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Abstract

Glutathione S-transferases (GSTs) are a family of enzymes that function in the detoxification of variety of electrophilic sub-
strates. In the present work, we report a novel zeta-like GST (designated as KKSG9) from the biphenyl/polychlorobiphenyl
degrading organism Acidovorax sp. KKS102. KKSG9 possessed low sequence similarity but similar biochemical properties
to zeta class GSTs. Functional analysis showed that the enzyme exhibits wider substrate specificity compared to most zeta
class GSTs by reacting with 1-chloro-2,4-dinitrobenzene (CDNB), p-nitrobenzyl chloride (NBC), ethacrynic acid (EA),
hydrogen peroxide, and cumene hydroperoxide. The enzyme also displayed dehalogenation function against dichloroacetate,
permethrin, and dieldrin. The functional role of Tyr12 was also investigated by site-directed mutagenesis. The mutant (Y 12C)
displayed low catalytic activity and dehalogenation function against all the substrates when compared with the wild type.
Kinetic analysis using NBC and GSH as substrates showed that the mutant (Y 12C) displayed a higher affinity for NBC when
compared with the wild type, however, no significant change in GSH affinity was observed. These findings suggest that the
presence of tyrosine residue in the motif might represent an evolutionary trend toward improving the catalytic activity of the
enzyme. The enzyme as well could be useful in the bioremediation of various types of organochlorine pollutants.
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Abbreviations

GST Glutathione S-transferase
CDNB 1-Chloro-2,4-dinitrobenzene
NBC p-Nitrobenzyl chloride

EA Ethacrynic acid

CuOOH Cumene hydroperoxide

end leaving only the desired recombinant protein [3]. GSTs
played a role in the detoxification of products of oxidative
stress, carcinogens and in bacteria, they were often located
in some degradative pathways indicating their function in the
biodegradation and mineralization of several types of pollut-
ants [4]. Furthermore, some recent studies have shown the
importance of bacterial GSTs in the bioremediation of heavy
metals such as mercury and arsenate [5, 6]. They are classi-

1 Introduction

Glutathione S-transferases (GSTs) consist of a widely dis-
tributed family of enzymes which function in the detoxifica-
tion of a variety of electrophilic substrates by conjugation
with reduced glutathione (GSH) [1]. The conjugation ren-
ders the electrophilic substrates more soluble which facili-
tates their excretion [2]. Furthermore, the protein was also
found to be useful in the purification of other proteins in the
form of GST-tag proteins which can be easily cleaved at the
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fied as cytosolic, mitochondrial, microsomal, and bacterial
specific fosfomycin resistant proteins with cytosolic GSTs
representing the largest class of GSTs [4].

The use of microbial enzymes in the bioremediation
of different types of pollutants is gaining much attention
because of its unique advantages, including low cost, envi-
ronmental friendliness, and good performance [7]. Further-
more, analysis of the complete genome sequence of several
organisms had continued to provide great insight into the
presence of novel enzymes with potentials for bioremedia-
tion application. This can be seen in the recent discovery
of novel classes of GSTs, cold active esterases and car-
boxylesterases [8§—10]. GSTs offer greater advantages in the
bioremediation of pollutants because of the large repertoire
of substrate recognition by a single enzyme. In addition to
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the previously known cytosolic beta, zeta, chi, and theta GST
classes, at least three different classes; eta, rho and nu were
recently identified [10—12]. Among all these GST classes,
zeta class is the one that preserved its sequence similarity
across species for a considerable period of evolution [13].
They are found in both prokaryotes and eukaryotes such as
in mammals, fungi, plants, and bacteria [14—17]. Zeta GSTs
catalyzes isomerization reactions in tyrosine metabolism,
dehalogenation of various substrates and have peroxidase
activities [14, 16].

Acidovorax sp. KKS102 is a biphenyl/polychlorobiphenyl
degrading organism isolated from the soil near a refinery in
Japan [18]. Database suggests that Acidovorax sp. KKS102
contained at least eleven putative GSTs. While studying the
GSTs of Acidovorax sp. KKS102, we came across a spe-
cific GST (WP_015016207) that contained a signature motif
which is closely related to that of Zeta class but with very
low sequence similarity to all zeta class GSTs. The protein
is also completely lacking essential arginine residues identi-
fied in the signature motif of zeta class GSTs, it was desig-
nated as KKSG9 and selected for further studies. Further-
more, the activity of the enzyme toward some known GST
substrates was investigated. The functional role of residue
Tyr12 which replaces the commonly found Cys, Thr, Ser or
Ala was investigated by site-directed mutagenesis. Dehalo-
genation function of the enzyme against dichloroacetate was
also investigated. Furthermore, a molecular docking studies
together with GST activity studies was carried out in order
to investigate the possible interaction of the enzyme with
permethrin and organochlorine pesticide dieldrin.

2 Materials and Methods
2.1 Materials
2.1.1 Organism (Acidovorax sp. KKS102)

The organism was obtained in freeze-dried form from Japan
Collection of Microorganisms (JCM No. 17234) and revived
using Luria—Bertani broth according to the JCM’s instruc-
tions. Putative GSTs were retrieved from NCBI database.

2.1.2 Chemicals

Unless otherwise stipulated, chemicals employed were of
the highest grade obtainable. 1-chloro-2,4 dinitrobenzene
(CDNB), ethacrynic acid (EA), para-nitro benzyls chloride
(NBC), antibiotics, reduced glutathione (GSH), NADPH,
glutathione reductase, dieldrin, dichloroacetate and all
other chemicals and reagents were purchased from Sigma-
Aldrich, USA. Molecular biology reagents were purchased
from Invitrogen, USA. QuickChange Lightning site—directed
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mutagenesis kit was purchased from Agilent Technologies,
USA.

2.2 Methods
2.2.1 Bioinformatic Analysis

Sequence alignment study was carried out using ClustalW2
[19]. Phylogenetic analysis was carried out using molecular
evolutionary genetic analysis (MEGA) software version 6.0
[20]. Neighbor-joining method was used to trace the evo-
lutionary history of the GSTs [21]. The Reltime method
was used to calculate the divergence time for all the branch
points [21]. Predicted molecular weight and isoelectric point
were determined using ProtParam tool (http://us.expasy.org/
tools/protparam.html).

2.2.2 PCR Amplification and Cloning of KKSG9

Genomic DNA from Acidovorax sp. KKS102 was isolated
using prep ease genomic DNA isolation kit and was used
for PCR amplification of KKSG9 gene. The gene was suc-
cessfully amplified using primers; (forward: 5 CACCAT
GCTCGCCCTCTACGGCCA3Z' and reverse: S TCAGTC
GCGGTCGGGTGCTCCT3'). PCR reaction was set using
three step PCR-set up. (1) One cycle of initial denaturation at
98 °C for 10 s, (2) 30 cycles of denaturation at 98 °C for 1 s,
67.1 °C annealing for 5 s and 72 °C extension at 15 s/1 kb,
(3) One cycle of final extension at 72 °C for 10 min. The
amplified products were purified and cloned into pET101
D-TOPO vector. The successful clone was isolated and
sequenced for confirmation.

2.2.3 Site-Directed Mutagenesis

Site-directed mutagenesis was carried out according to the
method described by Liu et al., [22]. The pair of primers
used during the PCR reaction for the Y12C mutation was;
forward 5'-TTTCCTCCTGCACCCAGAAGGTGCTGAT
CGCGCTG-3' and reverse 5'-TCTGGGTGCAGGAGGAAA
AGGGGTGGCCGTAGAGG-3'. The mutation was con-
firmed by sequencing. Purification and characterization of
the mutant were carried out as described for the wild-type.

2.2.4 Protein Expression and Purification

Recombinant KKSG9 was overexpressed using Rosetta-
gami B (DE3) as follows. About 10 ng of recombinant plas-
mid was transformed into Rosseta-gami-B(DE3) chemically
competent cells. The transformation reaction was then plated
on Luria-Bertani (LB) media plates containing 100 pg/mL
ampicillin, 15 pg/mL kanamycin, 34 ug/mL chlorampheni-
col and 12.5 pg/mL tetracycline. The positive transformant
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was selected and cultured into 10 mL LB broth contain-
ing the combination of the above-mentioned antibiotics
and cultured overnight at 37 °C temperature. 500 mL of LB
containing the above-mentioned antibiotics was then inocu-
lated with the entire 10 mL from the overnight culture. The
culture was grown at 37 °C with shaking (200 rpm) until the
optical density (OD)g, reaches about 0.5. Cells were grown
for 5 h post IPTG addition. The cells were harvested by
centrifugation at 6000 rpm for 12 min at 4 °C. Lysis buffer
containing protease inhibitor and lysozyme was added to the
pellets to facilitate the breakdown of the cell wall. The cells
were lysed by sonication and centrifuged at 8000 rpm for
60 min. The supernatant was collected for GST purification.
Protein purification was carried out using an AKTA Purifier
FPLC equipped with UNICORN software Version 5.1 and
a fraction collector (Frac900) for greater automation of the
purification process. The clear crude enzyme was applied
to a Glutathione Sepharose™ High Performance column
(GSTrap™ HP, 5 mL) and pre-equilibrated with 25 mM
sodium phosphate buffer pH 7.4 maintained at a flow rate
of 0.5 mL/min. The column was thoroughly washed with
buffer A to remove non-specifically bound proteins. The
bound GSTs were eluted with 10 mM glutathione in buffer
A. The collected fractions with activities towards CDNB
were pooled and concentrated using centrifugal concentrator
(Vivaspin 20: 10 000 WMCO).

2.2.5 Glutathione S-transferase Assay and Determination
of Kinetic Parameters

The GST activity towards CDNB and ethacrynic acid was
carried out as described by Habig et al., [23]. The peroxi-
dase activity of the enzyme towards hydrogen peroxide and
cumene hydroperoxide was carried out according to the
method described by Di Ilio et al. [24]. The kinetic param-
eters for wild type and mutants of KKSG9 were determined
using nitro-benzyl chloride (NBC) and GSH as substrates.
This was performed by varying the NBC concentration
(0.02-0.2 mM) while keeping the GSH concentration con-
stant (1.0 mM). For the GSH, it was determined by keeping
the concentration of NBC constant (1.0 mM) while vary-
ing the GSH concentration (0.4—1.2). All the measurements
were carried out using Cary 60 UV-Visible spectrophotom-
eter. The data was fitted to the Michealis-menten equation
V=V,..[SIVK,, + [S] and was analyzed using non-linear
regression analysis with GraphPad Prism 7 software. Kinetic
parameters (K, and V,.) were determined from the graph
while K, was calculated using the equation K, =V ../

(E].

max’

2.2.6 Dehalogenation Function of KKSG9

The activity of purified of KKSG9 toward DCA, perme-
thrin, and dieldrin was measured by its ability to release
chloride ions from the substrates. The amount of chloride
ion released was quantified based on the method as previ-
ously described [25].

2.2.7 Protein Concentration

The protein concentration was determined using Bradford
assay by employing bovine serum albumin as a standard
[26].

2.2.8 Sodium Deodecyl Sulphate Polyacrylamide Gel
Electrophoresis (SDS-PAGE)

SDS-PAGE was performed in 12% polyacrylamide gel at
120V using the method as previously described [27]. The
gels were stained with commassie blue. The stained gels
were scanned with Image Scanner III (GE Healthcare),
thereafter, it was visualized and analyzed with Image Mas-
ter software.

2.3 Molecular Docking Studies

In order to understand the binding pattern and the nature
of the interaction between KKSG9 and the organochlorine
substrates; permethrin and dieldrin, a molecular docking
study was carried out using autodock 4.2 software [28]. The
modeled protein was built by the Swiss model server using
a crystal structure of maleyl pyruvate isomerase in com-
plex with glutathione (PDB code: 2jl4.1.A) which shared
21.95% sequence similarity with KKSG9 [29]. The model
quality assessment was done using Global QMEAN scor-
ing function (http://swissmodel.expasy.org/qmean/cgi/index
.cgi). Chemsketch software was used to draw the structure
of all the ligands which were stored in the form of a mol2
file [30]. Finally, the protein data bank file (PDB) of all the
ligands was constructed using Open Babel software. The
PDB files of both the ligands and the proteins were used as
input file in autodock tools. A blind docking analysis was
set up using an autogrid size of 126, 126 and 126 for the x,
y, and z-axis respectively. Default parameters were used in
all the molecular docking process. A total of 100 Lamarck-
ian genetic algorithm docking runs were performed for each
ligand. Docked conformations clustered within a root mean
square deviation of 2 A were visualized using discovery stu-
dio software (http://www.accelrys.com).
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3 Results
3.1 Bioinformatic Analysis

In-silico analysis of GSTs from Acidovorax sp. KKS102
revealed the presence of at least eleven putative GSTs.
A putative sequence with NCBI accession number
(WP015014376) which displayed a motif closely related
to that of Zeta class GSTs was designated as KKSGY9 and
selected for further studies. In order to examine the genetic
relationship between this sequence and all known GST
sequences, a phylogenetic tree was constructed using rep-
resentatives from all GST classes. Phylogenetic analysis
showed that KKSG?9 is closely related to zeta class GSTs,
having its clade emanate from Zeta groups (Fig. 1a). How-
ever, the protein displayed very low sequence similarity of
only 23.30% with eukaryotic zeta GST of Capsicum annum.
GSTs that share greater than 40% sequence similarity are
grouped into the same class while those with less than
25% sequence similarity are grouped into a different class
[4]. The gene has an open reading frame of 657 bp, cod-
ing for 219 amino acid residues with predicted molecular
weight and theoretical isoelectric point of 24.4 kDa and 6.12
respectively.

3.2 Molecular Docking Studies

Molecular docking study was carried out in order to explore
the binding pattern and the amino acids involved in the inter-
action of permethrin and dieldrin within the catalytic cavity
of KKSGY. It was found that GSH, dieldrin and permethrin
interact with Ser10, Serl1, Tyrl12, His40, Lys52, Pro52,
Phe53, Glu65, Ser66, GInl110, His111, Alal12, and Asn
114. Cluster analysis of docked result in permethrin using
root mean square tolerance (RMSD) of 2 A revealed 46 dif-
ferent conformations. The lowest binding energy obtained
was — 10.55 kJ/mol which occurred in the 7th run of the
most populated cluster containing 12 members. In dieldrin,
the cluster analysis revealed 4 different conformations. The
lowest binding energy was — 8.83 kJ/mol, which occurred
in the 13th run of the most populated cluster containing 37
members.

3.3 Substrate Specificity and the Kinetic Parameters

In order to determine the substrate specificity of KKSG9,
the full-length sequence was cloned into pET101-D-TOPO
vector. Site-directed mutagenesis was also carried out on the
Tyr12 residue which is converted to cysteine as described
in the methodology section. Both the wild-type and mutant
proteins were expressed and purified using GSH affinity
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column where a single band was obtained on SDS-PAGE
(Fig. 2). The enzyme displayed a typical behavior of zeta
class GSTs as reported by Board et al. [16], as it binds to
the GST-affinity column slowly before it was eluted using
10 mM GSH. Substrate specificity of the enzyme was deter-
mined using a range of known GST substrates. The enzyme
displayed wide substrate specificity compared to most zeta
class GSTs by reacting with (CDNB), (NBC), (EA), hydro-
gen peroxide (H,0,) and cumene hydroperoxide (CuOOH)
(Table 1).

3.4 Dehalogenase Activity of KKSG9 Towards DCA,
Permethrin, and Dieldrin

The dehalogenating activity of the wild-type and mutant
KKSG9 was further determined using dichloroacetate
(DCA), permethrin, and dieldrin as substrates. Dichloroac-
etate (DCA) is a water contaminant that was believed to be
carcinogenic and hepatotoxic [10, 31]. Permethrin is one of
the widely used pyrethroids insecticides considered to have
low toxicity, however, increasing evidence suggests that it
has hepatotoxic, neurotoxic and genotoxic effects to animals
and humans alike [32]. Dieldrin is a persistent organochlo-
rine pesticide produced as a by-product of microbial bio-
degradation of aldrin, it is more persistent and more toxic
to humans and animals than the aldrin itself [33]. KKSG9
was found to exhibit dehalogenase activities against these
substrates as determined by its ability to release chloride
ions from the substrates (Fig. 3). Furthermore, the wild-
type enzyme displayed higher dehalogenase activity against
all the substrates when compared with the mutant (Y12C)
enzyme.

4 Discussion

Zeta class GSTs were known to contained a motif at the
N-terminal part of the protein; SSCX(W/H)RVRIAL and
RSSASYRVRIAL for eukaryotic and prokaryotic sequences
respectively [6, 11]. Comparative analysis of the motif
observed in KKSG9 showed that it contained SSYTQKV-
LIAL, which matches with the established sequence as
shown in box (Fig. 1b). The first serine residue in these
motifs is highly conserved and is analogous to the catalytic
serine found in Theta, Phi and Delta classes [11]. In the
prokaryotic sequences, the residues RS----RVRIAL were
also shown to be >85% conserved with the first arginine
functions in substrate recognition. Furthermore, while the
eukaryotic sequences were found to contain Cys residue in
the motif, the prokaryotic sequence was found to replace
the Cys with (Ser, Thr or Ala) [6]. In KKSG9, the com-
monly found Ser, Thr or Ala in prokaryotic sequences was
found to be replaced by Tyr. In addition, the motif in KKSG9
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completely lacks arginine residues including the first argi-
nine which functions in substrate recognition.

The presence of several polar amino acid side chains
in both the G-site and H-site of the binding cleft suggest
that both hydrogen bonding and hydrophobic interactions
could be stabilizing the complexes formed. In permethrin,

ALEMGCDLSHYPRCQAVYDACTRLPAFIARAPENQODKTIPL.
ARRFEVIMORWFRMAAVDAACARLDAFRLALRFALOFDRR——

*

VEQVES-ARRFQVDLTFYPLIRAVDAACGELDAFRRARPRAAOPDSA-————————— 212
* .k * .

in addition to the hydrophobic interactions observed, at
least two hydrogen bonds were predicted between Asn 114
and His 111 and the ligand oxygen (Fig. 4a). In dieldrin,
at least one hydrogen bonding was also predicted between
the chloride atom of dieldrin and His111 (Fig. 4a). The
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Fig.2 a Predicted binding
interaction of KKSG9 with
permethrin. b Predicted binding
interaction of KKSG9 with
dieldrin

Table 1 Specific activities of

Specific activity (umol/min/mg)

NBC EA

H,0, CuOOH

. . . Enzyme
purified recombinant wild type
and mutant (Y12C) KKSG9 CDNB
against some various substrate.
Results are the mean + S.D of Wild type  0.0159+0.0016
three independent experiments Y12C 0.0091 +0.0005

1.0628 +0.038
0.7975+0.0205

0.3001+0.0376  0.0430+0.0084  0.1396+0.0094
0.1991+0.0097  0.0301+£0.0022  0.0907 £0.0027

validity of the interactions was further confirmed experi-
mentally in the chloride ion detection assay.

The dehalogenase activity of wild-type KKSG9 against
DCA, permethrin, and dieldrin is 1.41, 1.51 and 1.44-fold
higher when compared with the mutant. This could also be
attributed to the stabilization of the protein structure by the
Tyr12 residue in the wild type when compared with the Cys
residue as reflected in the specific activity of the enzyme.
Dichloroacetate is one of the substrates of zeta class GSTs
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which is eventually converted into glyoxylic acid and chlo-
ride ions leading to its detoxification. Organochloride pol-
lutants were shown to be more recalcitrant as the number of
chlorine atoms attached to the parent compound is increased.
Dehalogenation of these compounds was shown to decrease
their recalcitrance and eventually helps in their rapid biodeg-
radation. These findings suggest that KKSG9 could be use-
ful in the biodegradation of wide variety of organochlorine
compounds in addition to the dichloroacetate.
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Fig.4 SDS-PAGE of purified KKSG9. Lane 1: bench mark (Invitro-
gen) molecular weight marker, lane 2: crude KKSG9Y, lane 3: purified
wild-type KKSG9Y, lane 4: purified Y12C mutant from the GSTrap
column as indicated by the arrow

We examined the differences that may occur in the cata-
Iytic activity of the protein when Tyr12 is mutated to origi-
nally known cysteine residue. While mammalian zeta class

GST largely maintained cysteine residue at that position,
bacterial zeta class GST contained either Cys, Ser, Thr or
Ala with Ala containing > 50% of the residue. Several stud-
ies have shown that the Cys, Ser, Thr and Ala located in the
glutathione binding site played a significant role in the bind-
ing of the co-substrate GSH and hence, affecting the cata-
Iytic activity of zeta class GSTs [10, 12]. However, while the
catalytic activity of the enzyme could be affected, the overall
biotransformation pathways are not affected by the differ-
ences in the amino acid residue located at the glutathione
binding site. This is because the usual metabolites are still
detected after the biotransformation. The result of the spe-
cific activity of (Y 12C) mutant showed a general decrease in
the catalytic activity of the enzyme towards all the substrates
with CDNB showed the highest decrease of 1.75-fold when
compared with the wild type while para nitro benzyl chloride
displayed 1.33-fold decrease in the catalytic activity of the
protein. The peroxidase activity towards hydrogen peroxide
and cumene hydroperoxide also showed 1.43 and 1.56-fold
decrease respectively while activity with ethacrynic acid
indicates 1.51-fold decrease.

Kinetic analysis using NBC and GSH as substrates fur-
ther revealed the importance of the residue Tyr12 in the
binding of the substrates. Data from the kinetic studies
(Table 2), revealed that the binding of the substrate NBC
was affected by the mutation of Tyr12 to Cys as there was
a 2.23-fold decrease in the K, value of the mutant. This
was also reflected in the catalytic efficiency and V. of
the mutant which decreases by 1.48 and 4.07 respectively.
However, the affinity of GSH was not much affected as
there was no significant change in the K, value between the
wild-type and the mutant. This is probably because while
the wild type containing the tyrosine residue could provide
a hydrogen bonding with the nitrogen or thiol group of the
cysteinyl moiety, the mutant containing the cysteine residue
could also provide disulfide linkage with the thiol group of
the cysteinyl moiety. The improved catalytic activity of the
wild-type, when compared with the mutant might be as a
result of the presence of aromatic ring in the tyrosine resi-
due, the aromatic ring was shown to form a stack with other
aromatic amino acids in some proteins thereby stabilizing
the protein structure and improve its catalytic activity [34].
The tyrosine residue in KKSG?9 is lying close to a pheny-
lalanine residue (Phe9) which could form a stack with the
aromatic ring of Tyr12 and thereby further enhances the
stabilization of the protein. These findings suggest that the
variation in the equivalent residues at that position in other
bacterial zeta class GSTs and the presence of tyrosine in
KKSG9 might represent an evolutionary step for enhancing
the catalytic activity of the protein. Furthermore, the finding
also corroborates with the suggestion by Fang et al. [5], that
this residue may be important in the rational design of an
effective and competitive enzyme in zeta class GSTs.
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Table2 Comparison of kinetic parameters of wild type KKSG9 and the mutant (Y12C) using NBC and GSH as substrates. Values are

mean + S.D of three independent experiments

Enzyme NBC GSH
K, (mM) Vpax (MM/min) K, (min™) K, K, (min/ K, (mM) Vax (MM/min) K, (min™!) K, K, (min/
mM) mM)
WT 1727.224222.06 36.10+7.13 16.34+2.19 9.46+0.05 532.43+44.89 8.49+0.73 5.14+£0.22 9.67+0.40
Y12C 773.44 +£46.40 8.87+0.69 496+0.77 6.39+0.62 466.10+8.39  5.59+0.16 1.33+0.01 2.85+0.05

In conclusion, the biochemical properties of a novel zeta-
like glutathione S-transferase, KKSG9, from Acidovorax sp.
KKS102 were studied. The functional role of a Tyr12 resi-
due was also investigated by site-directed mutagenesis. The
wider substrate specificity displayed by KKSG9 compared
to other zeta class GSTs suggested an evolutionary trend
toward enhancing the catalytic activity of this cGST. Despite
the fact that KKSG9 showed very low sequence similar-
ity with other zeta class GSTs, however, several of its bio-
chemical properties coupled with the lack of cysteine residue
in its motif pointed to the fact that it probably belongs to
maleylpyruvate isomerase (MPI) class. Furthermore, the
enzyme also displayed dehalogenation function against a
pyrethroid insecticide (Permethrin) and dieldrin, in addition
to dichloroacetate. This indicates that it could potentially be
useful in the bioremediation of diverse classes of organo-
chlorine pollutants.
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