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Abstract

Cytosolic glutathione S-transferase in bacteria possesses the biochemical capacity to degrade
various classes of organochlorine pollutants in the environment in addition to their primary role
of defending the organism from a wide range of endobiotics and xenobiotic substrates. Furthermore,
the ability of different classes of cGST to recognize a wide repertoire of substrates due the variability
in the substrate binding site of the enzymes makes them well suited for bioremediation purposes.
c¢GSTs act as dehalogenases promoting a rapid degradation of various organochlorine compounds.
Dehalogenation served as the primary mechanism for detoxification of various organochlorine compounds,
making them vulnerable to attack by other degradative enzymes. However, despite their potential and
advantage of wide substrate specificity, cGSTs have not been exploited for bioremediation purposes.
In this review, we described the various cGST classes in bacteria and their phylogenetic relationships.
Furthermore, the review reiterated that cGSTs in bacteria are involved in dehalogenation reaction,
and this property can be harnessed for bioremediation of a diverse class of organochlorine pollutants as
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they currently represent the largest class of pollutants in the environment.
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Introduction

Glutathione S-transferases (GSTs) constitute a family
of ubiquitous enzymes that play a vital role in detoxifying
a diverse class of exogenous and endogenous electrophilic
substrates [1]. GST catalyzes the conjugation reaction
between the electrophilic center of various classes of
substrates and the sulfur atom of reduced glutathione
to generate water-soluble glutathione conjugate that can
be easily excreted [2]. Furthermore, GSTs were also
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found to bind several other exogenous and endogenous
compounds in a non-catalytic fashion, thereby helping in
various cellular processes [3]. They occur in almost all
living organisms, including plants, animals, fungi, and
bacteria [4].

Four different classes of GSTs were identified in
bacteria, namely cytosolic (cGSTs), mitochondrial-,
microsomal-, and bacterial-specific fosfomycin-resistance
protein [5]. Among the various GST classes identified in
bacteria, cytosolic GSTs (cGSTs) represent the largest
class of known GSTs. Furthermore, in addition to their
functional role of defense against various products of
oxidative stress, the ¢cGSTs in bacteria were known to
occur in several degradative pathways, indicating their
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importance in the bioremediation of a diverse class of
pollutants [6]. Advances in gene sequencing techniques
also continued to provide insight into new classes of
c¢GSTs in bacteria with novel functions. Currently, seven
different classes were already identified in bacteria, with
some of them playing a valuable role in the biodegradation
of several classes of pollutants [5, 7-9].

The population explosion and industrialization in the
agro-economic sector hasresulted in tremendous increases
in the use of chemicals that are detrimental to human
health and the environment [10-11]. Organochlorine
compounds represent the largest group of chemicals used
either industrially or as pesticides. However, they also
represent the most noxious and recalcitrant compounds
in the environment. Removal of halogen from the various
organochlorine compound by dehalogenases is considered
to be one of the key mechanisms for reducing toxicity and
persistence, and also helps in maintaining the halogen
biogeochemical cycle [12]. Various isoforms of cytosolic
GSTs from bacteria have shown a promising application
in the bioremediation of a diverse class of organochlorine
compounds. However, the study of bacterial cGST is still
at an infant stage compared to many other enzymes used
for bioremediation purposes. This review looks at an
overview of the currently documented studies on cytosolic
GSTs in bacteria, including current classification and
phylogenetic relationships. The review further reiterated
on the potential application of many classes of cGST in
the bioremediation of several organochlorine compounds.
Furthermore, due to diverse catalytic function and wide
substrate specificity displayed by various classes of GSTs,
we solely focused on dehalogenation functions catalyzed
by the cytosolic GSTs. Where known, the mechanism
underpinning the dehalogenation reaction against several
substrates was also explored. Different organochlorine
compounds that are substrates for bacterial GSTs were
analyzed for their toxicity and biodegradation, and the
potential application that various classes of bacterial
cytosolic GSTs could offer in the bioremediation of
these pollutants. Suggestions for improvement were also
discussed in the conclusion section.

Methods
Study Selection

Several electronics databases (ISI web of science,
CINAHL, MEDLINE, EMBASE) were scarched
for English-language articles reporting glutathione
S-transferase. However, these articles were filtered
in order to include only the articles that fulfilled the
inclusion criteria. We included studies in which (1) the
main focus was on glutathione S-transferase in bacteria;
(2) among the various classes of GSTs in bacteria, the
core emphasis was on cytosolic GSTs, so therefore only
articles reporting the ¢cGST in bacteria were selected;
and (3) considering the diverse catalytic functions of
cytosolic GST on different classes of substrates, the core

emphasis was given to dehalogenation of organochlorine
compounds as they represent the largest group of
pollutants in the environment.

Excluded articles were those in which the study was
on glutathione S-transferase in other specie (plants,
mammals, fungi, and insects). However, a literature
search was also performed on those articles reporting the
toxicity of various organochlorine pollutants.

Phylogenetic Analysis

Various representatives of GST classes from both
prokaryotic and eukaryotic organisms were used to
investigate the evolutionary history and phylogenetic
analysis of bacterial cytosolic GSTs. The amino
acid sequences of various GST representatives was
obtained from databases such as the National Center
for Biotechnology Information (NCBI). Multiple
sequence alignment was produced using CLUSTAL
W12 [13]. The evolutionary history was inferred using
the neighbor-joining method [14]. The tree is drawn to
scale, with branch lengths in the same units as those of
the evolutionary distances used to infer the phylogenetic
tree. The evolutionary distances were computed using
the Poisson correction method and are in the units of
the number of amino acid substitutions per site [15].
The analysis involved 34 amino acid sequences. All
positions containing gaps and missing data were
eliminated. 133 positions were included in the final
dataset. Evolutionary analyses were conducted in
MEGAG® [16].

Results and Discussion

Structure and Phylogenetic Relationship
of Cytosolic Glutathione S-transferases
in Bacteria

The evolution of glutathione S-transferase in bacteria
was thought to occur four times in an independent
manner, yielding four different classes: cytosolic,
mitochondrial, microsomal, and bacterial fosfomycin-
resistant proteins [5, 17]. Each of these classes contained
members that are evolutionarily related to carrying out
different functions, and some possessing overlapping
functions between one class and another. In bacteria,
cytosolic GSTs contained the largest family members
so far discovered. They are dimeric proteins with
average molecular weight of 25,000 Da. They either
form homo or heterodimer with their subunits derived
from the same class of isoenzyme [18]. Each monomer
has a G-site and H-site located at the N- and C-terminal
domains, respectively, which functions in the binding
of co-substrate glutathione (GSH) and several classes
of hydrophobic substrates, respectively [19]. The G-site
is an essential pocket that is specific for GSH and was
found to be relatively conserved among all GST
classes. The C-terminal contains the H-site and, unlike
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the G-site, it varied among GSTs, which gives flexibility
for different classes of GST to recognize a diverse range
of both endogenous and exogenous substrates [20].
Catalytic active monomers have not been observed in
GSTs, and whether the formation of dimers is coupled
to enhancing the activity of the enzyme is a subject of
investigation [18].

In bacteria, in addition to the previously known
cytosolic beta, Chi, Zeta, and Theta classes, three
additional classes of Rho, Eta, and Nu were recently
discovered [7-9, 17]. One major criterion for classifying
cytosolic GSTs is the use of percentage sequence
similarity, which is generally agreed that proteins which
shared 40% and above, the sequence similarity belongs
to the same class, while those with less than 20%
are classified into a different class [21]. Other factors
such as crystal structure similarity, kinetic properties,
and immunological features were also taken into
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consideration to fully classify a ¢GST into a particular
class [19]. It is worth noting that despite the extensive
sequence variation that exists between various GST
classes, all the classes were able to maintain a structural
scaffold that ensures the integrity of glutathione-
catalyzed conjugation reaction. A typical example is seen
in four different GST classes whose crystal structures
were determined: a beta class GST from Proteus
mirabilis, two GSTs from E. coli, and human theta class
GST [5]. These GSTs shared less than 20% sequence
similarity between their amino acid sequences, yet they
all maintained a specific structural scaffold that ensured
that the integrity of GST-catalyzed conjugation reactions
is not compromised [22].

A phylogenetic analysis of cytosolic GSTs
from bacteria (prokaryotic) and other eukaryotic
representatives (mammals, insects, and plants) is shown
in Fig. 1. The phylogenetic tree showed the various

Fig. 1. Evolutionary relationship between representatives of eukaryotic and prokaryotic cytosolic glutathione S-transferases. P21161
Methylobacterium extorquens DM4, P43387 Methylophilus leisingeri, NP000844 Homo sapiens, AAV68399 Aedes aegypti,
CAB03592 Anopheles gambiae, EDW42478 Drosophila sechellia, EDV55071 Drosophila erecta, AAF64647 Drosophila melanogaster,
WP_000566471 Proteobacteria, AAG58126 Escherichia coli O157:H7 strain, WP_009787675 Lyngbya sp. PCC 8106, WP_006196313
Nodularia spumigena, WP 010973264 Agrobacterium tumefaciens, ABQ96852(Solanum commersonii), AAA33469 (Zea mays),
WP 004248152 (Proteu mirabilis), WP_001503035 (Escherichia coli), NP_000840 (Homo sapiens), NP_000552 (Homo sapiens),
NP 000843 (Homo sapiens), P46427 (Onchocerca volvulus), NP_665683 (Homo sapiens), NP 034487 (Mus musculus), P46428
(Anopheles gambiae), P46088 (Nototodarus sloanii), 4YQM A Homo sapiens, NP 080895 Mus musculus, BAF27055 Oryza sativa
Japonica Group, ABF99228 Oryza sativa Japonica Group, WP_010874264 Synechocystis sp. PCC6803, AAN39918 (Capsicum
annuum), AAO61856 (Malva pusilla), WP_011802516 Polaromonas naphthalenivorans, WP_072095815 E-coli. The bold-pointed
sequences represent various classes of prokaryotic GSTs and their distribution.
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distribution of the cytosolic GSTs into different classes
consistent with their evolutionary relationship. Two
classes, beta and zeta, were known to have eukaryotic
counterparts and can be seen lying next to each other.
This indicates the close relationship that existed between
the cukaryotic and prokaryotic GSTs. Four out of the
five classes; eta, nu, chi, and theta were lying close to
one another and from the same cluster, which suggests
the possible evolutionary relationships between those
classes. Eta class GST was found lying very close and in
the same cluster with a plant’s phi class GST. This is not
surprising as structural analysis of Eta class GST showed
a strong resemblance to that of Phi class GST [20].
The newly discovered rho class GST can be seen lying
in-between zeta and plants Tau class GSTs. This might
indicate a possible evolutionary relationship between
zeta and either tau or zeta class GSTs, though the crystal
structure of the class was not available.

Classification of ¢cGST in Bacteria
Beta Class GST

The prototype of beta class GST was first identified
from Proteus mirabilis after carefully analyzing that
the GST display certain structural and biochemical
properties that differentiates it from other known GST
classes [23]. Beta class GST was found to occur only in
bacteria, and currently four crystal structures of beta
class GST belonging to different organisms have
already been analyzed [18]. The overall crystal structures
in all four classes consist of an N-terminal domain
that resembles the thioredoxin-like protein fold. The
C-terminal domain was found to be all helical and
is separated by a short linker. In addition, a unique
structural motif discovered only in beta class GST was
also identified from OaGST [23]. This motif was found
at the G-site and it consists of a network of hydrogen
bondings that function to zipper the end of the C-terminal
domain and the starting helix of the thioredoxin-like
domain. Beta-class GSTs have characteristic reactivity
with 1-chloro-2,4- dinitrobenzene (CDNB), the existence
of cysteine at the glutathione binding site, and their
ability to be separated using GSH matrix [23].
Furthermore, they were found to conjugate antibiotics,
therefore helping in conferring antibiotic resistance to
the organisms [24].

Theta Class GST

Theta class GSTs in bacteria were first identified from
facultative methylotrophic bacteria Methylobacterium
sp. Strain DM 11 [25]. Later, the enzyme was also
identified from another strain called Methylobacterium
sp. DM 4 [26]. Theta class GST has dichloromethane
dehalogenase (DCM) activity and they were referred
to as DCM dechalogenases. Bacteria that possessed
DCM dehalogenase could single-handedly break down
the dichloromethane for subsequent energy generation.

The enzyme lacks reactivity with DCNB and does not
bind to the GSH affinity matrix [5, 27]. Several other
DCM dehalogenases were also identified from different
bacterial strains. Analysis of sequence variations among
different DCM dehalogenases revealed highly conserved
sequences that affect catalytic properties of the proteins
[28].

Zeta Class GST

Zeta class was first identified while studying the
evolution of GST through sequence alignment study
[29]. The enzyme was found to be distributed in many
species, including humans, plants, and bacteria. The
distinguishing characteristic of zeta class GSTs is
that they possess tetrachlorohydroquinone (TCHQ)
dehalogenase and isomerase activities [30]. They were
also found to have dichloroacetate dechlorinating
activity [31]. The N-terminal domain of zeta class GSTs
is uniquely identified by the presence of a signature
motif;, SSCX(W/H)RVRIAL and RSSASYRVRIAL
for eukaryotic and prokaryotic sequences, respectively
[32]. The result of sequence alignment studies of various
GST-classes also showed that the first serine residue in
these motifs is highly conserved and is analogous to the
catalytically essential serine found in theta, phi, and delta
classes [32-33]. Two distinct groups of zeta class GSTs
were observed based on the analysis of more than 200
similar sequences. The first group is found in eukaryotic
sequences and they contained the first serine and a
cysteine residue in the motif partnered by glutamine at
the N-terminal domain that function in the stabilization
of the GSH. This group is usually found in MAAI and
tetrachlorohydroquinone dehalogenases (TCHQ-DH)
[34]. The second group is usually found in prokaryotes,
and they contained serine but in place of cysteine, a
polar side chain usually (Ser, Thr, or Ala) partnered with
histidine 104 at the N-terminal domain are present [35].
Even though this second group was found to lie within
the clusters of gene involved in tyrosine metabolism,
the lack of cysteine residue suggests that they are not
required for MA AT activity. This group was found to be
predominantly MPIs with alanine contributing to >50%
of the residue at that position. In this second group, the
residues RS----RVRIAL were also shown to be >85%
conserved with the first arginine functions in substrate
recognition [32, 34-35].

Chi Class GST

Chi class GSTs are among the newly discovered
cytosolic GSTs from bacteria after beta, zeta, and theta
classes. This class was first identified from cyanobacteria
called Synechococcus elongates PCC 6301 and
Thermosynechococcus elongates BP-1 [36]. The proteins
were found to exhibit low sequence similarity to other
known GST classes. Although crystal structure of any
of the members was not determined, online structural
prediction using other known GST classes showed
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that the enzyme displayed typical structural features
that were found to be present in other cytosolic GSTs.
This includes the presence of Pro53, Ile 68 identified in
what is called motif I and the N-capping box containing
“Ser/Thr-Xaa-Asp” residues, which played a role in
the folding of GSTs. Further secondary structural
analysis predictions using known crystal structures
of other GST classes also showed that chi class adopts
the usual BafofPa and all helical structures found in
N and C-terminal domain of all GSTs, respectively.
However, one distinguishing feature of this class of
GST is the absence of essential cysteine residue found
in beta class GST, though other potential candidates
such as Ser and Tyr are present around the N-terminal
position, which might fulfill the function. The GST
has distinguishing characteristics of exhibiting activity
toward isothiocyanates (a plant-based compound that
acts as a defensive mechanism during injury or inversion
by pathogens). The enzyme was also found to exhibit
moderate activities against a wide range of GST standard
substrates [36].

Eta Class GSTs

The GST termed Eta class was first identified from
a pathogenic soil bacterium Agrobacterium tumefaciens
C58. The protein was found to exhibit very low sequence
similarity with all known cytosolic GST classes. It was
designated as (Atu GSTHI-1) and called Eta class GST.
The crystal structure of Eta class GST was determined
in complex with S-(P-nitrobenzyl)-glutathione. The
structure showed a typical overall fold of GSTs with
N-terminal domain resembling the thioredoxin-
like protein fold and an all a-helical segment in the
C-terminal domain. Comparison of the crystal structure
of Atu GSTHI-1 with the crystal structures of other
known ¢GSTs showed that it closely resembles YfcG;
a Nu class GST from E. coli. One special feature that
was observed in Atu GSTHI-1 is the absence of essential
Tyrosine, Cysteine, or Serine residues at the glutathione
binding site of the protein. These residues were found
to play an essential role in the binding and activation
of GSH in various GST classes. However, site-directed
mutagenesis studies showed that Phe 22, Ser 25, Arg 34,
and Arg 187 contributed significantly to catalysis. The
enzyme was found to show significant activity toward
aryl halides as well as strong peroxidase activity toward
organic hydroperoxides [8].

Rho Class GSTk

This class of cytosolic GST was first reported from
a cyanobacterium Synechocystis PCC 6803. The
enzyme was found to display very low sequence
similarity, showing the highest similarity of 21% with
representatives from zeta, theta, and alpha classes. Based
on percentage sequence similarity, the enzyme was
designated as rho class GST. Furthermore, while the
average molecular weight of cytosolic GSTs is around

25K Da, this protein was found to have a molecular weight
of about 30KDa. Biochemical characterization showed
that the enzyme has strong dehalogenase activity toward
dichloro-acetate and glutathione-dependent peroxidase
activity [7].

Nu Class GSTs

Nu class GST was first identified from Escherichia
coli after observing unique structural and -catalytic
properties not previously seen in other GST classes [9,
37]. Two representative members currently identified
are designated as YfcG, also known as (GST N1-1) and
YghU and also labeled as (GST N2-2). YfcG was found
to show very low activity with standard GST substrate
1-chloro-2,4-dinitrobenzene (CDNB). The peroxidase
activity of the enzyme was only detected with cumene
hydroperoxide, but not with other peroxides. Structurally,
YfcG was found to possessed typical GSH transferase
features with N-terminal domain resembling that of
thioredoxin-like proteins and all a-helical domain at the
C-terminal part of the protein. Crystal structure of YfcG
was grown in the presence of reduced glutathione (GSH),
but surprisingly an oxidized glutathione GSSG was
found occupying the active site between the two subunits
of the dimer. The disulfide bond was also found to be on
the surface of the protein, similar to what was observed
in glutaredoxins and thioredoxins. Although his suggests
that the protein might be involved in oxidoreductase
activities, no cysteine residue is present at the active site
of the protein. This further shows that the sulfhydryl
groups are not involved in the redox chemistry of the
reaction. Furthermore, this suggests a unique disulfide-
bond reductase activity from the members of the YfcG
family [9].

The crystal structure of YghU reveals a somewhat
interesting and completely new phenomenon with
regards to GSH binding. The enzyme exhibited an
unusual behavior by binding to two molecules of GSH in
each of its active sites: one tight and one weak binding.
The binding behavior observed is consistent with
their kinetic behavior, which suggests either negative
cooperativity or differences in the affinity of the two
GSH molecules to their respective active sites. Overlay
of the two crystal structures from YfcG and YghU
showed very close similarity and even in the
superposition of the two GSH from YghU and the
GSSG from YfcG. Another interesting scenario
observed in the crystal structures of both YfcG and
YghU is the presence of threonine and arginine residues
at the opposite subunits of their crystal structures. The
threonine residue interacts with the first GSH molecule
in YfcG and GSSG in YghU, while the arginine residue
interacts with the second molecules of GSH and GSSG
in YfcG and YghU, respectively. Just like YfcG, the
YghU enzyme failed to show transferase activities using
most standard GST substrates. However, it did show
modest peroxidase activities toward several organic
hydroperoxides [37].
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Role of Bacterial cGSTs in the Dehalogenation
of Organochlorine Pollutants

Many of these classes of bacterial GSTs showed
a promising application as dehalogenases, thereby
helping in the bioremediation of several organochlorine
pollutants. They catalyze reductive dehalogenation (also
termed thiolytic dehalogenation), in which a chlorine
atom from the substrate is replaced by the thiol group
from the reduced glutathione and forms a glutathione
conjugate [38]. Among the various classes of cytosolic
GSTs discovered in bacteria, four different classes —
theta, beta, rho, and zeta — were found to possess the
dehalogenation function against various substrates
7, 39-40]. This signifies the functional role of bacterial
GSTs not only in the defense against the product of
oxidative stress but also in the detoxification of a diverse
range of pollutants, thereby helping in cleaning the
environment.

Dehalogenation of Pentachlorophenol

Pentachlorophenol is a polychlorinated hydrocarbon
used as a fungicide. In addition, the compound is used
as an insecticide for agricultural purposes and other
in-house treatments [41]. Furthermore, the compound
is incorporated in the manufacture of certain
commodities such as insulators, ropes, paints, and
adhesives. It is synthesized either by alkaline hydrolysis
or direct chlorination of chlorobenzenes and phenols,
respectively [42]. In addition to the tens of thousands
of tons used for different purposes, metabolism of other
organochlorine compounds such as lindane was shown
to be metabolized to produce pentachlorophenol [43-45]
— a persistent organochlorine compound with a half-life
of 6-7 months, which makes it able to contaminate
various environmental bodies such as soil and water
[46]. There are many reports of PCP contamination
in soil, wood treatment sites, underground water,
and deserted factories [47]. The international
agency for research on cancer (IARC) has classified
pentachlorophenol as a possible human carcinogen.
One of the major toxic metabolites of pentachlorophenol
is tetrachlorohydroquinone [48].

Cytosolic glutathione S-transferase with significant
sequence similarity to maleylacetoacetate isomerase
(a zeta class GST) was found to play a key role in the
biodegradation of pentachlorophenol. This enzyme,
designated as tetrachlorohydroquinone  (TCHQ)
dehalogenase, was first identified from Sphingobium
chlorophenolicum [40]. The TCHQ dehalogenase
from Sphingobium chlorophenolicum is the most
extensively studied dehalogenase in bacterial GSTs.
The enzyme catalyzes the two-step reductive
dechlorinationprocesstoconverttetrachlorohydroquinone
to dichlorohydroquinone (Fig. 2) [38]. Surprisingly,
unlike the other GST superfamily that requires one
molecule of GSH, the TCHQ dehalogenase requires
the equivalent of two molecules of GSH at each
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Fig. 2. Postulated mechanism of dehalogenation of

tetrachlorohydroquinone (TCHQ) by TCHQ dehalogenase from
Sphingobium chlorophenolicum.

stage of the reductive dehalogenation. Furthermore,
the GSH molecules are not regenerated at the end of
the reaction but are oxidized to glutathione disulfide
[38]. The initial reaction in the biodegradation of
pentachlorophenol involves hydroxylase, which produces
tetrachlorobenzoquinone. Tetrachlorobenzoquinone is
converted into tetrachlorohydroquinone by the action of a
reductase [49]. The next two successive reactions involve
reductive dehalogenation by the TCHQ dehalogenase
to generate dichlorohydroquinone. In the proposed
mechanism of the reaction, the first GSH molecule is
used in the nucleophilic attack on the substrate while
the second GSH molecule is used in the thiol-disulfide
exchange reaction to form oxidized glutathione (GSSG).
Cysteinel3 was found to play a key role in the second
part of the reaction, whereby its attack on the glutathionyl
results in the release of the reduced substrate. The final
step of the reaction involves the regeneration of the active
site, cysteine, and the formation of glutathione disulfide.
Even though the binding of the second glutathione in
thiol-disulfide exchange reaction was found to be very
weak, the enzyme was found to catalyze the reaction at
rate 10000-fold more than other typical thiol-disulfide
exchange reactions [38, 40, 50].

Dehalogenation of 2,5-dichlorohydroquinone

2,5-dichlorohydroquinone is a metabolite
generated during the biodegradation of gamma-
hexachlorocyclohexane, also known as lindane
[43, 51]. Lindane is one of the notorious and highly
halogenated insecticides used worldwide for the
control of agricultural and public health pests. Although
most countries have prohibited and banned the use
of lindane because of its persistence and toxicity, for
economic reasons the compound is still being produced
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of dichloromethane to formaldehyde by two different strains of bacteria (Methylobacterium dichloromethanicum (DM4) and

Methylophilus leisingeri (DM 11).

and used in some countries [47, 52]. This makes it
available to contaminate new sites in addition to the
previously contaminated sites. Various reports of
contamination by lindane in both land and water bodies
were reported [52]. The compound exerts various
toxicities ranging from reproductive to renal toxicities
[53-54].

The most well-studied biodegradation of lindane
is by the bacteria Sphigomonas paucimobilis UT26
[51, 55]. The organism contained a series of enzymes
designated as Lin A, Lin B, Lin C, Lin D, and Lin E,
which sequentially degrade lindane to hydroquinone. Lin
D, in particular, was found to be a zeta class glutathione-
dependent reductive dehalogenase through sequence
alignment studies and biochemical characterization
[56]. The enzyme partakes in the biodegradation of
lindane by dehalogenation of 2,5-dichlorohydroquinone
(@ byproduct of Lin C) to produce hydroquinone via
chlorohydroquinone. The hydroquinone is subsequently
converted into carbon dioxide and energy is produced
in the process. The proposed mechanism of the reaction
was similar to the one found in TCHQ dehalogenase. Lin
D utilizes two molecules of reduced glutathione (GSH)
in each of the two stages of the reaction to produce
hydroquinone (Fig. 3a) [57].

Dehalogenation of Herbicides

Atrazine is a synthetic and one of the most widely used
herbicides after glyphosate for effectively controlling
grassy weeds [58]. Its mechanism of action involves
disrupting the photosystem II by selective binding to
a plant’s specific plastoquinone-binding protein. This

causes a disruption in the electron transport system of the
plant and its eventual death [59]. However, the compound
is relatively persistent in soil, lasting for up to 4 years
in some types of soils and therefore migrating from soil
to underground water, which causes its contamination
[58, 60]. Despite atrazine having been banned since 2004
in European countries, as of 2014 it is the second most-
used pesticide in the United States and the most widely
used in Australia [58]. It is considered one of the major
water contaminants in the United States [61]. It is an
endocrine disruptor causing hormonal imbalance. There
is also increasing concern about the effect of atrazine on
intrauterine growth and preterm delivery [62].

Cytosolic glutathione S-transferases from several
bacterial species have been shown to play a role in the
biodegradation of atrazine. Biodegradation of atrazine
is carried out by a single microorganism or microbial
consortium [63-64]. The best-studied response of
microbial population on exposure to atrazine is derived
from Pseudomonas strain ADP [64]. This strain
responded by producing enzymes that degrade the
atrazine to cyanuric acid [65-66]. The first step involves
the removal of chlorine atom through conjugation with
GSH catalyzed by glutathione S-transferase. This is
subsequently followed by an additional three enzymatic
steps that degrade the compound to cyanuric acid [67].
A glutathione S-transferase from Pseudomonas strain
ADP catalyzes the initial dehalogenation reaction
(Fig. 3b), and this produces the substrate for the next
enzymatic steps [64]. Two subsequent dealkylation steps
produce cyanuric acid, which then further metabolize
to carbon dioxide and ammonia by Pseudomonas sp.
ADP and many other soil bacteria [5, 68]. In another
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study using soil bacterium Ochrobactrum antrophi that
solely utilized atrazine as its carbon source, there was an
increase in the level of a specific beta class GST from the
organism, suggesting a vital role played by this GST in the
biodegradation process [69]. Furthermore, a recombinant
cell extract encoding a BphK glutathione S-transferase
from Burkholderia xenovorans LB400 was also found
to display dehalogenation function against atrazine [70].
The BphK from Burkholderia xenovorans LB 400 was
also found to display the dehalogenation function against
Clean-Up, a herbicide containing 60% atrazine and 40%
aminotriazole used to prevent weed recurrence.

Another herbicide known to be a substrate for GST
is 2,4-dichlorophenoxyacetic acid, an organochlorine
herbicide widely used in various type of crops to
control broadleaf weeds. The relative persistence of the
herbicide makes it one of the more widely detected water
contaminants affecting both humans and aquatic animals
[71]. Furthermore, the herbicide has the tendency to
bioaccumulate in plants and aquatic animals, and therefore
ingestion of such plants or animals can result in various
health complications. The world health organization
has classified 2,4-dichlorophenoxyacetic acid as a
moderately hazardous substance [72]. The compound
was also classified as a possible carcinogenic substance
by the international agency for research on cancer [73].
A specific beta class glutathione S-transferase (BphK)
from Burkholderia xenovorans LB400 that was found
to function in the dehalogenation of toxic metabolites
generated during polychlorobiphenyls degradation was
also found to exhibit dechlorination function against
2,4-dichlorophenoxy acetic acid [70]. This GST was also
found to exhibit dechlorination function against another
herbicide, Pentanochlor. Pentanochlor is an aniline
selective herbicide used to control weeds in various
plants. The herbicide was classified as toxic to plants,
animals, and aquatic organisms by the United States
Environmental Protection Agency. The dehalogenation
is thought to help reduce the recalcitrance of these
compounds, thereby making them vulnerable to
biodegradation. In addition, it also makes the carbon
skeleton of atrazine available to other biodegradative
organisms, thereby enhancing and speeding up the
biodegradation process. A laboratory phytoprotection
experiment also showed that dechlorination of
organochlorine herbicides contributed greatly to
providing a cleaner environment, offered a protective
effect for plants, and enhanced plant growth [70].

Dehalogenation of Dichloromethane

Dichloromethane is an organic solvent used
extensively in industries as a solvent and a cleaner. It is
a common water contaminant and a volatile compound
whose exposure to humans and other animals causes
various types of toxicity [74]. Dichloromethane is used
in many products such as paints, adhesives, and spray
shoe polishes, and this makes it available in the air
around environments and therefore prone to exposure by

humans and other animals, and subsequent toxicity
[75]. 1t was considered a likely carcinogenic agent based
on animal studies [76-77]. Dichloromethane was also
found to cause neurological disorders characterized by
impaired memory and decreased motor activity in mice
[76].

DCM dehalogenases in bacteria belong to the GST
superfamily and they are classified as theta class GST
because of their close relationship to the eukaryotic
theta GSTs [5]. Two DCM dehalogenases isolated from
Methylobacterium — dichloromethanicum (DM4) and
Methylophilus leisingeri (DM 11) with 56% sequence
identity are among the most extensively studied and
characterized GSTs [25, 78]. They both have the same
essential serine residue at the N-terminal sequence, which
plays a role in the catalytic activity of the protein [5].
The difference between the two dehalogenases lies in the
fact that DM11 has a greater rate of dechlorination than
DM4 when grown in the same millimolar concentration
of DCM. However, these are the properties expected
considering the origin of the two DCMDs: DCM11 was
isolated from a sample that was exposed to high level of
DCM for long period, while DM4 was isolated from a
site with a presumably low concentration of DCM [25,
79]. DCM dehalogenase catalyzes a reaction in which
the GSH attack DCM to form unstable thioester linkage,
which decomposes spontaneously to form formaldehyde
and regenerate GSH (Fig. 3c) [80].

Dehalogenation of Dichloroacetate

Dichloroacetate is a metabolite generated by various
industrial solvents and also a by-product of water
chlorination. The compound has been investigated as
being responsible for various health-related implications
such as hepatoxicity, neoplasia, and even cancer [81].
In aquatic organisms, DCA was found to induce
the formation of reactive oxygen species and other
various forms of toxicities [81]. However, other various
therapeutic potentials of the compound in the treatment
of lactic acidosis and even for cancer treatments were
also investigated [81]. Among the cytosolic GSTs, only
zeta-class GSTs from humans, rats, and mice were
investigated for dichloroacetate dechlorinating activity.
In addition, other alpha halo acids were also found to
be substrates for these zeta class GSTs [82-83]. Despite
the fact that zeta class GSTs are widely distributed in
mammals, plants, fungi, and bacteria, the reports of
dichloroacetate dechlorinating activity of this class of
GST was only investigated thoroughly in mammalian
species. In bacteria, a newly discovered Rho class
GST from Synechocystis PCC 6803 was found to have
a dichloroacetate dechlorinating activity against
DCA in a similar manner to zeta class GST [7].
The proposed mechanism of the reaction involves
glutathione-catalyzed dehalogenation of DCA to form
glyoxylate. The glyoxylate can then be converted into
either glycolate, oxalate, or some other non-essential
amino acids (Fig. 4).
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Fig. 4. Dehalogenation of dichloroacetate (DCA) by rho class glutathione S-transferase from Synechocystis sp. PCC6803 and metabolic

degradative pathway of glyoxylate.

Dehalogenation of Metabolites
of PCB Biodegradation

Polychlorinated biphenyls (PCBs) are synthetic
organic chemicals that contain several chlorine atoms
attached to the biphenyl carbon skeleton [84]. PCBs
contain several different isomers known as congeners,
and it has been estimated that about 20-60 different
congeners are present in commercial formulations [85].
Several million tons of PCBs were estimated to have
been produced worldwide, with a significant amount
finding itself deposited into the environment and causing
a great threat to human health and animals [86]. They
have a high degree of hydrophobicity and versatility in
composition, as well as chemical stability, and these
make it difficult for PCBs to wundergo natural
degradation, and they remain deposited for decades in
the environment [87]. Furthermore, the volatility and
long range of transport of PCBs ensures their distribution
into almost all sorts of environments irrespective of
whether it has ever been produced or used in that
environment [88]. Although PCBs were previously
considered probable carcinogens, some studies recently
have classified one of the congeners as a carcinogen,
which has prompted a complete re-evaluation of PCBs
[89]. A meta-analysis performed on Yucheng and
Yusho populations in Taiwan and Japan exposed to
polychlorinated biphenyls and dibenzofurans over
40 years ago showed a significant elevation in many
types of cancers, heart diseases, and hepatic disease
mortalities exposed in men [90]. Furthermore, elevated

mortality as a result of liver cancer in women was
also identified [90]. Other studies have also implicated
higher chlorinated congeners to be efficacious promoters
of cancer, while the lower chlorinated congeners are
potential initiators [89]. Exposure to high concentrations
of PCBs was also found to cause acute toxicity and other
health implications ranging from impaired immune
function, weight loss, hepatitis, depression, dizziness,
behavioral alteration, and thyroid gland injuries [91].
PCBs are among the twelve chemicals classified in the
Stockholm convention to be prioritized for eventual
elimination by 2025 [92].

One of the shortcomings encountered by
polychlorobiphenyl-degrading organisms is the presence
of dead-end metabolites, which are detrimental to the
organisms themselves [93]. These metabolites include
chlorobenzoates, dihydrodiols, dihydroxybiphenyls,
3-chloro-2-hydroxy-6-oxo-6-phenyl-2,4-dienoate
(HOPDA), and many others. In particular, the
transformation of chlorobenzoate results in the
formation of the downstream toxic product
protoanemonin (an antibiotic that kills the PCB
degraders). The formation of protoanemonin was thought
to be responsible for poor performance and survival
of PCB degraders in soil microcosm studies [93].
Biodegradation of DDT by Alcaligenes eutrophus AS was
also shown to result in the release of 4-chlorobenzoate
as a dead-end metabolite [94]. Other metabolites such
as Dihydroxybiphenyls inhibit bacterial cell separation
by affecting the DNA content of the bacteria [95].
Chlorosubstituted HOPDAs on dienoate were found
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Fig. 5. Proposed mechanism for the dehalogenation of 3-chloro HOPDA by the BphK from Burkholderia xenovorans LB400. The first
mechanism depicts the simple addition followed by elimination step. The second mechanism depicts the S2N-mediated mechanism.

to competitively inhibit 2-Hydroxy-6-phenyl-6-oxo-
hexa-2,4-dienoate (HOPDA) hydrolase, an enzyme in the
fourth step of PCB biodegradation [39].

A betaclass cytosolic glutathione S-transferase termed
BphK was found to be situated within the bph operon
responsible for polychlorobiphenyl degradation in some
organisms such as Burkholderia xenovorans LB400. The
enzyme was found to be responsible for dehalogenation
of toxic metabolites such as chlorobenzoates, 4-chloro-
2-hydroxy-6-0x0-6-phenyl-2,4-dienoate(HOPDA),
and  3-chloro-2-hydroxy-6-oxo-6-phenyl-2,4-dienoate
(HOPDA) generated during the biodegradation process
[39]. The existence of BphK in some biphenyl degraders
was attributed to the high degradation capability of PCBs
in some biphenyl/PCB degraders such as Burkholderia
xenovorans LB400, considered a model organism
for PCB biodegradation [96]. The mechanism of the
dehalogenation reaction was proposed to be similar to
the one found in tetrachlorohydroquinone [39]. Two
mechanisms were proposed for the dehalogenation of
HOPDAs by the BphK LB400. The first mechanism
was proposed to be mediated by the simple addition of
activated GS-, followed by the elimination of the chloride
ion. The second mechanism was proposed to be mediated
through the nucleophilic substitution bimolecular
mechanism (S,N) (Fig. 5). This involves displacement
of the chloride ion at positions 3 and 5 of the 3- and
5-chloro HOPDAs, respectively, by the attack from GS,
the regeneration of GSH was proposed to be mediated by
the second GSH in a manner analogous to that proposed
for TCHQ dehalogenase [39].

Summary and Conclusion

Recent decades have seen a growing interest
in economically feasible strategies to deal with the
growing number of organohalide pollutants. Recent
studies have shown the existence of several novel
classes of cytosolic glutathione  S-transferases
in bacteria with a potential for a wide range of
biotechnological applications to reduce the toxicity of
various organochlorine pollutants. The wide-ranging
repertoire of substrates recognized by cGST makes
them well suited for biotechnological application in
bioremediation. However, the utilization of bacterial
cytosolic GSTs in the degradation and detoxification
have seldom been applied for large-scale bioremediation
processes. Most of the studies on ¢GST in bacteria
are still at an infant stage. Knowledge of the stability
of the enzymes in relation to the environmental
condition is worth determining in order to translate the
much-needed technology into reality. In addition, random
mutagenesis will yield insight into the generation of
enzymes with altered substrate specificity and catalytic
efficiency that can be targeted against a particular
pollutant. Study of the stability of the mutants is also
worth determining as this will determine how effective
the altered enzyme can be employed for a particular
purpose. Therefore, there are important financial and
ecological reasons for better understanding of cGST
in bacteria and their implementation in bioremediation
processes.
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