
ORIGINAL PAPER

Computational simulations of structural role
of the active-site W374C mutation of acetyl-coenzyme-A
carboxylase: Multi-drug resistance mechanism

Xiao-Lei Zhu & Wen-Chao Yang & Ning-Xi Yu &

Sheng-Gang Yang & Guang-Fu Yang

Received: 24 March 2010 /Accepted: 4 May 2010 /Published online: 25 May 2010
# Springer-Verlag 2010

Abstract Herbicides targeting grass plastidic acetyl-CoA
carboxylase (ACCase, EC 6.4.1.2) are selectively effective
against graminicides. The intensive worldwide use of this
herbicide family has selected for resistance genes in a number
of grass weed species. Recently, the active-site W374C
mutation was found to confer multi-drug resistance toward
haloxyfop (HF), fenoxaprop (FR), Diclofop (DF), and clodi-
nafop (CF) in A. myosuroides. In order to uncover the
resistance mechanism due to W374C mutation, the binding
of above-mentioned four herbicides to both wild-type and the
mutant-type ACCase was investigated in the current work by
molecular docking and molecular dynamics (MD) simula-
tions. The binding free energies were calculated by molecular
mechanics-Poisson-Boltzmann surface area (MM/PBSA)
method. The calculated binding free energy values for four
herbicides were qualitatively consistent with the experimental
order of IC50 values. All the computational model and
energetic results indicated that the W374C mutation has great
effects on the conformational change of the binding pocket
and the ligand-protein interactions. The most significant
conformational change was found to be associated with the
aromatic amino acid residues, such as Phe377, Tyr161′ and
Trp346. As a result, the π-π interaction between the ligand
and the residue of Phe377 and Tyr161′, which make important
contributions to the binding affinity, was decreased after
mutation and the binding affinity for the inhibitors to the

mutant-type ACCase was less than that to the wild-type
enzyme, which accounts for the molecular basis of herbicidal
resistance. The structural role and mechanistic insights
obtained from computational simulations will provide a new
starting point for the rational design of novel inhibitors to
overcome drug resistance associated with W374C mutation.
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Introduction

Acetyl-coenzyme-A carboxylase (ACCase, EC 6.4.1.2) is the
rate-limiting enzyme in the de novo fatty acid biosynthetic
pathway responsible for the conversion of acetyl-CoA to
malonyl-CoA. This is a two-step, reversible reaction,
consisting of the ATP-dependent carboxylation of the biotin
group on the carboxyl carrier domain catalyzed by the biotin-
carboxylase and the transfer of the carboxyl group from
biotin to acetyl-CoA catalyzed by the carboxyl-transferase
(CT) domain [1–3]. In plants, there are two isoforms of
ACCase: the plastid ACCase is essential in biosynthesis of
primary fatty acids and the cytosolic ACCase is involved in
biosynthesis of long chain fatty acids. Inhibitors of this
enzyme do more than merely block the production of
malonyl-CoA, thus causing plant death [4, 5].

Three chemically dissimilar classes of herbicides that are
known to inhibit ACCase are aryloxyphenoxypropionates
(APPs), cyclohexanediones (CHDs) and the more recent
phenylpyrazolin class herbicide pinoxaden [6–8]. Molecular
and biochemical studies have clearly established that the CT
domain is the primary target site for APPs, CHDs, and
pinoxaden herbicides [9]. The basis of selectivity for these
herbicides lies in the structure of the plastid ACCase. Since
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their introduction to world agriculture in the 1980s, APPs
and CHDs have been widely used to control a number of
grass weed species [10]. As a consequence, they rapidly
selected, and are still selecting, resistant plants within grass
weed species. Thirty-five resistant weed species in 26
countries have been reported so far (see the website of
herbicidal resistance at www.weedscience.org/In.asp), which
represent a major problem for sustainable agriculture. In
most cases, resistance is due to mutation of the ACCase CT
domain, making it less sensitive to herbicide inhibition [9–
12]. Five amino acid substitutions in the CT domain have
been implicated in resistance to APPs and/or CHDs
herbicides, including Ile-1781-Leu, Trp-2027-Cys, Ile-2041-
Asn, Asp-2078-Gly, and Gly-2096-Ala (numbered according
to the Alopecurus myosuroides plastid ACCase) [10, 11].

Recently, we have examined the interactions mechanism
between wild-type and mutant ACCase and clodinafop (CF)
[13]. Mutations of W374C, I388N, D425G, and G443A
(alleles to Trp-2027-Cys, Ile-2041-Asn, Asp-2078-Gly, and
Gly-2096-Ala) in A. myosuroides CT domain would interfere
with the π-π interaction and the H-bond interactions between
CF and protein. Although our study has indicated clearly that
the residue W374 did not directly form interactions with
APPs herbicides, the W374C mutation in A. myosuroides
conferred resistance to APPs but no resistance to CHDs [10].
Most interestingly, W374C mutation showed a different level
of resistance to various APPs herbicides with very small
structural differences. Therefore, as a continuation of our
research work on drug resistance mechanism [13, 14], we
were motivated to investigate the detailed resistance mech-
anism due to the W374C mutation in the A. myosuroides CT
domain and to evaluate its biological effects by using
computational modeling techniques.

In this paper, various computational techniques, including
molecular docking, molecular dynamics (MD), and the
molecular mechanics-Poisson-Boltzmann surface area calcu-
lations (MM/PBSA), were used to uncover the detailed
mechanism of the multi-drug resistance due to W374C
mutation. Four commercial APPs herbicides, such as haloxyfop
(HF), fenoxaprop (FR), Diclofop (DF), and clodinafop (CF)
(depicted in Fig. 1) were considered as typical examples in the
present study. The computational results revealed that the
conformational change of the binding pocket and the decrease
in van der Waals interaction caused by the W374C mutation
are responsible for the decreased ligand-binding affinity.

Materials and methods

Initial structures

The MD-equilibrated structures for wild-type (WT) A.
myosuroides CT domain complex with haloxyfop (AM-HF)

and clodinafop (AM-CF) were from our previous work [13].
The initial structures of FR and DF complexed with the wild-
type A. myosuroides CT domain (AM-FR and AM-DF) were
obtained by modifying the structure of HF in the structure of
the AM-HF complex. This method has been used in our
previous study [13] and in other investigations [15–17].
Then, the process of changing Trp374 to Cys374 was
accomplished using the SYBYL molecular simulation
package [18] to obtain four mutant-type (MT) complexes.
A total of six systems, including two wild-type complexes
and four mutant-type complexes, were simulated here.

Molecular dynamics (MD) simulations

The procedures for conducting molecular dynamics simu-
lations for two wild-type complexes (AM-FR and AM-DF)
and four mutant-type complexes are similar to our previous
studies [13, 19, 20]. There are two symmetric binding
pockets in the 3D structure of each complex. Here, to
conserve computation costs, we subjected only one binding
pocket (including residues from 239 to 546 in one
monomer and 1′ to 237′ in the other monomer) to MD
simulations.

Standard AMBER force field (ff99) [21, 22] was used
for amino acid residues and General AMBER force field
(gaff) [23, 24] was used for the ligands. Geometry
optimization for each ligand was performed and electro-
static potential was calculated at the HF/6-31G (d) level
using the Gaussian 03 program [25]. Atomic charges of the
inhibitors were calculated by RESP fitting method. [26]
Partial atomic charge and force-field parameters for the
inhibitors were generated by the Antechamber suite. All
systems were solvated by a 50 Å cap of TIP3P [27] water
centered on the inhibitor and then neutralized by added Na+

ions.
Energy minimizations and MD simulations were carried

out using the Sander module of the AMBER 8 package
[22]. In the energy minimization and the MD simulation,
particle mesh Ewald (PME) was employed to treat the long-
range electrostatic interactions [28, 29]. The energy
minimization was achieved in two stages. First, the protein
was fixed with a constraint of 500 kcal mol-1 Å-2 and only
the positions of water molecules and Na+ ions were
minimized for 3000 steps. Then, the entire system was
subjected to 500 step steepest descent (SD) minimization
and 5500 steps of conjugate gradient (CG) minimization.
The SHAKE algorithm was used to constrain all covalent
bonds involving hydrogen atoms, and the time step for MD
simulation was set to 2.0 fs. The cutoff distances for the
long-range electrostatic and the van der Waals energy terms
were set at 10.0 Å. After full relaxation and after the entire
solvated system was subjected to further energy-
minimization, the system was slowly heated from T=10 K
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to T=300 K in 30 ps. Meanwhile, additional 30 ps MD
simulations at 300 K were carried out with restriction and
the equilibrating calculation was executed at pressure of
1 atm and temperature of 300 K. In order to avoid the two
monomers appearing in translation, a 100 kcal mol-1 Å-2

harmonic force constant was set for both monomers of the
protein and inhibitor before equilibration simulations.
During the MD simulation process, coordinates were
collected every 1 ps for the complexes. For each MD-
simulated complex, 100 snapshots of the structure simulat-
ed in the last 100 ps of the stable MD trajectory were used
for calculation of the free energy of binding below.

Binding free energy calculation (MM/PBSA)

The molecular mechanics-Poisson-Boltzmann surface area
(MM/PBSA) [30, 31] method was used to calculate the
binding free energy. In general, the binding free energy of a
protein-ligand complex (ΔGbind) is defined as:

ΔGbind ¼ Gcpx � Grec þ Glig

� � ð1Þ
where Gcpx, Grec, and Glig are the free energies of the

receptor/protein-ligand complex, the unoccupied receptor/
protein and the free ligand, respectively.

The binding free energy (ΔGbind) can be estimated in
terms of the molecular mechanical (MM) gas-phase binding
energy (ΔEMM), the solvation free energy (ΔGsol), and the
entropic contribution (-TΔS):

ΔGbind ¼ ΔEbind � TΔS ð2Þ

ΔEbind ¼ ΔEMM þΔGsol ð3Þ
ΔEMM was calculated by using the following equation:

ΔEMM ¼ ΔEele þΔEvdw; ð4Þ
where ΔEele and ΔEvdw are electrostatic and van der

Waals interaction energies, respectively, between a ligand
and a protein, computed using the same parameter set as
that used in the MD simulation. The solvation free energy
ΔGsol is composed of two parts [32, 33]:

ΔGsol ¼ ΔGPB þΔGnp: ð5Þ
The electrostatic contribution to the solvation free energy

(ΔGPB) can be obtained by solving Poisson-Boltzmann
(PB) equation [33]. ΔGnp is the nonelectrostatic contribu-
tion to the solvation free energy, determined as a function
of the solvent accessible surface area (SASA) [32].
Therefore, ΔGnp was estimated using a simple empirical
relation of ΔGnp=γ SA + b (γ=0.00542 kcal mol-1 Å-2, b=
0.92 kcal mol-1), where SASA is determined with the
LCPO method as implemented in AMBER 8.0. The interior
and exterior dielectric constants were set to 1 and 80,
respectively. The grid spacing was set to 2/3 Å. In the first
protocol, the structures of protein, ligand, and their complex
were taken from the same MD trajectory, stripped of all
water molecules and Na+ ions. Then, all energy compo-
nents and binding free energy values were calculated for all
three molecules generated from the 100 snapshots. For
wild-type and mutant complexes, the intervals were set to
1 ps during the last 100 ps simulations.

Further, the entropic contribution to the binding free
energy can be divided into two parts: the solvation entropy
change (ΔSsol) and the conformational entropy change
(ΔSconf). The detailed computational procedure used to
evaluate the entropic contribution (-TΔS) to the binding free
energy was the same as that described in our recent
publications [13, 14, 34, 35].

Results and discussion

Structures of the wild-type complexes

To explore the dynamic stabilities of four wild-type protein-
inhibitor complexes, root-mean-square-displacement
(RMSD) values for the protein backbone atoms and the
heavy atoms of inhibitor during the production phase
relative to the starting structures were determined as shown
in Fig. 2. In order to compare the structure characteristics,
the results of AM-HF and AM-CF complexes obtained
from our previous study [13] were put together herein. The

Fig. 1 Structures of haloxyfop
(HF), fenoxaprop (FR), Diclo-
fop (DF), and clodinafop
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RMSD plots indicated that the four wild-type complexes
achieved equilibrium very quickly. We also examined the
dihedral angle changes of the inhibitor in AM-HF, AM-FR,
AM-DF, and AM-CF complexes (as shown in Fig. 1s in
supporting information) and the distance changes between
the centroid of the aromatic rings of four inhibitors (the
pyridyl ring of HF and CF, benzene ring of DF, and
benzoxazol ring of FR) and the phenyl ring of Phe377 and
Tyr161′ which formed π-π interactions with the inhibitor
(as shown in Fig. 2s in supporting information). All these
data confirmed that the four wild-type complexes have
achieved equilibrium after MD simulations. The averaged
structure after MD simulation of AM-HF, AM-FR, AM-DF,
and AM-CF showed that the binding models for HF, FR,
DF, and CF with wild-type A. myosuroides CT domain
were similar as shown in Fig. 3. In AM-HF (Fig. 3a)
complex, the pyridyl ring of HF was sandwiched by
Phe377 and Tyr161′ (allele to Phe1956′ and Tyr1738 in
the crystal structure of yeast CT domain in complex with
HF, as shown in Fig. 4) via π-π interactions. The carboxyl
oxygen atoms of HF formed a H-bond interaction with
Ile158’ (allele to Ile1735 in the complex crystal structure).
This MD-simulated binding model is similar to that of HF
in the crystal structure of the complex [5]. Considering the
AM-DF (Fig. 3c) and AM-CF (Fig. 3d) complexes, both
the benzene ring of DF and the pyridyl ring of CF formed a
sandwich π-π interaction with the residues Phe377 and
Tyr161′ and the carboxyl oxygen atoms of DF and CF
formed H-bonds with the residues Ile158′ and Ala54′. An
interesting phenomenon was observed for the AM-FR
complex. As shown in Fig. 3b, the benzoxazol ring of FR
was not only sandwiched between Phe377 and Tyr161′ via
π-π interactions but also showed a π-π interaction with
Trp346, which could account for its superior IC50 value. At
the same time, the carboxyl oxygen atoms of FR formed H-
bonds with Ile158′ and Ala54′. Therefore, the primary

interaction between the four APPs herbicides and the wild-
type CT domain appear to be π-π interactions and H-bond
interactions.

In addition, we also calculated the binding free
energies for four APPs herbicides using the MM/PBSA
method (Table 1). According to the energy components of
the binding free energies (Table 1), the major favorable
contributions to ligand binding are the van der Waals and
polar solvation terms. The non-polar solvation term,
which corresponds to the burial of SASA upon ligand
binding, contributes slightly favorably. The order of
calculated binding free energies (ΔGbind) is FR>HF>
DF> CF and corresponds qualitatively with the order of
the experimentally determined IC50 values (Table 1).
Thus, the binding model for APPs herbicides after MD
simulations should be reasonable. These simulated bind-
ing models are the basis for the following herbicide
resistance mechanism study.

Comparison of the structures of wild-type and W374C
models

The starting structures of the four W374C mutant complexes
were obtained by direct substitution of the residue from
Trp374 to Cys374 and then these structures were subjected
to MD simulations (Fig. 3s in the supporting information).
To investigate the influence of the W374C mutation on the
conformations of the binding pocket, the averaged struc-
tures of the W374C models after MD simulation were
superimposed on those of the corresponding wild-type
complexes as shown Fig. 3. The results indicated that
residues Trp346, Phe377, and Tyr161′ in these complexes
always underwent significant conformational changes after
W374C mutation, which resulted in the decrease of the π-π
interaction energy between the protein and inhibitors
(Fig. 5).

Fig. 2 Plots of the RMSDs of
wild-type A. myosuroides CT
domain complexed with HF (a),
FR (b), DF (c), CF (d). The
black line represents the RMSD
of backbond atoms of receptor
except the end terminal of each
monomer (the residues 57–122,
448–516, 56′–124′ and 453′–
516′) and red line represents the
RMSD of heavy atoms in each
ligand
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To identify the detailed effects of the site mutation on
the contribution of structural units of these inhibitors to
the binding energy, the inhibitor was split into three
subunits (sub_1, sub_2, and sub_3) and then we
calculated the binding energy for each subunit with the
protein using the MM/PBSA method. As shown in
Table 2, the introduction of the W374C mutation
decreased the binding energies (ΔEbind) for all three
subunits of FR, DF and CF. As a result, these three
herbicides showed significant resistance upon W374C
mutation. In addition, based on the ΔEbind values as
shown in Table 2, the binding energies (ΔEbind) for the HF
subunits were ranked in the order sub_1> sub_2> sub_3.
Although sub_1 of the HF inhibitor appears to make the
most favorable contribution to ligand binding in the
complex with wild-type ACCase CT domain, it suffered
energy lost of 1.66 kcal mol-1 after W374C mutation.
However, sub_2 and sub_3 got respectively 0.24 kcal mol-
1 and 1.44 kcal mol-1 increase after the mutation,
providing a reasonable explanation why compound HF
showed the lowest resistance level.

Fig. 3 The overlay between the structure of wile-type AM-HF (a), AM-FR (b), AM-DF (c), and AM-CF (d) and its corresponding W374C
mutant complex. Wide-type complex was colored by gray and cyan. W374C mutant complex was colored by blue and yellow

Fig. 4 The binding model HF in the crystal complex (PDB id 1UYS).
The residues of Trp1953′, Trp1924′, Phe1956′, Tyr1738′, Ile1735′, and
Ala1627 allele to Trp374, Trp346, Phe377, Tyr161′, Ile158′, and
Ala54′, respectively
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We previously reported the conformational changes that
occurred at the same residues13. However, there are small
differences between the results of the present study and
those of the previous study regarding the residues at the
binding pocket. In the case of mutant-type AM-HF, as
shown in Fig. 3a, there is an important π-π interaction
between the side indole rings of Trp346 and Trp374 in the
wild-type complex, which disappeared after the W374C
mutation. As a result, the indole ring of Trp346 and the
benzene ring of Tyr161′ rotated about 40° and 10° upon
mutation, respectively. Meanwhile, the centroid of the
benzene ring of Phe377 translated toward the right by
∼0.67 Å. Considering the mutant-type AM-FR complex
(Fig. 3b), the indole ring of Trp346 rotated ∼50° and then
the centroid of Trp346 translated toward left ∼2.43 Å upon
mutation. At the same time, the centroid of Tyr161′ and
Phe377 translated toward the right and downward ∼1.37 Å
and 1.41 Å, respectively. Analyzing mutant-type AM-DF
complex (Fig. 3c), the indole ring of Trp346 and the

benzene ring of Tyr161′ rotated ∼80° and 30° upon
mutation, respectively. Meanwhile the centroid of Phe377
and Tyr161′ translated upward ∼0.99 Å and toward the left
by 0.85 Å. For mutant-type AM-CF complex (Fig. 3d), the
indole ring of Trp346 and the benzene ring of Tyr161′
rotated ∼60° and 20° upon mutation, respectively. The
centroid of Phe377 translated toward the right by ∼2.70 Å.
Interestingly, the conformation of the bound HF, FR, and
CF inhibitors were relatively conserved upon binding to the
W374C variant. In contrast, bound DF underwent signifi-
cant conformational change in the binding site of after
mutation, which might account for its lower resistance
relative to FR and CF.

Binding free energies and drug resistance

The influence of the W374C mutation on the binding free
energy (ΔGbind) was examined for each modeled complex
structure. Table 1 compares the binding free energy

Table 1 Binding free energies (kcal mol-1) of HF, FR, DF, and CF complexed with wild-type or the mutant-type protein

ligand protein ΔEele ΔEVDW ΔEnp ΔEpolar ΔEbind -TΔS ΔGbind ΔΔGbind
a IC50 (uM) RFb ΔΔGexp

c

HF WT 68.80 -43.70 -4.93 -42.20 -22.03 6.81 -15.22 1.4 — —

W374C 65.37 -41.74 -5.02 -40.33 -21.71 8.21 -13.50 1.72 26.6 19 0.32

FR WT 38.72 -46.47 -5.10 -11.33 -24.17 7.57 -16.60 0.7 — —

W374C 55.36 -43.63 -5.27 -25.95 -19.49 8.17 -11.32 5.28 37.0 53 0.74

DF WT 51.51 -45.08 -4.98 -23.51 -22.06 8.48 -13.58 2.2 — —

W374C 56.00 -42.48 -5.03 -25.70 -17.20 5.89 -11.31 2.27 21.5 21.5 0.49

CF WT 46.30 -40.71 -4.96 -20.75 -20.13 7.87 -12.26 4.0 — —

W374C 42.22 -41.61 -4.87 -8.50 -12.76 9.24 -3.52 8.74 361.8 90.5 1.29

a ΔΔGbind = ΔGMT - ΔGWT

b RF = IC50, MT/IC50, WT, IC50 values were taken from Ref. 10
c ΔΔGexp = RTln(IC50, MT/IC50, WT) = 1.366logRF

Fig. 5 Comparison of the VDW
interactions between the inhibi-
tor and some important residues
in WT and MT enzyme
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components of all of the ligands in complex with the wild-
type and mutant-type A. myosuroides CT domain. The
binding energy (ΔEbind, neglecting the entropic contribu-
tion) calculated for all ligands bound with wild-type protein
range from -20.13 to -24.17 kcal mol-1, with FR having the
highest ΔEbind value and CF having the lowest. However,
the calculated ΔEbind values for the mutant-type protein
binding with the ligands ranged from -12.76 to -21.71 kcal
mol-1. Compared with the calculated entropic contributions
(-TΔS) for the wild type complexes, HF, FR, and CF
experienced entropic increases, while DF experienced
entropic loss. The Gibbs binding free energies (ΔGbind)
calculated for all mutant-type ligand-protein complexes
ranged from -3.52 to -13.50 kcal mol-1.

The relative binding free energy shifts (ΔΔGbind) from
the wild-type to mutant-type protein calculated for the
inhibitors can be used to qualitatively predict the resis-
tance levels for the inhibitors due to W374C mutation.
According to the calculated ΔΔGbind values (Table 1), the
W374C mutation should cause herbicide resistance for all
of the inhibitors listed in Table 1 and the highest resistance
level should be associated with CF. It is important to
compare our computational results with available experi-
mental data. In order to eliminate the experimental error of
the reported IC50 values, we defined resistance factor (RF
=IC50, MT/IC50, WT) as an index to compare the relative
resistance level. Although the experimental IC50 values
should not be compared quantitatively with the calculated

enzyme-inhibitor binding affinities, it is reasonable to
assume that the RF are usually (although not generally)
consistent with the relative binding free energies (ΔΔGbind

=ΔGMT - ΔGWT) of the inhibitor with the wild-type and
mutant-type enzyme. As shown in Table 1, the calculated
ΔΔGbind values are consistent with the RF. In addition,
there is a good linear correlation (r2=0.98) between the
calculated ΔΔGbind values and the ΔΔGexp values derived
from the experimental resistance data (ΔΔGexp = RTlnRF =
1.366logRF), suggesting that the herbicide resistance due
to the residue mutation is mainly attributed to the decrease
in the binding affinity for the inhibitor.

Conclusions

In summary, the mechanism of resistance due to W374C
mutation has been uncovered through extensive computa-
tional simulations. For the wild-type A. myosuroides CT
domain, the primary interactions between four APPs
herbicides and the protein were π-π interaction and H-
bond interaction. Due to the π-π interaction between the
side chain of Trp374 and Trp346, the residues of Trp346
could induce Phe377 to adapt such a favorable conforma-
tion that Phe377 and Tyr161′ would form a sandwich π-π
interaction with the aromatic ring of all the herbicide
ligands. The carboxyl oxygens of all ligands form H-bond
with the residues of the Ile158′ and/or Ala54′. After W374

Table 2 The energy (kcal mol-1) contributions of each subunit in HF, FR, DF, and CF

sub_1 sub_2 sub_3

N

OF3C

Cl

O COO-

sub_1 sub_2 sub_3

O

N

Cl

O O COO-

HF sub_1 sub_2 sub_3 FR sub_1 sub_2 sub_3

WT MT WT MT WT MT WT MT WT MT WT MT

ΔE

ΔE

ΔE

ΔE

ΔE

ele 27.73 25.55 6.80 7.58 34.24 32.28 25.88 27.01 3.59 4.95 9.35 23.41

VDW -22.86 -21.91 -12.69 -12.46 -8.16 -7.38 -22.33 -23.76 -13.76 -11.19 -10.37 -8.65

np -3.31 -3.44 -2.72 -2.74 -2.41 -2.42 -3.23 -3.37 -2.85 -2.78 -2.40 -2.42

polar -15.78 -12.76 1.22 -0.01 -27.27 -27.51 -13.46 -12.31 5.47 2.54 -5.59 -17.00

bind

ΔE

ΔE

ΔE

ΔE

ΔE

ele

VDW

np

polar

bind

ΔE

ΔE

ΔE

ΔE

ΔE

ele

VDW

np

polar

bind

ΔE

ΔE

ΔE

ΔE

ΔE

ele

VDW

np

polar

bind

-14.22 -12.56 -7.39 -7.63 -3.60 -5.04 -13.13 -12.42 -7.56 -6.48 -9.00 -4.67

OCl O COO-

Cl

sub_1 sub_2 sub_3

N
OCl

F

O COO-

sub_1 sub_2 sub_3

DF sub_1 sub_2 sub_3 CF sub_1 sub_2 sub_3

WT MT WT MT WT MT WT MT WT MT WT MT

25.85 25.07 6.95 13.94 18.83 16.98 22.40 22.87 5.63 7.90 18.26 10.41

-20.72 -19.33 -14.10 -12.89 -10.29 -10.33 -18.87 -18.50 -12.45 -13.68 -9.39 -9.40

-3.12 -3.13 -2.79 -2.80 -2.46 -2.55 -3.09 -2.98 -2.72 -2.75 -2.46 -2.51

-14.08 -13.71 2.87 -3.39 -10.76 -8.33 -12.14 -11.06 1.26 3.25 -10.88 -0.61

-12.06 -11.10 -7.07 -5.11 -4.68 -4.20 -11.70 -8.66 -8.28 -5.28 -4.47 -2.11
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mutation, the π-π interaction between the side chain of
Cys374 and Trp346 disappeared. As a result, the confor-
mation of Phe377 underwent significant change, decreasing
the sandwich π-π interactions between the ligand and the
residue of Phe377 and Tyr161′. Therefore, the mutant-type
CT has a lower affinity for the inhibitor binding than the
wild-type CT, which is the molecular basis of herbicidal
resistance. The structural and mechanistic insights obtained
from the present study will provide valuable clues for future
design of promising compounds to reduce herbicide
resistance associated with the W374C mutation.
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