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Biodegradation pathways of synthetic nitroaromatic compounds and anilines are well documented, but little
is known about those of nitroanilines. We previously reported that the initial step in 5-nitroanthranilic acid
(5NAA) degradation by Bradyrhizobium sp. strain JS329 is a hydrolytic deamination to form 5-nitrosalicylic
acid (5NSA), followed by ring fission catalyzed by 5NSA dioxygenase. The mechanism of release of the nitro
group was unknown. In this study, we subcloned, sequenced, and expressed the genes encoding 5NAA deami-
nase (5NAA aminohydrolase, NaaA), 5NSA dioxygenase (NaaB) and lactonase (NaaC), the key genes respon-
sible for 5NAA degradation. Sequence analysis and enzyme characterization revealed that NaaA is a hydrolytic
metalloenzyme with a narrow substrate range. The nitro group is spontaneously eliminated as nitrite concom-
itant with the formation of a lactone from the ring fission product of 5NSA dioxygenation. The elimination of
the nitro group during lactone formation is a previously unreported mechanism for denitration of nitro
aliphatic compounds.

Nitro-substituted compounds are widely used as dyes, pes-
ticides, synthetic intermediates, and explosives (29, 41). The
research on biodegradation of nitro compounds has focused on
synthetic chemicals, and a great deal is known about the bio-
chemistry and molecular biology of the pathways. The degra-
dation pathways for synthetic compounds appear to have
evolved by recruitment and assembly of genes from other path-
ways in response to the recent introduction of such chemicals
into the biosphere (7, 18, 45, 46). Over 200 natural nitro com-
pounds are produced by a variety of microbes, plants, and
animals (6, 20, 30), but little is known about their biodegrada-
tion mechanisms.

The presence of amino and nitro groups in aromatic com-
pounds presents microorganisms with a more complex chal-
lenge than the presence of either group alone. We recently
reported the biodegradation of the natural aminonitroaro-
matic compound 5-nitroanthranilic acid (5NAA) (32), pro-
duced by Streptomyces scabies, the causative agent of potato
scab (22). In Bradyrhizobium sp. strain JS329, isolated from
potato farm soil, the biodegradation of 5NAA was initiated by
a deamination reaction catalyzed by a novel aminohydrolase
(5NAA deaminase, NaaA) to produce 5-nitrosalicylic acid
(5NSA), followed by an unusual ring fission dioxygenation
prior to removal of the nitro group (32). The genes involved
were localized on a 40-kb fosmid clone (32). The properties of
5NAA deaminase (NaaA) and the mechanism of removal of
the nitro group were not established. The mechanisms of re-
moval of the nitro groups from the ring fission products of
picric acid and 2,6-dinitrotoluene (2,6-DNT) are long-standing
mysteries (9, 15, 27). Therefore, the elucidation of the mech-

anism of nitro group removal from the ring cleavage product of
5NSA could serve as a precedent.

In this study, we characterized 5NAA deaminase and eluci-
dated the mechanism of elimination of the nitro group from
the ring fission product. Transition divalent metals are essen-
tial for the hydrolytic activity of 5NAA deaminase, and the
nitro group is spontaneously removed as nitrite during the
lactonization of the ring fission product. The enzymes and
mechanisms involved in the biodegradation of 5NAA are un-
usual and distinct from those previously described for oxyge-
nase-catalyzed removal of phenyl nitro and amino groups.

MATERIALS AND METHODS

Fosmid DNA sequencing and in silico analysis. Fosmid pJS800 DNA (Table
1) was purified with a FosmidMAX DNA purification kit (Epicentre Biotech-
nologies, WI) and sent to the Emory GRA Genomic Center for 454 pyrose-
quencing. The reads were assembled with CLC Genomics Workbench. Open
reading frames (ORFs) were identified by using GeneMark (3) (http://exon
.biology.gatech.edu/) and then compared to the GenBank database by using
BLASTP (1).

Transposon mutagenesis and screening. The fosmid clone pJS800 (32), con-
taining genes whose products are able to release nitrite from both 5NAA and
5NSA, was subjected to Tn5 transposon mutagenesis with an Ez-Tn5 �KAN-2�
insertion kit (Epicentre Biotechnologies, Madison, WI) according to the manu-
facturer’s protocol. Colonies able to grow on LB agar supplemented with chlor-
amphenicol (12.5 �g/ml) and kanamycin (50 �g/ml) were transferred to 96-well
plates containing LB liquid medium supplemented with chloramphenicol (12.5
�g/ml), kanamycin (50 �g/ml), 5NAA (100 �M), and 1� CopyControl fosmid
induction solution (Epicentre Biotechnologies, Madison, WI) at 30°C for 17 h.
After growth, microplates were centrifuged and supernatants were removed.
BLK liquid medium (5) (200 �l) supplemented with 5NSA (200 �M) and 1�
CopyControl fosmid induction solution was added to each well, followed by
incubation for 48 h at 30°C. Fosmid clones were screened colorimetrically for
nitrite release from 5NSA. Mutants unable to release nitrite from 5NSA were
sequenced 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 prim-
er; Epicentre Biotechnologies, Madison, WI) by Nevada Genomics Center
(Reno, NV).

Cloning of 5NAA deaminase (NaaA), 5NSA dioxygenase (NaaB), and lacto-
nase (NaaC). naaA, naaB, or naaC was amplified by PCR using the appropriate
primers (Table 1) (Integrated DNA Technologies, Coralville, IA) and GoTaq
flexi DNA polymerase (Promega, Madison, WI) for naaA and naaB or Deep-
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Vent proofreading polymerase (New England BioLabs, Ipswich, MA) for naaC.
The purified PCR products were ligated into BamHI and XhoI sites of the
pET-21a vector (Invitrogen Corp., Carlsbad, CA). The resulting recombinant
plasmids, pJS803, pJS804, and pJS805, were transformed into E. coli DH5� (New
England BioLabs, Ipswich, MA) (Table 1) to maintain the plasmid or into E. coli
Rosetta 2(DE3)pLysS competent cells (Novagen) (Table 1) for overexpression
according to the manufacturers’ protocols. The resulting inserts (Table 1) were
sequenced with the primers T7 and T7 term by Genewiz, Inc. (New Jersey) to
verify the absence of mutations.

Overexpression of naaA, naaB, and naaC. Single colonies of E. coli Rosetta
2(pJS803), Rosetta 2(pJS804), or Rosetta 2(pJS805) were transferred into LB
medium supplemented with ampicillin (100 �g/ml) and glucose (1%) and incu-
bated for 17 h at 37°C with shaking. Cells were subcultured into fresh medium
(1:20 [vol/vol]) and incubated until the optical density at 600 nm (OD600) was 0.5
to 0.8. Expression of the genes was induced by adding isopropyl �-D-1-thioga-
lactopyranoside (IPTG; 200 �g/ml) and incubating at 30°C with shaking for 2 to
3 h or by adding IPTG (100 �g/ml) and incubating at 24°C with shaking for 12 h
for the subsequent purification of NaaA. The induced cells were harvested by
centrifugation (10,000 � g) for 10 min at 4°C, washed with ice-cold potassium
phosphate buffer (pH 7.0, 20 mM), and stored at �80°C until used.

Enzyme assays. Cell pellets were suspended in ice-cold potassium phosphate
buffer (20 mM, pH 7.0) and passed twice through a French pressure cell at 20,000
lb/in2. Cell debris was removed by centrifugation (20,000 � g, 4°C, 20 min).
Enzyme assays were carried out at 30°C in potassium phosphate (pH 7.0, 20 mM)
for crude extracts or 44°C in HEPES buffer (pH 7.4, 50 mM) for purified NaaA.
The assay mixtures contained 0.01 to 1.5 mg of protein/ml and 5NAA (100 to 200
�M), 5NSA (400 to 500 �M), or lactones (less than 50 �M). Mn2� (1 mM) was
added for the enzyme assays with purified NaaA (200 �g/ml), but external
cofactors were not required for other assays. After appropriate intervals, trifluo-
roacetic acid (TFA) was added (1:100 [vol/vol]) to stop the reactions. The
acidified reaction mixtures were clarified by centrifugation before high-perfor-
mance liquid chromatography (HPLC) analysis or colorimetric assays.

Purification of 5-nitroanthranilic acid aminohydrolase (NaaA). Cells of E. coli
Rosetta 2(pJS803) were resuspended in HEPES buffer (pH 7.5, 50 mM) con-
taining imidazole (50 mM), and cell extracts were prepared as described above.
The crude extract containing heterologously expressed NaaA was loaded onto a
Ni2� nitrilotriacetic acid (NTA) affinity column (HiTrap chelating HP; GE

Healthcare) equilibrated with HEPES buffer (pH 7.5, 50 mM) containing imi-
dazole (50 mM). After a washing with the same buffer, protein was eluted with
HEPES buffer (pH 7.5, 50 mM) containing imidazole (200 mM).

Preparation of lactone [2-oxo-3-(5-oxofuran-2-ylidene)propanoic acid]. In-
duced cells of E. coli Rosetta 2(pJS804) were washed with phosphate buffer,
suspended in the same phosphate buffer supplemented with 5NSA (500 �M),
and incubated with shaking at 30°C until production of lactone (see compounds
I and II in Fig. 3 and 4) was complete. Cells were removed by centrifugation
(20,000 � g, 4°C, 10 min), and the supernatant was stored at �80°C until used in
enzyme assays. Approximately 85% of the lactone remained after 15 days of
storage at �80°C.

Transformation of 5NSA by intact cells. E. coli EPI300(pJS800) was grown in
LB medium supplemented with chloramphenicol (12.5 �g/ml), 1� CopyControl
fosmid autoinduction solution (Epicentre Biotechnologies, Madison, WI), and
5NAA (100 �M) at 30°C with shaking for 17 h. Induced cells were harvested by
centrifugation (10,000 � g, 10 min, 4°C), washed twice with ice-cold potassium
phosphate buffer (pH 7.0, 20 mM), and suspended in the same phosphate buffer.
5NSA was added to initiate the reaction, and the mixture was incubated at 30°C
with shaking. Samples were taken at appropriate intervals, mixed with TFA
(1:100 [vol/vol]) to stop the reactions, and clarified by centrifugation at 16,100 �

g for 3 min prior to HPLC analysis.
Analytical methods. 5-Chlorosalicylic acid (5CSA) and lactone [cis and trans

isomers of 2-oxo-3-(5-oxofuran-2-ylidene)propanoic acid] were analyzed by
HPLC using the method described previously for 5NAA and 5NSA (32). 5CSA
and the lactones were monitored at 305 nm (retention times [RT] were 3.5 min
for lactone 1, 4.6 min for lactone 2, and 8.4 min for 5CSA). Fumarate was
analyzed by HPLC with an ion exclusion column (ICSep ICE-ION-310 FAST
Transgenomic, 6.5 mm by 150 mm) with an isocratic mobile phase of 1.74 mM
H2SO4 at a flow rate of 0.3 ml/min over a period of 15 min and detected at 210
nm (RT, 12.1 min).

Ammonia (31) and nitrite (40) were measured as reported previously. Chlo-
ride was analyzed according to a colorimetric method (2). Protein concentration
was determined with a Pierce bicinchoninic acid (BCA) protein assay kit (Rock-
ford, IL).

Chemicals. 5-Chlorosalicylic acid (5CSA) was from TCI America (Portland,
OR). Fumaric acid was from Chem Service (West Chester, PA). 5-Nitroanthra-

TABLE 1. Bacterial strains, plasmids, and primers used in this study

Strain, plasmid, or primer Description Reference or source

Strains
Bradyrhizobium sp. strain JS329 5-Nitroanthranilic acid degrader 32
Escherichia coli EPI300 Host strain for pJS800 and for Tn5 transposon mutants Epicentre (Madison, WI)
E. coli Rosetta 2(DE3)pLysS Cmr, host strain for pJS803, pJS804, pJS805, contains coding

sequences for 7 rare codons
Novagen

Plasmids
pCC1FOS Cmr, 8.1-kb fosmid vector for the construction of genomic library Epicentre (Madison, WI)
pET21a Ampr, 5,443-bp overexpression vector Novagen
pJS800 Cmr, 40-kb pCC1FOS containing naaA and naaB from JS329

(5NAA� 5NSA�)
32

pJS803 Ampr, 6,720-bp pET-21a containing the gene encoding 5NAA
deaminase (NaaA) from Bradyrhizobium sp. JS329

This study

pJS804 Ampr, 6,066-bp pET-21a containing the gene encoding 5NSA
dioxygenase (NaaB) from Bradyrhizobium sp. JS329

This study

pJS805 Ampr, 6,190-bp pET-21a containing the gene encoding lactonase
(NaaC) from Bradyrhizobium sp. JS329

This study

Primers
naaAFa 5	-AAAGGATCCATGGCTGGAAGTAACGACGT-3	 This study
naaARb 5	-AAACTCGAGGGGCGTACGATTGCACAGAT-3	 This study
naaBFa 5	-AAAGGATCCATGAAATGGAGCAACAAAGA-3	 This study
naaBRb 5	-AAACTCGAGTTATTCGCCTTGCTTGAGAA-3	 This study
naaCFa 5	-AAAGGATCCATGGCAACTGAAACCATCGC-3	 This study
naaCRb 5	-AAACTCGAGTCACACCGTGCGCTTGC-3	 This study
T7 5	-TAATACGACTCACTATAGGG-3	 Genewiz (South Plainfield, NJ)
T7 term 5	-GCTAGTTATTGCTCAGCGG-3	 Genewiz (South Plainfield, NJ)

a Engineered BamHI recognition sites are underlined for forward primers.
b Engineered XhoI recognition sites are underlined for reverse primers.

3058 QU AND SPAIN J. BACTERIOL.



nilic acid (5NAA) was from Sigma-Aldrich (Milwaukee, WI). 5-Nitrosalicylic
acid (5NSA) was from Eastman Kodak (Rochester, NY).

Nucleotide sequence accession number. The nucleotide sequence of the DNA
fragment containing the complete operon involved in the biodegradation of
5NAA was deposited in GenBank under the accession number GU188569.

RESULTS

In silico analysis of the genes involved in 5NAA degradation
by Bradyrhizobium sp. strain JS329. The genes involved in the
conversion of 5NAA to small organic acids are located on a
40-kb fosmid clone (pJS800) (Table 1) from Bradyrhizobium
sp. strain JS329 (32). To identify the genes involved and their
arrangement, pJS800 was sequenced. The assembled sequence
comprised three gene clusters, one of which (Fig. 1) contained
naaA and naaB, identified previously as encoding 5NAA amino-
hydrolase (NaaA) and 5-nitrosalicylate dioxygenase (NaaB)
(32). Based on BLASTP analysis, the deduced amino acid
sequence of ORF2, encoding NaaA, is distantly related to the
amino acid sequences of M20 peptidases (32) and contains
metal-binding residues. ORF3, encoding NaaB, is distantly
related to genes encoding salicylate dioxygenase, gentisate di-
oxygenase, and 1-hydroxy-2-naphthoic acid dioxygenase (32).
It contains conserved histidine residues that are essential for
binding the ferrous ion in the catalytic site (13, 32, 47). The
deduced amino acid sequence of ORF5 contains a conserved
domain in common with the amino acid sequences of dienel-
actone hydrolase and related enzymes (Clusters of Ortholo-
gous Groups of proteins identifier COG0412) (25), but the
overall sequence has less than 33% identity to that of the
nearest relative (Fig. 1). The deduced amino acid sequence of
ORF6 has 68% amino acid identity to fumarylacetoacetate
(FAA) hydrolase from Paracoccus denitrificans PD1222, based
on BLASTX results. The enzyme contains conserved domains
similar to those of the FAA hydrolase (pfam01557 [NCBI
database]) and isomerase (TIGR02303 and TIGR02305
[NCBI database]), involved in keto-enol isomerization of
2-oxohept-3-ene-1,7-dioate (25). The findings are consistent
with fumarate and a lactone as intermediates in the degrada-
tion pathway of 5NAA. The product of ORF8 is closely related

to succinate dehydrogenase/fumarate reductase from Beggia-
toa sp. PS (77% amino acid identity), which indicates that it
could be responsible for the metabolism of fumarate. The
other ORFs seem not to be involved in the biodegradation of
5NAA.

Properties of NaaA. 5NAA deaminase (NaaA) is responsible
for an unusual hydrolytic deamination of 5NAA to produce
5NSA in Bradyrhizobium sp. JS329 (32). To test the substrate
specificity and provide insight about why aminohydrolase and
not dioxygenase enzymes catalyze the initial attack, crude ex-
tracts of E. coli EPI300(pJS800) were used to determine the
activity toward several structural analogs of 5NAA (Fig. 2). No
activity was detected with anthranilic acid, 4-nitroaniline, ani-
line, 5-hydroxyanthranilic acid, and 4-nitroanthranilic acid
(Fig. 2), which indicates that both nitro and carboxyl groups in
the meta position on the aromatic ring are essential for 5NAA
deamination. The optimum pH and temperature (in phosphate
buffer) were 7.2 and 42 to 45°C (testing range, 15 to 55°C). The
addition of the metal ion chelators EDTA (1 mM), 2,2	-dipyri-
dyl (1 mM), and o-phenanthroline (1 mM) inhibited the activ-
ity of NaaA by 99%, 70%, and 98%. The activity of NaaA was
restored by the addition of divalent metal Co2� (100%), Mn2�

(85%), Zn2� (81%), Fe2� (67%), or Ni2� (39%) to a final
concentration of 667 �M.

With purified NaaA, Mn2� (1 mM) stimulated enzyme ac-
tivity more than the other divalent metal ions (data not shown),
which suggested that Mn2� plays a physiological role. NaaA
contains the sequence HEAWH (amino acid residues 108 to
112), which is similar to the zinc binding motif HEXXH (24).

FIG. 1. Map of the gene cluster containing the genes involved in
the degradation of 5NAA by Bradyrhizobium sp. strain JS329. The
amino acid identity to the best match from BLASTP search and the
corresponding NCBI accession number are shown in parentheses as
follows: 1, 4-hydroxybenzoate transporter (46%, ZP_00946270.1); 2,
5NAA deaminase (100%, GU188569.1); 3, 5NSA dioxygenase (100%,
GU188569.1); 4, Rieske 2Fe-2S family protein (35%, ZP_01125630.1);
5, carboxymethylenebutenolidase (33%, NP_926347.1); 6, fumarylace-
toacetate (FAA) hydrolase (NaaD) (68%, YP_913985.1); 7, unknown
function; 8, succinate dehydrogenase/fumarate reductase (77%,
ZP_01998497.1); 9, short-chain dehydrogenase/reductase (72%,
YP_002496152.1); 10, 2-oxo-hept-3-ene-1,7-dioate hydratase (55%,
ZP_05966920.1); 11, translation initiation inhibitor (47%,
ZP_00946594.1); 12, 3-hydroxyanthranilate 3,4-dioxygenase (49%,
YP_509389.1); 13, unknown function; and 14, ferredoxin reductase
(40%, ZP_01224350.1).

FIG. 2. 5NAA and its analogs.
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A previous report indicated that an Mn2�-dependent pepti-
dase had a tightly bound Zn2� and a loosely bound Mn2� (4),
so it remains to be seen which metals play physiological roles
with NaaA. The metal requirements and metal-binding resi-
due(s) will be established rigorously when the structure of
NaaA is determined. Ultrafiltration of the overexpressed
NaaA did not inhibit the enzyme activity, consistent with our
earlier observations with crude extracts from Bradyrhizobium
sp. JS329 (32), which indicated that the divalent metal was
bound to the enzyme.

SDS-PAGE of the purified NaaA revealed a single band
with a molecular mass of 45 kDa (see Fig. S1 in the supple-
mental material), consistent with the in silico prediction (46.3
kDa). The reaction kinetics of pure NaaA were determined by
linear regression on the Lineweaver-Burk transformation; the
Km value for 5NAA was 335.1 �M, and the Vmax value was
181.5 nmol 5NSA/min/mg protein.

Mutagenesis of pJS800. Nitrite was released during the ox-
idation of 5NSA by E. coli EPI300(pJS800) and when Brady-
rhizobium sp. JS329 grew on 5NAA or 5NSA (32). To identify
the gene involved in removal of the nitro group as nitrite,
fosmid pJS800 was subjected to Tn5 transposon mutagenesis.
Mutants that lost the ability to release nitrite during the trans-
formation of 5NSA were sequenced. Tn5 transposons were

inserted only into naaB, which is responsible for the ring cleav-
age of 5NSA (32). The results suggested that the release of
nitrite takes place during the ring fission reaction or sponta-
neously after ring fission.

Transformation of 5NSA by enzymes in cell extracts. In
Bradyrhizobium sp. JS329, 5NSA is oxidized by 5-nitrosalicylate
dioxygenase (NaaB), encoded by ORF3 (Fig. 1), whose activity
was characterized previously (32). NaaB did not oxidize
4-chloro-/nitro-catechol. 5-Nitrosalicylate dioxygenase is dis-
tantly related to gentisate dioxygenase from Oligotropha car-
boxidovorans OM5 (32). In Pseudaminobacter salicylatoxidans,
salicylate dioxygenase catalyzes the conversion of 5-chloro-
salicylate to a ring fission product that undergoes spontaneous
lactonization that is accompanied by the elimination of Cl�

(13). We tested whether NaaB catalyzed similar reactions with
5-nitro- and 5-chlorosalicylate. Transformation of 5NSA or
5CSA in cell extracts from E. coli Rosetta 2(pJS804) was ac-
companied by the accumulation of nitrite or chloride and two
unknown products (Fig. 3) with similar UV spectra (Amax 

300 nm) (see Fig. S2 in the supplemental material).

Formation of maleylpyruvate by cell extracts from E. coli
Rosetta 2(pJS805). The spectra and behavior of the two un-
known compounds formed from 5NSA by JS804 were identical
to those of the lactone previously reported to be produced
from 5-chlorosalicylate by salicylate dioxygenase (13). The
products were not further transformed by enzymes in cell ex-
tracts of the clone and slowly decomposed.

pJS805 was constructed to express ORF5 (naaC), the puta-
tive lactone hydrolase. When extracts of E. coli Rosettaz-
(pJS805) cells were incubated with the unknown compounds
produced from 5NSA or 5CSA, both compounds disappeared
rapidly (Fig. 4), accompanied by an increase of absorbance at
332 nm (see Fig. S3 in the supplemental material), which is
characteristic of the formation of maleylpyruvate (Amax � 330
to 334 nm) (10, 47). The results are consistent with a dioxyge-
nase-catalyzed ring opening followed by spontaneous lacton-
ization and nitrite elimination and enzyme-catalyzed hydrolysis
of the lactone to produce maleylpyruvate (13).

FIG. 3. Biotransformation of 5NSA (a) and 5CSA (b) by cell ex-
tracts from E. coli Rosetta 2(pJS804). Reaction mixtures contained 1.3
mg/ml of protein. The concentrations (left) correspond to 5NSA or
5CSA and NO2� (a) or Cl� (b), while the peak area at 305 nm (right)
corresponds to compounds I and II. mAU, milli-absorbance unit.

FIG. 4. Biotransformation of lactones by cell extracts from E. coli
Rosetta 2(pJS805). Reaction mixtures contained 0.015 mg of protein/
ml. f, compound II; Œ, compound I; �, compound II for the abiotic
control; ‚, compound I for the abiotic control.
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Subsequent steps in the pathway. Maleylpyruvate is the key
intermediate in the biodegradation of 5-substituted salicylates,
including 5-hydroxysalicylate (gentisate) (47) and 5-halosalicy-
lates (13). The conversion of maleylpyruvate to central inter-
mediates is well established for a variety of bacteria (47) and
involves either (i) isomerization to fumarylpyruvate followed
by hydrolysis to fumarate and pyruvate or (ii) direct hydrolysis
to maleate and pyruvate (16). To determine which reaction is
involved in the lower pathway of 5NSA degradation, E. coli
EPI300(pJS800) was incubated with 5NSA. Transient accumu-
lation of fumarate during the transformation (see Fig. S4 in the
supplemental material) and the presence of the gene encoding
the fumarylacetoacetate hydrolase ortholog (ORF6) (Fig. 1)
suggest that maleylpyruvate is transformed in Bradyrhizobium
sp. JS329 via fumarylpyruvate. Maleylpyruvate isomerase is a
key enzyme involved in the metabolism of gentisate. Bradyrhi-
zobium sp. JS329 grows on gentisate (data not shown), and
the gentisate dioxygenase is induced during the growth of
JS329 on 5NAA (32), so the maleylpyruvate isomerase must
be present in JS329. The gene was not experimentally identi-
fied on the fosmid, but ORF6 is a likely candidate. The
orthologs of the genes encoding maleylpyruvate isomerase
are present in the sequenced genomes of different Brady-
rhizobium strains (NCBI accession number YP_001242339.1,
NP_766749.1, or YP_001202853.1). The potential for enzymes
of the alternative pathway to be encoded elsewhere in the
genome was not investigated.

DISCUSSION

The biodegradation mechanism of 5NAA is a departure
from the typical dioxygenase-catalyzed removal of amino (44),
nitro (29), and carboxyl (11) substituents from the benzene
ring. Amino functional groups on aliphatic and heterocyclic
compounds can be removed by hydrolases (23, 37); however, to
our knowledge, 5NAA deaminase is the first hydrolase that can
catalyze the hydrolytic removal of an amino group attached to
the benzene ring. It seems likely that the -NO2 and -COOH
groups synergistically polarize 5NAA due to the electronic
effect, which makes the amino group of 5NAA equivalent to an
“imino group” and, thus, facilitates the hydrolysis. The effects
might similarly inhibit dioxygenase attack.

Although NaaA shows no significant identity to any bio-
chemically characterized enzymes, the properties of 5NAA
deaminase resemble those of the M20 family of peptidases (14,
35, 38) or acetylornithine deacetylase (17) in the requirement
for transition metal ions, conserved metal-binding residues,
inhibition by EDTA and 1,10-phenanthroline, and activity at
relatively high temperature. By analogy to the well-character-
ized dipeptidase (19) and acetylornithine deacetylase (39)
mechanisms, our hypothesis for the mechanism of 5NAA
deamination is that the divalent metal ion serves to stabilize
the conformation of the enzyme and activate water for the
hydrolytic reaction. Determination of the structure and mech-
anism of 5NAA deaminase is currently in progress.

The biodegradation of 5NSA is one of several examples
where a nitrophenol serves as the ring fission substrate without
prior removal of the nitro group (9, 27, 32). Determination of
the downstream pathway not only reveals the complete degra-
dation pathway of the natural nitroaniline (5NAA) but also

sheds light on the potential mechanism involved in the degra-
dation of other important synthetic nitro compounds, such as
picric acid and 2,6-DNT. The fact that Tn5 insertion into naaB
disrupted nitrite release indicates that the ring fission dioxyge-
nase is involved in the denitration but does not establish the
mechanism. The mechanism of salicylate dioxygenase-cata-
lyzed elimination of Cl� from 5-chlorosalicylate is well estab-
lished, however (13). Salicylate 1,2-dioxygenase from Pseu-
daminobacter salicylatoxidans catalyzes the oxidative ring
cleavage of 5-halosalicylates and produces the corresponding
lactone, with the simultaneous release of hydrogen halides
(HX), followed by abiotic hydrolysis of the lactone to form
maleylpyruvate (12, 13).

Although salicylate dioxygenase did not attack 5NSA (13),
the 5NSA dioxygenase clearly catalyzes an analogous reaction
with both 5NSA and 5-chlorosalicylate. The products gave
identical UV spectra (see Fig. S2 in the supplemental material)
to each other and to the lactone produced from 5-halosalicy-
late by salicylate dioxygenase (13). When the lactone carries an
alkene side chain, it can exist as cis and trans isomers with
similar spectra but different retention times in HPLC (36). In
this work, the interconversion of the isomers might have been
enhanced by the acid in the HPLC solvent. No attempt was
made to assign configurations to the isomers.

Therefore, according to our results and by analogy to those
of previous studies, the initial ring fission product of 5NSA
dioxygenation (not detected by HPLC) was spontaneously and
rapidly cyclized to form lactones, accompanied by the release
of NO2

� (Fig. 5). A substantial amount of previous work (20)
suggests that the nitro group is removed from nitro compounds
as nitrite by monooxygenases (21, 29), dioxygenases (29, 42),
hydrolases (33), or reductases that attack the aromatic ring (9,
29, 34). To our knowledge, this is the first report that the nitro
group can be spontaneously released as nitrite during the for-
mation of lactones from ring fission products.

It now seems that salicylate (13, 32) and a wide variety of
5-substituted salicylates (8, 13, 43), including 5-amino-, 5-halo-,
5-methyl-, 5-nitro-, and 5-hydroxysalicylate can be transformed
by enzymes related to salicylate/gentisate 1,2-dioxygenases to
open the aromatic rings. When the 5 position is replaced with
a halogen or nitro group, the spontaneous lactone formation is
accompanied by the elimination of HX or HNO2. A recently
described exception involves the biodegradation of 5-chloro-
salicylate initiated by salicylate 1-hydroxylase-catalyzed oxida-
tion to produce 5-chlorocatechol (26). Based on sequence
analysis, biochemistry studies, and analogy with the mechanism
of 5-chlorosalicylate degradation by salicylate dioxygenase
(13), we propose a biodegradation pathway for 5NAA in Bra-
dyrhizobium sp. JS329 (Fig. 5). The initial reaction is a hydro-
lytic removal of the amino group to form 5NSA, which is then
oxidized by 5NSA dioxygenase to open the aromatic ring. The
resulting ring fission product undergoes spontaneous lacto-
nization accompanied by the removal of the nitro group as
nitrite. The lactone ring opening is catalyzed by lactone hydro-
lase to form maleylpyruvate, which is in turn hydrolyzed to
produce intermediates of central metabolism.

The biodegradation pathways of synthetic compounds seem
to have evolved from those of natural analogs (7, 18, 45, 46).
Only a few biodegradation pathways have been established for
natural nitro compounds (20), so our current understanding
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stops far short of enabling predictions about the evolution of
specific pathways. Recent work, including this study, suggests
that detailed characterization of the metabolic pathways and
enzymes can uncover new metabolic diversity (32), reveal the
genes that have enabled the rapid and recent evolution of

pathways for the degradation of synthetic nitro compounds,
and provide insight about the most fruitful area of inquiry to
attack the problem of the many unknown ORFs (32) and
incorrectly annotated genes (28).
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