to the newly identified
product to verify its identify via the formation of a single peak). To ensure the
accuracy of the retention times, the HPLC columns were equilibrated with the
appropriate elution buffer prior to evaluation of various transformations. The
authentic product standards 3M4NC, 4A2NBA, and 3A4M5NC were also eval-
uated for their stability to determine appropriate sampling times.

Initial product formation rates were determined by collecting supernatant

samples at 5-min intervals for the first 20 min and at 10- to 30-min intervals
thereafter. Product formation rates were quantified in nmol/min/mg of protein by
converting product peak areas to concentrations using standard curves prepared
at the specific absorbance wavelength for each product formed. The initial rates
of product formation for the wild-type NDO and NagAc variants were deter-
mined from at least two independent whole-cell transformation experiments.
Protein content was 0.22 mg of protein/ml/OD unit for recombinant E. coli TG1
and 0.18 mg of protein/ml/OD unit for recombinant E. coli JVQ2 as determined
using the Protein Assay Kit (Sigma Diagnostics Inc., St. Louis, Mo.). Authentic
standards were not available for the products 23DNBA, 4-amino-2-nitrocresol,
and 2A46DNBA; hence, for these products, approximate relative rates were
determined using the initial linear plot of product peak area (at the maximum
absorbance wavelength) versus time and were normalized using the cell suspen-
sion optical density to determine the relative performance of the wild-type NDO
and the NagAc variants.

LC-MS analysis. To identify 2A46DNBA generated by the NDO NagAc
variant F350T/G407S from 2A46DNT (0.5 mM) after 45 min of incubation
(incubating cell suspension had an optical density of 20), HPLC-mass spectrom-
etry (LC-MS) was performed with a Hewlett-Packard (Palo Alto, CA) 1090
series II Liquid Chromatograph with a diode array detector coupled to a Micro-
mass Q-TOF2 (Beverly, MA) mass spectrometer. Separation was achieved using
a 100- by 4.6-mm Chromolith Performance RP-18e column with a mobile phase
consisting of H2O–0.1% formic acid and acetonitrile and a gradient elution at 2.0
ml/min starting from 100% H2O–0.1% formic acid to 0% in 12 min, with a 3-min
hold at 100% acetonitrile and a return to 100% H2O–0.1% formic acid in 15 min.
The Q-TOF2 was operated in positive-ion electrospray mode with 3.0 kV ap-
plied to the inlet capillary and 30 V applied to the extraction cone. During
the 2A46DNBA analyses, LC-MS was also used to confirm the synthesis of
3A4M5NC from 2A46DNT by F350T/G407S. The products generated during the
incubation of the NDO variant F350T/G407S with 2A46DNT were compared
against the retention times and molecular mass of the authentic standard com-
pound 3A4M5NC and the expected molecular mass of 2A46DNBA under the
conditions used for the LC-MS analysis.

To identify 4M3NC and 23DNBA generated by the NagAc variant L225R
from 23DNT (0.5 mM) after 60 min of incubation with a cell suspension of
optical density of 15 to 20, LC-MS analyses were performed with a Finnigan
MAT P4000 (Thermo Separation Products Inc., San Jose, CA) and Finnigan
MAT UV6000LP diode array detector coupled to a LCQ (Thermo Separation
Products Inc., San Jose, CA) mass spectrometer. Separation was achieved using
the Chromolith Performance RP-18e column with a mobile phase consisting of
H2O–0.1% formic acid and acetonitrile and a gradient elution at 1.0 ml/min
starting from 100% H2O–0.1% formic acid to 0% in 20 min, with a 5-min hold
at 100% acetonitrile and a return to 100% H2O–0.1% formic acid in 20 min. The
LCQ was operated in negative-ion electrospray mode with 5.1 kV applied to the
inlet capillary and 3.5 V applied to the extraction cone. To determine that an
additional MS peak was either an acetonitrile or formic acid adduct product
formed during the MS procedure (in addition to the 4M3NC and 23DNBA
generated by the NagAc variant L225R from 23DNT) (4, 11), the MS charac-
teristics of the analogous compounds 4M5NC and 24DNBA were determined
including m/z fragment patterns, the tendency to form acetonitrile adducts or
formate adducts, and UV-visible spectra.

To identify 4-amino-2-nitrocresol generated by the wild-type NDO and NagAc
variant L225R from 4A2NT, LC-MS was performed using the identical condi-
tions as described during the analysis of the 23DNT oxidation products; however,
the LCQ was operated in positive-ion electrospray mode with 4.5 kV applied to
the inlet capillary and 3.5 V applied to the extraction cone. During the 4-amino-
2-nitrocresol analyses, LC-MS was also used to confirm the synthesis of 4A2NBA
from 4A2NT by L225R.

Modeling of NagAc, nitrite assay, and DNA sequencing. The altered residues
were visualized using the DeepView program (Swiss-Pdb Viewer) (33) after the
wild-type NDO NagAc �-subunit was determined using the SWISS-MODEL
server (33) based on the NCIB NDO NahAc template 1O7G (15) (polymer chain
A). The nitrite generated from the oxidation of all nitroaromatic compounds was
detected spectrophotometrically as described previously (16) based on the for-
mation of an azo dye complex between nitrite, sulfanilamide, and N-(1-naphth-
yl)ethyldiamine; the azo dye has an absorbance maximum at 543 nm. DNA se-
quencing of the nagAc and nagAd genes was performed as described previously
(16) using the primers nagAb-Fwd and pBSii-Back-PCR-Rvs (Table 1), U2ctgB
(5�-CGAAAGGCTTTGTGTGCAG-3�), U2ctgC (5�-GCGGGCTTACAAATG
ACC-3�), U2ctgD (5�-CAACATGGAGACGGAGTCG-3�), and U2ctgE (5�-A
ACGCCTGGCTTGAACAC-3�).
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RESULTS

Saturation mutagenesis of NagAc F350. To convert wild-
type NDO into an enzyme which has activity on nitroaromatic
compounds, a saturation mutagenesis library of 500 variants
for NDO NagAc F350 was screened for increased activity to-
ward 24DNT, 26DNT, 2A46DNT, 4A26DNT, and p-cresol
using the solid-phase assay. Five hundred variants were chosen
at random (some produced indigoid compounds on LB agar
transformation plates) from an initial pool of 2,000 transfor-
mation colonies based on our calculation that there is a 99%
probability that each of the 64 codons is sampled for a popu-
lation of this size (30). Five NDO variants of the F350 mu-
tagenesis library generated oxidation products that diffused
from the streaked colonies into the agar media and that auto-
oxidized to form colored high-molecular-weight compounds
(22) that were consistent with novel oxidation activity toward
the substrates 26DNT and 2A46DNT: F350T, F350Q, F350L,
F350S, and F350N. Sequencing the complete nagAcAd genes
for the NagAc F350T variant showed there were no additional
amino acid changes. No dioxygenases with altered activity to-
ward 24DNT, 4A26DNT, or p-cresol were found.

DNA shuffling of NDO nagAcAd. To identify new amino acid
positions that influence NDO catalytic activity, a DNA shuf-
fling mutant library totaling 1,500 random NDO nagAcAd
variants was screened for enhanced activity toward 24DNT,
4A26DNT, and p-cresol using the solid-phase assay. Variant
NagAc G407S with three nucleotide changes (two silent) over
the entire 2,058-bp shuffled region was selected due to the
production of a uniquely colored p-cresol oxidation product,
and NagAc G50S/L225R/A269T with three nucleotide changes
(all coding) over the entire 2,058-bp shuffled region was iden-
tified due to the production of a uniquely colored, 24DNT-
derived, oxidation product. Screening of the NDO nagAcAd
shuffling library failed to identify dioxygenases with altered
activity toward 4A26DNT. Sequencing the shuffled nagAcAd
region revealed one silent mutation and one amino acid
change, F71L, in the nagAd gene (GenBank accession no.
AF036940); these nucleotide changes were not introduced dur-
ing cloning since they were confirmed through sequencing of
the original nagAd gene from the plasmid pWWF-6 (6).

Saturation mutagenesis of NagAc L225 and G407. To
confirm the influence of the L225R substitution in the DNA
shuffling variant NagAc G50S/L225R/A269T, a saturation mu-
tagenesis library of 500 variants for NDO NagAc L225 was
screened for enhanced activity toward 24DNT, 26DNT,
2A46DNT, and 4A26DNT using the solid-phase assay. Posi-
tion L225 was chosen for saturation mutagenesis due to its
close proximity to the active-site mononuclear iron (10 Å);
positions G50 (38 Å) and A269 (25 Å) are located on the outer
shell of the alpha subunit and were not believed to influence
the catalytic activity of NagAc. Three different L225R variants
(each encoding a different R225 codon) generated a colored
24DNT oxidation product that was similar to the reaction
identified for the triple mutant G50S/L225R/A269T. Sequenc-
ing the nagAcAd genes indicated that no other amino acids
were changed.

To investigate the role of NagAc G407 on NDO catalytic
activity, a saturation mutagenesis library of 500 variants for
NDO NagAc G407 was screened for enhanced activity toward

24DNT, o-cresol, and p-cresol using the solid-phase assay.
Variants G407S and G407C were identified from this library as
having similar activity towards o-cresol and p-cresol relative
to the initial NagAc G407S DNA shuffling mutant. Variant
G407T was also found that generated a high level of indigoid-
like products during growth on the LB media agar plates.

Whole-cell transformation of 26DNT and 23DNT. The prod-
uct generated from the NDO NagAc variant F350T oxidation
of 26DNT was determined via HPLC analysis and coelution to
be 3M4NC, which releases nitrite (Fig. 1 and Table 2). Hence,
the F350T mutation created an NDO variant able to oxidize
26DNT to 3M4NC (only product peak), whereas wild-type
NDO has no activity on this substrate. NagAc F350T released
nitrite and produced 3M4NC at the same rate as wild-type
DDO of B. cepacia R34 (0.4 	 0.2 nmol NO2

�/min/mg of
protein and 0.33 	 0.06 nmol 3M4NC/min/mg of protein) and
DNT DDO of Burkholderia sp. strain DNT (0.39 	 0.08 nmol
NO2

�/min/mg of protein and 0.29 	 0.09 nmol 3M4NC/
min/mg of protein); therefore, the newly acquired rate of oxi-
dation by the variant NDO was comparable to enzymes
evolved for growth on 24DNT. NagAc variants G50S/L225R/
A269T and L225R did not oxidize 26DNT.

Variant G50S/L225R/A269T did not have increased activity
on 24DNT even though it was identified from 24DNT agar
plates. However, G50S/L225R/A269T had enhanced activity
on the host-formed reduction product from 24DNT, 4A2NT
(Fig. 1), and this is why it was identified using the agar plate
screening (Table 3).

LC-MS identified 23DNBA (m/z 
 197) as the primary
product generated from the oxidation of 23DNT by NagAc
L225R (Fig. 1 and Table 3). During the identification of
23DNBA, an aberrant m/z fragment of 242 was found and was
most likely due to the formation of a 23DNBA formic acid
adduct within the MS ionization trap. The formation of the m/z
fragment of 242 was also identified during MS analysis with the
authentic standard for the analogous nitroaromatic compound
24DNBA (m/z 
 197). Using HPLC, it was determined that
23DNBA synthesis from 23DNT was enhanced fourfold by
G50S/L225R/A269T and 15-fold by L225R relative to wild-
type NDO (Fig. 1 and Table 3). NagAc F350T generated
23DNBA from 23DNT at one-third the rate of wild-type NDO
(Table 2).

The secondary product from the oxidation of 23DNT by
variant L225R was identified through LC-MS analyses as
4M3NC (m/z 
 168), which releases nitrite (Fig. 1 and Table
3). During the identification of 4M3NC, the aberrant m/z frag-
ment of 213 that was formed was most likely due to the for-
mation of a 4M3NC formic acid adduct within the MS ioniza-
tion trap. The formation of the m/z fragment of 213 was also
identified during MS analysis with the analogous authentic
standard for 4M5NC (m/z 
 168). Only L225R generated
4M3NC at a high enough concentration to be detected during
the LC-MS and HPLC analyses. The identification of the
4M3NC product generated by variant L225R corroborated the
release of nitrite from 23DNT detected during the whole-cell
transformations. The initial rate of nitrite formation (Tables 2
and 3) shows that 23DNT oxidation was enhanced sixfold for
F350T, 14-fold for G50S/L225R/A269T, and 24-fold for L225R
relative to the wild-type NDO. The negative control E. coli
TG1/pBS(Kan) did not generate 3M4NC from 26DNT, and
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E. coli JVQ2/pBS(Kan) did not generate 23DNBA or 4M3NC
during incubation with 23DNT; hence, the enhanced oxidation
of these substrates was from the NDO mutations.

Whole-cell transformation of 2A46DNT. LC-MS identified
2A46DNBA as the primary product generated by NagAc vari-
ant F350T from the oxidation of 2A46DNT (Fig. 1); wild-type
NDO had no activity on this substrate (Table 2). Variant
F350T generated 2A46DNBA at 20% of the rate of wild-type
DDO of B. cepacia R34 (13).

Through comparisons of HPLC retention times, UV-visible
spectra, and coelution with the authentic standard, the second-
ary product generated from the oxidation of 2A46DNT by
F350T was determined to be 3A4M5NC, which releases nitrite
(Fig. 1 and Table 2); again, wild-type NDO had no activity on
this substrate (Table 2). NagAc F350T has a rate of nitrite
release and 3A4M5NC formation that is 1/10 the initial rate of
the DDO of B. cepacia R34 (0.4 	 0.1 nmol NO2

�/min/mg of
protein) and 1/30 the initial rate of the DNT DDO of Burk-
holderia sp. strain DNT (1.5 	 0.5 nmol NO2

�/min/mg of
protein). The negative control, E. coli JVQ2/pBS(Kan), did not
generate 2A46DNBA from 2A46DNT or 3A4M5NC from
2A46DNT, so the enhanced oxidations were from the altered
NDO.

Whole-cell transformation of 4A2NT. Aminonitrotoluene
isomers were considered as substrates for the wild-type NDO
and the NagAc variants since it was determined that the E. coli
TG1 host cells were reducing 24DNT to two reduction prod-
ucts, 2A4NT and 4A2NT, and it was the enhanced activity of
the G50S/L225R/A269T variant on 4A2NT that led it to its
selection from 24DNT-containing agar plates. To minimize
this undesired reduction reaction, NDO was expressed in
E. coli JVQ2 to allow the quantification of the enhanced ac-
tivity of the NagAc variants on 4A2NT. No nitrite was mea-
sured during the incubation of wild-type NDO and G50S/
L225R/A269T with 24DNT, 4A2NT, or 2A4NT.

Through HPLC time course analyses, 4-amino-2-nitrocresol
was generated from 4A2NT 11-fold faster by G50S/L225R/
A269T and 12-fold faster by L225R (Table 3) relative to wild-
type NDO. 2A4NT was not oxidized by the wild-type NDO,
G50S/L225R/A269T, or L225R. NagAc variant F350T gener-
ated trace amounts of 4-amino-2-nitrocresol from 4A2NT. The
negative control, E. coli JVQ2/pBS(Kan), did not generate
4-amino-2-nitrocresol from 4A2NT, so the enhanced oxida-
tions were from the altered NDO.

Using LC-MS, the synthesis of 4-amino-2-nitrocresol (m/z 

169) was identified as the primary product generated during
the oxidation of 4A2NT by variant L225R (Fig. 1 and Table 3).
During the identification of 4-amino-2-nitrocresol, the aber-
rant m/z fragment of 209 that was formed was most likely due
to the formation of a 4-amino-2-nitrocresol acetonitrile adduct
within the MS ionization trap.

Through comparisons of HPLC retention times, UV-visible
spectra, and coelution with the authentic standard, the variants
G50S/L225R/A269T and L225R were determined to generate
4A2NBA as the secondary product from 4A2NT (wild-type
NDO has no activity on this substrate) (Fig. 1 and Table 3).
LC-MS also confirmed the identification of the product
4A2NBA (m/z 
 169), and the aberrant m/z fragment of 209
was also identified with the authentic standard for 4A2NBA.
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Combination of beneficial NagAc mutations. The mutation
F350T was combined with both the G50S/L225R/A269T and
G407S variations to determine the impact of multiple bene-
ficial mutations on catalytic activity toward the substrates
26DNT and 2A46DNT. NagAc variant F350T/G407S oxidized
26DNT threefold faster relative to NagAc F350T (Table 2),
which exceeds by threefold the rate of 26DNT oxidation by
both wild-type 24DNT dioxygenase strains; hence, the benefi-
cial mutations could be combined to improve activity. During
contact with 23DNT, the F350T/G407S variant also generated
twofold greater nitrite relative to F350T and enhanced the
relative rate of 23DNBA formation threefold relative to F350T
(Table 2).

The primary product generated by NagAc variant F350T/
G407S from 2A46DNT was identified through LC-MS as
2A46DNBA (m/z 
 213). F350T/G407S oxidized 2A46DNT to
2A46DNBA with a twofold enhancement relative to NagAc
F350T (Table 2). The formation of 3A4M5NC as the second-
ary product from 2A46DNT by F350T/G407S was confirmed
through LC-MS by comparing the expected LC retention times
and molecular masses (m/z 
 184) of the product peak and of
the authentic 3A4M5NC standard. During incubation with
2A46DNT, NagAc F350T/G407S released nitrite and gener-
ated 3A4M5NC threefold relative to F350T (Table 2). The
NagAc variant G50S/L225R/A269T/F350T did not generate
any products from 23DNT, 26DNT or 2A46DNT during
whole-cell transformations.

Protein expression analysis. Using SDS-PAGE, similar con-
centrations were found for the NagAa (35.2 kDa), NagAc (49.6
kDa), and NagAd (23.1 kDa) subunits from E. coli TG1/pBS
(Kan)NDO� for wild-type NDO, variant G407S, variant
F350T, and variant F350T/G407S as well as from E. coli JVQ2/
pBS(Kan)NDO� for wild-type NDO, variant G50S/L225R/
A269T, and variant L225R. Hence, the changes in catalytic
activity of the NDO variants (changed regiospecificity and
rates) were not due to changes in enzyme expression.

NagAc modeling. The root mean square deviations of the
modeled NDO was determined to be 0.07 Å, using 445 C�

atoms of the NahAc and NagAc alpha subunits, and the spatial
configurations of the amino acids that coordinate the iron
atoms of the Rieske Fe2-S2 center were conserved. The F350T
substitution increases the distance between this residue and
the three amino acids that coordinate the active-site mononu-
clear iron by approximately 2.4 Å, and the F350T substitution
allows the formation of a new hydrogen bond to occur between
the hydroxyl R-group of the threonine at position 350 and
carboxyl group of peptide backbone for V346 (2.6 Å separa-
tion). Similarly, the L225R substitution allows the formation of
a new hydrogen bond between the R-group amine moiety of
R225 and the carboxyl moiety of the Y205 peptide backbone
(2.8 Å separation). The R225 R-group becomes tucked inside
the alpha-carbon backbone, potentially creating a void near
the active-site mononuclear iron that was not permitted by the
double methyl groups of the L225 R-group.

The G407S and G407T substitutions also allow the forma-
tion of a new hydrogen bond between the R-group hydroxyl
group present in serine and threonine and the hydroxyl group
on the R-group of S404 and the backbone carboxyl group of
I406 (2.6 Å and 2.3 Å separation, respectively). The sulfur
atom in the R-group for the G407C substitution generates a
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similar hydrogen bond between positions S404 and I406 (2.5 Å
and 2.2 Å separation, respectively).

DISCUSSION

This is the first report to use protein engineering to increase
the activity of a naphthalene dioxygenase toward nitroaromatic
compounds. It is shown clearly in this paper that substitu-
tion of the F350 residue of the alpha subunit (NagAc) of
NDO with T350 creates an enzyme with enhanced reaction
rates toward the dinitrotoluene isomers, 26DNT and 23DNT,
and 2A46DNT and that combining the F350T mutation with
the G407S amino acid substitution enhances further the activ-
ity of the variant NDO toward nitroaromatic compounds. In
addition, the L225R substitution generates a variant NagAc
with enhanced catalytic activity toward 23DNT and 4A2NT
(synthesizing the previously uncharacterized products 23DNBA
and 4-amino-2-nitrocresol, respectively).

The alpha-subunit residues L225 and G407 have not been
previously identified as influencing the catalytic activity of
Rieske-dioxygenases (including biphenyl, toluene, and naph-
thalene dioxygenases) using DNA shuffling, molecular breed-
ing, error-prone PCR, and site-directed mutagenesis (1, 18, 19,
27, 28, 31, 34, 38, 39, 41). Based on primary amino acid se-
quence alignments, NagAc L225 corresponds to L253 in the
biphenyl dioxygenase alpha subunit from both Burkholderia
xenovorans LB400 and Pseudomonas pseudoalcaligenes KF707,
to M242 in the toluene dioxygenase alpha subunit from P. pu-
tida F1, and to L227 from NCIB NDO. NagAc G407 corre-
sponds to A434 in the biphenyl dioxygenase alpha subunit from
both B. xenovorans LB400 and P. pseudoalcaligenes KF707, to
S423 in the toluene dioxygenase alpha subunit from P. putida
F1, and to G409 from NCIB NDO. Both alpha subunits of the
nitroarene dioxygenases from R34 DDO and DNT DDO en-
code L225 and S407 as well as the residues V350 and T350,
respectively. The NagAc F350V variation was not found while
screening the NagAc F350 saturation mutagenesis library.

Given the high rate of activity of NagAc F350T toward
26DNT, it is interesting that this variant does not recognize the
substrate 4A26DNT, since both of these nitroaromatic com-
pounds share a six-position nitro group. This lack of a rela-
tionship between activity and nitro group position is also ap-
parent by comparing the activity of F350T toward 2A46DNT
but not 24DNT, even though these compounds share a four-
position nitro group. These differences in activity suggest that
more than one of the functional groups on the benzene ring is
dictating the orientation of the substrate inside of the active-
site pocket. This also suggests that more than one amino acid
substitution is necessary to convert a dioxygenase with a nar-
row range of nitroaromatic activity to one with a broad sub-
strate range.

The importance of position L225 in the mutant G50S/
L225R/A269T was proven through saturation mutagenesis and
subsequent rounds of solid-phase screening. Variant L225R,
without the G50S and A269T mutations, exhibited a higher
rate of nitrite release from 23DNT than the parent NagAc
triple mutant (Table 3). This enhancement in activity is possi-
bly due to the removal of the slightly detrimental mutations
G50S and A269T. Conversely, the combination of the benefi-
cial F350T mutation with NagAc G50S/L225R/A269T ap-

peared to deactivate the catalytic properties of NDO. In this
quadruple mutant the proximity of both the L225R and F350T
substitutions to the active site pocket may have caused an ad-
verse conformational change of the active site pocket.

Though any assumption is highly speculative without exten-
sive docking simulations, the observation that the NagAc
F350T substitution permits a high rate of activity toward
26DNT and 2A46DNT implies that the smaller size of the
threonine R-group versus the larger phenylalanine R-group
may dictate the entrance of substrates into the NagAc active
site. The results of this study also show that amino acids not
nearby the NagAc active site can impact the regiospecific pref-
erence of the terminal oxygenase. This is clearly seen for the
mutations L225R and G407S, which are greater than 10 Å and
15 Å, respectively, away from the active site mononuclear iron.
It seems counterintuitive in the case of the NagAc variant
L225R that an amino acid substitution in which the new amino
acid has a larger R-group would promote increased reaction
rates. However, the introduction of the positively charged
arginine R-group may favor an electronic interaction with
the negatively charged nitroaromatic compounds. Other than
the formation of new hydrogen bonds, it is not clear how the
G407S substitution influences the conformation of the NagAc
active site or introduces new contacts with the various sub-
strates.

Due to limitations in substrate specificity of the downstream
degradation enzymes involved in naphthalene (40) and 24DNT
(24) degradation, it is not our intention to suggest that ni-
troaromatic compounds may be completely mineralized by
Ralstonia sp. strain U2 expressing the NDO variants described
here. Beyond bioremediation, isomers of the hydroxylated
products that we have synthesized may be used in reactions to
produce pharmaceutically relevant compounds. For example,
24DNBA has been evaluated as a precursor for carbamates
used in the synthesis of tumor treatments (3) and antibiotic
prodrugs (9); hence, the 23DNBA product synthesized as de-
scribed in this report from 23DNT, which is not commercially
available, may be useful as a precursor. In addition, isomers of
4-amino-2-nitrocresol (generated here from the oxidation of
4A2NT) such as 6-amino-4-nitro-o-cresol and 2-amino-5-nitro-
p-cresol have been evaluated as a precursors for fungicides
(42) and antiparasitic agents (8), respectively.

An attempt to convert the naphthalene dioxygenase from
Pseudomonas sp. strain NCIB 9816-4 to a nitroarene dioxyge-
nase through the NahAc F352T mutation did not generate an
NCIB NDO variant with activity towards 24DNT (26). Hence,
the results shown in this current study may provide further
evidence that the Ralstonia sp. strain U2 NDO is the arche-
typal nitroarene dioxygenase.
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