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ABSTRACT: Glutathione S-transferases (GSTs) are important detoxification enzymes involved in the development of
metabolic resistance in Plutella xylostella. Uncovering the interactions between representative PxGST's and the inhibitor S-hexyl
glutathione (GTX), helps in the development of effective PxGST inhibitors for resistance management. As the PxGST most
severely inhibited by GTX, PxGSTo (sigma-class PxGST) adopts the canonical fold of insect GSTs. The formation of the
PxGSTo—GTX complex is mainly driven by H-bond and hydrophobic interactions derived from the side chains of favorable
residues. Of the residues composing the active site of PxGSTo, Lys43 and Arg99 are two hot spots, first reported in the binding
of GSH derivatives to GSTs. Such differences indicate the metabolism discrimination of different insect GSTs. Unfavorable
interactions between the PxGSTo¢ active site and GTX are depicted as well. The research guides the discovery and optimization

of PxGSTo inhibitors.

KEYWORDS: GST, GST inhibitor, molecular simulations, computational alanine scanning, site-directed mutagenesis

B INTRODUCTION

Diamondback moth (DBM), Plutella xylostella, is a destructive
pest and causes enormous loss to global cruciferous crops."”
To control this notorious pest, conventional organophos-
phates, carbamates, organochlorine, pyrethroid and other
insecticides are often selected.”” However, the rapid develop-
ment of insecticide resistance significantly compromises the
efficacy of insecticides and threats the current and future
control of P. xylostella.”> Currently, DBM has exhibited
resistance to 91 classes of insecticides, leading to the ever
increasing annual costs for DBM management. It is estimated
that the costs have reached as high as $4—S$ billion in recent
years.{’_8 Effective strategies to slow, prevent, or even
overcome insecticide resistance are urgently required.®

Of the mechanisms underlying insecticide resistance,
enhanced metabolic activity of detoxification enzymes is an
important one.” As a representative detoxification enzyme,
insect glutathione S-transferases (GSTs, EC 2.5.1.18) compose
a large and multifunctional enzyme family and primarily
participate in the detoxification of xenobiotics such as
"' Normally, insect GSTs are grouped into six
classes: delta, epsilon, omega, sigma, theta, and zeta. All GSTs,
especially delta- and epsilon-class GSTs, are best known as
phase II metabolizing isozymes that conjugate reduced
glutathione (GSH) to xenobiotic compounds, producing
more soluble compounds that can be excreted from the cell

; o110
insecticides.
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and consequently conferring resistance toward various
insecticides.”' As reported, GSTs in particular contribute
significantly to organophosphate, organochlorine, and pyreth-
roid resistance.'”~"* Such metabolic resistance mediated by the
enhanced production of related GSTs can be alleviated or even
overcome by using GST inhibitors, which help to restore the
insecticide susceptibility of P. xylostella.'>"°

Using a combination of insecticide and synergist is
particularly effective against metabolic resistance.'”'® As a
result, it is vital to use GST inhibitors as synergists to preserve
the efficacy of current and future insecticides, especially when
considering the remarkable difficulty and costs associated with
developing novel insecticides. However, to develop GST
inhibitors as synergists, it is necessary to unravel the key
interactions between GST's and already-known GST inhibitors.

In the present research, the known GST inhibitor S-hexyl
glutathione (GTX) is selected. We start by checking the
inhibitory effects of GTX on three reported GSTs from P.
xylostella, delta PxGST (PxGSTS5), epsilon PxGST (PxGSTe¢),
and sigma PxGST (PxGSTo). The most severely inhibited
PxGST, PxGSTo, is chosen as the representative of PxGSTs.
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Figure 1. Structure of PxGSTo. (A) 3D structure of PxGSTo. N and C represent the N-terminus and the C-terminus, respectively. Helices al—a8
and f-sheets f1—f34 are labeled as al—a8 and f1—p4. (B) Amino acid sequence alignment of PxGSTo and Drosophila sigma GST (1IMOU).
Conserved residues are highlighted with asterisks (*) below the letters.

Through the integrated use of homology modeling, PxGSTo—
GTX-complex construction, molecular-dynamics (MD) simu-
lations, per-residue energy decomposition, computational
alanine scanning (CAS), and site-directed mutagenesis, key
interactions and key amino acids involved in the formation of
the PxGSTo—GTX complex are successfully revealed. Our
results guide the further discovery and optimization of novel
GST inhibitors.

B MATERIALS AND METHODS

GST Inhibition by GTX. Three reported types of P. xylostella
GSTs (PxGSTs), termed PxGSTS, PxGSTe and PxGSTo, were
expressed and purified for inhibition studies (SI). In brief, 1 ug of
recombinant PxGST protein and serial concentrations of GTX (0.16,
0.8, 4, 20, 100, 500, and 2500 uM) were premixed in 100 uL of 100

mM PBS. After being incubated at 30 °C for 10 min, the 100 uL
mixture was added to 100 yL of 100 mM PBS containing 2 mM
CDNB and 2 mM GSH as substrates. Using a Tecan infinite M200
Microplate Reader, absorbance changes at 340 nm were immediately
monitored at 30 °C for 5 min at 1 min intervals. For each point, three
replicates were performed; samples with 1 pg of denatured PxGSTs
were used as negative controls. The ICy, values of GTX against each
PxGST protein were determined via Graphpad Prism 6.0 (Graphpad
Software, Inc.).

Homology Modeling and PxGSTo—GTX-Complex Construc-
tion. After querying the PDB9S database with the amino acid
sequence of PxGSTo, the crystal structure of Drosophila sigma class
GST (PDB ID: 1MOU, Chain A, resolution = 1.75 A) was selected as
the template for homology modeling (46% homology);19 the 3D
structure of PxGSTo was generated and optimized by Modeler 9.10
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software in accordance with our former studies.””*' The quality of the
final PxGSTo model was assessed by Molprobity and Profile 3D.**~>*

The PxGSTo—GTX complex was constructed using GOLD 5.3
software.”® To perform molecular docking, the generated 3D model of
PxGSTo was subjected to 5000-step minimization with the
bioorganic-systems force field (ff9SB) in Amber12; the 3D structure
of GTX was sketched using Maestro (Schrodinger Inc.) and
optimized in 2000 steps with GAFF force field in Amberl2.
Considering the superiority of ChemPLP in predicting binding
poses, it was employed to determine the final binding model of
PxGSTo—GTX. The details of molecular docking were similar to
those of our previous studies.”*

Molecular-Dynamics (MD) Simulations. The Amber12 package
was used to perform MD simulations of the constructed PxGSTo—
GTX complex.”””® The parameters and charges of GTX were
optimized by GAFF and AMI-BCC methods in Amber12.”*° The
fl9SB was used to depict PxGSTo protein parameters.”’ Certain
counterions were added to ensure the entire system was in neutral
conditions (pH = 7.0). The PxGSTo—GTX system was subjected to
Amberl2 for three individual 100 ns MD simulations without any
restraint. MD trajectories were analyzed by the Ambertoolsl3
package. Details of the MD simulations are shown in the Supporting
Information (SI).

Binding-Free-Energy Calculation. The molecular-mechanics
Poisson—Boltzmann-surface-area (MM-PBSA) method in Amberl12
was utilized to calculate the binding free energy of the generated
PxGSTo—GTX complex.*” Furthermore, the entropy contribution
(TAS) arising from changes in the translational, rational, and
vibrational degrees of freedom should be taken into consideration
as well. By means of the nmode program in Amberl2, it was
calculated using normal-mode analgrsis.}3 Detailed procedures were in
accordance with former studies.”**

Per-Residue Free-Energy Decomposition. To quantify the
interactions between PxGSTo and GTX, per-residue free-energy
decomposition was performed using the MM-PBSA method
incorporated in the mmpbsa.py module of Amberl2. In the
decomposition process, the energy contribution of each residue was
calculated from three aspects: the total contribution, the side-chain
contribution, and the backbone-energy contribution; each aspect was
further broken into three energy items: van der Waals energy,
electrostatic energy, and polar-solvation free energy. The process of
energy decom(gosition was performed according to previous reports
by our team.***%3

Computational Alanine Scanning. Computational alanine
scanning (CAS) is known as an effective and reliable protocol to
predict warm and hot spots.®® For the PxGSTo—GTX system,
residues whose side chains provided >1.00 kcal/mol favorable free
energy for the PxGSTo—GTX interaction were submitted to CAS.
The MM-PBSA method was further selected to calculate the binding-
free-energy changes of the complexes formed by GTX and each
mutant PxGSTe protein. Details were similar to former reports.*”*°

Site-Directed Mutagenesis and Inhibition Assay. A site-
directed-mutagenesis kit (TransGen Biotech) was used to realize the
site-directed mutation of PxGSTo. Residues subjected to mutation
were determined on the basis of the results of CAS; primer design and
the procedure were performed according to the manufacturer’s
guidelines. The expression and purification of mutant PxGSTo
proteins were similar to those of wild-type PxGSTo (SI). The
inhibition-ability changes caused by site-directed mutagenesis were
measured by the method detailed above in GST Inhibition by GTX.

Statistics. In the present research, the data of the inhibition assays
were analyzed by Graphpad Prism 6.0 (Graphpad Software, Inc.) to
obtain the corresponding IC, values. The calculated ICs, values were
further transformed to experimental binding-free-energy changes
(AAGying.exp) according to eq 1.

AAGyipg.exp = RT In(IC50 7 /ICs0.yir) (1)

In eq 1, R and T stand for the ideal-gas constant and the
temperature in Kelvin, respectively. ICs, yr represents the IC, values
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of GTX and against the mutant PxGSTo proteins, whereas IC;q.yyy is
the ICs, value of GTX against the wild-type PxGSTo protein.

B RESULTS AND DISCUSSION

GTX Showing the Highest Inhibitory Effects on
PxGSTo. Three recombinant PxGSTs (PxGSTS, PxGSTe,
and PxGSTo) were successfully expressed and purified (Figure
S2). As revealed by inhibition tests (Figure S4), the inhibitor
GTX exhibits the highest inhibition effects on the PxGSTeo
protein, with the IC;, value being 8.83 + 1.14 yM. The unique
inhibition profiles of the PxGSTs suggest their unique
substrate preferences as well as different key residues involved
in the PxGST—GTX interaction. This fits with the report that
different classes of PxGSTs discriminate in binding with or
metabolizing xenobiotics, even thou§h all insect GSTs adopt a
highly conserved tertiary structure. "' Because of the most
severe inhibition by GTX, PxGSTo was selected as the
representative PxGST for following studies.

3D-Model Construction of PxGSTe. In the present
research, the 3D structure of PxGSTo was successfully
generated using the crystal structure of the Drosophila sigma-
class GST (PDB ID: 1MOU) as the template (referred to as
1MOU). Both the Ramachandran plot (Figure S5) and the 3D
profile analysis (Figure S6) suggest stereochemical rationality
of the selected model.

As shown, PxGSTo possesses the typical insect-GST fold
(Figure 1A). The model is overall composed of a small,
thioredoxin-like N-terminal domain (residues 1—75) and a
larger, helical C-terminal domain (residues 76—204), with a
wide interdomain cleft where the active site is located. To be
specific, the N-terminal domain consists of a four-stranded f-
sheet flanked on one side by helices a1 (residues 13—25) and
a3 (residues 64—74) and on the other side by helix a2
(residues 39—49). These structural elements are arranged in a
PapapPfa motif, with strand 3 being antiparallel to the other
P-strands (1, #2, and p4). Residue ProS2 at the start of strand
B3 is in the cis conformation. Moreover, equivalent cis residues
are conserved in all GST structures determined so far and seem
to be integral to the correct formation of the catalytic
site.”373% As for the C-terminal domain, it contains a bundle
of five a-helices (al, a2, a3, a4, and as).

As mentioned above, the active site resides in a deep cleft
interface of the C- and N-terminal domains (Figure 1A). It
contains two subsites, termed the glutathione (GSH)-binding
site (G-site) and the hydrophobic binding site (H-site).
Specifically, the G-site is composed of residues that are mainly
hydrophilic and polar in nature, including Tyr8, Asp3S, Lys36,
Trp39, Lys43, GInS0, Met51, and Arg99. With respect to the
H-site, it is formed by the top sections of the a4 and a6
helices, the loop connecting the al helix and the f1 strand,
and the C-terminus of the PxGSTo protein. The H-site is rich
in hydrophobic residues like Phe9, Pro10, Ile11, Leul4, Gly49,
ProS2, Alal00, and Tyr107 (Figure S8).

Molecular-Dynamics Analysis of the PxGSTe—GTX
Complex. The PxGSTo—GTX complex was obtained by
molecular docking and analyzed by molecular-dynamics (MD)
simulations. As revealed by the three individual 100 ns MD
simulations, both the PxGSTo—GTX complex and GTX
converge after the equilibration phase (Figure S7) of the
MD simulations. Specifically, the PxGSTo—GTX complex
achieves equilibrium at about 25 ns, with an average root-
mean-square-deviation (RMSD) value of 2.67 + 028 A
(Figure 2A). For the GTX molecule, it reaches equilibrium
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Figure 2. Molecular dynamics analysis of the PxGSTo—GTX complex. (A) RMSD values for the PxGST6—GTX-complex structures monitored
along three individual 100 ns molecular-dynamics simulations. (B) RMSD changes for GTX structures monitored along three individual 100 ns
molecular-dynamics simulations. (C) Residue fluctuations for the PxGSTo—GTX complex during three individual 100 ns molecular-dynamics
simulations. PxGST—GTX-1, PxGST—GTX-2, and PxGST—GTX-3 are three repetitions of the RMSD and RMSF values for the PxGSTo—GTX
complex. GTX-1, GTX-2, and GTX-3 are three repetitions of RMSD values for GTX.

earlier than the PxGSTo—GTX complex. In Figure 2B, GTX
becomes stable right after 10 ns, with an RMSD of 2.85 + 0.18
A

Considering the secondary-structural elements in the
PxGSTo model (Figure 1A), it is necessary to unravel the
flexibility and local-motion characters on the binding of GTX.
On the basis of MD simulations, root-mean-square fluctuation
(RMSF) is adopted to evaluate the local flexibility of the
PxGSTo—GTX complex. As shown (Figure 2C), helix regions
are more rigid than loop regions; this is particularly evident
when comparing the short loops between a3 and a4, a4 and
a$, and a$ and a6. The effects caused by the flexible C-
terminal and N-terminal tails are negligible to the GTX-
binding interface of the PxGSTo—GTX complex because of
their distances from the active sites. Actually, in the course of
the 100 ns MD simulations, residues associated with the
PxGSTo—GTX interaction, including Tyr8, Phe9, Ilell,
Leul4, Trp39, Lys43, MetS1, Arg99, Alal03, and Tyr107 all
presented little RMSF fluctuation (Figures 2C and 3). All the
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data indicate stability of the PxGSTo—GTX complex we
generated.

Binding-Mode Analysis of the PxGST6—GTX Com-
plex. According to the MD representative conformation of the
PxGSTo—GTX complex (Figure 3), the GTX molecule sits
tightly inside the active pocket of PxGSTo, with its GSH
moiety binding to the G-site and the S-hexyl moiety occupying
the H-site (Figure S8).

Powerful hydrogen-bond (H-bond) nets are detected
between the glutathione from GTX and the G-site of PxGSTo.
The oxygen atom from the top carboxyl terminal of GTX
forms two H-bonds with the NZ atom from the Lys43 side
chain and the NEI1 atom from the Trp39 side chain (Figure 3
and Table S3), with averaged N—O distances of 2.87 and 2.92
A, respectively. The oxygen atom from the bottom carboxyl
terminal of GTX interacts with NH1 and NH2 from the Arg99
side chain through salt-bridges, with N—O distances 2.7 and
2.8 A (Figure 3). Two hydrogen bonds are also detected
between the carbonyl of the GTX glutamyl and the —OH from
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Figure 3. Key interactions and H-bond patterns at the active site
observed during MD simulations of GTX. GTX is shown as a stick-
and-sphere model. Green, C; red, O; blue, N; gold, S. Involved
residues are shown as sticks. Gray, C; red, O; blue, N; gold, S. H-
bonds are shown as yellow dashed lines.

the Tyr8 side chain (averaged O—O distance of 2.75 A) and
between the carbonyl of the GTX cysteinyl and the N atom
from the Met51 backbone (N—O distance of 2.97 A). Not only
that, other interactions, including a polar interaction (GTX
and GInS0), a positively charged interaction (GTX and
Lys36), and a negatively charged interaction (GTX and
Asp3S), are determined between GTX and PxGSTo as well.
According to cluster analysis of the MD trajectories (Table
S3), the H-bonds formed with GTX and Lys43, Tyr8, and
Arg99 exhibit fairly high occupancy rates (83.66, 76.94, and
73.80%). Such high H-bond-occupancy rates suggest the
stability and actual existence of these H-bonds. For the H-
bonds derived from MetS1 (55.14%) and Trp39 (46.96%),
their existence is not supposed to be that stable, because of
their relatively lower occupancy rates during the 100 ns MD
simulations. In particular, the H-bond formed between GTX
and Trp39 has an occupancy rate lower than 50% (Table S3).
On the basis of the results of conformational super-
imposition (Figure 4), little structural deviation is checked
between the MD representative structure of the PxGSTo—
GTX complex and the template we chose for homology
modeling (PDB ID: 1MOU); key interactions depicted in
1IMOU are present in the PxGSTo—GTX complex as well. For
example, Trp39 and MetS1 from PxGSTo are equivalent to
Trp8S and Met97 from 1MOU, and they all form H-bond
interactions with the corresponding ligands. Such high
interaction similarity suggests that the representative
PxGSTo—GTX conformation revealed by MD simulations
approximates to the data provided by 1MOU.
Binding-Free-Energy Calculation. To calculate the
theoretical binding free energy (AGyg.cq) of the generated
PxGSTo—GTX complex, an MM-PBSA approach is employed.
As revealed by Table 1, electrostatic interaction (AEg; =
—101.10 kcal/mol) contributes the most to the formation and
stability of the PxGSTo—GTX complex, this corresponds to
the powerful H-bond nets between GTX and PxGSTe. Other
elements, including hydrophobic interactions (AEypy =
—30.01 kcal/mol) and nonpolar parts of the solvation free
energy (AEgups = —27.26 kcal/mol), provide favorable
contributions to the binding of GTX. As for the polar part
of the solvation free energy (AEgpgg = 103.91 kcal/mol), it is
negative to the PxGSTo—GTX interaction. After the
introduction of conformational entropy (—TAS = 2598
kcal/mol), the absolute binding free energy (AGying.ca) of

J Trp39(Trp85)

Jou.
2
T

Met51(Met97),

$GTX
GSH

Figure 4. Superimposition of the PxGSTo—GTX complex and the
Drosophila sigma GST—GSH complex. The model of the Drosophila
sigma GST—GSH complex we used is its crystal structure (PDB ID:
IMOU). GTX is presented with a stick-and-sphere model. Key
residues and GSH are presented with stick models. Yellow and gray
dashed lines represent the H-bond interactions derived from the
PxGSTo—GTX and Drosophila sigma GST—GSH complexes.

the PxGSTo—GTX complex is calculated to be —6.67 kcal/
mol. The experimental binding free energy (AGbind_exp =-5.49
kcal/mol) is also determined on the basis of the inhibitory
effects (ICs, = 8.83 = 1.14 uM) of GTX against PxGSTo. The
acceptable difference between AGyg.co and AGing.ex, SUggests
reliability of the MD representative structure of the PxGSTo—
GTX complex.

Per-Residue Free-Energy Decomposition. The MM-
PBSA method is used to quantify and decompose the energy
contribution of each residue from PxGSTo. As shown (Figure
S and Table 2), 11 residues (Tyr8, Phe9, Ile11, Leul4, Trp39,
Lys43, GInS0, MetS1, Arg99, Ala103, and Tyr107) contribute
over 0.50 kcal/mol of the total free energy (Tror) to the
binding of GTX, of which Trp39 (—2.79 kcal/mol), Lys43
(—5.60 kcal/mol), and Arg99 (—8.50 kcal/mol) are partic-
ularly highlighted because of their high total energy
contributions. In Table 2, it can be seen that Lys43 and
Arg99 provide remarkably unfavorable polar solvation energies
(Tgpg), possibly because of their exposure to solvent. However,
this unfavorable energy is neutralized by the electrostatic
energies (Tgp) derived from their side chains (Table 2),
further indicating the powerful and stable H-bond nets formed
between GTX and Lys43 and between GTX and Arg99. Trp39
and Tyr8 interact similarly with GTX; their energy
contributions mainly derive from H-bond interactions
(Trp39 Tpp = —5.28 kecal/mol, Tyr8 Ty = —5.78 keal/
mol). However, the total energy contributions of the two
residues are quite different (—2.79 kcal/mol for Trp39, —1.74
kcal/mol for Tyr8). Such a difference can be generally
attributed to the lower van der Waals energy (Typw) and
greater Tgpg provided by Tyr8 (Table 2). For Phe9, GInS0,
and Tyrl07, they exhibit similar interaction spectra with
considerable Typy (above 1.80 kcal/mol) and limited Tgy .
Meanwhile, their Tgpy losses are tiny because of their relatively
large distances from the solvent.

Besides the residues providing beyond 1.00 kcal/mol to
Tror, mentioned above, Met51 contributing —0.77 kcal/mol
to Tror is also noteworthy. As shown in the superimposed
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figure (Figure 4), MetS1 of PxGST6—GTX corresponds to

jli B Met97 of the template IMOU. In 1MOU, Met97 is reported to

2_:. 7 be a key residue by forming a H-bond interaction with GSH."”

However, in the PxGSTo—GTX complex we constructed, the

total energy contribution (Tror) of MetS1 does not even

Y exceed 1.00 kcal/mol, probably because of the unfavorable

o< electrostatic energy provided by the MetS1 backbone (Bg g =

gn '\é 1.38 kcal/mol), despite the —1.25 kcal/mol Typy and —1.69

[ kcal/mol Sg; ¢ derived from its side chain. Moreover, the highly

unfavorable Bp; of Met5S1 may be attributable to polar

- interactions between GTX and neighboring residue GIn50

S5 ﬁ (Figure S8). Specifically, the polar interaction provided by

v GInS0 had significant negative effects on the H-bond stability

gﬁ é formed between GTX and the MetS1 backbone. Consequently,

l to optimize GTX for better PxGST inhibitors, the polar
interaction with GInS0 should be avoided.

_ CAS-Based Site-Directed Mutagenesis. Computational

g § alanine scanning (CAS) is regarded as a reliable avenue for

b% g recognizing residues key to protein—protein or protein—ligand

i 2 interactions.>® In the current research, five residues (Tyr8,

Phe9, Trp39, Lys43, and Arg99) whose side chains provide
>1.00 kcal/mol favorable energy (Figure SB) were individually
mutated into Ala. The theoretical binding-free-energy change
(AAGy;pg.c)) of each mutant PxGSTo is calculated and listed
in Table 3. According to the criteria of hot spots (AAGy;,q >
4.00 kcal/mol), warm spots (2.00 kcal/mol < AAGy;,4 < 4.00
kcal/mol) and null spots (AAGy;,g < 2.00 kcal/mol),*® three
residues, Phe9, Lys43, and Arg99, are theoretically predicted to

AGsol
98.46 (0.88)

“All values are given in kilocalories per mole (kcal/mol), with corresponding standard errors of the mean in parentheses. bPredictions of binding free energy without considering the entropy effect.

ugj § be hot spots in the PxGSTo—GTX interaction.

'S_Ei Uﬁa i/ To verify the results of CAS, five corresponding mutant
s Q= PxGSTo proteins (PxGST6Y8A, PxGSToF9A, PxGSToW39A,
© (—F PxGSToK43A, and PxGSToR99A) are produced and sub-
E jected to inhibition tests. As reported, GTX is a known
LID inhibitor of PxGSTo protein, with its ICy, value calculated as
S = 8.83 + 1.14 uM. However, its inhibitory activity was
% 5 S suppressed to varying degrees as a result of the individual
& 3% replacement of Tyr8, Phe9, Trp39, Lys43, and Arg99 with Ala
° T (Figure 6). Compared with the ICg, of wild-type PxGSTo
= (8.83 + 1.14 uM), that of PxGSToK43A exhibits the largest
:§ _ increase (78.32 + 13.25 yM). It is consequently taken as the
2 2 most unfavorable one to the binding of GTX. Mutations of
B LQE \E/ Arg99 and Phe9 cause significant decreases in the inhibitory
g 92 effects of GTX on PxGSTo activity as well, with ICy, values
L:'} = 5 increasing to 50.31 + 9.64 uM for PxGSToR99A and 36.80 +
g t{:: 8.93 uM for PxGSToF9A. As for the rest of the residues, Tyr8
L:c g r and Trp39, their mutation results relatively weak, negative
_._5 . § 2 effects on the affinity between GTX and PxGSTo; correspond-
g 8= g ing ICs, values for PxGST6Y8A and PxGSToW39A are 17.93
f 3 S 3.2 + 2.61 and 16.91 + 5.41 uM, respectively.

g T &0 To compare the results of CAS, the ICs, values of the five
g _§ mutant PxGSTo proteins were transformed to experimental
g . g binding free energies (AAGyiyg.exp)- As shown in Table 3, the
£ = S results of the CAS and inhibition tests are in qualitative
Hooa i’ & agreement, and differences between corresponding values of
'g 3= % AAGyiyg.exp and AAGyjyg.cy are within the limits as well.
o 2| % Moreover, the AAGying ey, and AAGyngy values listed in
a}; —g Table 3 have a good linear correlation, for which R? reaches
E = 0.94 (Figure S9). Of the five mutant proteins, only
R g 8 ° PxGSToK43A and PxGSToR99A possess AAGypg.ca (—7.57
© £ ¢ g and —5.10 keal/mol) and AAGyjpg.exp (—5.50 and —4.38 keal/
o B BEE mol) of more than 4.00 kcal/mol simultaneously. As a result, it
= § 2 g could be concluded that Lys43 and Arg99 are two hot spots
= & (key residues) involved in the interaction between PxGSTo
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Figure S. Residue—ligand-interaction spectra of the PxGSTo—GTX complex based on the MM-PBSA method. The X-axis denotes the residue
number of PxGSTo, the Y-axis denotes (A) total-interaction free-energy and (B) side-chain free-energy contributions of each residue. Residues
contributing above 1.00 kcal/mol binding free energy are marked.

Table 2. Results of Per-Residue Free-Energy Decomposition®

residue
Tyr8
Phe9
Trp39
Lys43
GInS0
Arg99
Tyr107
Tlell
Leul4
MetS1
Alal03

Sypw
—0.47
-2.22
—1.043

0.20
-1.27

0.58
-1.72
—0.89
—0.82
—0.382
—0.24

Bypw
—0.056
—0.18
—0.048
—0.035
—0.62
—0.06
—0.087
—0.096
—0.13
—0.86
—0.13

Typw
—0.52
—2.40
-1.09

0.16
—1.89

0.51
—1.80
—0.98
—0.95
-1.25
—0.37

SELE
—5.46
-1.02
—5.55
—27.69
172
—44.97
0.27
-123
228
-1.69
-0.23

Bgig
—0.32
0.24
0.27
0.32
—2.04
0.51
0.023
1.48
1.28
1.38
—1.63

Tyre
—5.78
—0.78
—5.28
—27.37
—0.32
—44.46
0.29
0.25
—1.00
—0.32
—1.86

Sk
4.16
135
3.79

21.92
—0.82

36.02
047
1.29
2.19
1.53
0.22

Bpp
0.40
—0.012

—0.22
—0.31
135
—0.58
—0.019
-1.52
—-1.21
—0.74
1.51

Typp
4.56
1.34
3.58

21.61
0.53

35.45
0.45

—0.24
0.98
0.76
1.73

Sror
-1.76
-1.89
-2.8
—S5.57
—0.37
—8.37
—0.98

0.83
—-0.91

0.544
—0.25

Bror
0.024
0.052
0.009

—0.023
—-1.31
—0.13
—0.083
—0.14
—0.06
—0.23
-0.25

Tror
—1.74
—1.84
=2.79
—5.60
-1.67
—8.50
—1.06
—0.97
—0.96
-0.77
—0.50

“Energies are shown as contributions from van der Waals energy (VDW), electrostatic energy (ELE), polar solvation energy (EPB), and total
energy (TOT) of the side-chain atoms (S), the backbone atoms (B), and the sum of them (T). All values are given in kilocalories per mole (kcal/

mol).

and GTX. It is noteworthy that these two residues are first
reported to be key residues involved in the interactions
between insect GSTs and their corresponding ligands.'”*” For
the protein PxGST6F9A, its AAGying.exp (—3.60 kcal/mol) and

10175

AAGy;g.ca (—4.06 keal/mol) caused by changing Phe9 into
Ala are close to 4.00 kcal/mol. Therefore, Phe9 is taken to be a
warm spot, which refers to residues potentially key to the
binding of GTX.
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Table 3. Theoretical and Experimental AAGy;,s” Values for
the Mutant PxGSTo—GTX Complex

protein” Y8A F9A W39A  K43A R99A
AAGyd.ca -1.91 -4.10 —2.45 -7.57 -5.10
AAGying o’ -178  -3.60  -164  -550  —438

“All values are given in kcal/mol. bYSA, F9A, W39A, K434, and
R99A are abbreviations for PxGSToY8A, PxGSToF9A,
PxGSToW39A, PxGSToK43A, and PxGSToR99A, respectively.
“The binding-free-energy difference (AAG;,4) between the mutant
and wild-type PxGSTo—GTX complexes is defined as
AAGy;,q = RT In(ICgy\r/1Cso.r), where R is the ideal gas
constant, and T is the temperature in Kelvin.

What should be mentioned is that the key interaction
residues are not necessarily in good correlation with the
corresponding impacts on ICsy and AAGy,; (including
AAGyngca and AAGygep) Take Arg99 and Phe9 for
example: although their total interaction-energy contributions
(—8.50 kcal/mol for Arg99, —1.84 kcal/mol for Phe9) are
significantly different, their impacts on the IC;y and AAGy;4
changes are similar. This can be explained. As revealed, the

relatively high total energy contribution (Tror) of Arg99 can
be largely attributed to the salt-bridge formed between GTX
and Arg99. From Table 2, it can be found that the total
electrostatic energy (Tgg) of Arg99 (—44.46 kcal/mol) is
much higher than that of Phe9 (—0.78 kcal/mol). However,
because of the closer distances to solvent, Arg99 also
contributes more total polar-solvation energy (Tgpg = 3545
kcal/mol) than Phe9 (Tgpy = 1.34 kcal/mol). Such highly
negative contributions can greatly neutralize the energy
differences between Arg99 and Phe9. As a result, the
AAG,;,  differences caused by the individual mutations of
Arg99 and Phe9 are not as significant as expected.

As a derivative of GSH, GTX is somewhat different from
GSH in its interaction with insect GST. As reported, Tyr54
and Trp8S in 1IMOU (corresponding to Tyr8 and Trp39 in
PxGSTo, respectively) provide important H-bond interactions
for the binding of GSH," whereas in the PxGSTo—GTX
complex we constructed, Tyr8 and Trp39 are categorized into
null spots because of the small energy changes (AAGbind—eXp)
caused by mutations. Such differences may be associated with
the metabolic discrimination of different GSTs.
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3 60-
2
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Figure 6. Inhibitory effects of GTX against wild-type and mutant PxGSTo proteins. PxGST Y8A, PxGST F9A, PxGST W39A, PxGST K43A and
PxGST R99A represent the five mutant PxGSTo proteins whose Tyr8, Phe9, Trp39, Lys43, and Arg99 residues are individually replaced with Ala.

GSTo WT represents the wild-type PxGSTo.
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To conclude, the interaction modes between PxGSTo¢ and
GTX (a known GST inhibitor) are revealed through the
integrated application of molecular simulations and biological
tests. GTX sits tightly in the PxGSTo active site, which is
composed of two subsites, the G-site (rich in hydrophilic and
polar residues) and the H-site (characterized by hydrophobic
residues). As revealed, the formation and stability of the
PxGSTo—GTX complex are mainly driven by the H-bond
interactions provided by GSH—protein contacts and hydro-
phobic interactions derived from S-hexyl—protein contacts.
Our results of per-residue free-energy decomposition verify
this statement. Residues key to the binding of GTX are
determined as well. The two hot spots (Lys43 and Arg99) we
discovered have not ever been reported in other GST—GTX
interactions, whereas for some residues categorized as null
spots in our research (like Tyr8 and Trp39), their equivalent
residues in other insect GTSs, such as Tyr54 and Trp8S in
IMOU, are distinguished by significant H-bond interactions.
The differences in the residues involved in the PxGSTo—GTX
interaction may contribute to the metabolism discrimination of
GSTs.

Insect GSTs are of great importance to the metabolic
resistance of many insecticides, including organophosphate,
organochlorine, and pyrethroid, leaving chances for the
management or alleviation of field resistance by using GST
inhibitors as synergists. Through the revelation of the
PxGSTo—GTX interaction, the present research provides the
basis for the discovery and optimization of novel PxGSTo
inhibitors.
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