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Escherichia coli grew aerobically with 2,4,6-trinitrotoluene (TNT) as sole nitrogen source and caused TNT’s
partial denitration. This reaction was enhanced in nongrowing cell suspensions with 0.516 mol nitrite released
per mol TNT. Cell extracts denitrated TNT in the presence of NAD(P)H. Isomers of amino-dimethyl-tetra-
nitrobiphenyl were detected and confirmed with U-15N-labeled TNT.

2,4,6-Trinitrotoluene (TNT) is recalcitrant to microbial deg-
radation. Denitration (defined as the release of nitrite) is a
critical step for further mineralization of TNT (19). A well-
described TNT denitration pathway involves a nucleophilic
addition of hydride ions to the aromatic ring with subsequent
nitrite release. Three enzymes performing this addition in the
presence of NAD(P)H have been characterized so far: penta-
erythritol tetranitrate reductase of Enterobacter cloacae PB2
(9), xenobiotic reductase B (XenB) of Pseudomonas fluorescens
I-C (15), and N-ethylmaleimide (NEM) reductase of Esche-
richia coli (21). In vitro denitration of TNT with purified NEM
reductase was described by Williams et al. (21), but the authors
did not provide quantitative data with E. coli cells. Also, sev-
eral reports have described the reduction of TNT by E. coli but
not its denitration (6, 14, 22, 23). Only one recent study has
mentioned denitration of TNT by E. coli, but no quantitative
data were provided and TNT was not the sole nitrogen source
(13). The objectives of this study were to determine the kinet-
ics of TNT denitration by E. coli and identify TNT denitrated
metabolites.

E. coli strains EPI300 (Epicentre Technologies, Madison,
WI) and LK111 (24) were routinely cultivated at 37°C in Luria-
Bertani (LB) broth. Cells were harvested at mid-exponential
phase and washed three times with phosphate-buffered saline
(containing, per liter, 7 g of Na2HPO4·12H2O, 3 g of KH2PO4,
1 g of NaCl). Cells were resuspended in 20 ml of phosphate-
buffered saline and used for TNT biodegradation assays.

TNT was obtained from Nobel Explosives (Châtelet, Bel-
gium) and was 99.5% pure by high-performance liquid chro-
matography. Growing cell experiments were carried out in
modified mineral salts medium (10) containing 20 mM of glyc-
erol or glucose and TNT as the sole nitrogen source. The
medium was inoculated at an optical density at 600 nm
(OD600) of 0.025 and incubated at 37°C and 250 rpm. Controls

consisted of flasks without TNT, flasks without cells, flasks
without a carbon source, and flasks with 200 ppm of Hg2Cl2
and without a carbon source. Nitrite, TNT, and metabolites
were quantitatively determined as previously described (7).

Bacterial growth of E. coli EPI300 was observed with glyc-
erol and TNT (606 �M on the basis of high-performance liquid
chromatography analysis) as the sole nitrogen source (Fig.
1A). The growth was relatively fast over the first 26 h, reaching
a plateau of 0.120 OD600 units after 117 h of incubation. With
glucose and TNT (588 �M), the bacterial growth profile was
similar but the OD600 reached 0.320 after 117 h (Fig. 1B).
Without TNT, no significant increase of the OD600 was ob-
served (data not shown). The increase in OD600 correlated
with a decrease in TNT concentration. With glycerol and TNT,
the residual concentration of the latter after 117 h was 392.5
�M. Concomitant with this partial TNT removal, a gradual
accumulation of TNT reduced metabolites was observed (Fig.
1A), including 4-amino-2,6-dinitrotoluene (4-A-2,6-DNT),
4,4�,6,6�-tetranitro-2,2�-azoxytoluene (2,2�-azoxy), and 2,2�,6,6�-
tetranitro-4,4�-azoxytoluene (4,4�-azoxy). The concentration of
2-amino-4,6-dinitrotoluene (2-A-4,6-DNT) was not significant.
With glucose, almost all the initial TNT had disappeared by
26 h (Fig. 1B). A gradual accumulation of 4-A-2,6-DNT, 4,4�-
azoxy, and 2,2�-azoxy was observed (Fig. 1B). The concentra-
tion of 2-A-4,6-DNT was not significant.

In addition to bacterial growth, we observed a release of
nitrite (Fig. 1C). With glycerol and TNT, the concentration of
nitrite increased during the first 26 h to a level of 76 �M and
evolved slowly upon further incubation to 100 �M after 117 h
(i.e., 0.165 mol of nitrite released/mol of TNT added or 0.468
mol of nitrite released/mol of TNT transformed) (Fig. 1C).
With glucose and TNT, 48 �M of nitrite was measured after
26 h and its concentration remained relatively constant there-
after (42 �M after 117 h of incubation, i.e., 0.071 mol of nitrite
released/mol of TNT added) (Fig. 1C). The nitrite detected in
both experiments resulted unambiguously from a TNT deni-
tration metabolism, given the complete absence of nitrite re-
lease in control flasks (data not shown).

We investigated whether another strain of E. coli (i.e., E.
coli LK111) was able to use TNT as the sole nitrogen source
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and denitrate it. With glycerol and TNT (586 �M), the
extent of bacterial growth was similar to that observed with
E. coli EPI300 (data not shown). In addition, nitrite accu-
mulated in the culture medium (42 and 49 �M [i.e., 0.083

mol of nitrite released/mol of TNT added] after 26 and
140 h, respectively).

The use of nitrite by both strains as the sole nitrogen source
was also investigated at concentrations between 50 and 2,000
�M in the presence of glycerol or glucose. The concentration
of nitrite remained stable, and no growth was observed (results
not shown). This was consistent with previous results (17) and
explained why nitrite accumulated in the experiment shown in
Fig. 1C. Since E. coli is unable to assimilate nitrate or nitrite
under aerobic conditions (12), the use of nitrogen from TNT
occurred via a metabolic pathway other than the direct release
of nitrite. Recent reports have postulated the partial reduction
of one or more nitro groups of TNT to its hydroxylamino
moiety and the subsequent release of ammonium from the
aromatic ring (3–5, 16), probably through a Bamberger-like
rearrangement (11). Next, ammonium was likely used as a
nitrogen source by E. coli via the glutamine synthetase/gluta-
mate synthase pathway (16). The formation of 4-hydroxyl-
amino-2,6-dinitrotoluene as a major intermediate was ob-
served in the enzymatic reduction of TNT with extracts from E.
coli (20) and with several enzymes of E. coli (21, 22). We
observed a greater bacterial growth in the presence of glucose,
and we found that more 4-A-2,6-DNT was produced than in
the presence of glycerol (Table 1). Since 4-A-2,6-DNT was
produced via successive reductions of the nitro group to
nitroso and hydroxylamino intermediates (19), the latter could
provide ammonium, as previously suggested (16).

Denitration of TNT was also investigated under nongrowing
conditions. A 150-ml aliquot of mineral salts medium was
inoculated to an OD600 of 1.5 with a washed E. coli EPI300 cell
pellet obtained from an LB culture. The medium contained
TNT (271 �M), and no carbon source was added. Controls
included flasks without TNT and flasks without cell suspen-
sions. TNT disappearance occurred concomitantly with the
release of a significant concentration of nitrite (Fig. 2). Indeed,
120 �M of nitrite was released after 83 h, reaching a value of
140 �M after 275 h (i.e., 0.516 mol of nitrite released/mol of
TNT added) (Fig. 2). In parallel, the TNT concentration de-
creased to 100 �M by the end of the incubation, with minimal
production of TNT reduced metabolites. Taking into account
the residual TNT, we calculated a TNT denitration rate of
0.818 mol of nitrite released/mol of TNT transformed. No
significant nitrite release was observed in control flasks without
TNT (Fig. 2) or without cells (data not shown). This confirmed
that nitrite was released from TNT through biotic removal of
the nitro group. In addition, our findings suggested two distinct
TNT catabolic pathways: a denitration pathway favored under
nongrowing conditions and a nitro reduction pathway favored
under growing conditions in the presence of glucose.

The percentage of N-containing compounds produced from
TNT was calculated (Table 1). Under growing conditions with
glycerol, we calculated an N-mass balance of 74.9% distributed
as residual TNT (64.7%) and TNT reduced metabolites
(10.2%). Thus, 25.1% was missing in the balance and probably
represented denitrated compounds produced (we measured
0.165 mol of nitrite released/mol of TNT added) and TNT to
sustain bacterial growth. Under growing conditions with glu-
cose, 58.5% consisted of TNT reduced metabolites (no resid-
ual TNT). Therefore, the fate of 41.5% of the initial TNT
remained unknown. It likely included denitrated compounds

FIG. 1. Growing cell experiments with E. coli EPI300. Results shown
are for glycerol (20 mM) as the carbon source and TNT (606 �M) as the
sole nitrogen source (open symbols) or glucose (20 mM) as the carbon
source and TNT (588 �M) as the sole nitrogen source (closed symbols).
The time course of cell growth (squares, right axis), TNT removal (trian-
gles, left axis), and production of TNT reduced metabolites (2-A-4,6-
DNT, 4-A-2,6-DNT, 2,2�-azoxy, and 4,4�-azoxy) (circles, left axis) (A and
B) and nitrite release (lozenges) (C) are shown. Error bars represent the
standard deviations of triplicate cultures.
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(we detected 0.0714 mol of nitrite released/mol of TNT added)
and TNT to sustain bacterial growth. In the resting cell exper-
iments, 45.4% was distributed as residual TNT (36.9%) and
TNT reduced metabolites (8.5%). Thus, 54.6% was missing in
the balance, and it probably included denitrated compounds
(we measured 0.516 mol of nitrite released/mol of TNT
added).

For cell extract experiments, E. coli strain EPI300 was grown
in mineral salts medium supplemented with TNT (600 �M) as
the sole nitrogen source and glycerol (40 mM) or glucose (20
mM) as the carbon source. Another cell extract was prepared
from LB-grown cells in the absence of TNT. Cells were har-
vested at mid-exponential phase, washed, and resuspended in
50 mM phosphate buffer (pH 7.0). Cell extracts were prepared
by sonication/lysozyme treatment (18). Assay mixtures con-
tained 440 �M TNT (with or without addition of 1 mM NADH
or 1 mM NADPH), 20 mM of phosphate buffer (pH 7.0), and
1 ml of cell extracts (0.06 to 0.12 mg protein/ml) (2) to a final
volume of 2 ml. Previous experiments indicated that lysozyme
had no TNT denitration activity (data not shown). Mass spec-
trometry analyses were carried out as previously described (8)
under the following conditions: vaporizer temperature, 360°C;

sheath gas pressure, 20 lb/in2; capillary temperature, 270°C;
collision energy, 25 (arbitrary units).

In the presence of NAD(P)H, denitration of TNT was ob-
served with cell extracts (Table 2). No denitration was ob-
served in the absence of TNT or cell extracts (data not shown).
After a 19-h incubation period, TNT denitration levels with
cell extracts from glycerol-grown cells reached 0.068 mol of
nitrite released/mol of TNT added with NADPH and 0.093
mol of nitrite released/mol of TNT added with NADH. TNT
denitration levels with extracts from glucose-grown cells were
lower (i.e., 0.050 mol of nitrite released/mol of TNT added
with NADPH and 0.062 mol of nitrite released/mol of TNT
added with NADH). TNT denitration with extracts from LB-
grown cells amounted to 0.009 mol per mol of TNT added
(NADH as cofactor). In the absence of cofactors, the release
of nitrite was much lower. Taken together, these results sug-
gested the involvement of specific enzymes that may be induc-
ible by TNT.

Mass analyses were carried out on cell extract samples from
glycerol-grown cells on account of the TNT denitration rates
observed. In addition to previously described TNT reduced
metabolites, we detected three metabolites with higher reten-
tion times (see Fig. S1 in the supplemental material) than TNT
(32.50 min). These metabolites yielded a deprotonated molec-
ular mass ion [M-H]� at 376 Da (molecular mass, 377 Da). An
m/z of 376 was consistent with the deprotonated molecular
mass ion of a compound with an odd number of nitrogen atoms
(nitrogen rule). In a previous study, Pak and colleagues (15)
assigned the chemical structures of the deprotonated molecu-

TABLE 1. Mass balance of TNT and TNT reduced metabolites and TNT denitration rates with E. coli EPI300 under different conditions

Biological system Residual
TNT (%)a

TNT reduced metabolites
(% molar equivalent of

initial TNT)b

TNT denitration rate based on:

Mol of nitrite
released/mol of

TNT added

Mol of nitrite
released/mol of

TNT transformed

Growing cells with TNT and glycerol (OD600, 0.025–0.120) 64.7 10.2 0.165 0.468
Growing cells with TNT and glucose (OD600, 0.025–0.320) 0.0 58.5 0.071 0.071
Resting cells with TNT and no carbon source 36.9 8.5 0.516 0.818

a Residual TNT (%) � ([TNTf]/[TNTi]) � 100, where [TNTf] is the final concentration of TNT and [TNTi] is the initial concentration.
b TNT reduced metabolites (%) � ([4-A-2,6-DNTf]/[TNTi]) � {([4,4�-azoxyf]/[TNTi]) � 2} � {([2,2�-azoxyf]/[TNTi]) � 2}, � 100; this equation takes into account

that two molar equivalents of TNT are needed to form one molar equivalent of the azoxy compounds. The subscript f indicates a final concentration, and the subscript
i indicates an initial concentration. Final concentrations were measured at the end of the incubation (117 and 275 h for growing and resting cell experiments,
respectively).

FIG. 2. Resting cell experiments with E. coli EPI300. Time course
of TNT removal (closed lozenges) and release of nitrite (open loz-
enges) in the presence of TNT (271 �M) are shown. Open squares
denote the time course of nitrite release in the absence of TNT. Error
bars represent the standard deviations of triplicate cultures.

TABLE 2. Nitrite release from TNT with cell extractsa

Cofactor

Nitrite release
(mol of nitrite released/mol of TNT added)

Glycerol-grown cells Glucose-grown cells

NADPH (1 mM) 30.3 � 1.7 22.1 � 3.4
NADH (1 mM) 40.8 � 3.6 27.3 � 2.6
None 6.4 � 2.3 5.3 � 1.9

a Nitrite release (mol of nitrite released/mol of TNT added) was measured
after a 19-h incubation (at 37°C with agitation) of cell extracts with 440 �M TNT
in a phosphate buffer (20 mM, pH 7.0). The final concentration of protein
corresponded to 30 �g of protein/ml (cell extracts from glycerol-grown cells) or
60 �g of protein/ml (cell extracts from glucose-grown cells). Values shown are
averages and standard deviations of triplicate experiments. E. coli EPI300 cells
were precultured in a minimal medium with 600 �M of TNT as the sole nitrogen
source. Glycerol (40 mM) or glucose (20 mM) was the carbon source.
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lar mass ions [M-H]� at 376 Da to various isomers of amino-
dimethyl-tetranitrobiphenyl (see Fig. S1). They postulated that
these isomers were dimers resulting from the reaction between
products of aromatic ring reduction and nitro group reduction
(15). The significant peak of oxygen isotope observed by mass
spectrometry analysis confirmed the possible formation of such
dimers containing eight oxygen atoms (see Fig. S1). The de-
protonated molecular mass ion at 376 Da was fragmented (see
Fig. S1), and two peaks at m/z 181 and 196 represented the
fragmentation of the putative dimer (see Fig. S1). When
U-15N-labeled TNT was used, the deprotonated molecular
mass ion at 376 Da shifted to 381 Da (see Fig. S2 in the
supplemental material), indicating that the dimer contained
five nitrogen atoms. The peaks at m/z 183 and 199 represented
the fragmentation of the 15N-labeled dimer, confirming the
presence of five nitrogen atoms (see Fig. S2). No other deni-
trated compound was detected. These particular dimers were
not observed in the absence of NAD(P)H, i.e., when the re-
lease of nitrite was not significant. It is worth noting that in the
study of Pak et al. (15), those authors identified an NADPH-
dependent XenB reductase of P. fluorescens I-C associated
with the production of these isomers. The NEM reductase of
E. coli is similar to XenB (1) and has similar TNT catalytic
activities in the presence of NAD(P)H (21). The involvement
of NEM reductase was not demonstrated in our study. How-
ever, our experiments suggest such an involvement, because
NAD(P)H was required and because we detected the produc-
tion of isomers of amino-dimethyl-tetranitrobiphenyl. We have
proposed a hypothetical biodegradation pathway of TNT by E.
coli (see Fig. S3 in the supplemental material).

In summary, we have reported (i) the use of TNT as sole
nitrogen source by E. coli and (ii) unequivocal evidence of
TNT denitration by E. coli. We have also confirmed the for-
mation of particular denitrated compounds. Further studies
will determine which protein(s) mediates the TNT denitration
reaction.
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