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Our recent study highlights the role
of 2 glutathione transferases

(GSTs) in the detoxification of the envi-
ronmental pollutant, 2,4,6-trinitrotolu-
ene (TNT) in Arabidopsis thaliana. TNT
is toxic and highly resistant to biodegra-
dation in the environment, raising both
health and environmental concerns. Two
GSTs, GST-U24 and GST-U25, are
upregulated in response to TNT treat-
ment, and expressed predominantly in
the root tissues; the site of TNT location
following uptake. Plants overexpressing
GST-U24 and GST-U25 exhibited sig-
nificantly enhanced ability to withstand
and detoxify TNT, and remove TNT
from contaminated soil. Analysis of the
catalytic activities of these 2 enzymes
revealed that they form 3 TNT-gluta-
thionyl products. Of particular interest is
2-glutathionyl-4,6-dinitrotoluene as this
represents a potentially favorable step
toward subsequent degradation and min-
eralization of TNT. We demonstrate
how GSTs fit into what is already known
about pathways for TNT detoxification,
and discuss the short and longer-term
fate of TNT conjugates in planta.

The environmental pollutant 2,4,6-tri-
nitrotoluene (TNT) is of concern because
it is toxic, classified as a carcinogen by the
US Environmental Protection Agency,
and is highly resistant to biodegradation
in the environment.1 While pollution is
limited mainly to military ranges and
manufacturing sites, in the US alone,
there are an estimated 16 million hectares
of active and closed military sites contami-
nated with explosives,2 and the use of

TNT in ordnance will continue for the
foreseeable future.

Microorganisms have been isolated
from explosives-contaminated soil and
the biochemistry behind TNT-detoxifica-
tion has been well characterized. This
occurs predominantly via the transforma-
tion to hydroxylamino dinitrotoluenes
(HADNTs) and amino dinitrotoluenes
(ADNTs) by nitroreductases (reviewed in
Rylott et al. 20111). However, despite
the presence of TNT-detoxifying micro-
bial populations in contaminated soil,
TNT continues to be highly recalcitrant
to degradation. Given the scale of TNT
pollution in the environment, phytoreme-
diation could offer an alternative means
of cleaning-up contaminated sites. A
problem with this approach is the phyto-
toxicity of TNT at the polluting levels
found in the environment.3

The endogenous metabolism of TNT
by plants has been characterized, with
much research focusing on the model
plant species Arabidopsis thaliana (Arabi-
dopsis).1,4 As presented in Figure 1, TNT
can be transformed in a similar pathway
to that in microorganisms; to HADNTs,
with a varying portion further reduced to
ADNTs. In Arabidopsis, oxophytodie-
noate reductases are known to catalyze
these steps.5 The additional functionality
of HADNTs and ADNTs permits their
subsequent conjugation to amino acids,
organic acids and sugars.6,7 The conjuga-
tion of HADNT and ADNT isomers to
glucose by Arabidopsis glucosyl transfer-
ases has been characterized,8 with research
suggesting that these conjugates are subse-
quently sequestered within the cell walls.4

Previously, GSTs had been shown to be
upregulated in response to TNT
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treatment, and their involvement in TNT
detoxification hypothesized.8-12 Our
study13 investigated GST-U24 and GST-
U25, the 2 Arabidopsis GSTs most highly
upregulated in response to TNT under
our treatment conditions. We demon-
strated that Arabidopsis plants over-
expressing GST-U24 or GST-U25
removed more TNT from soil and were
more resistant to TNT toxicity than wild
type plants, due to the direct

glutathionylation of TNT. However, the
levels of GSH in leaves of wild-type plants
grown in TNT-contaminated soil was 29
% less than those grown in uncontami-
nated soil; in the GST-U25 overexpress-
ing lines, the decrease in GSH in the
presence of TNT was 58 %. These results
suggest that on TNT-contaminated sites,
conjugation of GSH to TNT might
deplete GSH pools, limiting TNT
detoxification.

Characterization of recombinantly
expressed, purified GST-U24 and GST-
U25 showed that they produced 3 distinct
products, identified using HPLC-MS and
NMR analysis. GST-U24 produced pre-
dominantly conjugate 1 (C-glutathiony-
lated 4-HADNT), whereas GST-U25
produced conjugates 1, 2 (C-glutathiony-
lated 2-HADNT) and 3 (2-glutathionyl-
4,6-dinitrotoluene).13 Conjugate 3 is of
particular interest due to the denitration
of TNT; the nitro groups offer stability to
the ring through resonance.14 Biochemical
pathways in bacteria that can mineralize
the structurally-related compounds 2,4-
and 2,6-dinitrotoluene (DNT) have been
characterized.15,16

Following uptake, TNT and deriva-
tives are located predominantly in the
root tissues17 with conjugation to gluta-
thione occurring in the cytosol. At pH
6.5 to 7.0, production of conjugate 3 by
GST-U25 is preferred over the other 2
conjugates. That only conjugate 3 was
detected in the root extracts from GST-
U25 overexpressing plants fed TNT sug-
gests that the root cytosol pH is favor-
able for conjugate 3 production13.
Further studies are now required to
investigate whether conjugate 3 is a step
closer to the catabolism of TNT into
intermediates of general metabolism, or
possibly mineralization, of this organic
pollutant. If conjugate 3 is more amena-
ble to further breakdown, this could be
used to genetically manipulate, or
screen, for plants with enhanced produc-
tion of conjugate 3. Both root pH and
conjugate 3 producing activity have not
yet been reported for phytoremediation-
relevant species such as switchgrass and
poplar, although studies to identify
GSTs in poplar are underway.9-11

Figure 1. Schematic representation showing
proposed detoxification pathway for 2,4,6 tri-
nitrotoluene (TNT) in Arabidopsis roots. Mode
of cellular TNT uptake and end fate of TNT-
derived conjugates are still unknown. OPR,
oxophytodienoate reductases; GSTs, glutathi-
one transferases; GTases, glucosyl transfer-
ases; MRP1,2, multidrug resistance-associated
protein; GGT, g-glutamyl transpeptidase;
HADNT, hydroxylamino dinitrotoluene; DNT,
dinitrotoluene. Dotted lines represent puta-
tive pathways.
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Studies on GSH-herbicide conjugates
show that they are then rapidly seques-
tered to the vacuole by the ATP-binding
cassette transporters, Multidrug Resis-
tance-associated Proteins MRP1 and
MRP2.18,19 Both MRP1 and MRP2 are
up-regulated in response to TNT8 and it
is likely that TNT-derived glutathione
conjugates are transported to the vacuole.
During glutathione catabolism in Arabi-
dopsis, GGT4 in the vacuole, and pre-
dominantly GGT1 in the extracellular
space, catalyze the production of cysteinyl-
glycine (Cys-Gly) and g-glutamate
(g-Glu).20-22 The Cys-Gly is hydrolysed
in the cytosol by a dipeptidase, making
these amino acids available for glutathione
re-synthesis. The g-Glu binds with amino
acids to produce g-Glu-alanine or other
amino acids (g-Glu-aa). The involvement
of a cytosolic g-glutamyl cyclotransferase
(GGCT) has been confirmed,23 and more
recently, the gene identified and enzyme
characterized.24 The GGCT converts
g-Glu-alanine or any other g-Glu-aa moi-
ety (including g-Glu-Cys) into pyrogluta-
mate or 5-oxoproline, which is
subsequently recycled into Glu by
oxoprolinase.23,25

Studies using monobromobimane
(mBB), which is conjugated to glutathi-
one and sequestered into the vacuole,
revealed that in Arabidopsis root
vacuoles, the N-terminal degradation
products, Cys-Gly-mBB and g-Glu-
mBB, are produced by GGT4.20,22 Stud-
ies on ggt4 mutants demonstrated that
the gene is responsible for the majority of
GSH-mBB-derived conjugates, and that
C-terminal degradation is not signifi-
cant.22 Some g-Glu-Cys conjugates have
been isolated from Silene cucubalus cell
suspension cultures heterologously
expressing an Arabidopsis cytosolic phy-
tochelatin synthase and fed mBB. How-
ever, while the formation of g-Glu-Cys
conjugates indicates that C-terminal deg-
radation of glutathione conjugates is pos-
sible in the Arabidopsis cytosol,26 studies
in Arabidopsis indicated that vacuolar
sequestration out-competes cytosolic phy-
tochelatin synthase-catalyzed, C-terminal
carboxypeptidase activity.21 A barley vac-
uolar carboxypeptidase that cleaves ala-
chlor glutathione conjugates C-terminally

to produce g-Glu-Cys conjugates has
been reported,27 demonstrating that there
are species differences.

Along with the studies using mBB,
ggt4 was found to be more susceptible
than wild-type plants to the herbicides
2,4-dichlorophenoxyacetic acid and
metolachlor22. While the fate of TNT-
derived glutathione conjugates in plants
is not known, the above studies suggest
that these would be further processed via
the N-terminal, GGT4 catalyzed, path-
way in Arabidopsis roots (Fig. 1). The
glutathione conjugation of 2,4-dichloro-
phenoxyacetic acid and metolachlor have
been shown to be sufficient to alleviate
their phytotoxicity,22 and whether these
herbicides, or TNT are catabolized
beyond Cys-conjugates is unclear. So
far, it has not been proven whether there
is a nitrogen-related advantage in salvag-
ing Glu and Gly components from glu-
tathione conjugates.22 Further studies
could test whether limiting nitrogen or
sulfur affect TNT-conjugating GST
activity and phytotoxicity in Arabidopsis
and more phytoremediation-relevant
species. Both nitrogen and sulfur are ele-
ments that are likely to be limiting in
field environments such as military
training ranges.

In plant species suitable for phytoreme-
diation of TNT, such as poplar and peren-
nial grasses, the cytosolic contents are lost
during the conversion to woody biomass.
While evidence suggests that glycosylated
TNT derivatives are bound up in plant
macromolecules such as lignin,4 the lon-
ger-term fate of TNT-derived glutathione
conjugates following emptying of the cell
contents and conversion to woody xylem
is unknown. Studies are needed to estab-
lish the longer-term bioavailability and
toxicity of transformed, conjugated xeno-
biotics and, as with all persistent aromatic
hydrocarbon pollutants, true remediation
requires their catabolism into intermedi-
ates of general metabolism, or
mineralization.
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