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Biodegradation of synthetic compounds has been studied extensively, but the metabolic diversity required for
catabolism of many natural compounds has not been addressed. 5-Nitroanthranilic acid (5NAA), produced in
soil by Streptomyces scabies, is also the starting material for synthetic dyes and other nitroaromatic compounds.
Bradyrhizobium JS329 was isolated from soil by selective enrichment with 5NAA. When grown on 5NAA, the
isolate released stoichiometric amounts of nitrite and half of the stoichiometric amounts of ammonia. Enzyme
assays indicate that the initial step in 5NAA degradation is an unusual hydrolytic deamination for formation
of 5-nitrosalicylic acid (5NSA). Cloning and heterologous expression revealed the genes that encode 5NAA
deaminase (naaA) and the 5NSA dioxygenase (naaB) that cleaves the aromatic ring of 5NSA without prior
removal of the nitro group. The results provide the first clear evidence for the initial steps in biodegradation
of amino-nitroaromatic compounds and reveal a novel deamination reaction for aromatic amines.

The research on biodegradation/biotransformation of nitro
compounds has focused on synthetic chemicals, but there are a
substantial number of natural nitro-substituted compounds
whose metabolism has not been explored. The biodegradation
pathways for natural nitro compounds probably provided the
metabolic diversity that enabled the rapid and recent evolution
of pathways for degradation of synthetic nitro compounds.

5-Nitroanthranilic acid (5-NAA), a natural nitroaromatic
compound, is produced by Streptomyces scabies, but its physi-
ological role is unclear (15). Synthetic 5NAA is used as the
starting material for various nitroaromatic compounds and
dyes (3). Substitution of the aromatic ring with amino, nitro,
and carboxyl functional groups creates an interesting challenge
for catabolic enzymes because any of the three groups could
serve as a point of attack for dioxygenase enzymes prior to ring
cleavage.

Synthetic nitroanilines are toxic and used for the synthesis of
pharmaceuticals, dyes, and pigments (27). In sewage, nitro-
anilines can be formed from the corresponding dinitroaro-
matic compounds under aerobic or anaerobic conditions (11).
Early reports indicated that nitroanilines were resistant to bio-
degradation (1, 9, 11), but 4-nitroaniline was degraded by
Pseudomonas sp. strain P6 (32) and Stenotrophomonas strain
HPC 135 (26). Saupe reported that 3-nitroaniline could be
degraded aerobically (27). The biodegradation pathways of
nitroanilines are unknown, and they are typically classified as
nondegradable or poorly degradable compounds (27).

As part of a search for novel metabolic diversity and an
effort to study the degradation pathway for recalcitrant nitro-
anilines, we report here the biodegradation of 5NAA as the
sole carbon, nitrogen, and energy source by Bradyrhizobium
JS329. The degradation pathway involves an unusual hydrolytic

removal of the amino group and subsequent ring fission with-
out prior removal of the nitro group.

(A preliminary report of this work was presented at the
109th General Meeting of the American Society for Microbi-
ology, 2009 [25].)

MATERIALS AND METHODS

Isolation and growth of 5NAA-degrading bacteria. Soils were suspended
(10%, wt/vol) in nitrogen-free minimal medium (BLK, pH 7.2) (4) containing
5NAA (50 �M) and incubated at 30°C with shaking. When 5NAA disappeared,
subcultures were transferred to fresh medium with increasing concentrations of
5NAA. After repeated subculture into media with increasing levels of 5-NAA, a
pure culture was isolated on agar plates containing BLK and 5NAA (500 �M).

Isolates were routinely grown on BLK agar plates or in BLK liquid medium
supplemented with 5NAA (500 �M). When large amounts of cells were required,
cultures were grown in BLK supplemented with succinate (7.5 mM) and 5NAA
(500 �M) as the carbon and nitrogen sources. The noninduced cultures were
grown with succinate (7.5 mM) and NH4Cl (500 �M). Exponential-phase cells
were harvested by centrifugation and washed twice with phosphate buffer (20
mM, pH 7.0) prior to use.

Analytical methods. 5NAA, 5-nitrosalicylic acid (5NSA), gentisate and, salic-
ylate were analyzed by high-performance liquid chromatography (HPLC) with an
Agilent Eclipse XDB-C18 column (4.6 mm by 150 mm; 5 �m), using the method
described previously (21). 5NAA was monitored at 370 nm (retention time [RT],
7.1 min), 5NSA at 305 nm (RT, 7.5 min), gentisate at 330 nm (RT, 5.4 min), and
salicylate at 305 nm (RT, 7.3 min).

Ammonia and nitrite were measured as reported previously (21). Protein was
measured with a Pierce (Rockford, IL) BCA protein assay reagent kit.

Chemicals. 5-Nitroanthranilic acid, 4-nitrocatechol, salicylic acid, and gentisic
acid were from Sigma-Aldrich (Milwaukee, WI). 5-Nitrosalicylic acid was from
Eastman Kodak (Rochester, NY). 5-Hydroxyanthranilic acid was from Acros
Organics (Geel, Belgium).

Identification of bacteria. A genomic DNA purification system (Promega,
Madison, WI) was used to extract genomic DNA, which was the template for 16S
rRNA gene amplification by PCR with 8F (5�-AGAGTTTGATCCTGGCTCA
G-3�) (18) and 1489R (5�-TACCTTGTTACGACTTCA-3�) (30). The 16S rRNA
gene sequence (794 bp) was compared to published DNA sequences deposited in
GenBank (http://www.ncbi.nlm.nih.gov/) by using BLASTN (2).

Respirometry. Oxygen uptake was measured polarographically at 25°C with a
Clark-type oxygen electrode connected to a YSI model 5300 biological oxygen
monitor.

Cell extracts and enzyme assays. Cells were passed three times through a
French pressure cell (20,000 lb/in2). The cell lysate was clarified by centrifugation
(20,000 � g, 4°C, 20 min). The supernatant was concentrated by ultrafiltration
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(molecular mass cutoff, 10 kDa; Microcon Centrifugal Filter Devices) at 4°C and
washed twice with cold phosphate buffer, and then the rententate was suspended
in cold phosphate buffer. The 5NAA deaminase and 5NSA 1,2-dioxygenase
enzyme assays were performed at 30°C with potassium phosphate buffer (pH 7.0,
20 mM). Typical assays contained 0.6 to 3.6 mg protein and 0.05 to 0.5 �mol
substrate in a total volume of 1 ml. Trifluoroacetic acid (TFA) was added to the
mixture (1:100, vol/vol) to stop the reaction. The acidified mixture was clarified
by centrifugation before HPLC analysis.

Gene library construction and screening. Genomic DNA (3 �g) from 5NAA-
grown Bradyrhizobium JS329 cells was extracted with an UltraClean microbial
DNA isolation kit (Carlsbad, CA). DNA was randomly sheared by vortexing for
2 min. The sheared DNA fragments (approximately 30 kb in size) were end
repaired to generate blunt, 5�-phosphorylated ends. The blunt-end fragments
were ligated into CopyControl vector pCC1FOS and transfected into phage
T1-resistant Escherichia coli strain Epi300-T1R as described in the manufactur-
er’s protocol (Epicentre Biotechnologies, Madison, WI) to create a genomic
library.

Clones were screened for 5NAA-degrading activity after 40 h of growth in
96-well plates containing LB medium supplemented with chloramphenicol (12.5
�g/ml), 1� Fosmid CopyControl induction solution (Epicentre Biotechnologies,
Madison, WI), and 5NAA (100 �M). Because 5NAA is yellow, a clone desig-
nated pJS800, able to catalyze 5NAA transformation, was detected by loss of the
yellow color (Table 1).

Identification of key genes. Fosmid pJS800 was purified from the E. coli host
with a FosmidMAX DNA purification kit (Epicentre Biotechnologies, WI) and
subjected to mutagenesis in vitro using an Ez-Tn5 �KAN-2� insertion kit (Epi-
centre Biotechnologies, Madison, WI). The randomly mutated fosmids were
reintroduced into E. coli (TranforMax EC100; Epicentre Biotechnologies, Mad-
ison, WI) by electroporation. Tn5 transposon mutants were selected on LB agar
plates supplemented with chloramphenicol (12.5 �g/ml) and kanamycin (50
�g/ml). The resistant mutants were screened for the ability to transform 5NAA
or 5NSA by HPLC. Clones pJS801 and pJS802 (Table 1) were sequenced to
confirm the transposon insertion site.

The mutants that lost the ability to transform 5NAA or 5NSA were sequenced
by primer walking, starting with Ez-Tn5 �KAN-2� specific outward reading
primers (Ez-Tn5 �KAN-2� FP-1 forward primer and Ez-Tn5 �KAN-2� RP-1
reverse primer; Epicentre Biotechnologies, Madison, WI). DNA was sequenced
by Nevada Genomics Center (Reno, NV). Pairwise comparison against GenBank
sequences was performed using BLAST. The promoter was predicted using the
promoter prediction tool on the Berkeley Drosophila Genome Project website
(http://www.fruitfly.org/seq_tools/promoter.html).

Nucleotide sequence accession numbers. The nucleotide sequences of the 16S
rRNA genes of Bradyrhizobium JS329 and the sequences of genes involved in
5NAA degradation were deposited in GenBank under accession numbers
GU188568 and GU188569, respectively.

RESULTS

Isolation and identification of 5NAA-degrading bacteria.
Biodegradation of 5NAA was detected in enrichment culture
after 8 days with 5NAA as the sole source of carbon, nitrogen,
and energy. Among several soil samples, only soil from a po-
tato farm yielded a bacterial isolate able to grow on 5NAA.
The partial 16S rRNA gene sequence (794 bp) of the isolate
was 99% identical to the 16S rRNA genes of Bradyrhizobium

elkanii, but because 16S rRNA genes do not discriminate
among Bradyrhizobium species (31), the isolate was designated
Bradyrhizobium sp. JS329.

Growth of bacteria. JS329 grew best at pH 7.2 and 30°C on
concentrations of 5NAA up to 5 mM. During growth on
5NAA, JS329 released stoichiometric amounts of nitrite along
with some ammonia, which indicates that nitrite is released
without prior reduction or assimilation and that the ammonia
serves as the source of nitrogen. 5-Nitrosalicylic acid (5NSA)
accumulated transiently during 5NAA degradation (Fig. 1).
The release of 5NSA suggested that the amino group was
released before the nitro group.

JS329 also grew on 5NSA as the sole carbon, nitrogen, and
energy source with the accumulation of nitrite (0.5 mol NO2

�/
mol 5NSA) in the culture medium. We hypothesized that the
initial attack might be on the adjacent amino and carboxyl
groups, similar to the initial step in the anthranilic acid degra-
dation pathway, to yield 4-nitrocatechol, but 4-nitrocatechol
did not serve as a growth substrate, which suggested that 4-ni-
trocatechol is not involved in the degradation of 5NAA. The
growth yields were similar for growth on 5NAA and 5NSA
(data not shown). Either ammonium or nitrite could serve as
the nitrogen source for growth. JS329 grew well with 5NAA as
the nitrogen source and glucose, succinate, pyruvate, or acetate
as the carbon source.

Respirometry. The above-described preliminary experi-
ments suggested that 5NSA was produced from 5NAA and

TABLE 1. Bacterial strains and plasmids used in this study

Strain or plasmid Description Source

Strains
Bradyrhizobium sp. strain JS329 5-Nitroanthranilic acid degrader This study
Escherichia coli EPI300 Host strain for pJS800, pJS801, and pJS802 Epicentre (Madison, WI)

Plasmids
pCC1FOS Cmr; 8.1-kb fosmid vector for construction of the genomic library Epicentre (Madison, WI)
pJS800 Cmr; 40-kb pCC1FOS containing naaA and naaB from JS329 (5NAA� 5NSA�) This study
pJS801 Cmr Kmr; transposon Tn5 insertion into naaA of pJS800 (5NAA� 5NSA�) This study
pJS802 Cmr Kmr; transposon Tn5 insertion into naaB of pJS800 (5NAA� 5NSA�) This study

FIG. 1. Growth of Bradyrhizobium sp. JS329 on 5NAA as the sole
carbon, nitrogen, and energy source. F, 5NAA; �, NO2

�; E, 5NSA; Œ,
optical density at 600 nm (OD600); f, NH4

�.
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that nitrite was formed by subsequent removal of the nitro
group. Possible transformation pathways of 5NAA could also
involve the formation of 4-nitrocatechol (17) or 5-hydroxy-
anthranilic acid along with release of nitrite (5) (Fig. 2). The
three potential intermediates were tested for the ability to
stimulate oxygen uptake by 5NAA- or succinate-grown cells
(see Table 3). Negative results with 4-nitrocatechol and 5-hy-
droxyanthranilic acid suggested that the two compounds are
not involved in the 5NAA degradation pathway. Stimulation of
oxygen uptake by 5NAA and 5NSA in 5NAA-grown cells, but
not in succinate-grown cells, suggested that inducible enzymes
catalyzing transformation of 5NAA and 5NSA were involved in
the pathway.

Cloning of the genes involved in 5NAA degradation. When
the fosmid library was screened for clones with the ability to
transform 5NAA, 3 out of 5,000 clones were able to transform
both 5NAA and 5NSA to non-UV-absorbing metabolites. Tn5
mutants were prepared from pJS800. One group of mutants
exemplified by pJS801 lost the ability to transform 5NAA but
not 5NSA. Mutants (pJS802) that lost the ability to transform
5NSA transformed 5NAA stoichiometrically to 5NSA (data
not shown). Primer walking yielded about 2.2 kb of sequence
containing two adjacent and divergently transcribed genes
(Fig. 3). The 5NAA deaminase (encoded by naaA) (Fig. 3) is
distantly (34% amino acid identity) related to an uncharacter-
ized M20/M25/M40 family peptidase from Hyphomonas nep-
tunium ATCC 15444. 5NSA 1,2-dioxygenase (encoded by
naaB) (Fig. 3) is distantly (29% amino acid identity) related to
gentisate 1,2-dioxygenase from Oligotropha carboxidovorans
OM5 (23) and salicylate 1,2-dioxygenase (13) from Pseudami-

nobacter salicylatoxidans (22% amino acid identity). The de-
duced 5NSA 1,2-dioxygenase amino acid sequence contained a
conserved domain in common with salicylate dioxygenase and
gentisate 1,2-dioxygenase (TIGR02272 and COG3435) (19).
The promoter sequence for the naaB gene, found in the 400-bp
intergenic region, is TCGTTCTGTAGAACGAACGACGAT
CTGTATATTGTTACTGGGAGGGTGAC, and the pro-
moter sequence for the naaA gene is TGAATTTTGGCTGTTG
ACCGTAGACAGAACATCGTTTAATACCCCGAACA. The
transcription starts at G or A (underlined bold character). The
results for 5NAA and 5NSA transformation by the clones are
consistent with hydrolytic deamination of 5NAA to 5NSA fol-
lowed by ring cleavage catalyzed by the dioxygenase.

Enzyme assays. Ultrafiltered extracts from 5NAA-grown
cells of Bradyrhizobium JS329 catalyzed stoichiometric trans-
formation of 5NAA to 5NSA (specific activity, 0.8 � 0.32
nmol/min/mg protein). No added cofactors were required for
the transformation (Fig. 4). The results strongly suggest that
the initial reaction involves hydrolytic elimination of the amino
group. The equal stoichiometry of oxygen consumption versus
substrate for 5NAA and 5NSA in intact cells clearly shows that
no oxygen is involved in the conversion of 5NAA to 5NSA and
strongly supports the above conclusions (see Table 3).

Enzymes in crude extracts of 5NAA-grown cells of Brady-
rhizobium JS329 catalyzed the oxidation of 5NSA (specific
activity, 1.2 � 0.2 nmol/min/mg protein). Gentisate was also
oxidized at rates (19 � 1.7 nmol/min/mg protein) higher than
those in intact cells, which suggests that transport was limiting
for gentisate. However, enzymes in cell extracts of the E. coli-
containing fosmid clone pJS800, harboring naaB, did not at-
tack gentisate but did transform salicylate (specific activity,
3.9 � 0.9 nmol/min/mg protein) and 5NSA (specific activity,
11 � 0.5 nmol/min/mg protein). The results indicate that gen-
tisate dioxygenation activity in JS329 was not catalyzed by the
enzyme transforming 5NSA, but the expression of the genti-
sate dioxygenase gene(s) in another locus was induced during
growth on 5NAA.

Ultrafiltration abolished the enzymatic activity against
5NSA, which was restored by addition of ferrous but not ferric
ions. Addition of flavin adenine dinucleotide (FAD), flavin
mononucleotide (FMN), dithiothreitol (DTT), or NAD(P)H

FIG. 2. Hypothetical initial reactions in the biodegradation of
5NAA. The middle pathway was supported by this study.

FIG. 3. Identification of key genes. naaA, gene encoding 5NAA
deaminase; naaB, gene encoding 5NSA 1,2-dioxygenase. Sites of Tn5
transposon insertion are marked by arrows.

FIG. 4. Stoichiometric accumulation of 5-nitrosalicylate (5NSA)
from 5NAA when ultrafiltered extract from 5NAA-grown cells was
incubated with 5NAA at 30°C. F, 5NAA; Œ, 5NSA.
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had no effect on the activity (Table 2). Nitrite was not detected
during the transformation of 5NSA, and no UV-absorbing
metabolites were detected by HPLC.

5NSA oxidation catalyzed by cell extracts required 0.97 �
0.09 mol O2/mol 5NSA. Upon incubation with 2,2�-dipyridyl (1
mM) or o-phenanthroline (1 mM), the enzymatic activity was
inhibited by 97.7% or 100%, respectively. The requirement for
oxygen and Fe2� but no external electron donor suggested that
5NSA transformation is catalyzed by a ring cleavage dioxygen-
ase.

The properties of the enzyme catalyzing 5NSA oxidation
were similar to those of salicylate 1,2-dioxygenase: 1 mol of
oxygen was consumed per mol of substrate, 40% to 50% of
original activity was lost after 1 week of storage at �20°C, Fe2�

was required, NAD(P)H was not required, and the enzyme was
active against salicylate and inhibited by iron chelators (12).

DISCUSSION

Our study provides the first clear evidence for the initial
steps in biodegradation of nitroanilines. The enzymatic re-
moval of either the amino group or the nitro group might be
expected to initiate biodegradation of such molecules. Amino
groups attached to aromatic rings are usually removed in re-
actions catalyzed by dioxygenases. For example, aniline is con-
verted to catechol by aniline dioxygenase, a multicomponent
dioxygenase (10, 29). Anthranilate (2-aminobenzoate) is trans-
formed to catechol through the simultaneous removal of the
adjacent amino and carboxyl groups by a dioxygenase in
Pseudomonas (17) or Burkholderia cepacia DBO1 (6). A flavo-
protein hydroxylase in the yeast Trichosporon cutaneum (24)
converts anthranilate into 2,3-dihydroxybenzoate, whereas en-
zymes in Nocardia opaca convert it to 5-hydroxyanthranilate
(5). The difference in deamination mechanisms among 5NAA-,
anthranilate-, and aniline-degrading enzymes might be caused
by steric or electronic effects of the nitro group in the 5NAA
molecule. Aminohydrolases are commonly involved in elimi-
nation of amino groups from aliphatic and heterocyclic com-
pounds (16, 28) but have not been reported to act on aromatic
compounds. Purification and characterization of the novel en-
zyme will be required to determine its substrate range and the
mechanism of the unusual reaction.

The fact that gentisate can stimulate the oxygen uptake by
5NAA-grown cells (Table 3) at first suggested that 5NSA was
converted to gentisate by a flavoprotein analogous to nitrophe-

nol monooxygenase (14). 5NSA transformation in cell extracts
without an added electron donor and no nitrite accumulation
established clearly that another mechanism must be involved.
Our results indicate that the reaction is a ring cleavage cata-
lyzed by a dioxygenase that is active against both 5NSA and
salicylate but not gentisate. The finding is consistent with the
report that an enzyme from Pseudaminobacter salicylatoxidans
with 28% identity to gentisate 1,2-dioxygenase from Pseudo-
monas alcaligenes NCIMB 9867 can oxidize salicylate and a
variety of substituted salicylates but not 5NSA (13). Our results
indicate that the ring cleavage dioxygenase has evolved the
ability to oxidize 5NSA specifically.

The conservation of a histidine pair is essential for the an-
choring of ferrous ion in the catalytic center of salicylate and
gentisate 1,2-dioxygenases (7, 13). Alignment of the sequences
of salicylate 1,2-dioxygenase from Pseudaminobacter salicyla-
toxidans, gentisate 1,2-dioxygenase from Burkholderia mul-
tivorans CGD2M, gentisate 1,2-dioxygenase from Oligotropha
carboxidovorans OM5, 1-hydroxy-2-naphthoic acid dioxygenase
from Mycobacterium sp. CH1, and 5NSA 1,2-dioxygenase re-
veals that the histidine pair is highly conserved (Fig. 5).

Inducible activities of 5NAA deaminase and 5NSA 1,2-di-
oxygenase were detected in both intact cells and cell extracts at
specific activities sufficient to support the growth of JS329. The
results indicate that the pathway is initiated by a novel hydro-
lytic deaminase to produce 5NSA, which in turn is oxidized by
a ring fission dioxygenase (Fig. 2).

The mechanism of removal of the nitro group represents a
particularly interesting question. For most nitrophenols, nitro
group removal is catalyzed by NAD(P)H-dependent monoox-
ygenase enzymes prior to cleavage of the aromatic ring (22).
Biodegradation of 5NAA, 2,6-DNT (2,6-dinitrotoluene), and
picric acid are exceptions to the general rule (8, 20). In such
cases, the nitrophenol serves as the ring fission substrate. The
mechanism of release of the nitro group from the ring fission
product is unknown (20).

The failure to detect 5NAA-degrading bacteria in the ma-
jority of the soil samples suggests that the distribution of
5NAA degraders is limited, as did the earlier work by Hallas
and Alexander (11). It seems likely that ecosystems that harbor
5NAA producers would also harbor 5NAA degraders, but the

TABLE 2. Effect of additions on transformation of 5NSA by
ultrafiltered extract from 5NAA-grown cellsa

Addition(s) Relative rate (%)

Fe2� .................................................................................... 100
NADH................................................................................ 23.3 � 1.7
Fe3� .................................................................................... 9.4 � 1.2
Fe2�, NADH..................................................................... 87.7 � 2.2
Fe2�, NADH, FAD.......................................................... 102.1 � 0.6
Fe2�, NADH, FMN ......................................................... 90.4 � 0.8
Fe2�, NADH, DTT .......................................................... 70 � 14
No cofactor........................................................................ 17 � 2.4

a Cells were incubated at 30°C with shaking. The concentrations were as
follows: for Fe2�, 50 �M; for Fe3�, 50 �M; for NADH, 150 �M; for FMN, 10
�M; for FAD, 10 �M; and for DTT, 1 mM.

TABLE 3. O2 uptake by 5NAA- or succinate-grown cellsa

Test substrate

Oxygen uptake
(nmol O2/min/mg of protein)

by cells grown in:

5-Nitroanthranilic acid Succinic acid

5-Nitroanthranilic acidb 5.7 � 0.42 ND
5-Nitrosalicylic acidc 6.6 � 0.85 ND
Gentisic acid 2 � 0.84 ND
5-Hydroxyanthranilic acid ND ND
4-Nitrocatechol ND ND
Succinic acid NT 5.4

a The reaction mixtures contained 1.8 ml of oxygen-saturated phosphate buffer
(0.02 M; pH 7.0; 25°C), cells, and test substrates (20 �M). The experiments were
done in duplicate except for the succinate control. ND, not detected; NT, not
tested.

b The stoichiometry was 1.9 � 0.1 mol O2/mol substrate.
c The stoichiometry was 1.7 � 0.1 mol O2/mol substrate.
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relationship between 5NAA production and degradation re-
mains to be determined.
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