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Abstract
family of Poaceae is an important target of commercial herbicide APPs for controlling grass weed growth.
As the abuse of APPs herbicides, the resistant ACCase due to the mutation of a single residue(Ille—Leu), which is lo-

Carboxyltransferase domain(CT) of acetyl-coenzyme A carboxylase(ACCase, EC 6.4.1.2) from a

cated in CT active site, is emergent in many populations and species of Poaceae. So it is urgent to understand the re-
sistant mecha- nism so as to design new effect herbicides. Herein lies the complex of CT dimmer from Lolium rigi-
dum and herbicide haloxyfop successfully constructed for wild type enzyme and Ile/Leu mutant, respectively, pro-
viding a basis for explaining the resistance from microscopic structure. Moreover, the binding free energy difference
between wild type and mutant enzymes was predicted in good agreement with the known observation, and the various
contributions to it were analyzed, by Molecular mechanics-Poisson-Boltzmann surface area(MM-PBSA) method. The
results indicate the van der Waals interaction difference between the protein and inhibitor, —22.94 kJ/mol of CT wild
type lower than that of mutant, is the major reason for resistance. Structure analysis further suggests that van der
Waals interaction difference is originated from the steric hindrance between the side chain of mutated residue Leu and
the chiral methyl group of haloxyfop. All these findings enhance the understanding of resistant mechanism of
ACCase to herbicide by Ile/Leu mutation and provide an important clue for the rational design of high effective

herbicides.
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1 Introduction

For plants, the chloroplastic acetyl-coenzyme A
carboxylase(ACCase, EC 6.4.1.2), which catalyzes the
carboxylation of acetyl-coenzyme A to produce ma-
lonyl-coenzyme A, is a committed enzyme in fatty
acid biosynthesis' ™", Two isoformers of chloroplast
ACCase have been identified so far. In the family of
Poaceae(grasses), chloroplast ACCase is a large mul-
tidomain enzyme containing the biotin carboxylase
(BC) domain, the biotin carboxyl carrier protein
(BCCP) domain, and the carboxyltransferase(CT)
domain, while in other families of plants, it is a mul-
tisubunit enzyme composed of subunits of BC, BCCP,
and two subunits for the CT.

Aryloxyphenoxypropionates(APPs) are an im-
portant class of commercial green herbicides”™ .
They selectively inhibit chloroplastic ACCase from

grass by targeting the active site in CT domain, not
affecting the ones from other plants. Thus, APPs are
wildly used in farms and crops field to control grass
weeds 12, However, as the abuse of these herbicides,
more and more APPs-resistant ACCase mutants have
emerged in grass around the world and in many spe-

5,13 .
‘31 Extensive researches have

cies of family grass!
found that the resistance of most mutants to herbicides
is caused by single residue mutation, and all those

[3=231 Pparticularly,

mutations occur in the CT domain
an Ile/Leu mutation at the equivalent position is fre-
quently reported in many species of grass, such as
Avena fatua L. and Avena sterills ssp. ludoviciana
Durieu(wild oat)*®, Lolium rigidum Gaudin(rigid
ryegrass)!'—'®],

(black grass)!"*'% and Setaria viridis L. Beauv

Alopecurus myosurodies Hudson

(green foxtail)!'). Therefore, it is critically important
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to understand the molecular basis of this resistance
caused by Ile/Leu mutation for designing new
resistance-evading herbicides. Nevertheless, the expe-
rimental techniques are limited to this problem, since
the molecular clone of active CT domain from grass is
hard®¥ and their experimental(crystal or NMR) struc-
tures have still been unclear until now.

Herein lies the complex of Lolium rigidum CT
dimmer, containing one active site, and herbicide ha-
loxyfop successfully constructed for wild type enzyme
and Ile/Leu mutant, respectively, by homology
modeling based on the known CT dimmer structures

2326 broviding a basis for explaining the

from yeast!
resistance from microscopic structure. Moreover, the
relative binding free energy difference between wild
type and mutant enzymes was predicted, and various
contributions to it were analyzed. By combination of
energetic and structural analyses, the possible reasons
for the resistance due to Ile/Leu mutation were dis-
cussed. As far as we know, it is the first time to ex-
plain the ACCase resistant mutation from energetic
perspective through MM-PBSA method. All the study
may enhance the understanding of ACCase resitance
of grass caused by Ile/Leu mutation APPs and provide
an important clue for rational design of new high
effective herbicides.

2 Materials and Methods

2.1 Homology Modeling

The structures of truncated haloxyfop/CT-wild-
type enzyme and haloxyfop/CT-mutant complexes
were homology modeled respectively by using two
templates. The target sequence of Lolium rigidum was
obtained from NCBI(entry AAY27403.1). The crystal
structure of the complex of yeast ACCase CT with
haloxfop(PDB entry: 1UYS) was used as the primary
template, and the crystal structure of free yeast AC-
Case CT(PDB entry: 10D2) was used as the second
template to complement missed residues in 1UYS.
Sequence alignment was conducted via the CLUSTAL

X 1.83 program'*”

, and default parameters were ap-
plied. Manual inspection was carried out to further
ensure the accuracy of alignment. Following align-
ment, 10 modeled structures of complex were gener-
ated via the MODELLER 9v1 program® with default
parameters. The best one was picked out according to
the energy function score in MODELLER and then

submitted to PROCHECK™ to further evaluate the

quality of modeling.

2.2 Molecular Dynamics

The wild-type and mutant complex systems were
submitted respectively to molecular dynamics simula-
tion of 2 ns on a cluster of 24 intel Xeron 2 CPU(2.0
GHz) with Amber 9P, The Cornell force field and
GAFF force field were adopted for CT and haloxyfop,
separately. Charges of haloxyfop were derived by
AMI1-BCC method"".

Considering the complexity of the complexes,
elaborate protocols were applied before starting the
formal molecular dynamic. First, the modeled halo-
xyfop-CT complexes were carefully added hydrogen
on the titratable residues having multiple protonation
states. Then the systems were subjected to energy mi-
nimization with decreasing constraint force on the
non-hydrogen atoms, via generalized Born implicit
water model, till the system converged. Next the sys-
tems were neutralized by adding Na" and solvated in
an octahedral box of TIP3P model water, which ex-
tended at 1.5 nm from any given atom in the systems.
The water enclosed in the system was energy mini-
mized with decreasing constraint force on the protein
by a combination of steepest descent method and
conjugate gradient method, followed by a minimiza-
tion with the entire system relaxation.

After the preparing procedures finished, the sys-
tems were slowly heated from 0 to 300 K with de-
creasing force on protein over 100 ps under NVT con-
dition and then run for equilibration and sampled un-
der NPT condition. During the simulation, periodic
boundary conditions were accepted. The Particle
Mesh Ewald method®” was selected for periodic long
range electrostatic interaction and a 1.0 nm cutoff for
nonbonding van der Waals interactions. All the bonds
involving hydrogen atoms were constrained with the
SHAKE algorithm®*!. Constant temperature 300 K
was maintained via the Langevin dynamics with a
collision frequency of 1.0. Constant pressure 1.013%
10> Pa was controlled by isotropic position scaling
with a pressure relaxation time of 2.0 ps. A time step
of 2 fs was used to integrate the equations of motion.
The coordinates were saved every 2 ps during the en-
tire simulation process.

2.3 Binding Free Energy Calculation

MM-PBSA method™ was used to estimate
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binding affinity and selectivity with AMBER 9. By
this method, the total free energy of a system(G) was
evaluated as a sum of the MM gas-phase energy(Emm ),
solvation free energy(Gso), and entropy contribu-
tion(-75) .

G =G+ Expu—TS (1
Evm = Eele + Evaw (2)
Gsoty = Gpp + Gy 3)
Gny= ySASA+S 4)

Then the binding free energy was estimated by
Eq.(5) for a given complex system.
AGyind = Geomplex—Gprotein T Gligand) (5
The MM gas-phase energy including electrostatic
energy(Ee) and van der Waals interaction(Eyqy) Was
directly calculated by Sander with non-cutoff. Elec-
trostatic solvation free energy(Gyy) can be well calcu-
lated by the solution to the PB equation, with dielec-
tric constant 1 for the solute and constant 80 for the
solvent water. The nonpolar solvation energy(Gy,) was
obtained by means of equation (4) with parameters
y =0.0227 kJ/mol and g =3.85 kJ/mol, in which the
solvent-accessible-surface area(SASA) was estimated
by Morsulf. Note that entropy contribution term was
neglected here, since our aim was to calculate the
relative binding free energy difference and the entropy
contribution to the structure-similar inhibitor was

Yeast_N
Lolium N

already known to be almost the same.

150 structures were sampled from the MD tra-
jectory from 500 ps to 2000 ps for both haloxyfop/
CT-wild-type enzyme and haloxyfop/CT-mutant com-
plexes at 10 ps intervals. The final averages of binding
free energy over these samples were taken to compute
the binding energy difference between CT wild type
enzyme and mutant.

3 Results and Discussion

3.1 Homology Modeling

Homology modeling of proteins is currently the
most accurate method for the prediction of 3D struc-
ture, yielding models suitable for a wide spectrum of
application, such as investigations into mechanism,
structure-based drug development, and virtual scree-

3738 This approach can produce a reasonable

ning'
structural model for any given protein sequence that
has relative template having more than 25% amino
acid sequence identity”®”. Our alignment shows that
the Lolium rigidum and yeast CT dimmers share a
high sequence identity of 59%(Fig.1), indicating that
the homology modeling is practicable for our target.
The best inhibitor-protein complex model, having

the lowest energy score based on the Modeller energy
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Fig.1 Sequence alignment of yeast and Lolium rigidum CT dimmers
This active site-containing CT dimmer consists of the N subdomain of one monomer(indicated with suffix ‘N’) and the C subdomain of the other mono-
mer(indicated with suffix ‘C’). The residues are marked with asterisk(*), colon(:) and dot(.) based on decreasing similarity, and the least similar residues
are not marked. The mutated residual position is indicated with bigger size letter.
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function, was selected from the 10 models for both
wild-type enzyme and mutant, separately. The Pro-
check examination shows the 91.2% or 90.0% resi-
dues(without glycine and proline) of CT dimmer are
located in the most favoured regions for wild type or
mutant enzyme, consistent with the expectation of
having over 90% in the most favoured regions(Fig.2).
In particular, all active site residues are located in the
most favoured regions, while the residues in the other
regions are almost positioned at random coil and/or
the surface of protein. All these findings suggest the
constructed models are reasonable, and suitable for
the following thermodynamic study.
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Fig.2 Ramachandran plots of wild(A) and mutant(B) CT
These plots were produced by Procheck. In the wild CT, 91.2%, 7.9%, 0.6%
and 0.3% residues are in most favoured regions [A, B, L], additional al-
lowed regions [a, b, 1, p], generously allowed regions [ca. a, ca. b, ca. |, ca.
p] and disallowed regions, respectively. In the mutant CT, 90.0%, 9.4%,
0.3% and 0.3% residues are in most favoured regions [A, B, L], additional

allowed regions [a, b, 1, p], generously allowed regions [ca. a, ca. b, ca. 1, ca.

p] and disallowed regions.

3.2 Molecular Dynamics and Binding Free
Energy

In order to obtain ample dynamics information
for free energy calculation, both the
haloxyfop/CT-wild-type and haloxyfop/CT-mutant

systems,

complexes, were run for a simulation of 2.0 ns. The
root mean square deviation(RMSD) values of alpha
carbon from their starting structures were calculated,
respectively(Fig.3).
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Fig.3 Root mean square derivation(RMSD) from
starting structure along time
(A) Wild type CT; (B) CT mutant.
For both the wild type and mutant, the RMSD

increases quickly during the first 300 ps and then

reaches a plateau, indicating the system is thermody-
namic equilibration. In this context, the conformation
information was sampled for binding free energy cal-
culation from 500 ps to 2000 ps at intervals of 10 ps.
The average structure of the 150 sampled structures
was constructed for the following structure analysis.
The MM-PBSA method we used is a reliable and
popular approach in binding free energy calculation
and has been successfully used for reproducing
or predicting the experimental results for many
systems®***~* Table 1 presents the binding free
energy components of both CT wild type and mutant,

and their difference, calculated by MM-PBSA.
Table 1 Binding free energy components for both CT
wild type and mutant complexes®

Energy Wild-type Mutant a°
<AEqe> -8.25+5.15 -9.13£5.61 0.88
<AEy4w> —201.55+10.55 -178.61+11.68 —22.94
<AEnv> -209.80+10.51 —187.74+10.89 —22.06
<AGy> —20.26+0.50 —19.18+0.34 -1.09
<AGp,> 27.30+10.93 28.93+11.47 -1.63
<AGgo> 7.03+11.17 9.76+11.76 -2.72
<AG™>° 19.05+6.82 19.80+7.62 -0.75
<AGi> —202.77+10.80 —177.98+11.34 —24.79

a. Entropy term is not included in the binding free energy and all the val-
ues in the table are given in kJ/mol; b. the difference is calculated by Com-
ponent(wild-type)~Component(mutant); ¢. <AG®,>=<AEq>+ <AGpy>.

The result shows the total binding free energy of
wild type is —24.79 kJ/mol lower than that of mutant,
suggesting the haloxyfop-binding affinity of wild type
CT is 2 orders of magnitude as strong as that of
mutant CT. This finding is in good agreement with the
real observation that the wild type CT is sensitive to
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haloxyfop, while the mutant encounters resistance
with this herbicide. Further free energy decomposition
analysis indicates the binding free energy difference is
majorly caused by the difference between the van der
Waals interactions(AEyqw), —22.94 kJ/mol (Table 1);
while the difference between the solvation free ener-
gies(AGy,) or Coulomb interactions(AE.) has tiny
effect on the total binding energy difference. In other
words, the van der Waals interaction difference is
shown to be the major reason for the mutant resis-
tance.

The reason for mutant resistance is thus clearly
indicated from the thermodynamics energetic perspec-
tive. Besides it, the structure analysis was also carried
out, which provides more microscopic and intuitional
insight. Fig.4 shows the binding of haloxyfop to active
site of wild type(or mutant) CT, where the surface of
CT is constructed and colored according to the elec-
trostatic potential.

Fig.4 Haloxyfop binding into the active site of
CT dimmer

The surface of CT dimmer is constructed and colored according to
electrostatic potential. The red color presents the positive potential.
The blue presents the negative potential, and the white presents the
values near zero (hydrophobic). The location of haloxyfop is indi-
cated by stick model for wild type CT and mutant, respectively. The
haloxyfop in wild type CT is indicated by red, and the one in mutant
is indicated by blue.

From Fig.4, it is clearly shown that the binding
site is a hydrophobic or non polar cavity although the
surface of CT is hydrophilic or polar. Considering the
binding site is hydrophobic, it can thus be inferred that
solvation free energy(AGy,) or Coulomb interaction
(AE,) is small in the total binding energy and has a
little effect on the total binding free energy difference.
This structural finding is in good agreement with the
previous energetic findings. Notably, it has also been
observed that the side chain of mutated Leu residue in
mutant conflicts a little with the methyl group of
haloxyfop, while this steric hindrance does not exist in
the corresponding Ile in wild-type CT(Fig.5).

&)

Fig.5 Binding mode of haloxyfop with wild type CT
dimmer(A) or mutant(B)

The residues in active site are presented by sticks. The haloxyfop and criti-
cal residue, Ile or Leu, are presented by ball with van der Waals radius.

Obviously, the presence and absence of steric
hindrance can result in the large van der Waals inte-
raction difference. So, it is reasonable to propose that
the previous calculated van der Waals interaction dif-
ference is the result of steric hindrance caused by
Ile/Leu mutation, and this steric hindrance caused by
Ile/Leu mutation results in the change of ACCase
from sensitive to resistant.

4 Conclusions

In this article, the complexes of ACCase CT
dimmer and haloxyfop were successfully constructed
for both sensitive wild type and resistant mutant Lo-
lium rigidum. Their relative binding free energy was
also predicted by MM-PBSA method, well consistent
with the real observation. The free energy components
analysis indicates the van der Waals interaction dif-
ference is the major reason for the resistance. Struc-
tural study further shows that this van der Waals inte-
raction difference originated from the steric hindrance
between the critical mutated residue Leu and halo-
xyfop, not found between the wild Ile and haloxyfop.
All these findings may give an enhanced understan-
ding of inhibition mechanism of ACCase and provide
an important clue for rational design of high effective
herbicides.
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