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Abstract

Plant cytochrome P450 is a key enzyme responsible for the herbicide resistance but the molecular basis of the
mechanism is unclear. To understand this, four typical plant P450s and a widely resistant herbicide chlortoluron were
analysed by carrying out homology modelling, molecular docking, molecular.dynamics simulations and binding
free energy analysis. Our results demonstrate that: (i) the putative hydrophobic residues located in the F-helix and
polar residues in I-helix are critical in the herbicide resistance; (ii) the binding mode analysis and binding free energy
calculation indicate that the distance between catalytic site of chlortoluron and heme of P450, as well as the binding
affinity are key elements affecting the resistance for plants. In.conclusion, this work provides a new insight into the
interactions of plant P450s with herbicide from a molecularlevel, offering valuable information for the future design
of novel effective herbicides which also escape from the P450 metabolism.
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Introduction

Herbicide application has been a prominent weed
control measure in recent decades for the purpose of
crop cultivation. However, the occurrence of herbicide-
resistant weeds worldwide has become a severe prob-
lem, which could lead to higher food prices and more
pollution'. For plant, herbicide resistance refers to the
ability of a plant biotype to survive and reproduce under
a normally lethal dose of herbicide, normally involving
two primary mechanisms: (i) a mutation associated with
target site of the herbicide (target-site resistance) and (ii)
non-target-site resistance which normally involves the
biochemical modification of the herbicide and/or the
compartmentation of the herbicide?. The non-target her-
bicide resistance comes out of the plant detoxification
process which usually comprises a four-phase schema:

conversion by enzymes; conjugation of a hydrophilic
molecular to activated metabolites; transporting into the
vacuole or extracellular; degradation®.

It is known that cytochrome P450 monooxygenases
can metabolize (either oxidize or reduce) a large number
of structurally different endogenous and exogenous
compounds®. Meanwhile in the conversion process
of herbicide molecules through the oxidation and
peroxidation reactions P450 play the major roles®”. In
plants, many subtypes of P450s have been cloned and
most of them exhibited limited activity and specificity
toward exogenous compounds®®. Recently, several lines
of evidence have suggested that the development of
herbicide resistance in plant is frequently associated
with elevated levels of P450 activity’. In phenylurea
herbicide resistant populations of Phalaris minor in Asia,
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prosulfuron, diclofop and chlortoluron were converted
by P450s into several metabolites'.

Recent advances made in the isolation and genetic
manipulations of P450 enzymes have created new
opportunities for their application in engineering her-
bicide tolerance. CYP76B1, one of the P450 genes, was
identified for chlortoluron resistance, which was cloned
from Jerusalem artichoke (Helianthus tuberosus)".
It catalyzes double N-dealkylation reactions and can
be strongly induced by many phenylurea herbicides,
such as chlortoluron'. In the transgenic soybean and
tobacco, CYP71A10 has also been demonstrated with the
enhanced tolerance to chlortoluron for these plants®.
And the overexpression of CYP71B1 in yeast also showed
resistance to chlortoluron metabolism'*. In wheat, the
CYP71C6V1 was able to metabolize sulfonylurea herbi-
cides such as triasulfuron, chlorsulfuron'®. However, the
tolerance to the chlortoluron has not been reported to
date. As compared among the four P450s, the metabo-
lite of CYP76B1-dependent metabolism of chlortoluron
is processed by N-demethylation, whereas ring-methyl
group oxidation is performed in the other three P450s.

Presently, the molecular mechanism of herbicide
resistance mediated by P450 in plants is still unclear.
Thus a theoretical study integrating homology model-
ling, molecular docking, molecular dynamics, and bind-
ing free energy analysis was performed. Up to date, to our
knowledge, the crystal structures for most plant P450s
are unavailable'"'%. The homology modelling could pro-
vide a suitable model for the unknown proteins, accel-
erating the understanding the structural basis of P450
recognition of substrates. The typical molecule chlortol-
uron was applied as a probe to investigate the features
of P450 catalytic sites in plants. Molecular mechanics
Poisson-Boltzmann surface area (MM-PBSA) method
was adopted to calculate the ligand binding affinity. With
the energy decomposition analysis, the key residues
which are responsible for substrate specificity are uncov-
ered. The results obtained in this study will be helpful for
the further understanding of the substrate specificity and
regioselectivity, as well as herbicide resistance-mediated
by P450 enzymes in plants.

Materials and methods

Herbicide

Chlortoluron (3-(3-chloro-4-methylphenyl)-1-1-di-
methylurea) show in Figure 1, as a member of the phenyl-
ureas family derivatives, is widely used for selective

Figure 1. Chemical structure of the chlortoluron.

weed control in cereals crops'. In the present work, this
herbicide was selected for the reason that the tolerance
to the chlortoluron in plant is due to enhanced rates of
metabolism catalyzed by P450s.

Homology modelling

For homology modelling, the modelling results based
on the tertiary structures would be reasonable if the
protein sequences are similar or have high homology in
conservation regions between the target protein and the
homology protein. The primary sequences of the four
P450s (CYP71A10, CYP71B1, CYP71C7V1, CYP76B1)
were obtained from the NCBI Web site (http://www.ncbi.
nlm.nih.gov). The template proteins 2PG5 (resolution:
1.95 &), 1PQ2 (resolution: 2.60 A), 2F9Q (resolution: 3.00
A), 3PMO (resolution: 2.70 A) identified by Blast program
(http://blast.ncbi.nlm.nih.gov/Blast.cgi) were employed
as the templates for CYP76B1, CYP71B1, CYP71A10 and
CYP71C6V1, respectively. The multiple sequence align-
ments between the template and the four P450s were
produced using Clustalx 1.83 program'’.

In present work, based on the alignment result,
MODELLER 9V7'® was used to build the initial structures
of the four P450s. In construction of these backbone
structures, the coordinates for heme were obtained from
the template and inserted in the models. Then the cova-
lent bond between the heme’s iron atom and the sulphur
atom of conserved axial cysteine residue was created™.
As plant P450s are membrane-bound proteins®, the
N-terminal amino acids containing this membrane
anchor were left out for the reason that no appropriate
template for modelling the spanning segments was avail-
able and the region in the four P450s is not included in
the active site.

Molecular docking

In order to drive a starting configuration for the molecu-
lar dynamics (MD) studies, the identification and selec-
tion of an initial receptor-ligand complex is necessary.
Molecular docking was carried out by the AutoDock
module to understand the detailed binding modes for
the compound. AutoDock Tools (version 1.4.5) were
used for protein and ligand preparation. Generally,
polar hydrogen atoms were added and Kollman charges
were assigned to all atoms of the proteins. The docking
site was defined using AutoGrid 4, for ligand atoms, a
126x126x126 A 3D grids centred on the binding site
with 0.375 A spacing were calculated. For the ligand,
Gasteiger charges® were added to the ligand, and non-
polar hydrogens were merged®. For docking simulations,
the Lamarckian genetic algorithm (LGA) was selected for
ligand conformational and all bond rotations for ligands
were ignored. Finally, the docking results were further
analysed as the initial structures in the MD simulations.

Molecular dynamics simulations
Molecular dynamics simulations were performed to
examine the quality of the model structures by checking
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their stability over long simulations at room tempera-
ture. All the MD simulations were carried out using the
AMBER 10 package®. Each initial structure for the four
models with ligand was modelled using Xleap module.
For MD simulations, four models were solvated with
the TIP3P water molecules® in a truncated octahedron
periodic box with a margin of 10 A along each dimen-
sion. Periodic boundary conditions were employed and
Particle Mesh Ewald® was applied to calculate the long-
range electrostatic interactions, then the cut-off distance
was set to 10 A to compute the nonbonded interactions.
The SHAKE algorithm® was used to constrain all covalent
bonds to hydrogen atoms.

Prior to the production phase, each system was gradu-
ally energy-minimized using 5000 steps of minimization
procedure (2500 steepest descent steps and 2500 conju-
gate-gradient steps) to relax any steric conflicts gener-
ated. The force field energy of each starting structure was
minimized in the following equilibration protocols. First,
the solvent was relaxed by energy minimization while
restraining the protein atomic positions with a harmonic
potential. After the system was heated to 300 K from
the initial temperature of 0 K using Langevin dynamics
parameters®’, a 50 ps pressure-constant period to raise
the density while still keeping the complex atoms con-
strained was followed. Finally, a 5 ns MD simulation with
a2 fs time step was conducted at 1 atm and 300 Kwith the
NPT ensemble under the periodic boundary conditions
for each system. During the simulations, the ff99SB all
atom Amber force field?® was used for proteins, and the
force field parameters for the heme group were adopted
from previously work®*. The parameters of atom charges
of the ligand were performed by general AMBER force
field (GAFF). The optimized structures were subjected to
quality assessment and used as the model for structure
and binding mode analysis.

MM-PBSA calculation
In order to obtain a detailed view of the interaction between
the protein residues and the substrates and identify certain
key residues responsible for the substrate binding, the
binding free energy was calculated using the MM-PBSA
approach®. We extracted the 500 snapshots from the last 1
ns of each system to estimate the binding free energies. The
binding free energy was calculated by equation as follows:
AGy;g =G,

complex - Greceptor - Gligand (1)

AG= AE'MM + AGsol - TASsolute (2)

Table 1. The amino acid sequence identity.

Mechanism of the plant cytochrome P450 3

Where AGcomplex, AGprmem and Athan jare the free energies
of the complex, the protein and the ligand, respectively.
Each of them is calculated by summing the total molecu-
lar mechanical energy AG,, , the solvation free energy
(AG_), and the entropy (TAS_ ).

Since the calculation of the entropic contribution
(-TAS_,,.) requires several approximations and provides
only a rough estimate, especially in the case of a simula-
tion in which only a small portion of the protein moves,
the entropic contribution was not considered. The solva-
tion free energy (AG_)) is divided into two contributions:
the polar (AG_P*) and nonpolar (AG_°) components.
The AE,,,, is the molecular mechanics interaction energy
between the protein and the ligand, the term AE, ,, con-
tains the internal stain energy (E, ), van der Waals energy
(vdW,_), and electrostatic energy (ELE,_). E, is further
divided into E,_, Eangle and E__ to take into account
energies associated with bonds, angles, and torsions. The
formula is as follows:

E E

bond

+E, . +tE

torsion

MM — angle + Eele + Evdw (3)

The electrostatic component, E, is calculated from
Coulomb’s expression using a dielectric constant of 1%
and van der Waal’s energy, E,,, is calculated from the
Lennard-Jones 6-12 potential.

The AG_, contains the non-polar solvation free
energy and the electrostatic solvation free energy is
computed with

AG

solv

=AG,

nonpol

+AG,, = (<SASA+ )+ AG,, (4)

The nonpolar contribution was determined based on
solvent-accessible surface area determined with the
LCPO method®. Where SASA is the solvent-probe radius
of 1.4 A, v and B are empirical constants set to 0.0072
kcal-mol-A-2 and 0.00 kcal-mol!, respectively.

The electrostatic solvation free energy (AGpol) is the cost of
charging the discharged solute in the cavity. Here, the polar
contribution (AGpol) was calculated by solving the Poisson-
Boltzmann (PB) equation using the program Delphi a3, In
Delphi calculations, the grid spacing was set to 0.5 A, and
the radii of atoms were taken from the PARSE parameter
set®. The values of the interior dielectric constant and the
exterior dielectric constant were set to 1-80, respectively.

Results and discussion

Sequence alignment and homology modelling
To guide and examine the molecular basis of the resis-
tance conferred by P450, the 3D structural homology

Template 1 Identity Template 2 Identity Template 3 Identity
CYP76B1 1A2 27% 2A13 28% 1B1 25%
CYP71B1 1A2 26% 2C8 28% 2C9 27%
CYP71C6V1 1A2 25% 2D6 25% 2B4 25%
CYP71A10 2A6 26% 2A6 26% 2A6 26%

The selected templates are underlined.

© 2012 Informa UK, Ltd.
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models were constructed on the basis of structural align-
ment of amino acid residues. In homology modelling,
selection of an appropriate template is an important step
for constructing the target model. The template selec-
tion was performed on the basis of sequence similarly,
residues completeness, and crystal resolution. For this
reason, using more than one template therefore gener-
ates a set of models that hopefully provide a better rep-
resentation of the target protein than if a single template
was used. In the present work, all four sequences were
individually aligned against with known three-dimen-
sional structures CYP2A6 (PDB code (2PG5), CYP2C8
(1PQ2), CYP2D6 (2F9Q) and CYP1BI1 (3PMO0)). In each
case, the amino acid sequence identity of CYP76B1 was
28% to 2A13; CYP71B1 was 28% to 2C8; CYP71A10 was
26% to 2A6 and 25% to 2D6 in CYP71C6V1, respectively.
(Table 1) The sequence alignment between the tem-
plate and models were displayed in Figure S1°¢ in the
Supporting Information.

In the case of generating plant P450 models, itis impor-
tant to note that there is a <40% identity between a P450
in one family and that in another family*. Although the
sequence identity is very low, their structures surround-
ing the buried catalytic site and contributing to the over-
all fold are highly conserved®, indicating a common
mechanism of oxygen activation. The conserved core is
formed of a four-helix (D, E,  and L) bundle, helices J and
K, two sets of 3 sheets (Figure 2). These regions comprise:
the heme-binding loop; the absolutely conserved motif
in helix K and central part of I helix*.

The heme coordinates which are considered impor-
tant for the structural integrity, were copied from the
template crystal structure with a covalent bond created

CYPTIALD

between the heme’s iron atom and the sulphur of the con-
served cysteine axial ligand*’. Then, the initial 3D struc-
tural models were energy-minimized to release the bad
atomic contact and tune unreasonable local structural
conformations. After that, the final models were assessed
by Procheck®. Concerning the Procheck assessment,
the percentage of the residues in core Ramachandran
region are 89.5%, 85.0%,85.7% and 87.3% for CYP71A10,
CYP71B1, CYP71C6V1 and CYP76B1, respectively and the
template was also evaluated for comparison (Table 2).

The results of the Procheck indicate that approxi-
mately 87% of residues are located in the favoured or
additional allowed regions of Ramachandran plot, only
1.4%, 1.7%, 1.2% and 1.0% of residues in each structure
are in the disallowed regions. Residues located in the
unfavourable regions are far from the substrate-binding
domain, indicating that these residues did not affect the
ligand-protein binding simulations. The final step of test-
ing was the packing quality of each residue as evaluated
by the Verify-3D method, which represents the profile
achieved with respect to the residues. In summary, the
results of quality assessment suggest that the model of
the four plant P450s are of reasonable quality compared
to the crystal structure of the templates.

Molecular docking analysis

As an efficient technique to predict the potential ligand
binding site on the whole protein target, molecular dock-
ing is a valuable tool for studying substrate orientation
within the P450 active site**. In order to select the suitable
binding mode of chlortoluron in the four complexes, the
structures were judged on the basis of their structural
and chemical soundness, as well as their consistency

CYPT71BI1

Figure 2. Ribbon schematic representations of the refined homology models of the four P450s. Heme is shown as red stick. Major helices are
labelled. Image was generated using PyMOL (http://www.pymol.org). (See colour version of this figure online at www.informahealthcare.

com/enz)
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Table 2. Sequence identity scores and Ramachandran plot
statistics for the four P450 models presented. Scores indicate
identity with amino acid sequence of the template.

Ramachandran plot statistics

Sequence Generously
identity Core Allowed allowed disallowed
CYP71A10 26% 89.5% 7.9% 1.2% 1.4%
CYP71B1 28% 85.0% 10.9% 2.4% 1.7%
CYP71C6V1  25% 85.7% 11.0% 2.1% 1.2%
CYP76B1 25% 87.3%  9.2% 2.5% 1.0%

between proteins. The lowest energy docking models
were selected from the fine grid docking using several
scoring functions for configuration analysis; for each
receptor, the distance between the heme’s iron atom
and 4’ carbon in chlortoluron moiety was measured.
The selected results in each system were analysed on the
basis of the conditions that the ligand has the closest dis-
tance between active site and the heme’s iron atom, and
the favourable hydrophobic interactions in the catalytic
site between the ligand and the side chain’s residues.

The docking results with free binding energy of the
four modes were -6.4, -7.0, —6.9 and -6.5 kcal/mol
for CYP71A10, CYP71B1, CYP71C6V1 and CYP76B1,
respectively. The low distance corresponds to the high-
est electrophilic character of this positions was found in
this study. Since docking studies do not consider protein
backbone movement during the substrate-binding pro-
cess, MD simulations are employed to determine the
different conformation of enzymes acquired during their
catalysis process. Binding modes with the lowest total
energies and the methyl group of chlortoluron closet to
the heme were chosen for second-round energy minimi-
zations during which all protein side chains were allowed
to move freely while the heme coordinates were fixed to
avoid distortions of the heme plane.

Molecular dynamic simulation

Molecular dynamic simulations have been widely used to
obtain the ‘real’ bioactive conformation when the crystal
structure of protein-ligand complex is unavailable. In
the present work, this method was performed to further
examine the quality of the model structures by checking
their stability over long simulations at room tempera-
ture (300 K). The root-mean-square deviations (RMSDs)
between the Ca atoms of the structures obtained during
the trajectories and the initial structures are shown in
Figure 3 for the four systems. The dynamic behaviour and
the structural changes of the complexes in the course of
the simulation period were analysed as follows.

Stability of the simulations

To evaluate the deviation of the trajectory from the initial
structure, the RMSD was monitored along the trajectory.
Figure 3 shows RMSD of Ca backbone with respect to the
initial structure. The RMSD plot indicates that the RMSD
of the backbone atoms in the four complexes increases
sharply within 4000 ps and then remains stable to the

© 2012 Informa UK, Ltd.
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Figure 3. RMSD (A) and RMSF (B) of Ca backbone as a function
of time for CYP71A10-CT (green), the CYP71BI1-CT (red),
CYP71C6V1-CT (black) and CYP76B1-CT (blue). (See colour
version of this figure online at www.informahealthcare.com/enz)

end of simulation. The averaged RMSD values during the
MD simulations are 2.42, 2.39, 2.25 and 2.33 for CYP71B]1,
CYP71C6V1, CYP71A10 and CYP76B1 respectively, which
demonstrated that the generated MD trajectories of the
four complexes are stable. In the four cases, the complex
structures have reached a stable state after 4 ns equili-
bration, where the RMSD value converged to a value
around 3.0 A (CYP71B1 and CYP76B1, CYP71C6V1). For
CYP71A10, the protein atoms do not undergo significant
structural changes and the RMSD values of this system
converge to about 2.5 A, a relatively small deviation from
the minimized structure. It is an obvious reflection of
relatively weaker binding affinity that the three com-
plexes show large conformation changes of protein than
CYP71A10. From the structural and energetic analysis,
we can see that the whole complexes did not significantly
deviate from their starting structures after equilibrium
from both the RMSD and binding energies during the
molecular dynamics simulation. Therefore, our subse-
quent energy analyses in each case were based on the
MD trajectory truncated between 4 and 5 ns.

Root mean square fluctuation (RMSF) of Ca

atoms by residues

In order to locate the flexible regions, the RMSF was
examined for the Ca atoms of each of the residue rep-
resenting the average displacement of these atoms. We
focused our analysis on those structure elements that are
involved in the formation of the substrate binding cav-
ity, because conformational changes in this region of the
protein have been identified to change the shape of the
active site containing cavity.

In a typical RMSF pattern, a low RMSF value indi-
cates the well-structured regions while the high values
indicate the loosely structured loop regions or domains
terminal®®. As shown in Figure 3, the major backbone
fluctuation was seen to occur in the loop regions,
whereas regions with low RMSF correspond exclusively
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to the rigid beta-alpha-beta fold. Our RMSF,_ values for
CYP71A10, CYP71B1, CYP71C6V1 and CYP76B1 are 1.24,
1.37, 1.54 and 1.49 A, respectively. Detailed analysis of
RMSF shows that large peaks are observed in the loop
portions, especially those located on the protein surface.
The relatively larger RMSF per residue of the four com-
plexes may be explained by the relatively weaker binding
of chlortoluron.

In contrast to the loops, the substrate binding residues
located in the core part of the structure barely fluctuate in
the whole simulations. The conserved regions remained
stable over the entire simulation which seems to be more
energetically preferred. During the dynamics simula-
tion, very few fluctuations in the SRS regions go beyond
1.5 A, indicating that the regions in the four complexes
show a similar fluctuation during the MD simulation.
The regions SRS1, SRS4, SRS5 and SRS6 indicated in their
orientations relative to the heme catalytic centre shown
the low fluctuation than the other SRS regions. In sum-
mary, the RMSF for the simulation point to that the sur-
face loops are flexible and the core parts are rigid, the SRS
structure itself seems to remain fairly unchanged, though
the size and shape of the active site cavity changes in
adapting to substrates.

Binding mode analysis
Chlortoluron is metabolized in plant via two major
pathways of hydroxylation and N-dealkylation. The

N-dealkylation of chlortoluron in 1-position is mediated
by CYP76B1 inJerusalem artichoke*, whereas the hydrox-
ylation is performed in the 4-position predominantly by
CYP71A10, CYP71B1 and CYP71C6V1. The binding con-
formation of the four P450s with chlortoluron is showed
in Figure 4. In order to gain insights into mechanisms of
the compound and identify key residues responsible for
the binding of P450, the average structures were gener-
ated from the last 1 ns on the MD trajectory.

In general, chlortoluron is stabilized by hydrophobic
interactions in the active site, which is constructed by
hydrophobic and few polar residues. All the residues are
close to each other in space and form the hydrophobic
binding site as suggested by Gotoh based on a compari-
son between family 2 enzymes*’. The residues responsible
for binding are located in six SRSs regions, especially the
regions SRS-1 (B-C loop), SRS-2 (F-helix), SRS-4 (I-helix)
and SRS-5 (the loop connects (33). As Figure 4 displayed,
Leul87 in CYP71A10, Leul81 in CYP71B1 and leul83 in
CYP71C6V1 located in SRS-2 show a highly conservation.
Polar residues Thr276 in CYP71A10, Thr273 in CYP71B]1,
Glu262 in CYP71C6V1 and Thr256 in CYP76B1 in the
SRS-4 region play a key role in orienting the ligand.

In addition, there are some differences in binding
modes among the four complexes. The residues formed
hydrogen bonds with the chlortoluron in the bind-
ing site are GIn72 in CYP71A10, Leul81 in CYP71B1,
Asnl187 in CYP71C6V1 and Lys171, Thr433 in CYP76B1.

Figure 4. A close view of the binding mode of the four P450s with (A) CYP71A10, (B) CYP71B1, (C) CYP71C6V1 and (D) CYP76B1. Heme is
represented by a red stick. Key residues are represented by stick, with red, gray, blue, yellow, and light gray representing oxygen, nitrogen,
sulphur, and carbon, respectively. The hydrogen bonds are shown in green dotted lines and ligand with green stick. (See colour version of this

figure online at www.informahealthcare.com/enz)
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In CYP71A10, the benzene ring of chlortoluron interacts
by mt-m stacking interactions with aromatic amino acids
Phe88. Two polar residues GIn72 and Thr276 in the bind-
ing pocket may dictate the position of the ligand. The dis-
tance between the methyl carbon atoms from the heme is
considered as a key condition in the binding of chlortol-
uron to P450s. While the substrate reaches a stable state
the distance are 5.3, 4.19, 12.70 and 5.22 A for CYP71A10,
CYP71B1, CYP71C6V1 and CYP76B1, respectively. The
average binding free energy for these four complexes are
-23.30, -21.40, -13.69 and -23.64 kcal/mol, respectively.
It indicates that the binding mode of CYP76B1 is stron-
ger than the others, and the CYP71C6V1 shows a weaker
binding ability with the ligand. To CYP71B1, the distance
is 4.19 A, which demonstrate that the action could eas-
ily occur. For CYP71C6V1, the distance may be too far
to allow the action to occur as proposed by previous
studies®. For CYP76B1, there are two residues Lys171
and Thr433 forming hydrogen bond with chlortoluron in
the binding site. The distance is 4.62 A, indicated that the
action is easy to take place in this position. The simulation
based result is in a good agreement with the experiment
data that chlortoluron is metabolized in N-dealkylation
way in CYP76B1 in Jerusalem artichoke.

Binding free energy analysis

The binding free energies calculated using MM-PBSA
method for the four complexes is summarized in
Table 3. As seen from Table 3, the total binding energies
for CYP71A10, CYP71B1, CYP71C6V1 and CYP76B1 are
-23.30, -21.40, -13.69 and -23.64, respectively. These
results suggested that the CYP76B1 was more stable than
the other three complexes and experimental observa-
tions show that the resistance caused by CYP76B1 in
plant is obvious than the others'. Lower value of AG,, ,
for the CYP76B1 complex is in correspondence with an
increase in the binding affinity.

Further analysis suggests that, both the intermo-
lecular van der Waals and electrostatics interactions are
major contributions to the binding, whereas polar sol-
vation polar interaction has a relatively small influence
especially for binding. Nonpolar solvation terms, which
correspond to the burial of SASA upon binding, contrib-
ute slightly favourably. The van der Waals interactions

Mechanism of the plant cytochrome P450 7

energies about the four models are -32.06, -33.86,
—-29.56 and -31.95 kcal/mol for CYP71A10, CYP71B]1,
CYP71C6V1 and CYP76B1, respectively. As compared
with the four proteins, with the lowest total energy among
the four complexes, the value of van der Waals contribu-
tion to CYP71C6V1 in binding affinity is higher than the
others. And the distance between the iron atom and the
methyl carbon atom in chlortoluron is the longest. All
these results demonstrate that the resistance caused by
CYP71C6V1 might be the lowest in the four complexes.
The calculated electrostatics contributions to the binding
free energies for the four enzymes are list in Table 3. As
can be seen from the comparison, the electrostatic inter-
action in CYP76B1 was quite strong, which correspond
with the binding mode analysis that polar residues in the
catalytic site play a critical role in the substrate-receptor
interaction.

Free energy decomposition
In order to detect certain key residues responsible for
substrate binding, MM-GBSA was used to calculate the
interaction energies between the substrate and the four
complexes. The residues in the binding site identified
by the total interaction energy between the ligand and
individual are considered as the key residue. In general,
the residues having interaction energy less than -1 kcal/
mol with chlortoluron are considered to be important in
substrate binding. Table 4 lists the interaction energies
contributions of certain structurally important residues
for the protein-ligand interactions in the four cases.
Figure 4 shows that the side chains of GIn72, Thr74,
Phe88, Met184, Leul87, Gly272, Thr276, Leu339 and
Ile343 residues have the largest contributions to the
binding energy, suggesting that these residues play an
important role in the binding interaction. By analysing
the detailed interaction between these residues and sub-
strate, we can see that the charged GIn72 can form stron-
ger interactions with ligand. This indicates that polar
interaction plays a crucial role during the binding of
substrate. For this enzyme, five residues (GIn72, Phe88,
Met184, Leul87 and Ile343) in CYP71A10, which inter-
actions with chlortoluron (-3.132, -2.935, —-1.589, —1.412
and -1.271) were determined to be important in distin-
guishing the binding modes. The residues considered to

Table 3. Interaction energies of four complexes with substrate (kcal/mol).

CYP71A10- CT CYP71B1-CT CYP71C6V1-CT CYP76B1-CT
Method Contribution Mean Std Mean Std Mean Std Mean Std
MM-PBSA AE,, -16.01 1.84 -11.60 2.27 -8.46 2.56 -23.31 2.09
AEvdw -32.06 1.68 -33.86 1.79 -29.56 1.81 -31.95 2.09
Aan -2.17 0.06 -2.12 0.06 -2.40 0.08 -2.07 0.06
Apr 26.95 2.50 26.19 2.38 26.73 3.18 33.70 3.76
AGgas -48.08 1.99 -45.46 2.49 -38.01 3.01 -55.26 4.39
AG,, 24.77 2.48 24.06 2.38 24.32 3.19 3162 377
AG, -23.30* 2.82 -21.40* 2.68 -13.69 3.27 -23.64* 271

hind

AE,, electrostatic interaction energy; AE, , , van der Waals interaction energy; AG, nonpolar contribution to solvation energy; AG o polar
contribution to solvation energy; AG_, , molecular mechanics energy, AG,,
*Significant difference (CYP71A10, CYP71B1 and CYP76B1 show 51gn1f1cant difference with CYP71C6V1, p < 0.5).

© 2012 Informa UK, Ltd.

solvatlon energy; AG , calculated interaction energy.
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Table 4. Energy contribution of key residues to the binding

energies.

CYP71A10

Residue Vdw Ele Polarsol Non-polar Total

GIn 72 -0.280 -4.179 1.365 -0.036 -3.132
Thr 74 -0.419 -0.169 -0.295 -0.018 -0.901
Phe 88 -1.816 -0.578 -0.376 -0.165 -2.935
Met 184 -1.699 0.022 0.259 -0.172  -1.589
Leu 187 -1.373  -0.155 0.379 -0.123  -1.271
Gly 272 -0.366  -0.227 0.185 -0.046  -0.454
Thr 276 -0.522 -0.182 -0.112 -0.028  -0.844
Leu 339 -0.730 0.054 -0.011 -0.082  -0.769
Ile 343 -1.122  -0.195 0.001 -0.097 -1.412
HEM -2.021 -0.877 1.836 -0.108 -0.108
CYP71B1

Residue Vdw Ele Polarsol Non-polar Total

Val 85 -1.631 0.090 0.202 -0.181  -1.520
Leu 181 -1.674 -1.149 1.214 -0.173  -1.782
Leu 184 -1.371 -1.291 0.776 -0.116 -2.002
Ala 185 -0.808 -1.107 0.720 -0.084 -1.279
Thr 273 -0.574 0.287  -0.299 -0.041 -0.627
Val 334 -1.185 -0.081 0.052 -0.177  -1.392
Val 338 -1.313 0.154 0.065 -0.178 -1.271

HEM -2.487 -0.595 1.074 -0.056 -2.064
CYP71C6V1

Residue Vdw Ele Polar sol Non-polar Total

Val 73 -1.251 0.098 -0.094 -0.116  -1.363
Tyr 79 -0.906 0.046 0.503 -0.155 -0.513
Phe 86 -2.159  -0.391 0.511 -0.272  -2311

Leu 183 -1.766 -0.155 0.568 -0.222 -1.575
Asn 187 -1.080 0.866  —-0.282 -0.133  -0.630
Val 261 -0.433 -0.228 0.279 -0.094 -0.476
Asn 262 -1.669 -0.803 1.339 -0.218 -1.351

Glu 265 -0.530 -1.568 1.647 -0.050 -0.501

Leu 338 -0.420 -0.332 0.164 -0.113  -0.702
HEM -0.069 0.962 -0.991 0.000 -0.098
CYP76B1

Residue Vdw Ele Polarsol Non-polar Total

Lys 171 -0.360 -9.194 6.483 -0.025 -3.097
Ala 252 —-0.942 0.234 0.025 -0.096 -0.779

Thr 256 -0.998 -0.428 0.218 -0.102 -1.310

Leu 321 -1.838 0.088 0.440 -0.220 -1.530

Thr 433 -1.497 -0.353 -0.000 -0.142 -1.991
Thr 434 -0.571 -0.294 0.084 -0.005 -0.786

HEM -4.562 -1.765 2.596 -0.261 -3.992

The residues formed hydrogen bonds are indicated in bold.

play a key role in the binding site in the three proteins are
listed in the Table 4. Analysis of interactions shows that
the total, vdW, and electrostatic energies are included.
According to the individual energy components of the
binding free energies, the primary favourable contribu-
tor to the ligand binding is the van der Waals interaction.
The result s in line with the fact that the binding pocket is
mainly composed of hydrophobic residues. Comparison
of the four binding pocket show that most of these resi-
dues are located in the six SRSs regions, and the highly
conserved regions include the important residues are
SRS2, SRS4 and SRS5. The residues Met184, Leul87 in

CYP71A10, Leul8l, Leul84, and Alal85 in CYP71Bl1,
Leul83 in CYP71C6V1, and Lysl71 in CYP76B1 are
located in SRS2 (F-helix). Residues Gly273 and Thr276
in CYP71A10, Ala269 and Thr273 in CYP71B1, Asn262
and Glu265 in CYP71C6V1, Thr256 in CYP76B1 are in the
SRS4 (I-helix). Ile343 in CYP71A10, Val334 and Val338 in
CYP71B1, Leu338in CYP71C6V1, Leu321 in CYP76B1 are
placed in SRS5 (the loop connect 33).

Comparison of different binding patterns and free
energy decomposition shows that, several residues iden-
tified by binding mode have been shown to play a key role
in the interaction of substrate by P450s. Special attention
has been paid to those residues with their special role
to binding free energies, such as Leul87 in CYP71A10,
Leul84 in CYP71B1 and Leul83 in CYP71C6V1. In
the opposite site of the ligand in the pocket, residues
Thr276 in CYP71A10, Thr273 in CYP71B1, and Glu265
in CYP71C6V1 and Thr256 in CYP76B1 in SRS-4 play an
important role in orienting the ligand at the active site by
electrostatic interactions. The conserved hydrophobic
residues located in SRS-2 and polar residues in SRS-4
provide van der Waals and electrostatic interactions
in catalyzing the interaction between protein and the
ligand. According to the results of the free energy decom-
position analysis, it is implied that van der Waals interac-
tions and hydrophobic effects provide a reasonable basis
for understanding binding affinities. Seen from Table 4,
the primary favourable contributor to the ligand binding
is the van der Waals interaction. For CYP71A10, residue
Phe88 shows a m-m stacking interaction with chlortol-
uron in the binding site, where the van der Waals inter-
action (~1.816 kcal/mol) is shown a major contribution.
In CYP71B1, Leul81 and Leul84 are here found to have
either highly favourable electrostatic or van der Waals
interactions with the ligand, indicating their importance
for tight binding and inhibition. To CYP71C6V1, there
are only four residues (Phe86, Leul83, Val73, Asn62) in
the binding site contribute energy lower than -1 kcal/
mol, which is in accordance with the hypothesis that the
action is difficult to occur. In CYP76B1, the ligand formed
two hydrogen bonds with residues Lys171 and Thr433,
which indicated that the ligand is anchored in the bind-
ing pocket via hydrogen bonds. For the polar residue
Lys171, the electrostatic calculations provide perhaps the
main contributions to the binding process. We put this
hypothesis that the different binding pocket construc-
tion is the main reason for chlortoluron metabolized by
CYP76B1 in N-dealkylation pathway*. According to the
individual energy components of the binding free ener-
gies, we can see that the primary favourable contributor
to the ligand binding is the van der Waals interaction.
The hydrophobic interactions were formed between the
residues and the ligand in the active site and specific
residues form important hydrogen bonds. This indicates
that polar interaction plays an important role during the
binding of ligand.

In summary, the current results indicated that the
hydrophobic residues located in the SRS2 and polar
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residues in SRS4 have been shown to affect substrate
binding or specificity in P450s. SRS-2 located in F-helix
is located on the opposite wall of the active site from the
heme ring. SRS-4 (I-helix) protrudes through the whole
enzyme and includes residues that are highly conserved
among the CYP450 enzymes. Key amino acid residues
in the P450 active sites are important contact points for
the binding of substrates such that metabolism occurs
in specific positions, being governed by the enzyme-
mediated orientation of the substrate molecules relatives
to the heme moiety. Taken together, the current results
indicate the regions are important for ligand binding,
and thus could further affect the metabolic activity of the
four P450s.

Conclusion

In the present study, to elucidate the molecular mecha-
nism of herbicide resistance between the plant P450s
and chlortoluron, a series of models was conducted.
For the first time, we provide four validated 3D models
of CYP71A10, CYP71B1, CYP71C6V1 and CYP76B1, with
the emphasis on the regions conserved in the ligand
binding site that is crucial for the herbicide resistance.

On the basis of the calculated binding free energies,
we are able to assess several key residues (GIn72 and
Leul87 in CYP71A10, Leul84 in CYP71B1, Asnl87 and
Leul83 in CYP71C6V1, Lys171 and Thr433 in CYP76B1)
responsible for the substrate specificity. Hydrophobic
residues located in SRS-2 and polar residues in SRS-4
were identified to be important in the substrate bind-
ing. In addition, the ligand site and pose is considered
to be orientated by these two regions. The analysis of
individual energy terms demonstrates that both the van
der Waals and electrostatic contribution are essential
for the chlortoluron binding. It is observed that the van
der Waals contribution is more crucial for distinguishing
the binding affinities among these four complexes. The
identification of the molecular mechanism for herbicides
resistance provides valuable information to understand
the herbicide resistance to plant P450s and thus aid in
the design of new potential herbicides.
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