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Abstract: Glutathione transferases (GSTs; EC 2.5.1.18) form a group of multifunctional enzymes that
are involved in phase II of the cellular detoxification mechanism and are associated with increased
susceptibility to cancer development and resistance to anticancer drugs. The present study aims to
evaluate the ligandability of the human GSTM1-1 isoenzyme (hGSTM1-1) using a broad range of
structurally diverse pesticides as probes. The results revealed that hGSTM1-1, compared to other
classes of GSTs, displays limited ligandability and ligand-binding promiscuity, as revealed by kinetic
inhibition studies. Among all tested pesticides, the carbamate insecticide pirimicarb was identified
as the strongest inhibitor towards hGSTM1-1. Kinetic inhibition analysis showed that pirimicarb
behaved as a mixed-type inhibitor toward glutathione (GSH) and 1-chloro-2,4-dinitrobenzene (CDNB).
To shine a light on the restricted hGSTM1-1 ligand-binding promiscuity, the ligand-free crystal
structure of hGSTM1-1 was determined by X-ray crystallography at 1.59 Å-resolution. Comparative
analysis of ligand-free structure with the available ligand-bound structures allowed for the study of
the enzyme’s plasticity and the induced-fit mechanism operated by hGSTM1-1. The results revealed
important structural features of the H-site that contribute to xenobiotic-ligand binding and specificity.
It was concluded that hGSTM1-1 interacts preferentially with one-ring aromatic compounds that
bind at a discrete site which partially overlaps with the xenobiotic substrate binding site (H-site). The
results of the study form a basis for the rational design of new drugs targeting hGSTM1-1.

Keywords: CDNB; 1-chloro-2,4-dinitrobenzene; GSH; glutathione; GST; glutathione transferase;
G-site; GSH binding site; H-site; hydrophobic binding site; GS-ESF; S-glutathionyl ethylenesul-
fonyl fluoride

1. Introduction

Glutathione transferases (GSTs, EC 2.5.1.18) comprise a family of widely distributed
phase II detoxification enzymes that catalyze the conjugation of a broad variety of re-
active electrophiles to the nucleophilic sulfur atom of the intracellular thiol, tripeptide
glutathione (γ-L-Glu-L-Cys-Gly) [1]. Glutathione transferases typically serve as a crucial
host-defense mechanism, acting as scavengers of electrophilic xenobiotics and their reactive
metabolites [2].

Four major families of proteins that are widely distributed in nature exhibit glutathione
transferase activity. Two of these, the cytosolic and mitochondrial GSTs, comprise soluble
enzymes. The third family comprises microsomal GSTs and is now referred to as the
membrane-associated proteins in eicosanoid and glutathione metabolism (MAPEG). The
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fourth family of GSTs is represented by the bacterial fosfomycin-resistance proteins FosA
and FosB. The human cytosolic GSTs constitute the largest family and are divided into seven
classes based on sequence similarity: alpha, mu, pi, theta, zeta, omega and sigma [3,4]. The
tertiary structure of cytosolic GSTs consists of two subunits, homodimeric or heterodimeric.
Each subunit consists of 200–250 amino acids with a molecular weight of 25–30 kDa and an
active center [5]. Each subunit contains an active site that consists of a GSH-binding site
(G-site) in the N-terminal domain and a site that binds the hydrophobic substrate (H-site)
in the C-terminal domain [6]. The H-site shows low homology between isoenzymes within
each class and amongst different classes and can bind with a large variety of substrates
which are different in size, structure, and hydrophobicity. Therefore, the structure of the
H-site determines substrate specificity for different xenobiotic compounds [7–9]. Addition-
ally, GSTs act as ligand-binding proteins where numerous hydrophobic and amphipathic
compounds can bind. This non-catalytic site is called the L-site and its exact operation has
not yet been determined [8,10].

Glutathione transferases comprise a family of enzymes, well-known for their multiple
functions but mainly involved in the detoxification mechanism of various xenobiotic elec-
trophile molecules. Among the electrophile molecules that are detoxified are chemotherapeutic
agents, which are used in the treatment of different types of cancer. It is well-known that
certain GSTs classes, namely a, µ and π, are involved in the development of anti-cancer drug-
resistance phenomena [11]. For example, GSTA1-1 and GSTP1-1 were reported to be, in short,
connected with an increased risk of gastric, breast and pancreatic cancer [1,12–16]. Moreover,
the isoenzyme GSTM1-1 is mostly studied in humans for its correlation with many types of
cancer [13–15], while other studies support its pertinence with Parkinson’s disease [17,18].
Many studies have shown that an overexpression of GSTM1-1 may have direct impact on
chemoresistance [13,19]. This is achieved either through immediate detoxification or by inhibit-
ing the action of the MAP kinase pathway [12,20]. Several GSTs are involved in protein–protein
interactions with mitogen-activated protein kinases (MAPKs), modulating apoptosis path-
ways and cellular proliferation. Interestingly, in silico and in vitro studies have shown that
hGSTM1-1 interacts with high binding affinity to MAPK8 [21], although the catalytic activity
of hGSTM1-1 is not directly affected [22]. The functional significance of GSTs and their involve-
ment in diverse cellular processes, including conferring resistance to chemotherapy, justify
the need for research efforts aiming at the discovery of new inhibitors targeting GSTs [23].
For example, the potent inhibitor, 6-(7-nitro-2,1,3-benzoxadiazol-4-ylthio)hexanol (NBDHEX)
showed high inhibition potency towards both GSTP1 and GSTM1 [16]. Furthermore, natural
compounds such as curcumin and the flavonoid fisetin display high inhibitory potency to-
wards human GSTA1 and GSTP1, respectively [24,25]. Georgakis et al. [19], have synthesized
and studied a series of 2,2′-dihydroxybenzophenone analogues that showed high inhibition
potency towards hGSTM1-1. Another class of GST inhibitors are the glutathionyl-analogues
(i.e., GS-conjugates) [26]. For example, the S-glutathionyl ethylenesulfonyl fluoride (GS-ESF) is
a GST irreversible inhibitor that affects the function of several GSTs [27,28]. GS-ESF is a GSH
derivative, in which the –SH group has been substituted by the electrophilic reactive group
sulfonyl fluoride, allowing for the covalent reaction of GS-ESF with several GSTs [28].

In the present work, we screened the inhibition potency of a wide range of different
pesticides towards hGSTM1-1 in order to assess whether registered chemical scaffolds
(e.g., pesticides), with well-established chemical and toxicological profiles, can provide
new lead compounds for further drug-design research. Given the material costs and the
slow rate of new drug discovery and design, repurposing of existed chemical scaffolds is
becoming a very attractive proposition, because in that way, the drug-development timeline
is dramatically reduced since various existing compounds have already-known technology,
safety and toxicity profiles [29]. The results of the present work allowed for the mapping of
the xenobiotic ligand-binding properties of hGSTM1-1 and provided structure/function
relationships that can be further exploited as a basis for the design of new and selective
lead compounds as inhibitors towards hGSTM1-1.
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2. Results and Discussion
2.1. Ligandability Assessment of hGSTM1-1 by Inhibition Analysis

In the present work, the ligandability of hGSTM1-1 was assessed using a library of
pesticides that belong to different chemical families, including insecticides, herbicides,
and fungicides. The members of the library were selected to represent a diverse group
of compounds with different structures and physicochemical properties. The provided
structural diversity allows for the mapping of the enzyme’s ligand-binding site and the
characterization of the enzyme’s binding specificity. The inhibition sensitivity of hGSTM1-1
towards each member of the library was initially assessed at a final concentration of 25 µM
and the results are illustrated in Figure 1.
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Figure 1. Screening of inhibition potency of pesticides (25 µM) towards hGSTM1-1. The isoenzyme
was assayed in all measurements using CDNB-GSH assay system. The colors represent the mean
values of three inhibition assays (%) for each pesticide against the tested enzyme with a variation less
than 5% in all cases.

From the results presented in Figure 1, it is evident that the hGSTM1-1 exhibits
restricted ligandability compared to other GSTs that belong to different classes (e.g., alpha,
pi, tau) [19,30,31]. Among all tested pesticides, only three compounds, namely pirimicarb,
fenhexamid, and butachlor, displayed higher inhibition potency and were selected for IC50
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determination (Figure 2). Although pirimicarb appears to exhibit higher inhibition potency,
we attempted to measure the IC50 values for the three inhibitors for validating the results
of the initial screening experiment (Figure 1).
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Figure 2. Concentration–response curve for fenhexamid (a), pirimicarb (b), and butachlor (c). IC50 for
hGSTM1-1 was determined by fitting Equation (4) to the data through non-linear curve-fitting methods.
The structures of fenhexamid, pirimicarb, and butachlor are shown in (d), (e) and (f), respectively.

The IC50 values of pirimicarb, fenhexamid, and butachlor at 37 ◦C and pH = 6.5 were
17.51 ± 1.75 µM (R2 = 0.96), 277.9 ± 14.5 µM (R2 = 0.98), and 236.3 ± 4.5 µM (R2 = 0.99),
respectively. From the IC50 values and data from earlier studies [19,31,32], it appears
that fenhexamid and butachlor fall outside the expected range for a high-affinity ligand,
whereas the IC50 value for pirimicarb is within the range expected for a promising lead
compound, and therefore, pirimicarb was selected for further study.

2.2. Kinetic Inhibition Study of the hGSTM1-1 with the Insecticide Pirimicarb

Kinetic inhibition analysis was accomplished aiming to localize the pirimicarb binding
site on hGSTM1-1. The inhibition patterns are illustrated in Figure 3. Pirimicarb exhibited
a mixed-type inhibition pattern towards CDNB, as the lines of the Lineweaver–Burk
plot (Figure 3a) are not intersecting the CDNB concentration axes. The observed mixed-
type inhibition pattern suggests that the inhibitor can bind to either the free enzyme
(inhibition constant: Ki) or the enzyme–CDNB complex (inhibition constant: Ki’), but their
affinities for these two forms of the enzyme are different. The inhibition constants, Ki and
Ki’, were calculated from linear secondary graphs, depicting Slope versus [Pirimicarb]
(Figure 3b) and 1/Vmax

app versus [Pirimicarb] (Figure 3c), and were found to be equal
to 37.69 ± 1.03 µM, (R2 = 0.99) and 44.7 ± 1.14 µM, (R2 = 0.98), respectively (Ki < Ki’).
Similarly, using GSH as a variable substrate, pirimicarb exhibited a mixed-type inhibition,
as the lines of the Lineweaver–Burk plot are not intersecting the GSH concentration axes.
The mixed-type inhibition observed indicates that the inhibitor pirimicarb binds to both
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the free enzyme and the enzyme–GSH complex, but their affinities for these two forms of
the enzyme are different. Based on the secondary graphs, the inhibitory constant Ki and Ki’
were calculated as 24.47 ± 2.86 µM, (R2 = 0.98, Figure 3e) and 35.97 ± 2.57 µM, (R2 = 0.98,
(Figure 3f), respectively (Ki < Ki’).
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Figure 3. Kinetic inhibition study. (a): Lineweaver–Burk plot for the inhibition of hGSTM1-1 with
pirimicarb at different CDNB concentrations. Pirimicarb concentrations: 0 µM, (•); 8.5 µM, (�); 17 µM,
(N); 30 µM, (H); (b): Secondary (derivative) diagram. The data obtained from the Lineweaver–Burk
diagram. The point of intersection with the x-axis corresponds to the Ki inhibitory constant; (c):
Secondary (derivative) diagram. The data obtained from the Lineweaver–Burk diagram. The point of
intersection with the x-axis corresponds to the Ki’ inhibitory constant; (d): Lineweaver–Burk plot
for the inhibition of hGSTM1-1 by pirimicarb at different GSH concentrations. 0 µM, (•); 20 µM,
(�); 30 µM, (H); 40 µM, (†); (e): Secondary (derivative) diagram. The data were obtained from the
Lineweaver–Burk diagram. The point of intersection with the x-axis corresponds to the Ki inhibitory
constant; (f): Secondary (derivative) diagram. The data obtained from the Lineweaver–Burk diagram.
The point of intersection with the x-axis corresponds to the Ki’ inhibitory constant.
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2.3. Irreversible Inactivation of hGSTM1-1 by S-Glutathionyl Ethylenesulfonyl Fluoride (GS-ESF)

GS-ESF (Figure 4a) is a GST irreversible (covalent) inhibitor that inhibits the functions
of several GSTs. GS-ESF is a GSH derivative, in which the -SH group was substituted by the
electrophilic reactive group sulfonyl fluoride, allowing for the covalent reaction of GS-ESF
with a nucleophile group of the H-site of GSTs. For example, GS-ESF specifically reacts
with the H-site residue Tyr108 of GSTP1-1 [28].

Incubation of hGSTM1-1 in the presence of GS-ESF displays a time-dependent loss
in catalytic activity, as expected for an irreversible inhibitor (Figure 4b). Furthermore, the
catalytic activity of hGSTM1-1 cannot be regained by extensive dialysis or gel filtration on
Sephadex G-25. Linearity in semilogarithmic plots of the irreversible inactivation process
is observed with GS-ESF concentrations 0.025–0.2 mM. According to Kitz and Wilson
kinetics [33], the following equation describes the reaction between an active site-directed
reagent (e.g., GS-ESF) and an enzyme (E) [34–37]:

1/kobs = 1/k3 + KD/(k3 [GS-ESF]) (1)

where kobs is the observed rate of enzyme inactivation for a given concentration of GS-
ESF, k3 is the maximal rate of inactivation (min−1), [GS-ESF] is the concentration of S-
glutathionyl ethylenesulfonyl fluoride and KD is the apparent dissociation constant of
the hGSTM1-1 and GS-ESF complex. A plot of 1/kobs versus 1/[GS-ESF] for several
concentrations of GS-ESF yields a straight line with a positive ordinate intercept (k3) of
0.052 ± 0.02 min−1 and a slope corresponding to an apparent dissociation constant of 0.055
± 0.01 mM (Figure 4c). These results are consistent with the Kitz and Wilson kinetics [34]
that GS-ESF forms a Michaelis-type reversible complex with hGSTM1-1, and the formation
of the covalent product is rate-limiting.

Incubation of hGSTM1-1 in the presence of GS-ESF and the inhibitors S-nitrobenzyl-
GSH or pirimicarb diminish the observed rate of enzyme inactivation (kobs) and behaves
as a competitive inhibitor versus GS-ESF, as shown in Figure 4b. The following kinetic
equation describes the inactivation in the presence of competing ligands (e.g., pirimicarb):

1/kobs = 1/k3 + KD/(k3 [GS-ESF])(1 + ([Pirimicarb]/Kapp)) (2)

where [Pirimicarb] is the concentration of pirimicarb and Kapp its apparent dissociation
constant of Pirimicarb. The apparent dissociation constant of pirimicarb (Figure 4c) was
calculated (Kapp = 15.5 ± 1.2 µM) from a double-reciprocal plot of the apparent rate
constants (kobs) of hGSTM1-1 inactivation versus GS-ESF concentration, in the presence of
pirimicarb. The Kapp calculated by inactivation experiments is in good agreement to that
determined by kinetic inhibition analysis.

Previous investigations have established that GS-ESF specifically reacts with the H-site
residue Tyr108 of GSTP1-1 [18] (Figure 4d). Since the structurally equivalent residue in
hGSTM1-1 is Tyr115, it is conceivable to propose that the same residue is also the target for
GS-ESF in the case of hGSTM1-1. Tyr115 is an exposed to the solvent residue, located at the
upper part of α-Helix 4, and accessible to chemical modification by GS-ESF. Tyr115 is one of
the main structural determinants of the H-site [19,38,39]. All these results further support
the outcome of the kinetics inhibition studies and point to the conclusion that the binding-
site of pirimicarb is located at a specific position in the H-site. Of note, Hearne and Colman
(2006) have found that Tyr115 contributes to the formation of the monobromobimane
(mBBr) binding site, which is localized to an area midway through α-helix 4 (residues
90–114) [40].
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Figure 4. (a): The structure of GS-ESF [41]. (b): Time course of the hGSTM1-1 by GS-ESF at pH 7.4
and 25 ◦C, and 0.2 mM GS-ESF (•); 0.2 mM GS-ESF in the presence of S-nitrobenzyl-GSH (1 mM,
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the observed rate of inactivation (kobs) of hGSTM1-1 by GS-ESF expressed as a double reciprocal.
Inactivation was carried out in the presence (•) or absence (�) of pirimicarb. The slope and intercept
of the secondary double-reciprocal plot were calculated by unweighted linear regression analysis.
(d): Crystal structure of GS-ESF bound to hGSTP1-1 (PDB ID code 5x79) [41]. The GSTP1-1 (gray) is
shown as a cartoon and the adduct formed by GS-ESF and Tyr108 is shown in stick representation
and colored according to atom type.

2.4. The Crystal Structure of hGSTM1-1

Over the course of the project, the crystal structure of the enzyme was determined at
1.59 Å resolution. As the crystal structure of ligand-free hGSTM1-1 has been previously
reported at lower (2.68 Å) resolution (PDB id 1gtu, [24]), the new structure here allows for a
more detailed description of the structural features and better definition of atoms’ positions
as well as the detailed investigation of the induced-fit mechanism of ligand binding and
catalysis. The high-resolution structure reported here includes 1149 water atoms compared
to 64 in the low-resolution hGSTM1-1 structure (PDB id 1gtu, [38]).

The enzyme was crystallized in the P21 space group resulting in four molecules (A, B,
C, D) in the asymmetric unit. In the low-resolution hGSTM1-1 structure (PDB id 1gtu), the
enzyme was also crystallized with four molecules in the asymmetric unit but in a different
space group (P212121). The arrangement of the molecules is similar in both structures.
Each of the molecules consists of 218 residues. D–A and C–B form the typical dimers
found in GSTs. The interface area of D–A and C–B dimers is 1341.9 Å2 and 1313.1 Å2,
respectively. Both dimers also display a significant number of hydrogen bonds and salt
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bridges between them. The D–A interface has 13 H-bonds and 11 salt bridges while the C–B
interface possesses 12 H-bonds and 13 salt bridges. In 1gtu, the dimer interface (~1351 Å2)
is similar to that reported here, but the number of hydrogen bonds and salt bridges is lower,
possibly owing to the low resolution of the structure that affects the accurate positioning of
the atoms. Other interfaces display comparatively smaller interface areas, for example, the
interface areas between B and D and C and A are 375 Å2 and 350 Å2, respectively, with only
two salt bridges in both interfaces and seven and six H-bonds between them, respectively.
The interactions between dimers are mediated through helix α7 (residues 178–189).

The structural alignment showed subtle changes among the active site residues in the
low- and high-resolution hGSTM1 structures (Figure 5). The most noticeable difference
was observed in Arg42, which is involved in the formation of a salt bridge with GSH and
points closer to the active site cavity in the high-resolution hGSTM1 structure than in its
low-resolution counterpart (Figure 5a). A small difference in the loop region connecting
the β2 strand and the α2 helix is also present between the two structures. The Root-Mean-
Square Deviation (RMSD) value for this region is 1.36 Å, which is higher than the RMSD
value for the overall structure (0.65 Å). Furthermore, slight differences in the conformations
of His107, Met104, and Ser72 were also observed (Figure 5b).

Int. J. Mol. Sci. 2022, 23, x FOR PEER REVIEW 9 of 16 
 

 

 

 

(a) (b) 

Figure 5. (a): Superposition of the active site residues of high-resolution (1.59 Å ) structure of human 

GSTM1-1 (colored yellow) and low-resolution (2.68 Å ) structure of HGSTM1-1 (colored red) (PDB 

id 1gtu). The active site location is denoted by a mesh surface created for GSH. (b): Close-up view 

of the loop region connecting β2 strand and α2 helix. 

2.5. Prediction of the Pirimicarb Binding Site by Molecular Docking 

A molecular-docking study was performed to obtain a detailed picture of pirimicarb 

interactions with hGSTM1-1. Since co-crystallization of enzyme/pirimicarb was not 

achieved due to the high-salt condition in the crystallization medium, a molecular-dock-

ing study was carried out, taking advantage of the high-resolution structure reported 

here. Therefore, the molecular-docking study was carried out using the new crystal struc-

ture of hGSTM1-1. The most likely mode of interaction of the pirimicarb with hGSTM1-1 

is shown in Figure 6. The compound binds to the enzyme at a distinct site that partially 

overlaps with the H-site. This site appears to be the same as that identified by Hearne and 

Colman (2005) as the monobromobimane (mBBr) binding site in rat GSTM1-1, which is 

localized to an area midway through α-helix 4 (residues 90–114) [40]. The mixed-type in-

hibition observed in the kinetic study can be adequately interpreted assuming this bind-

ing topology. Superposition of the binding site of pirimicarb and S-nitrobenzyl-GSH 

showed that pirimicarb overlaps with the CDNB at H-site since the aromatic ring is posi-

tioned to form hydrogen bonds with Tyr6, Trp7, Leu12, His107, Met108, Met112 and 

Tyr115. Additionally, the molecule packs in such a way that it forms van der Waals con-

tacts with Phe208 and Ser209. 

Figure 5. (a): Superposition of the active site residues of high-resolution (1.59 Å) structure of human
GSTM1-1 (colored yellow) and low-resolution (2.68 Å) structure of HGSTM1-1 (colored red) (PDB id
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loop region connecting β2 strand and α2 helix.

2.5. Prediction of the Pirimicarb Binding Site by Molecular Docking

A molecular-docking study was performed to obtain a detailed picture of pirimi-
carb interactions with hGSTM1-1. Since co-crystallization of enzyme/pirimicarb was not
achieved due to the high-salt condition in the crystallization medium, a molecular-docking
study was carried out, taking advantage of the high-resolution structure reported here.
Therefore, the molecular-docking study was carried out using the new crystal structure of
hGSTM1-1. The most likely mode of interaction of the pirimicarb with hGSTM1-1 is shown
in Figure 6. The compound binds to the enzyme at a distinct site that partially overlaps with
the H-site. This site appears to be the same as that identified by Hearne and Colman (2005)
as the monobromobimane (mBBr) binding site in rat GSTM1-1, which is localized to an area
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midway through α-helix 4 (residues 90–114) [40]. The mixed-type inhibition observed in the
kinetic study can be adequately interpreted assuming this binding topology. Superposition
of the binding site of pirimicarb and S-nitrobenzyl-GSH showed that pirimicarb overlaps
with the CDNB at H-site since the aromatic ring is positioned to form hydrogen bonds with
Tyr6, Trp7, Leu12, His107, Met108, Met112 and Tyr115. Additionally, the molecule packs in
such a way that it forms van der Waals contacts with Phe208 and Ser209.
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Figure 6. (a): The predicted mode of interaction of hGSTM1-1 with the insecticide pirimicarb. Side
chains of residues in contact with the ligand (cut-off distance 3.0 Å) are shown with yellow lines.
(b): Superposition of pirimicarb (yellow color) with the GSH and CDNB conjugate (GSH-CDNB, red
color). (c): Electrostatic potential surface around pirimicarb. Red, blue, and white show negative
(−5), positive (+5) and neutral (0.0) charges, respectively.
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A crucial difference between the other structures of the hGSTM1-1 is the presence and
the absence of GSH or S-nitrobenzyl-GSH. The comparison of the crystal structure resolved
in the present study with the available GSH-bound hGSTM1-1 (1.9 Å resolution, PDB id:
1xw6) and the crystal structure of S-nitrobenzyl-GSH-bound hGSTM1-1 (2.3 Å resolution,
PDB id: 1xwk) showed root-mean-square deviation values (RMSDs) of 0.28 Å and 0.65 Å,
respectively. It is well-established that GSTs bind many structurally different molecules as
a consequence of their structural plasticity and flexibility. For example, analysis of the three
structures showed that the volume of the substrate-binding cavity is adapted to the size of
the bound ligand. Indeed, the cavity volume for the ligand-free hGSTM1-1 is ~8.6 Å3, for
the GSH-bound enzyme it is ~32.4 Å3 and for the GSH-CDNB conjugate the cavity volume
is ~55.7 Å3 (Figure 7).
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This is probably a consequence of the high plasticity and conformational flexibility of
the binding site, such that in the absence of its natural substrate (e.g., GSH) the volume
of the binding site shrinks and becomes less accessible to large ligands. Conformational
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fluctuations of GSTs can lead to ensembles of free enzyme, E, and both the ES and EP
complexes. Since the binding of substrates and the ligand (e.g., pirimicarb) occur within the
same active site, presumably, two simplified scenarios can explain the limiting promiscuity
of hGSTM1-1 [33,42,43]. Assuming the classic induced-fit model, conformational changes
occur only after binding of the substrate, where substrate binding leads to an ES complex
with a different conformation to enzyme E. On the other hand, according to the confor-
mational selection model, an ensemble of conformers pre-exists to allow for the binding
of a substrate or ligand to a pre-organized enzyme structure suitable for that substrate
or ligand. A population shift may take place as a consequence of the conformational
selection mechanism. The conformational selection model may be exploited by GSTM1-1;
different conformations in the ensemble would likely be selected by GSH, S-nitrobenzyl-
GSH or pirimicarb and the ensemble could provide a mechanism to achieve selection and
restricted ligandability.

3. Materials and Methods
3.1. Chemicals

Reduced glutathione (GSH), 1-chloro-2,4-dinitrobenzene (CDNB), bovine serum albu-
min (BSA), kanamycin, acetochlor, butachlor, metazachlor and propachlor were obtained
from Sigma-Aldrich Co. (St. Louis, MO, USA). The pesticides alachlor and malathion
were obtained from Fluka. The rest of the pesticides were purchased from Riedel de Haen
(Seelze, Germany).

3.2. Heterologous Expression, Purification of hGSTM1-1 in E. coli and Protein Determination

Recombinant E. coli cells were grown in Luria–Bertani (LB) medium containing
kanamycin (25 mg/mL) as described by Georgakis et al., 2017 [19]. Purification of hGSTM1-
1 was carried out by affinity chromatography as described by Georgakis et al., 2017 [19].
Protein purity was >98% as determined by 12% SDS-PAGE. Protein concentrations were
determined according to the Bradford method [44] using BSA as standard.

3.3. Assay of Enzyme Activity and Inhibition Analysis

Reduced GST assays were performed by monitoring the formation of the conjugate of
CDNB (1 mM) with GSH (2.5 mM) at 340 nm (ε = 9.6 mM−1cm−1) for 120 s according to a
published method [19]. One unit of enzyme activity is defined as the amount of enzyme
that produces 1 µmol of product per minute under the assay conditions.

Pesticide screening and inhibition potency evaluation towards hGSTM1-1 were carried
out in the assay system described above in the presence of 25 µM pesticide diluted in
acetone. During the assay, no measurable pesticide/GSH reaction was detected. The
percentage of enzyme inhibition (I) was calculated using the following equation:

%I = [(Ro − Ri)/Ro] × 100 (3)

where Ro is the unit of enzyme activity increase for the uninhibited reaction and Ri is the
rate of increase for the inhibited reaction. Both Ri and Ro correspond to the same substrate
concentration.

The IC50 values were determined in the assay system described above by measuring
the hGSTM1-1 activity in the presence of different concentrations of pirimicarb (0–240 µM),
fenhexamid (0–500 µM) and butachlor (0–400 µM) at 37 ◦C. The IC50 values were deter-
mined by fitting the following equation to the concentration–response data:

%Inhibition = 100/[1 + (IC50/[I])] (4)

where [I] is the pesticide concentration (inhibitor). The IC50 values were determined using
the program GraphPad Prism (GraphPad Software Inc., Version 7, San Diego, CA, USA).
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3.4. Kinetic Inhibition Study with the Insecticide Pirimicarb

Initial velocities for the catalyzed reaction of the isoenzyme hGSTM1-1 with GSH
as a variable substrate were performed at 37 ◦C in a total volume of 1 mL mixture con-
taining 0.75 µg of the isoenzyme GSTM1-1, 0.1 M potassium phosphate buffer (pH 6.5),
1 mM CDNB and different concentrations of GSH in the range of 0.0175–3.75 mM in the
presence of different concentrations of the insecticide pirimicarb (0–40 µM). With CDNB
as a variable substrate, the reaction mixture total volume (1 mL) contained 0.75 µg of the
isoenzyme GSTM1-1, 0.1 M potassium phosphate buffer (pH 6.5), 1 mM GSH and CDNB
in the concentration range of 0.015–1.5 mM in the presence of different concentrations
of pirimicarb (0–30 µM). The kinetic parameters were determined using the computer
program GraphPad Prism 7.

3.5. Crystallization and Structure Determination

The protein was concentrated to 10 mg/mL in buffer HEPES pH 7.5, NaCl 150 mM,
NaN3 0.002% w/v. Crystals were produced with the hanging-drop vapor diffusion method
using a reservoir solution of HEPES 0.1 m (pH 7.2), PEG 6000 18% (w/v) and ammonium
chloride 0.2 M. X-ray diffraction data were collected on the P13 beamline at PETRA III
(DESY, Hamburg, Germany) at cryogenic temperature (−173.1 ◦C) from crystals flash-
cooled with liquid nitrogen in the presence of 20% (v/v) glycerol as cryoprotectant. A
Dectris Pilatus 6M detector was used and the total exposure time was 120 sec for 3000
frames (0.04 s per frame). The data were processed with XDS [45] and AIMLESS [46].
The structure was solved by molecular replacement using the structure of the ligand-
free hGSTM1-1 (PDB id 1gtu) [38] as a search model in PHASER [47]. Refinement was
carried out with PHENIX v. 1.17.1-3660 [48] using simulated annealing and maximum
likelihood as a target function. Structure visualization and rebuilding were carried out with
Coot [49]. Structure validation was performed using Coot and PHENIX validation tools.
Crystallographic data collection and final refinement statistics are given in Table 1.

Table 1. X-ray data collection and refinement statistics.

Wavelength (Å) 1.033

Resolution range 52.8–1.59 (1.65–1.59)

Space group P21

Unit cell 49.12 211.19 49.44 90 116.23 90

Total reflections 310250

Unique reflections 112127 (8772)

Multiplicity 2.8 (2.1)

Completeness (%) 93.36 (73.05)

Mean I/sigma(I) 10.6 (2.0)

Wilson B-factor (Å2) 20.74

R-meas 0.064 (0.466)

R-pim 0.045 (0.330)

CC1/2 1.0 (0.78)

Reflections used in refinement 112117 (8772)

Reflections used for R-free 5544 (495)

R-work/R-free 0.1983 (0.2844)/0.2358 (0.3190)

Number of non-hydrogen atoms 8454
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Table 1. Cont.

macromolecules 7258

ligands (Na atoms) 7

solvent 1149

Protein residues 872

RMS in bonds (Å) 0.007

RMS in angles (◦) 0.90

Ramachandran favored (%) 98.50

Ramachandran allowed (%) 1.39

Ramachandran outliers (%) 0.12

Rotamer outliers (%) 0.00

Clashscore 5.72

Average B-factor (Å2) 25.39

macromolecules 23.99

ligands 37.86

solvent 33.88

PDB id 7beu

3.6. Docking of Insecticide Pirimicarb into the hGSTM1-1 Binding Site

Molecular docking was carried out using the Autodock Vina tool of UCSF Chimera
1.11.2 [50]. Default parameters were employed for docking. The structure of the ligand-free
hGSTM1-1, resolved and reported in the present study, was used as a receptor in the
docking experiment.

3.7. Irreversible Inactivation of hGSTM1-1 by S-glutathionyl Ethylenesulfonyl Fluoride (GS-ESF)

Irreversible inactivation of hGSTM1-1 was performed in an incubation mixture con-
taining, in 1 mL total volume (25 ◦C): 0.1 M KH2PO4, pH = 7.4, GS-ESF (0.025–0.2 mM)
and hGSTM1-1 (approximately 0.1 U). The rate of inactivation was followed by periodi-
cally removing samples for assays of enzymatic activity. Initial rates of inactivation were
deduced from plots of log (% of activity remaining) versus time (min) for several GS-ESF
concentrations. Irreversible inactivation of hGSTM1-1 by GS-ESF was also carried out,
in the presence of S-nitrobenzyl-glutathione (1 mM) or pirimicarb (15 µM), performed
essentially as described above.

4. Conclusions

Determining GSTM1-1 ligandability remains a challenging task. Although several
groups have pushed research forward to identify inhibitors against other classes of GSTs,
such as GSTA1-1 and GSTP1-1, the isoenzyme GSTM1-1 appears to display restricted
ligandability. This is probably a consequence of the high plasticity and conformational
flexibility of the binding site, whose volume is reduced and becomes less accessible to
large ligands in the absence of its natural substrate (e.g., GSH). The results of the present
work allowed for the mapping of the xenobiotic ligand-binding properties of hGSTM1-1,
and they form the basis for the design of new and selective lead compounds as inhibitors
towards hGSTM1-1.
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