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2,4-Dinitroanisole (DNAN) is an insensitive munition ingredient used in explosive formulations as a replacement for
2,4,6-trinitrotoluene (TNT). Little is known about the environmental behavior of DNAN. There are reports of microbial
transformation to dead-end products, but no bacteria with complete biodegradation capability have been reported. Nocar-
dioides sp. strain JS1661 was isolated from activated sludge based on its ability to grow on DNAN as the sole source of carbon
and energy. Enzyme assays indicated that the first reaction involves hydrolytic release of methanol to form 2,4-dinitrophenol
(2,4-DNP). Growth yield and enzyme assays indicated that 2,4-DNP underwent subsequent degradation by a previously estab-
lished pathway involving formation of a hydride-Meisenheimer complex and release of nitrite. Identification of the genes encod-
ing the key enzymes suggested recent evolution of the pathway by recruitment of a novel hydrolase to extend the well-character-

ized 2,4-DNP pathway.

NAN (2,4-dinitroanisole) is one of the insensitive nitroaro-

matic ingredients increasingly used as a replacement for 2,4,6-
trinitrotoluene (TNT) in munitions. DNAN or its metabolites can be
toxic to earthworms, bacteria, algae, and plants (1, 2). Therefore, the
release of DNAN to the environment could pose ecological and
health risks. There is little information about the environmental be-
havior of DNAN (2), and no bacteria capable of complete biodegra-
dation have been reported.

The initial reaction in the biotransformation of DNAN by bac-
teria and in abiotic transformation with zero valent iron is the
reduction of the nitro group in the ortho position to yield 2-
amino-4-nitroanisole (3—-5). Under anoxic conditions, DNAN is
biotransformed to toxic metabolites such as diaminoanisole (3,
5-8). A Bacillus strain was reported to transform DNAN slowly
under aerobic conditions to 2-amino-4-nitroanisole as a predom-
inant dead-end product (4). A recent investigation revealed sub-
stantial aerobic biodegradation of DNAN by enrichment cultures
derived from activated sludge, but the responsible bacteria were
not isolated (9). During alkaline hydrolysis, DNAN is converted
to 2,4-dinitrophenolate via an unstable hydride-Meisenheimer
complex (10). Phototransformation of DNAN resulted in 2-hy-
droxy-4-nitroanisole and 2,4-dinitrophenol (2,4-DNP) as major
and minor products, respectively (5, 11). The pathway of 2,4-DNP
biodegradation under aerobic conditions is well-known, and the
genes involved have been characterized for Rhodococcus erythro-
polisand Nocardia (12,13). A Rhodococcus sp. has been reported to
degrade 4-nitroanisole by a pathway involving removal of the
methyl group and subsequent degradation of the resulting 4-ni-
trophenol via 4-nitrocatechol and 1,2,4-trihydroxybenzene (14).
Biotransformation of DNAN to 2,4-DNP has been reported in
mammals (15).

We isolated bacteria able to grow on DNAN as the sole carbon
source under aerobic conditions and elucidated the catabolic
pathway. An initial O-demethylation catalyzed by a hydrolase was
followed by degradation of the resultant 2,4-dinitrophenol by a
pathway involving formation of a hydride-Meisenheimer com-
plex (16, 17).
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MATERIALS AND METHODS

Isolation of DNAN-degrading bacteria. An activated sludge sample from
Holston Army Ammunition Plant was inoculated (20% [vol/vol]) into
1/4-strength minimal salts medium (MSB) (18) (pH 6.5) containing 2,4-
dinitroanisole (DNAN) (100 wM), and the suspension was incubated at
30°C with shaking. Following the disappearance of DNAN as monitored
by high-performance liquid chromatography (HPLC) (see below), sam-
ples (20% [vol/vol]) were repeatedly transferred into fresh medium and
then spread on MSB agar (1.5%) plates containing DNAN (100 pM).
Individual colonies that appeared after 4 days of incubation were tested
for the ability to degrade DNAN in carbon- and nitrogen-free MSB. Iso-
lates that used DNAN as the sole source of carbon, nitrogen, and energy
were selected for further study. 16S rRNA gene analysis was used for
identification of the strains from the draft genome sequences obtained by
using Illumina sequencing technologies (Oregon State University). The
genomes were assembled using the A5 pipeline (19) and annotated by
Rapid Annotation using Subsystem Technology (RAST) (20).

Growth of DNAN-degrading isolate. The JS1661 isolate was grown
with shaking at 30°C in MSB liquid medium (pH 6.5) containing ammo-
nium sulfate (1.9 mM) as an additional nitrogen source. When large
amounts of biomass were required, the strain was grown in MSB contain-
ing DNAN (100 wM) and sodium acetate (10 mM) or in 1/4-strength
Trypticase soy broth. To determine growth yields, the MSB medium was
supplemented with either DNAN (200 wM) or 2,4-dinitrophenol (2,4-
DNP) (200 wM) and inoculated to an optical density at 600 nm (ODy,) of
0.004 with cultures pregrown on DNAN (100 wM). Biomass was quanti-
fied by measuring protein 6 h after the disappearance of 2,4-DNP. Con-
trols with DNAN or 2,4-DNP were inoculated with autoclaved cells. One-
milliliter samples were centrifuged, and the cell pellets were suspended in
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NaOH (0.1 N), lysed by heating at 95°C for 10 min, and assayed for
protein as indicated below. Specific activities of cells grown on DNAN or
2,4-DNP were determined using induced and noninduced cells. Induced
cells were grown in MSB supplemented with DNAN or 2,4-DNP (100
M) as the sole carbon and energy source. Noninduced cells were grown
in MSB supplemented with sodium acetate (10 mM). Cells were harvested
during logarithmic growth, washed twice with MSB, and suspended to an
0Dy, 0f 0.004 (corresponding to a protein concentration of about 6 and
8.5 g ml~! for cells grown in acetate and DNAN or 2,4-DNP, respec-
tively) in MSB supplemented with DNAN (100 wM) or 2,4-DNP (100
M) and incubated at 30°C. Disappearance of DNAN or 2,4-DNP was
monitored at appropriate intervals by HPLC.

Enzyme assays. Cells were grown for 48 h in MSB containing DNAN
(100 uM) or 2,4-DNP (100 uM) supplemented with sodium acetate (10
mM). Additional DNAN or 2,4-DNP was added after complete degrada-
tion of the initial nitro compound. Immediately following disappearance
of the second addition of DNAN or 2,4-DNP, cells were harvested by
centrifugation, washed twice with phosphate buffer (pH 7.0, 20 mM), and
suspended in the same buffer. Cells were broken by two passages through
a French pressure cell at 10,000 Ib/in®. The lysates were clarified by cen-
trifugation at 100,000 X g for 30 min at 4°C. For some of the experiments,
the resulting cell lysates were either ultrafiltered using Microcon centrif-
ugal filters (10 kDa) (Millipore, MA, USA) or dialyzed overnight using
Slide-A-Lyzer dialysis membranes (10 kDa) (Pierce, IL, USA) against po-
tassium phosphate buffer (pH 7.0, 20 mM) at 4°C to remove the cofactors.

Demethylase assays were performed in 3-ml reaction mixtures in
phosphate buffer (pH 7.0, 20 mM) containing DNAN (100 uM) and cell
extract (0.3 to 0.5 mg of protein). At appropriate intervals, samples were
removed, and the reactions were stopped by addition of trifluoroacetic
acid (TFA) (0.5%). Precipitated proteins were removed by centrifugation,
and the supernatant was analyzed by HPLC as indicated below. Oxygen
uptake was measured in 1.8-ml reaction mixtures in phosphate buffer (pH
7.0,20 mM) containing DNAN (100 uM) and cell extract (0.3 to 0.5 mg of
protein). Boiled lysates were used in controls.

Concentrations of methanol were determined in 1-ml reaction mix-
tures by an indirect method. Briefly, after complete transformation of
DNAN to 2,4-DNP by dialyzed cells in 2-ml sealed HPLC vials, methanol
was converted to formaldehyde by incubation with alcohol oxidase (0.5
U) for 15 min as described by Klavons and Bennett (21). The reactions
were stopped by the addition of TFA (0.5%) to avoid further conversion
of formaldehyde to formic acid by alcohol oxidase. Formaldehyde was
then derivatized with 2,4-pentanedione for 15 min at 58°C in the presence
of ammonium acetate and glacial acetic acid as described by Summers
(22). The derivative was analyzed by HPLC as indicated below.

Hydride transferase activity was assayed in 3-ml reaction mixtures as
described by Behrend and Heesche-Wagner (17). Briefly, the reaction
mixtures contained potassium phosphate (pH 7.0, 20 mM), 2,4-DNP
(100 pM), NADPH (200 M), and cell extract (0.3 to 0.5 mg of protein).
The reaction mixtures were incubated at 30°C. At appropriate time inter-
vals, samples were removed, and the reactions were stopped by the addi-
tion of TFA (0.5%). The acidified reaction mixtures were clarified by
centrifugation and depletion of 2,4-DNP analyzed by HPLC.

Purification of DNAN demethylase. JS1661 cells were grown in Tryp-
ticase soy broth, harvested by centrifugation, washed with 0.02 M phos-
phate buffer (pH 7), and lysed with a Micro-Fluidics M-110P homoge-
nizer at 20,000 Ib/in®. After centrifugation to remove unbroken cells,
proteins were precipitated with ammonium sulfate. The 30 to 45% am-
monium sulfate fraction was dissolved in phosphate buffer and desalted
on a Hi Prep 26/10 desalting column (GE Healthcare), the resulting mix-
ture was applied to a Fractogel DEAE column, and proteins were eluted
with a0 to I M NaCl gradient in phosphate buffer (pH 7). Active fractions
were combined, concentrated by membrane filtration (10-kDa cutoff),
applied to a Superdex 200 gel filtration column (130 ml), and eluted with
20 mM Tris (pH 7.5, 150 mM NaCl). Active fractions were combined and
applied to a Source 15Q column, and proteins were eluted witha 0 to I M
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NaCl gradient in 20 mM Tris (pH 7.5). Pooled active fractions were mixed
with ammonium sulfate to a final concentration of 2.0 mM, applied to a
Source 15 PHE column and eluted with a 3 to 0 M gradient of ammonium
sulfate. All purification steps were carried out at 4°C. During purification,
DNAN hydrolase activity was measured by monitoring the release of 2,4-
DNP spectrophotometrically at 400 nm in the reaction mixture described
above.

Purified proteins were separated by SDS-PAGE, and bands were ex-
cised from the gel. After digestion with trypsin, peptides were analyzed by
liquid chromatography-tandem mass spectrometry (LC-MS/MS) with an
Agilent 1100 capillary liquid chromatography system with an Agilent XCT
ion trap mass spectrometer. Mass spectral data resulting from the tryptic
digests were matched with a custom sequence database of translations of
all open reading frames (ORFs) (>150 bp) in the genome of strain JS1661
using Agilent’s Spectrum Mill software (revision A.03.02.060). In-gel di-
gestions, peptide sequencing, and database matching were performed as
described previously (23).

Analytical methods. Concentrations of DNAN, 2,4-DNP, and the hy-
dride-Meisenheimer complex of 2,4-DNP were determined using an
Agilent 1100 HPLC system with a Merck Chromolith C, 4 reverse-phase
column (4.6 mm by 100 mm; 5 wm). The mobile phase for DNAN or
2,4-DNP consisted of 95% water and 5% acetonitrile with TFA (12.7
mM), delivered at a flow rate of 1.5 ml min~ ' over a period of 8 min. The
hydride-Meisenheimer complex of 2,4-DNP was analyzed as described by
Blasco et al. (24) using the same HPLC column as described above but
with a mobile phase of 98% phosphate buffer (pH 7.0, 20 mM) without
TFA and 2% acetonitrile with TFA (0.13 mM) delivered at a flow rate of
1.5 ml min~". The formaldehyde derivative (3,5-diacetyl-1,4-dihydrolu-
tidine) was analyzed on a Zorbax ODS C, 4 reverse-phase column (4.6 mm
by 100 mm; 5 pm) with a mobile phase of 60% water and 40% acetonitrile
with TFA (10.3 mM) at a flow rate of 0.5 ml min~'. DNAN was monitored
at 298 nm (retention time [RT], 5.7 min), 2,4-DNP at 260 nm (RT, 4 min
in water-acetonitrile and 3.1 min in phosphate buffer), hydride-Meisen-
heimer complex at 400 nm (RT, 1.5 min), and 3,5-diacetyl-1,4-dihydro-
lutidine at 410 nm (RT, 2.1 min). Oxygen uptake was measured polaro-
graphically using a Clark-type oxygen electrode and a YSI model 5300
oxygen monitor. Nitrite concentrations were determined colorimetrically
as described previously (25). Protein assays were done using a bicin-
choninic acid (BCA) assay reagent kit (Rockford, IL, USA). Samples were
centrifuged for 5 min at 16,000 X gafter the addition of BCA reagents and
then analyzed spectrophotometrically. All experiments were performed in
biological duplicate.

Chemicals. DNAN was from Alfa Aesar (Ward Hill, MA, USA), and
2,4-DNP, formaldehyde, and methanol were from Sigma-Aldrich (St,
Louis, MO, USA). The hydride-Meisenheimer complex of 2,4-DNP was
chemically synthesized as described by Behrend and Heesche-Wagner
(17).

Nucleotide sequence accession numbers. The 16S rRNA gene se-
quences of Nocardioides sp. strain JS1661 and JS1660 were deposited in
GenBank with accession numbers KM026539 and KM026540, respec-
tively. Catabolic gene clusters involved in DNAN demethylase and 2,4-
DNP degradation were deposited in GenBank with accession numbers
KM213001 and KM189438, respectively.

RESULTS

Isolation and identification of DNAN-degrading strains. En-
richment cultures yielded two bacterial isolates able to grow on
DNAN as the sole source of carbon, nitrogen, and energy. 16S
rRNA gene sequence analysis indicated that one of the isolates,
designated Nocardioides sp. strain JS1661, was most closely related
(98% sequence identity) to Nocardioides nitrophenolicus (26). The
second isolate, designated Nocardioides sp. strain JS1660 was most
closely related (98% sequence identity) to Nocardioides oleivorans
(27). The two strains behaved similarly in growth experiments
except that strain JS1660 was more sensitive to high DNAN con-
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FIG 1 Biodegradation of DNAN by Nocardioides sp. strain JS1661.

centrations (>200 M). Therefore, subsequent experiments were
conducted with Nocardioides sp. strain JS1661.

Growth of strain JS1661. During growth on DNAN, 2,4-DNP
accumulated transiently, and its disappearance was accompanied
by the release of nitrite (Fig. 1). About 90% of the theoretically
expected nitrite accumulated in the culture fluid. In a separate but
similar experiment, stoichiometric accumulation of methanol
(110 = 2 nM) was observed after complete biodegradation of
DNAN (100 = 9 uM). Methanol (up to 5 mM) did not support
growth when provided as the sole carbon and energy source.
Growth yield was 18 = 2 and 17 * 0.5 g of protein mol™' of
DNAN and 2,4-DNP, respectively. The modest yield was ex-
pected, because most previous reports of 2,4-DNP biodegradation
either involved use of supplemental carbon sources or provided
no quantitative results of growth yields. The JS1661 strain did not
grow on or transform 4-nitroanisole or 2-nitroanisole (100 M)
under conditions identical to those used for growth on DNAN.

Experiments were done to determine whether the enzymes in-
volved in DNAN and 2,4-DNP metabolism are inducible or con-
stitutive. Cells pregrown in either DNAN or acetate and trans-
ferred to MSB supplemented with DNAN exhibited no lag period
prior to DNAN transformation. The initial specific activity was
153 = 22 nmol min~' mg ™' protein for DNAN-grown cells and
141 = 8 nmol min~"' mg protein~' for acetate-grown cells. In
contrast, cells grown on acetate did not transform 2,4-DNP at a
detectable rate, whereas 2,4-DNP-grown cells degraded 2,4-DNP
immediately (86 = 1 nmol min~' mg protein™"'). 2,4-DNP deg-
radation activity became evident after 30 h for noninduced cells
(see Fig. S1 in the supplemental material). These results indicated
clearly that the enzymes involved in 2,4-DNP biodegradation are
inducible, whereas the demethylase activity is constitutive.

Enzyme assays. Soluble enzymes in dialyzed extracts of
DNAN-grown cells of Nocardioides sp. JS1661 catalyzed stoichio-
metric transformation of DNAN to 2,4-DNP and methanol with
an initial specific activity of 170 = 2 nmol min~' mg protein™'
(Fig. 2). No attempt was made to optimize the assay conditions.
Transformation of DNAN (101 £ 2 uM) to 2,4-DNP (103 = 7
wM) was accompanied by stoichiometric release of methanol
(104 £ 4 uM). Formaldehyde was not detected in the absence of
alcohol oxidase. Addition of cofactors, such as NADPH (200 uM),
NADH (200 M), or tetrahydrofolate (200 uM) did not stimulate
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FIG 2 Transformation of DNAN catalyzed by soluble enzymes from Nocar-
dioides sp. JS1661.

the transformation of DNAN to 2,4-DNP, and oxygen consump-
tion was not required for the reaction (data not shown). No activ-
ity was detected with boiled crude lysate. These results indicated
that the initial reaction in biodegradation of DNAN is hydrolytic
removal of the methyl group to yield 2,4-DNP without a require-
ment for added cofactors.

2,4-DNP hydride transferase activity in extracts prepared from
cells grown on 2,4-DNP was 35 nmol min~" mg protein~'. The
disappearance of 2,4-DNP was accompanied by formation of the
hydride-Meisenheimer complex of 2,4-DNP which is consistent
with the well-established pathway (16, 17). The identity of the
product was verified by HPLC comparison with the chemically
synthesized standard (Fig. 3). The hydride-Meisenheimer com-
plex of 2,4-DNP is not commercially available, and the synthetic
standard was not sufficiently pure to allow quantification, as
noted previously (16, 17, 28). The hydride-Meisenheimer com-
plex disappeared from the reaction mixtures after a few minutes,
and release of nitrite or accumulation of other metabolites was not
detected during the reaction catalyzed by crude or dialyzed cell

124 A

2,4-DNP

Hydride-Meisenheimer
complex of 2,4-DNP
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FIG 3 HPLC analysis of the reaction mixture during 2,4-DNP biotransforma-
tion by Nocardioides sp. JS1661. The results are from a sample analyzed after
incubation with 2,4-DNP for 2 min (A) and the hydride-Meisenheimer com-
plex synthetic standard (B).
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A) and 2,4-DNP degradation (B) in Nocardioides sp. JS1661. (C)

2,4-DNP catabolic genes were compared with homologs from Rhodococcus opacus (12), and the percentage amino acid identity is indicated. Protein-coding genes
include the following genes: orfA, gene encoding hypothetical protein; dnhA, upstream hydrolase; dnhB, downstream hydrolase; carB, gene encoding putative
phytoene dehydrogenase; orfB, L-carnitine dehydratase; npdC, hydride transferase I; orfD, aldehyde dehydrogenase; orfE, acetyl coenzyme A (acetyl-CoA)
synthetase; orfl, ABC transporter; orf2, amino acid transport system permease; orf3, ABC transporter permease; orf4, ABC transporter ATP-binding protein; orf5,
amino acid transport ATP-binding protein; orfF, lyase; npdR, transcriptional regulator; npdG, NADPH-dependent F,,, oxidoreductase; npdH, protein convert-
ing the dihydride-picric acid complex (2H™-PA) to product X; npdl, hydride transferase II; orf], enoyl-CoA hydratase; orfK, acyl-CoA dehydrogenase.

extracts. This could be due to the instability of the hydride-
Meisenheimer complex that has been shown to spontaneously
regenerate 2,4-DNP (16, 17) or to the sensitivity of the hydride
transferase enzymes to oxygen and light (29-31). 2,4-DNP was
not transformed when NADPH was substituted for NADH. The
results indicated that the initial reactions in 2,4-DNP biodegrada-
tion involved the transfer of hydride ions to form hydride-
Meisenheimer complexes of 2,4-DNP as established previously in
Rhodococcus (28, 32) and Nocardia (16, 17, 31).

Genes encoding DNAN demethylase. DNAN demethylase
was purified from JS1661 cells in order to determine the protein
sequence and identify the gene(s) responsible. The preliminary
purification described here yielded a single active band with an
estimated molecular mass of 265 kDa on a native gel and a single
peak with an approximate molecular mass of 234 kDa on size
exclusion chromatography. When the major band was cut from
the native gel and suspended in 300 pl of 500 wM DNAN in 50
mM HEPES buffer (pH 8.5), the yellow color due to DNAN hy-
drolysis appeared immediately, whereas there was no color ap-
pearance in identical reaction mixtures incubated with gel slices
from elsewhere in the gel. The purified protein yielded two bands
of approximately 36 and 34 kDa on SDS-polyacrylamide gels (see
Fig. S2 in the supplemental material), which suggests that the ac-
tive enzyme is a multimer of two subunits. The specific activity of
the purified enzyme was 6.4 wmol min ™' mg protein™'. Detailed
characterization of the enzyme will require optimization and
scale-up of the purification or heterologous expression of the
genes and will be reported elsewhere.

Based on peptide sequences obtained from the purified pro-
teins and annotation of the contig, two adjacent genes were iden-
tified on a 5-kb contig in the draft genome of strain JS1661. A
homolog search based on protein family (Pfam) revealed that
one of the genes, designated dnhA (328 amino acids), had only
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22% amino acid identity to a metallo-beta-lactamase protein
(PF00753) of Bacillus cereus (33), while no Pfam identity was iden-
tified for the second gene designated dnhB (318 amino acids).
dnhA has a start codon of ATG, while dnhB appears to start im-
mediately at the stop codon of dnhA with GTG as the start codon.
The sequences of the peptides and locations of the ribosomal
binding site and putative start/stop codons are shown in the sup-
plemental material (see Fig. S3 in the supplemental material). The
nearest upstream ORF encodes a hypothetical protein, and the
downstream ORF is most closely related (25% amino acid iden-
tity) to a beta phytoene dehydrogenase from Myxococcus xanthus
and appears to have no involvement with the hydrolase genes
(Fig. 4A).

Genes encoding 2,4-DNP catabolic pathways. Nocardioides
sp. JS1661 contains genes very similar in sequence and organiza-
tion to the genes involved in picric acid and 2,4-DNP degradation
in Rhodococcus opacus (12, 13), except for insertion of several
genes that appear to be involved mainly in transport functions in
Nocardioides sp. strain JS1661 (Fig. 4B and C). Homologs of the
inserted genes were not found in Rhodococcus (Table 1). The genes
that encode the 2,4-DNP catabolic pathway and the DNAN de-
methylase genes were not located on the same contig in the draft
genome.

DISCUSSION

Growth of bacteria on methoxy-substituted aromatic compounds
is common, and the pathways including O-demethylation have
been established. Three types of O-demethylation mechanisms
have been reported. They include the Rieske nonheme iron oxy-
genases (34-36) and the cytochrome P-450-dependent O-de-
methylases (37, 38), both of which require oxygen and NAD(P)H,
and the tetrahydrofolate-dependent O-demethylases (39, 40).
DNAN biodegradation in Nocardioides sp. strain JS1661 is also
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TABLE 1 Genes encoding DNAN hydrolase and 2,4-DNP catabolic enzymes in comparison with the closest amino acid matches from the NCBI

database

Enzyme or protein Identity Accession no. of
Gene®  size (no. of aa)” Proposed/confirmed function (%) Closest organism closest match
orfA 107 Hypothetical protein 59 Achromobacter xylosoxidans WP_006384465
dnhA 328 DNAN hydrolase a-subunit® (metallo-beta-lactamase) 22 Bacillus cereus GI-157836766
dnhB 318 DNAN hydrolase 3-subunit® (hypothetical protein) 26 Marinobacterium jannaschii WP_027858191
carB 541 Phytoene dehydrogenase 26 Mpyxococcus xanthus WP_011551016
orfB 394 L-Carnitine dehydratase 73 Rhodococcus opacus WP_005257508
npdC 295 Hydride transferase 85 Rhodococcus opacus AAK291427
orfD 483 Aldehyde dehydrogenase 80 Rhodococcus opacus WP_005257514
orfE 532 Acetyl-CoA synthetase 65 Rhodococcus opacus AAK38099
orfl 386 ABC transporter 35 Sphaerobacter thermophilus WP_012873153
orf2 287 Amino acid transport system permease 40 Actinotalea ferrariae CF5-4 EYR64100
orf3 355 ABC transporter permease 35 Bradyrhizobium sp. strain ORS 375 ~ WP_009030206
orf4 222 ABC transporter ATP-binding protein 43 Geobacillus thermocatenulatus WP_025950112
orf5 231 Amino acid transport ATP-binding protein 45 Amphimedon queenslandica XP_003390336
orfF 160 Lyase 74 Rhodococcus opacus AAK38100
npdR 268 Transcriptional regulator 77 Rhodococcus opacus AAK38101
npdG 220 NADPH-dependent F,,, oxidoreductase 72 Rhodococcus opacus AAK29135¢
npdH 95 Protein converting 2H ™ -PA to product X 54 Rhodococcus opacus WP_005257523
npdl 349 Hydride transferase IT 86 Rhodococcus opacus AAK291317
orf] 232 Enoyl-CoA hydratase 61 Rhodococcus opacus AAK38105
orfK 384 Acyl-CoA dehydrogenase 87 Rhodococcus opacus WP_005257529

“The first 4 genes in the table are on a separate contig from the genes below.
? aa, amino acids.

¢ Functions established in this study.

@ Biochemically characterized previously.

initiated by removal of the methyl group to yield 2,4-DNP and
methanol. The release of methanol and formation of 2,4-DNP
without a requirement for cofactors or oxygen indicates that
cleavage of the ether bond of DNAN in Nocardioides involves a
novel hydrolytic demethylase (Fig. 5). Atrazine hydrolase (TrzN)
from Arthrobacter has been reported to catalyze the cleavage of the
methoxy group of the heterocyclic pesticide atratone at a low rate
(41, 42). However, TrzN had no amino acid similarity to DNAN
hydrolase.

The biodegradation pathway of 2,4-DNP is well established for
Gram-positive bacteria such as Rhodococcus erythropolis (28, 32),
Nocardioides simplex FJ2-1A (16, 31), and Nocardioides sp. strain
CB 22-2 (17). The pathway is initiated by the formation of the
hydride-Meisenheimer complex of 2,4-DNP by the action of an
NADPH-dependent F,,, reductase and hydride transferases (16)
(Fig. 5). In contrast, it was suggested that the initial step of 2,4-
DNP biodegradation in Gram-negative bacteria such as Burkhold-
eria sp. strain KU-46, is removal of nitrite to form 4-nitrophenol
(43). Neither nitrite nor 4-nitrophenol was detected during trans-

7,

H,O CH OH NADPH

NO,

DNAN 2,4-DNP

formation of 2,4-DNP by cell extracts from Nocardioides sp. strain
JS1661, and the strain did not grow on 4-nitrophenol. Taken with
the presence of the genes closely related to those encoding the
pathway for 2,4-DNP degradation, the results indicate clearly that
the pathway of 2,4-DNP biodegradation in Nocardioides JS1661 is
similar to the pathway previously established for the Rhodococcus
and Nocardia species.

The presence of genes involved in 2,4-DNP biodegradation,
constitutive demethylase activity, and the inducible 2,4-DNP deg-
radation suggest that recent acquisition of the demethylase genes
by the parental 2,4-DNP-degrading strain enabled growth on
DNAN. Evolution of degradation pathways for novel organic
compounds often involves recruitment of genes encoding cata-
bolic enzymes to extend existing pathways (44-47). The early
stages of pathway assembly often involve loss of regulatory func-
tions that results in constitutive expression of key enzymes (44).

In conclusion, the robust biodegradation of DNAN by strain
JS1661 suggests that the isolates would be good candidates for
waste treatment or biodegradation applications. The fact that they

ﬁ TCA cycle

0y NOy

Hydnde—Melsenhelmer
complex

FIG 5 Proposed pathway of DNAN biodegradation by Nocardioides sp. JS1661. TCA, tricarboxylic acid.
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were isolated from a DNAN manufacturing plant suggests that
they are involved in DNAN degradation in the waste treatment
system at the site. We are currently investigating their activity and
distribution in other ecosystems and further characterizing the
hydrolase enzyme and its evolutionary origins.
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