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Respiration of 2,4,6-Trinitrotoluene by Pseudomonas sp. Strain JLR11
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Under anoxic conditions Pseudomonas sp. strain JLR11 can use 2,4,6-trinitrotoluene (TNT) as the sole N
source, releasing nitrite from the aromatic ring and subsequently reducing it to ammonium and incorporating
it into C skeletons. This study shows that TNT can also be used as a terminal electron acceptor in respiratory
chains under anoxic conditions by Pseudomonas sp. strain JLR11. TNT-dependent proton translocation cou-
pled to the reduction of TNT to aminonitrotoluenes has been observed in TNT-grown cells. This extrusion did
not occur in nitrate-grown cells or in anaerobic TNT-grown cells treated with cyanide, a respiratory chain inhib-
itor. We have shown that in a membrane fraction prepared from Pseudomonas sp. strain JLR11 grown on TNT
under anaerobic conditions, the synthesis of ATP was coupled to the oxidation of molecular hydrogen and to
the reduction of TNT. This phosphorylation was uncoupled by gramicidin. Respiration by Pseudomonas sp.
strain JLR11 is potentially useful for the biotreatment of TNT in polluted waters and soils, particularly in phy-
torhizoremediation, in which bacterial cells are transported to the deepest root zones, which are poor in oxygen.

2,4,6-Trinitrotoluene (TNT) is a major contaminant in many
military sites, where manufacturing and decommissioning op-
erations generate large quantities of this explosive as a waste
product. Much of this waste is deposited in the soil and in
unlined lagoons, from which it often reaches groundwaters
through leaching (16, 21). TNT is toxic for many prokaryotes
and eukaryotes, and it is mutagenic in Salmonella enterica
serovar Typhimurium (23-25, 27). This effect arises from the
electrophilic nature of the substituent on the aromatic ring. In
fact, TNT oxidizes biological reductants, causing toxicity both
directly and through the formation of other reactive products,
such as nitroarene radicals (14). Remediation is therefore ur-
gently needed to clean up contaminated sites.

A number of studies have found that mineralization of TNT
under aerobic conditions is limited (2, 5, 7, 8, 10, 20, 26). In
addition, many aerobic microbes reduce the nitro groups on
the aromatic ring to nitroso and hydroxylamino groups, which
have a high propensity to react with each other to produce
azoxynitrotoluenes in the presence of oxygen (9). These azoxy-
nitrotoluenes are recalcitrant to bioremediation. Degradation
of TNT under anaerobic conditions has been explored as an
alternative approach to remediation (3, 4, 6, 11, 12, 13, 18, 22).
This process has the potential advantages of rapid reduction at
a low redox potential and of diminished polymerization reac-
tions due to the absence of oxygen (9, 12, 18).

Pseudomonas sp. strain JLR11, isolated from a wastewater
treatment plant, is able to use nitrate, nitrite, and TNT as the
N source under anoxic conditions (6). Mass balances with TNT
have revealed that about 85% of the total N-TNT content was
incorporated as cell biomass (6).

Analyses of culture supernatants detected plausible pathway
intermediates, such as 2,4,6-trinitrobenzaldehyde, 2-nitro-4-hy-
droxybenzoic acid, 4-hydroxybenzaldehyde, and 4-hydroxyben-
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zoic acid, in the productive removal of nitro groups from TNT
(6). Strain JLR11 reduced a small fraction of the total TNT to
monoaminodinitrotoluenes and diaminomononitrotoluenes,
but these products accumulated with time and were not used
by the strain as an N source (6). We have determined that the
reduced forms of TNT are produced by Pseudomonas sp. strain
JLR11 because TNT acts as a final electron acceptor in respi-
ratory chains under anoxic conditions.

MATERIALS AND METHODS

Organism, culture medium, and growth conditions. Pseudomonas sp. strain
JLR11 was grown on M9 minimal medium with glucose (0.1 to 0.5%, wt/vol) or
acetate (10 mM) as a C source (6). This strain grows on minimal medium in the
presence of 50 wg of kanamycin per ml. When TNT was used as the sole N
source, it was supplied at 100 mg/liter and ammonium was omitted from M9
medium. In some experiments nitrate and nitrite were used as a nitrogen source
at concentrations of 10 and 2 mM, respectively.

Bacterial cells were cultured in batch in a 2-liter bioreactor (Biostat B; Braun
Biotech, Madrid, Spain) at a constant temperature (30°C) and pH (7.0 = 0.1)
and with constant stirring (200 = 2 rpm). The bioreactor was periodically flushed
with N, to maintain anaerobiosis during the assay.

Isolation of Pseudomonas sp. strain JLR11 mutants unable to use TNT as the
sole N source. Mini-Tn5-tellurite was used to generate mutants of Pseudomonas
sp. strain JLR11 upon mating of this strain with Escherichia coli CC118\pir
(pUT-miniTn5-Tel) as described by Sanchez-Romero et al. (19). Tellurite-resis-
tant transconjugants of strain JLR11 were selected on M9 minimal medium with
glucose (0.5%, wt/vol) as the sole C source and 25 pg of kanamycin per ml and
30 ng of potassium tellurite per ml. Among 10,000 transconjugants a clone
unable to grow on TNT as the sole N source was found, and it was selected for
further studies. This clone was called Pseudomonas sp. strain JLR11-P12E2.

Measurement of proton translocation. Changes in pH in the extracellular
medium of intact cells were measured with a combination electrode (Ingold type)
connected to a pH meter (type PHM84 radiometer). All assays were performed
at 30°C in an N, atmosphere.

Analytical methods. Products which accumulated in culture supernatants were
analyzed by high-performance liquid chromatography on a Hewlett-Packard
model 1050 chromatograph equipped with a diode array detector and a 5-pm
C18RP column (UltraCarb C30 Phenomenex; 15 cm by 4.6 mm). The column
was first washed with a mixture of acetonitrile and a solution of 1% (vol/vol)
acetic acid in water (2:8 [vol/vol]) for 2 min. Then a linear gradient was applied
to reach 100% (vol/vol) acetonitrile over 18 min. The flow was kept constant at
1 ml/min, and the detector was set at 230 and 254 nm to detect aromatic
compounds. Gas chromatography-mass spectrometry (GC-MS) analyses were
done with an HP6890 GC-MS apparatus. The GC was equipped with a capillary
5% phenylmethyl silicone column (30 m by 0.025 mm).

Preparation of membranes. Pseudomonas sp. strain JLR11 cells were cultured
at 30°C in a 2-liter bioreactor (Biostat B; Braun Biotech) in an N, atmosphere in
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TABLE 1. Growth of Pseudomonas sp. strain JLR11 and its mutant
derivative JLR11-P12E2 on minimal medium under
anoxic conditions”

Addition
Strain Turbidity
Ammonium TNT
Wild type - + 0.32
+ - 0.02
+ + 0.45
JLR11-P12E2 - + 0.02
+ - 0.02
+ + 0.30

“ Cultures were pregrown overnight on M9 minimal medium with glucose as
the sole C source under aerobic conditions. Cells were harvested, washed in
minimal medium without a C source, and diluted 1:20 in M9 without a nitrogen
source and with acetate (10 mM) as the C source. The cultures were supple-
mented or not with 5 mM ammonium, with or without TNT (100 mg/liter).
Cultures were then flushed thoroughly with N, to achieve anoxic conditions.
After 79 h of incubation at 30°C, turbidity was determined in a Perkin-Elmer
spectrophotometer at 660 nm (initial turbidity was 0.02).

minimal medium containing 10 mM acetate, 5 mM ammonium chloride, and 0.5
mM TNT as an electron acceptor. As indicated for preparation of cell mem-
branes, bacteria were also grown on minimal medium with 10 mM acetate and 20
mM nitrate or 2 mM nitrite. Bacteria were harvested at the late exponential
growth phase and washed with anoxic buffer (20 mM Tris-HCI [pH 7.3]). Cells
were disrupted by passing the suspension 10 times through a French press.
Unbroken cells were removed by centrifugation at 5,000 X g for 20 min in a
Sorvall 5CR centrifuge. The crude extract was then centrifuged at 90,000 X g for
60 min, and the membrane fraction was resuspended in 1 ml of the above-mentioned
anoxic buffer and kept at 4°C in a nitrogen atmosphere in a sealed vial.

Measurement of oxidative phosphorylation. Anaerobic energy coupling was
assessed with cell membranes by determining the amount of ATP synthesized
(15). The complete reaction mixture (4 ml) consisted of 15 mM MgCl,, 0.5 mM
ADP, 5 mM KPO,H,, 0.5 mM TNT, and 50 mM Tris-HCI (pH 7.3). Assays were
run at 30°C in an N, atmosphere, and the incubation time was 40 min. Esteri-
fication of phosphate in the oxidative phosphorylation experiments was deter-
mined spectrophotometrically at 340 nm as NADPH formation by using a mix-
ture of 2 U of hexokinase, 1 U of glucose-6-phosphate dehydrogenase, 10 mM
glucose, and 0.5 mM NADP™.
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FIG. 1. Proton translocation coupled to the reduction of TNT by Pseudomo-
nas sp. strain JLR11 under anoxic conditions. Cells grown anaerobically in the
presence of TNT were suspended in 8 ml of an anaerobic 250 mM sorbitol
solution. The suspension was divided into four aliquots; two were boiled for 2
min (squares), and the others were left untreated (circles). Cells were incubated
at 30°C with stirring in an N, atmosphere. At the time indicated by the arrow,
TNT was added to two of the samples to reach a final concentration of 250 uM
(closed symbols), while the other samples were kept as controls (open symbols).
The pH of the extracellular medium was measured with a pH electrode as
described in Materials and Methods.

1353

| ! |
0 0 2 4 6 8

Time (min)

FIG. 2. Proton translocation coupled to reduction of nitrate and nitrite by
Pseudomonas sp. strain JLR11 under anoxic conditions. Assay conditions are as
described in the legend for Fig. 1, except that the cells were grown on nitrate (A)
or on nitrite (B). At the time indicated by the arrow, TNT (500 wM [open

circles]) nitrate (150 wM [closed circles]), or nitrite (150 wM [open triangles])
was added.

RESULTS AND DISCUSSION

Pseudomonas sp. strain JLR11 uses TNT as the sole N
source under anaerobic growth conditions with glucose as the
C source (6). The utilization of TNT as an N source involves
the removal of the nitro groups and the concomitant reduction
of the released nitrite to ammonium ions, which are incorpo-
rated into C skeletons. The growth yield under these condi-
tions was higher than would have been expected if the energy
had been obtained only through phosphorylation at the sub-
strate level (6). Based on these results we hypothesize that this
bacterium uses TNT as the final electron acceptor, so that
proton translocation is coupled to the reduction of TNT when
the organism is grown anaerobically. Further evidence to sup-
port this hypothesis was obtained in the following two sets of
assays. We first found that Pseudomonas sp. strain JLR11 grew
on minimal medium with acetate as the C source and TNT
regardless of the presence of ammonium ions in the culture
medium (Table 1). The oxidation of acetate under anoxic con-
ditions required an electron acceptor, a role that only TNT
could play in this series of assays. Further support for the role
of TNT, other than as an N source for Pseudomonas sp. strain
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TABLE 2. Phosphorylation coupled to hydrogen oxidation and
TNT reduction”

Amt of ATP formed

Reaction mixture (nmol/mg of membrane protein)

COMPIELE .ttt et sesaenene 450
Complete plus gramicidin........ccccovvvciiviviceiivinicniinenee. 1
Without ADP

Without H, ......

Without TNT

Without TNT plus nitrate........cceceeveveveveuereverenerererenennn 45
Without TNT plus Nitrite......ccceveeererrerceereeerennerercrenes 100

“ The complete reaction mixture and the reaction conditions are described in
Materials and Methods. When indicated, the reaction mixture was supplemented
with 0.5 mM nitrate or nitrite. ATP formation was determined as described in
Materials and Methods.

JLR11, came from similar assays but with Pseudomonas sp.
strain JLR11-P12E2. This mutant was selected after mini-Tn5-
tellurite mutagenesis as unable to grow on TNT as the sole N
source. The mutant was blocked in the reduction of the re-
leased nitrite to ammonium (A. Esteve-Nufez, A. Caballero,
and J. L. Ramos, unpublished results). The results in Table 1
show that the mutant strain was still able to grow, under an-
aerobic conditions, with acetate as the sole N source and am-

monium ions as an N source, but only if TNT was present in
the culture medium (Table 1). Analysis of culture supernatants
by GC-MS as described in Materials and Methods provided
further evidence for the in vivo reduction of TNT by the mu-
tant cells, since we found that about 10% of the total TNT was
reduced to 4-amino-2,6-dinitrotoluene. In these assays trace
amounts of 2,4-diamino-6-nitrotoluene were also detected.
These results were similar to those reported before by Esteve-
Nufiez and Ramos (6) regarding the reduction of TNT by
cultures of the wild-type strain using this xenobiotic as the sole
N source under anoxic conditions.

Proton translocation coupled to the reduction of TNT by
Pseudomonas sp. strain JLR11 under anoxic conditions. To
test whether proton translocation occurred when TNT was
added to an anoxic suspension of wild-type cells, we grew
Pseudomonas sp. strain JLR11 cells under anoxic conditions on
minimal medium with acetate, ammonium, and TNT. Cells
were washed and divided into two aliquots; one was boiled and
the other was left untreated. Cells were incubated in an iso-
tonic solution of 250 mM sorbitol, and after exhaustive molec-
ular nitrogen bubbling, TNT was added to reach 250 uM. In
cultures of living cells we observed a decrease in the pH of the
extracellular medium, with maximal acidification after 5 min
(Fig. 1). Preincubation of living cells with cyanide in the pres-
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Electron transport -
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FIG. 3. Scheme showing the coupling of electron donor compounds, TNT oxidoreduction, and ATP synthesis.



ence of TNT prevented proton extrusion (data not shown).
The pH of the extracellular medium did not change when
boiled cells were used instead of living cells.

Pseudomonas sp. strain JLR11 can also use nitrate and ni-
trite as the final electron acceptor under anoxic conditions.
When nitrite- or nitrate-grown cells extruded protons in re-
sponse to the addition of nitrite and nitrate (ApH = —0.4
unit), respectively, the external pH remained unchanged after
TNT was added (Fig. 2). This suggests that nitrate and nitrite
respiration and TNT respiration by Pseudomonas sp. strain
JLRI11 are, at least in part, independent processes.

H,-TNT oxidoreduction in membranes prepared from Pseu-
domonas sp. strain JLR11 cells. Membranes from Pseudomo-
nas sp. strain JLR11 cells grown with TNT as the electron
acceptor catalyzed the reduction of TNT, a process that was
accompanied by the oxidation of hydrogen. Because mem-
branes prepared from nitrate-grown cells did not reduce TNT,
we concluded that TNT reduction was specific. In addition,
there was no reduction of the compound when the membranes
were boiled before TNT was added.

We observed synthesis of ATP coupled to H,-TNT oxida-
tion-reduction in membranes prepared from Pseudomonas sp.
strain JLR11 cells. The rate of ATP synthesis was 450 nmol per
mg of protein (Table 2). No ATP synthesis was observed when
the membrane preparation was incubated with gramicidin be-
fore the addition of TNT (Table 2). As expected, in the ab-
sence of ADP no ATP synthesis occurred. In the absence of
TNT the rate of ATP synthesis was about 15% of the rate
found in the presence of the nitroarene. When nitrate and
nitrite replaced TNT as the final electron acceptor, the rates of
ATP synthesis were in the order of 10 and 36%, respectively, of
the rate in the presence of TNT (Table 2).

It should be noted that the anaerobic oxidative phosphory-
lation observed in the membrane system was coupled to the
oxidation of hydrogen. This should not be interpreted as indi-
cating that only H, oxidation can be coupled to phosphoryla-
tion; instead, our in vivo results indicate that it is thermodi-
namically possible that the oxidation of acetate coupled to
TNT reduction may also be coupled to ATP synthesis.

Conclusions. Our results indicate that the reduction of TNT
in Pseudomonas sp. strain JLR11 is linked to proton extrusion,
which may contribute to a transmembrane electrochemical
proton gradient of sufficient magnitude to drive ATP synthesis
(Fig. 3). The role of TNT as an electron acceptor was sug-
gested before by Boopathy and Kulpa (1), although this study
is the first to demonstrate experimentally that the reduction of
TNT to the corresponding aminonitrotoluenes is of physiolog-
ical importance as an energy conservation system under anoxic
conditions. In terms of energy coupling, this system is similar to
the energy coupling in nitrate reduction during denitrification,
although the finding that vesicles of TNT-grown cells did not
reduce NO; indicates that different terminal reductases are
involved in these processes. The physiological role of TNT
respiration in Pseudomonas sp. strain JLR11 raises the possibil-
ity of interesting environmental applications in anaerobic envi-
ronments polluted with TNT, in which the pollutant can be used
not only as an N source but also as a terminal electron acceptor.
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