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Abstract Isoproturon is the only herbicide that can control
Phalaris minor, a competitive weed of wheat that developed
resistance in 1992. Resistance against isoproturon was
reported to be due to a mutation in the pshbA4 gene that
encodes the isoproturon-binding D1 protein. Previously in
our laboratory, a triazole derivative of isoproturon (TDI)
was synthesized and found to be active against both suscep-
tible and resistant biotypes at 0.5 kg/ha but has shown poor
specificity. In the present study, both susceptible D1,
resistant D1 gy and D2 proteins of the PS-II reaction center
of P. minor have been modeled and simulated, selecting the
crystal structure of PS-II from Thermosynechococcus elon-
gatus (2AXT.pdb) as template. Loop regions were refined,
and the complete reaction center D1/D2 was simulated
with GROMACS in lipid (1-palmitoyl-2-oleoylglycero-
3-phosphoglycerol, POPG) environment along with ligands
and cofactor. Both S and R models were energy minimized
using steepest decent equilibrated with isotropic pressure cou-
pling and temperature coupling using a Berendsen protocol,
and subjected to 1,000 ps of MD simulation. As a result of
MD simulation, the best model obtained in lipid environment
had five chlorophylls, two plastoquinones, two phenophytins
and a bicarbonate ion along with cofactor Fe and oxygen
evolving center (OEC). The triazole derivative of isoproturon
was used as lead molecule for docking. The best worked out
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conformation of TDI was chosen for receptor-based de novo
ligand design. In silico designed molecules were screened
and, as a result, only those molecules that show higher dock-
ing and binding energies in comparison to isoproturon and its
triazole derivative were proposed for synthesis in order to get
more potent, non-resistant and more selective TDI analogs.
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Abbreviations
MD Molecular dynamics simulation

PS-II  Photosystem-II

D1/D2 Photosystem second reaction center

TDI Trizole derivative of isoproturon

DI1(R) Resistant D1 protein

DI1(S)  Susceptible D1 protein

POPG  1-Palmitoyl-2-oleoylglycero-3-phosphoglycerol

Tp Isotropic pressure coupling
OEC Oxygen evolving center
QB Plastoquinone B

CDS Coding sequence

Introduction

Phalaris minor is a major weed of wheat that has become a
serious threat to wheat production in India since the 1970s
onwards [1]. Isoproturon—the first and only herbicide rec-
ommended for this weed—worked well for nearly 20 years.
Due to its rigorous and continuous use, P minor has devel-
oped resistance to isoproturon, as reported by Malik [2] and
Walia [3]. To overcome the problem of isoproturon resistance,
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alternative herbicides were introduced onto the market in
1997-1998; viz., fenoxaprop, clodinafop, tralkoxydim and
sulfosulfuron [4]. Some of these alternative herbicides have
also developed multiple resistance to their modes of action [5].
Therefore, it is of the utmost important to keep changing and
introducing new herbicides at regular intervals, i.e., before the
development of resistance.

In our earlier work, we reported polymorphism in both
biotypes of P. minor [6]. Later, three point mutations (G24S,
V29A and F97L) in the D1, protein of the resistant biotype
were reported by Tripathi et al. [7], clearly indicating that
the P. minor populations have developed resistance to iso-
proturon because of alteration in the target site [7].
Isoproturon is a known inhibitor of PS-II and, like other
urea herbicides, it binds to the to the D1 protein of the PS-II
reaction center and inhibits electron transport by acting as a
non-reducible analog of plastoquinone Qg. To overcome the
resistance in P. minor we have synthesized and tested 17
isoproturon analogs based on the pharmacophoric features
of resistant D1 g, protein. Of these, a triazole derivative was
found to be active at 0.5 kg/ha in both biotypes but had poor
selectivity between wheat and weeds. This triazole deriva-
tive of isoproturon (TDI) causes undesirable growth retar-
dation in wheat plants for a short period of time as compared
to controls [8]. Singh et al. considered only protein DI,
where a few residues at the N and C terminals of D1 were
truncated that might play some structural role in the inter-
action between ligands and cofactor and D2 protein. In the
present study, the whole reaction center D1/D2 of PS-II of P
minor has been modeled and energy minimized, followed
by molecular dynamics (MD) simulation in a lipid biphasic
system with ligands and cofactors. The constructed model
was used in molecular docking and receptor based de novo
drug design studies considering TDI as a lead molecule in
order to synthesize more potent and selective analogs.

Materials and methods
Functional annotation of psbA4

Amino acid sequence information of both susceptible [gi
31506000|gb|AAP47827.1| PsbA] and resistant D1, pro-
teins [gi|30413115|gb|JAAP33145.1| PsbA] of P. minor were
taken from the NCBI database (http://www.ncbi.lm.nih.
gov). IProClass functional annotation was performed to
determine the family of the protein [9].

Phylogenetic analysis
Phylogenetic linkage analysis for the D1 protein of PS-II

reaction center of Tritium aestivum, P. minor (both of same
family) and T. elongatus (highest BLAST-p score) was
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performed using clustalW (http://www.genome.jp/tools/
clustalwy/).

D1 protein homology modeling
Template selection

BLAST-p (http://blast.ncbi.nlm.nih.gov/Blast.cgi?
PAGE=Proteins) with protein data bank (PDB) for both
D1 and D2 proteins was performed to find the nearest
homologue.

Target-template alignment

The clustalW server (http://www.genome.jp/tools/clustalw/)
was used for sequence alignment with the BLOSUM scor-
ing matrix method using gap penalty 10 and gap extension
0.1. Sequence alignments for both susceptible and resistant
D1syand D1y as well as for psbD sequence were generated.

Modeling

The sequence of the complete CDS was constructed with the
aid of phylogenetic analysis. Sequences were aligned based
on the sequence of theThermosynechococcus elongatus a/d-
chain (Protein Data Bank code 2AXT) [10], and built based
on the template 3D structures using Prime (Prime, v2.2,
Schrodinger, LLC, New York, NY). Nearby ligands and
cofactor were included in the model. Model of susceptible
D1 s protein, resistant D1z, protein and D2 protein were
constructed from the structure of bacterial reaction center.

Energy minimization

After model building of all proteins; the loop regions of
susceptible D1, resistant D1, and D2 proteins were
refined in Swiss PDB Viewer (SPDBV). Individual loops
were minimized using 500 steps of steepest descent then
subsequently by 100 steps of the conjugate gradient method.
Harmonic constraints was used for loop energy minimiza-
tion in SPDBV [http://spdbv.vital-it.ch/index.html]. The
modeled D1 and D2 structures were finally energy mini-
mized with Schrodinger Macromodel module (Macromodel,
version 9.8, Schrodinger) using MMFFs force field in a
water environment until converging at a termination gradi-
ent of 0.05 kI mol ™' A™'. The H-bonds were fixed using the
SHAKE algorithm during MD.

Evaluation of structural model
Stability of the homology model was validated by the

Structural Analysis and Verification Server (http://nihserver.
mbi.ucla.edu/SAVES/), which has inbuilt tools such as
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PROCHECK, [11] WHAT CHECK, WHATIF, PROSA,
ERRAT, PROVE and VERIFY-3D.

Establishment of the reaction center

The D1/D2 reaction center was constructed with one bicar-
bonate, one (3-carotene, five chlorophyll, two phenophytin
and two plastoquinone ligands. Cofactors: iron and the
oxygen evolving center (OEC) were retained along with
D1/D2 protein. Two reaction centers, S and R, of P. minor
were used for further MD simulation analysis [12].

MD simulation

Complete models of PS-II both resistant and susceptible,
along with cofactors and ligands were simulated with
GROMACS 4.0.7 in lipid environment of 1-palmitoyl-2-
oleoylglycero-3-phosphoglycerol (POPG) [13]. Then itp
files of ligands and cofactors were generated using the
Dundee server [http://davapc]l.bioch.dundee.ac.uk/prodrg/].
To maintain the compatibility with ligands and cofactors,
the ffgmx force field parameter was used in GROMACS
[14]. The simulation started with preprocessing of the D1/
D2 protein reaction center with ffgmx force field parameter.
Thereafter, ligands pdb were processed in the dundee server
and added to protein.pdb files to generate a complete
protein-ligand file [http://davapcl.bioch.dundee.ac.uk/
prodrg/]. Four parameter files were used as input for MD
simulations; energy minimization (em.mdp), temperature
equilibration (nvt.mdp), pressure equilibration (npt.mdp)
and MD (md.mdp) files [15] [http://cluster.earlham.edu].

Simulation in lipid environment

Lipid PDB was obtained from lipid book data bank (http://
lipidbook.bioch.ox.ac.uk/lipid/show/id/2.html). Models were
centered in a box of dimensions 5.90790:5.89520:7.54620.
The solvent box started with a pre-equilibrated box of 128
POPG and 3,527 water molecules.

Co-ordinates of the PS-II reaction center complex and
equilibrated solvent box were merged using the command

Fig. 1 a 3-(4-isopropyl-
phenyl)-1,1-dimethylurea (iso-
proturon), b 1-(4-
isopropylphenylamino) -1-
(dimethylamino)-2-(1H-1,2,4-
triazol-1-yl)ethanol)

Y ¢
N N\\_?
@)

genbox, which removes water molecules automatically
where their Van der Waals radii would overlap with the
protein structure. The whole system was then solvated with
water, resulting in box of 5.90790:5.89520:7.54620 dimen-
sion with 128 POPG and 3,982 water molecules. All water
present in the hydrophobic core was removed manually. To
neutralize the system, water molecules were replaced with
138 Na“ and 10 CI” ions to neutralize the overall system
charge and provide an additional salt concentration. After
ions were added, 3,962 water molecules remained in the
system. The particle mesh Ewald (PME) method was used
for calculation of coulombic interactions.

Additionally, sodium and chloride ions were added because
explicit considerations of ions have beneficial effects on sec-
ondary structure stability [16]. The system was minimized for
20 ps using the steepest decent/conjugate gradient method,
then equilibrated for pressure with isotropic pressure coupling
(Tp,=1.0 ps) to 1 bar and temperature coupling (T;=0.1 ps) to
310 K, using a Berendsen protocol; the MD simulation was
finally carried out for 1,000 ps using the parameters listed in
Table S1.

Simulation of the binding site

CASTp program was used for cavity area and volume simu-
lation in both susceptible and resistant biotype of PS-II reac-
tion center [17]. Cavities that possess mutated residues were
considered for molecular docking.

Docking

Autodock 3.0 [18] was used for docking of herbicide
(isoproturon) with the reaction center proteins. TDI was
also docked at the binding site, considering it as a lead
molecule in order to enhance specificity for weeds
(Fig. 1).

The structures of susceptible and resistant D1/D2 PS-II
reaction centers were set up for docking with isoproturon
and TDI. Amino acids at positions 62 and 67 were consid-
ered as the center of the grid map in both reaction centers of
PS-II. The dimensions of the grids for susceptible reaction

/

—N
OH

(b)
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centers D1, /D2 proteins of PS-II were 36:36:36 A, with
the center coordinates (31.5, 26.5, and 64.0) close to the
G62 and V67 of D1 protein. Similar parameters were used
for resistant reaction center D1gy/D2; the grid center was
close to residues S62 and A67. Auto Dock3 with a genetic
search algorithm was chosen for all dockings. The opti-
mized Auto Dock run parameters were set for both isopro-
turon and TDI. Both molecules were preprocessed for
docking with the help of autotors (root, and no. of rotatable
bonds). Maximum number of energy evaluations, number of
generation in the genetic algorithm (GA) and number of GA
per run were set to 2,500,000; 2,700,000 and 50
respectively.

Receptor based pharmacophore and de novo drug design

The POCKET module of Ligbuilder [19] was used for
receptor-based pharmacophore simulation for the best
docked conformation of TDI. By running the POCKET
program, the binding pocket from the 3D structure of PS-
II models (represented in PDB format) was analyzed, and
the information necessary to run the GROW module was
prepared. The key interaction sites within the binding pocket
were also derived. Fragments from TDI were used as seeds
in the GROW module to construct the ligand molecules for
the target protein by applying the growing strategy. Three
subsets of TDI (1H-1,2,4-triazole; propan-2-ylbenzene;
(1R)-2-amino-1-(dimethylamino)-1-(methylamino)ethanol)
were used as seeds. The GROW module was used with
population size of 3,000; a generation limit of 20; and a
maximum output of 200 as a parameter. All the resul-
tant molecules were collected in ligand collection_file
(ligbuilder lig file). The PROCESS module was used to
extract the grown molecules from the Grow module
with default chemical criteria except mol. weight, which
was set to 400 Da. A total of 200 molecules was
filtered out according to their binding affinities to the
target protein.

Virtual screening of de novo simulated molecules

Molecules simulated by LigBuilder using a de novo
receptor-based drug design approach were docked by the
molegro virtual docker to rerank them in terms of docking
affinity [20]. The binding site for the modeled D1/D2 reac-
tion center was defined with a cavity volume of 30.208 A
and surface area of 116.4 A. The center of the binding site
was 31.38:33.02:69.14 in the X, Y and Z dimensions, cov-
ering an area with a radius of 12 A. Grid resolution was set
to 0.3 A. Docking wizard parameters were as follows:
number of runs 10; max iteration 1,500; max population
size 50, using Mol Dock SE with maximum poses returned
to one.

@ Springer

Results and discussion
Annotations of psb4 CDS and phylogenetic analysis

Functional annotation has shown that the D1 protein
belongs to superfamily Photo RC L/M (SSF81483) and
family Photo RC (PF00124). The print database identifies
it as reaction center protein (PR00256) with five conserved
motifs. Prosite accession no. (PS00244) has the signature
for photosynthetic reaction center [NQH]-x(4)-P-x-H-x(2)-
[SAG]-x(11)-[SAGC]-x-H-[SAG](2). INTERPRO, BLOCK
ID CATH and SCOP ID are IPR000484, IPB000484, 1PRC
and 2RCR, respectively. Functional annotation of the
sequence has also shown that D1 proteins of P. minor, both
susceptible and resistant is a psbA fragment of 263 amino acid
residues, which is truncated at both N- and C-terminals and
has a molecular weight of 28.538 kDa.

Phylogenetic analysis

PDB BLAST of the psbA amnio acid sequence of the D1
protein of P. minor has shown that it is closest to the wheat
family while that of the psbD amino acid sequence of D2
protein has shown that it is closest to 2AXT of T. elongatus
with highest score. To construct a complete CDS, phyloge-
netic analysis was performed. Pairwise analyses of sequen-
ces shows that, among the sequences analyzed, 7. aestivum
and P. minor have the highest alignment score. The phylo-
gram was constructed by the ‘Neighbor-Joining using %
identity” method. The phylogram shows that P. minor is
closer to 7. aestivum (wheat) than to 7. elongatus.

Based on this finding, they D1 protein of Pminor was
aligned with refseq of 7. aestivum (32 kDa) D1 protein (>gi
13928185|dbj [BAB47014.1]) to determine residues of the C
and N terminii of the D1 protein. Alignment showed 38
residues (MTAILERRESTSLWGR FCNWITSTENRLY
IGWFGVLMI) truncated at the N-terminus and 52 residues
truncated at C-terminus (FNQSVVDSQGRVINTWADI
INRANLGMEVMHERNAHNFPLDLAAVEVPS) of both
D1 proteins. These truncated sequences were concatenated
to both S and R D1 proteins for modeling, complete sequence
were used for MD simulation.

Based on the phylogenetic relationships, the wheat refer-
ence sequence (|13928190|dbj|BAB47019.1| of PS-IT D2
protein [Triticum aestivum]) from the NCBI reference
sequence database was used for homology modeling and for
construction of the PS-II reaction center (Fig. S1).

Homology modeling
Susceptible D1, protein and resistant D1, protein pro-

duced significant alignment with A-chain of PS-II of T
elongatus (pdb|2AXTI|A, pdb|2AXT|AA), and D2 protein
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1 Plastoquinone I

Oxygen evolving
center

[ |
(a)

(b)

Fig. 2 Modeled structure of a susceptible D1 protein; b resistant D1 protein; side chains of Ser62, Ala67, and Leul35 are shown in the figure.
Structures are shown in ribbon drawing and ligands in stick form. Diagrams were generated using Yasara [http://www.yasara.org/]

shows excellent alignment with D-chain of PS-II of T.
elongatus (pdb|]2AXT|DD) (Table S2). The 3.0 A resolution
structure of the bacterial reaction center was obtained from
PDB. The crystal structure of 7. elongatus PS-II model
consists of 38 polypeptides along with 139 ligands and 10
cofactors [10]. Considering the sequence homology, for
psbA sequence (D1) and for psbD (D2) were taken as
templates [10].

D1 protein homology modeling

Modeling was performed by prime (Prime, v2.2, Schrodinger,
LLC), ligands and cofactors were introduced into the model
from the template, which was close to the reaction center.
Incorporated molecules were one (3-carotene, one bicarbonate
ion, one phenophytin-a, two chlorophyll-a and two plastoqui-
nones, along with cofactors iron and OEC. Modeled proteins
were energy minimized (Fig. 2).

D2 protein homology modeling

D2 protein was modeled using prime (Prime, v2.2,
Schrodinger, LLC) with ligands; 3-carotene (1), bicarbonate
ion (1), chlorophyll-a (4), phenophytin-a (2), plastoquinone
(2) and cofactor; iron (Fig. 3).

Validation

The results were validated at using the NIH server (http://
nihserver mbi.ucla.edu/SAVS/ http:/nihserver.mbi.ucla.edu/
SAVES/}. Individual proteins modeled with overall quality
factors of 91.584, 94.118, and 89.024 for susceptible D1 g,
proteins, resistant D1 g, protein and D2 protein, respectively.

Residues were checked for stereochemical parameters for both
S and R biotypes and all the residues were in the allowed
region of ¢ and ¢ angles, althouth the D2 protein has 1.7%
generously allowed region (Table S3).

PROSA (https://prosa.services.came.sbg.ac.at/prosa.php)
was used to check 3D models of protein structure for
potential errors. The Z-score indicates overall quality and
measures the deviation of the total energy of the structure with
respect to an energy distribution derived from random con-
formations. A negative PROSA score indicates the correctness
ofthe modeled protein. The PROSA profiles calculated for the
modeled susceptible D1 s, protein and D2 protein were similar
to the template A-chain and D-chain, respectively. The overall
quality of the target D1 proteins of both S and R models was
reflected in the Z scores of —2.75 and —2.40, respectively,
which are comparable to the template Z-score —3.13.

B carotene

p Chlorophyll-A

Fig. 3 Modeled D2 protein of PS-II reaction center. This model contain
ligands; a (-carotene and bicarbonate ion each, four chlorophyll-a
molecules, two phenophytin-a, two plastoquinone and a cofactor Fe
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The Z-scores of the modeled D2 protein and template
D-chain are very close, at —0.15 and —0.25, respectively.
The PROSA potential energy curve of the modeled
proteins were very similar to their respective templates.

Construction of PS-II reaction center

Two models of the reaction center—one for resistant biotype
and another for susceptible biotype—were constructed. The
ligands and cofactor common to D1 and D2 protein were
removed. The final PS-II reaction center has D1s/g) protein ,
D2 protein, ligands (one [3-carotene, one bicarbonate ion, five

RMSD

Backbone afier 1sq fit 1o Backbone

chlorophyll-a, two phenophytin-a, two plastoquinone) and
cofactors (iron and OEC).

MD simulation

MD simulation was performed for both susceptible and
resistant D1gry/D2 PS-II reaction centers of P minor
along with ligand and cofactors in a lipid environment.
Here, we are giving the elaborated results of resistant
D1/D2 PS-II reaction center analysis; the MD simula-
tion data for the resistant and susceptible PS-II model
are tabulated in Table S4a—c.
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Fig. 4 a Root mean square deviation (RMSD) of backbone relative to
the minimized and equilibrated structure. b RMSD of backbone rela-
tive to PS-II structure before minimization and equilibration. ¢ Radius
of gyration plot of PS-II model’s MD simulation in lipid environment.
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and was of the order of 10° during the entire simulation in lipid
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D2 protein

5

Ligands and
cofactors

(2)

Fig. 5 a 3D structure of modeled PS-II reaction center of P. minor
along with cofactors. D1 protein is shown in purple and D2 protein is
shown in brown. Cofactors are shown in stick notation. b Modeled PS-
II reaction center superimposed over the template bacterial reaction

Simulation in lipid
RMSD analysis

Root mean square deviations of the backbone relative to the
minimized and equilibrated structure and relative to the
structure before minimization and equilibration (modeled
reference) were calculated (Fig. 4). From the plots it is clear
that, in the lipid environment, the structure deviates from the
starting structure with an RMSD value of approximately
~0.325 nm. This is an acceptable value indicating that the
structure is stable during simulation. Differences between
the two RMSD plots indicate that the minimized and equil-
ibrated structure at t=0 ps is slightly different from the
starting structure. The RMSD value relative to the energy-
minimized structure at t=0 ps is 0.03 nm, while that relative

Fig. 6 Topology of both D1
and D2 generated using
TopPred, a tool at Expasy
server [http://www.cbib.u-
bordeaux?2.fr/pise/toppred.
html]. D1 has seven
transmembrane helixes
spanning residues 35-55, 77—
97, 109-129, 144-164, 168—
188 and 196-216)

\

Template PSII
(Green)

J1]
./ UV

Pink modeled
PsIl

(b)

center. Template is shown in green and modeled is shown in pink.
Ribbon drawing indicates helices, and cofactors are in stick form.
Deviation between template and modeled reaction center is 1.7175 A

to the starting structure value is 0.13, and this happens due
to imperfect position restraints.

Radius of gyration

The radius of gyration (R,) is a measure of protein compact-
ness. In the plot (Fig. 4c) of R, from t=0 ps up to t=100 ps,
the R, value decreases very rapidly from ~2.683 to 2.635.
Thereafter it varies in the range of 2.66 nm—2.63 nm, mean-
ing that the R, values are almost static in this range, indi-
cating a stable protein.

Potential energy

The potential energy plot (Fig. 4d) follows the hypothesis of
native structure, meaning thereby that potential energy is

LUMEN

K»_[ [ ] Segment Putative
l:l Segment Certain
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negative and of the order of 10°, which is an acceptable
energy range for such a complex system.

Ramachandran score

All results, i.e., RMSD values, R, and potential energy
analysis, show values in the acceptable range, indicating
that MD simulation of a membrane protein in a lipid envi-
ronment is the favorable environment, therefore the stability
of the structure is maintained. Ramachandran score of

(b)

structure in core, allowed and generously allowed regions
are 82.9, 15.8 and 1.3, respectively (Fig. S2).

Deviation from template bacterial PS-11

RMSD deviation from template to the constructed D1 gy/D2
reaction center was 1.799 A and 2.199 A, for D1 gy protein
and D2 protein. The ligands and cofactors have RMSD
values slightly less 1.1564 A. The whole reaction center
deviates from its equivalent bacterial reaction center

8

(I) 1H-1,2,4-triazole. Two hundred molecules were
filtered out according to their binding affinities to the
target protein. All molecules were grouped into 10
clusters

1%

\'\ :,5 16
/ \K
O
HT\ \ 1

10

M

18

Mg
1

(IT) propan-2-ylbenzene
4

(III) (1R)-2-amino-1-(dimethylamino)-1-
(methylamino)ethanol

Fig. 7 Receptor-based de novo design of molecules. a Binding sites of TDI and its cavity. b Pharmacophore of triazole derivative (grey)
hydrophobic sites. Blue H-bond donor, red H-bond acceptor. ¢ (LII & III) Seeds for grow module of LigBuilder for de novo synthesis
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(template) by 1.7175 A RMSD (Fig. 5). The simulated
D1syD2 reaction centers have slightly less deviation from
the bacterial reaction center, with RMSD values of 1.025 A.
D1 s) and D2 proteins have RMSD values of 1.858 A and
1.105 A, respectively, while ligands and cofactors have an
RMSD value of 0.112 A.

The topology of both D1 and D2 revealed seven trans-
membrane alpha helices. The transmembrane alpha helices
of D1 are denoted as 1,2,3,4,5,6, and 7. There are also
several other non-transmembrane helices, which are based
on bacterial template because the sequence of D1 is well
conserved (Fig. 6).

Docking study

The CASTp program was used for cavity area and volume
simulation of the binding site in both susceptible and resis-
tant biotype PS-II reaction centers [17]. The binding site
has a small cavity that possesses mutated residues S62
and A67.

Docking was performed with AutoDock 3.0 to explore
the difference in binding and docking energies of isopro-
turon and TDI with the S and R models of PS-II reaction
center. Docking and binding energies of three best conforma-
tions were considered (Table S5a). The difference in docking
energies seen in Table S5b and Table S6 explain why TDI is
more effective. The best docked complex of the TDI and
D1(ryD2 reaction center was used for pharmacophore- and
receptor-based drug design.

Pharmacophore study based on TDI

Ligbuilder was used for the de novo design of a new herbi-
cide using TDI as lead molecule. A pharmacophore simu-
lated by the pocket in resistant D1g)/D2 is shown in Fig. 7b.
A hydrophobic map of the TDI complex with the reaction
center is shown in Fig. 7a. The distances between key
interaction sites within the binding pocket were also derived
and are listed in Table S7.

Proposed molecule for further synthesis

1H-1,2,4-triazole, propan-2-ylbenzene and (1R)-2-amino-1-
(dimethylamino)-1-(methylamino)ethanol as fragments of
TDI (lead molecule) were taken as a seed for de novo
receptor-based ligand designing. These three seeds were
grown in the pocket and processed, which finally yielded
200, 200 and 7 molecules. All these molecules were
redocked to the binding site and the best five were taken
from the set (Tables 1, 2, 3).

Concluding remarks

In our previous work addressing the resistance of P. minor to
isoproturon and some other herbicides based on D1, pro-
tein, some derivatives of isoproturon were synthesized and
proved effective in both biotypes. However, the most potent
of these, viz. a triazole derivative of isoproturon (TDI)
causes growth retardation of wheat for a short time [8]. In
order to achieve further improvement of an earlier model,
the N and C termini in D1 g/, protein were both truncated
and concatenated and thus a D1/D2 PS-II reaction center
was constructed with the aid of phylogenetic analysis to
construct a complete D1s)r) protein. Sequence of the D2
protein of P. minor is not available therefore a reference
sequence for the same family has been considered as a
construct representing the D1/D2 reaction center along with
ligands and cofactors to simulation the native environment
for herbicide binding. This is the first time that the D1/D2
reaction center of PS-II of P. minor has been modeled and
simulated for the design and development of herbicides.
Both susceptible and resistant D1g)r) proteins were
modeled after adding the N and C terminal in the amino
acid sequence. The N and C termini were taken from
wheat’s D1 protein reference sequence obtained from phy-
logenetic analysis. The structure of PS-II is a complex
assembly of multiple peptides, ligands and cofactors.
Therefore ligands and cofactors that are very close to the

Table 1 De novo designed molecules and their scores derived from 1H-1,2,4-triazole

1H-1,2,4-triazole Molecular  LigBuilder Docking score at the Off target (wheat D1
weight target D1ry/D2 protein) docking score
Log P Binding affinity PkD ~ Chem score =~ Moldock score ~ H-bond ~ Moldock score ~ H-bond

[-C22H30N502 396 5.38 7.47 —60 —172.83 —6.66 —140.49 -5.13
1I-C20H29N404 389 5.49 7.00 —60 —170.86 —-10.01 —103.56 —6.65
1I-C20H29N403 373 4.99 7.29 —60 —-160.7 -2.94 —-105.7 -2.55
IV- C23H30N402 394 5.71 7.27 —60 —158.23 -3.87 —138.40 =7.15
V-C21H28N502 382 4.37 7.24 =70 —158.23 —6.60 —138.28 —-7.58
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Table 2 De novo designed molecules and their scores derived from propan-2-ylbenzene

Propan-2-ylbenzene Molecular weight LigBuilder

Docking score at the target Off target (wheat D1 protein)

D1gyD2 docking score
Log P Binding affinity PkD Chem score Moldock score  H-bond  Moldock score H-bond
I- C24H40N202 388 445 714 =30 —-167.42 —8.84 —105.82 —8.39
II- C22H36NO2 346 5.18  7.01 -30 —162.41 —7.63 —-106.15 —7.99
I1I- C24H36NO3 386 443 6.88 -110 -162.10 —7.28 —112.45 =791
IV- C24H37N202 385 530 7.19 =30 —159.22 —8.05 —114.85 -12.13
V- C24H36NO3 386 455 790 —40 —158.94 —9.810 —124.88 =7.10

reaction center were considered to maintain their structural
integrity during simulation. Finally, two models of the PS-II
D1/D2 reaction center were constructed, one model contains
susceptible D1y along with D2 and cofactors, the second
model resistant D1y along with D2 and cofactors. Both
models were energy minimized and simulated in
GROMACS using the ffgmx force field. Since itp files of
cofactors were generated by the dundee server, which uses
the ffgmx force field, to maintain the compatibility with
ligands and cofactors the ffgmx force field was used in
GROMACS. As the D1/D2 reaction center is a complex
system of membrane proteins, MD simulation was performed
in a lipid (POPG) biphasic environment Table S4a—c. The
susceptible D1s/D2 and resistant D1gy/D2 reaction center
deviate from its equivalent bactreial reaction center by
1.025 A and 1.7175 A RMSD, respectively (Fig. 7). The
susceptible D1 (g, protein containing the PS-II model deviates
slightly less from the bacterial reaction center. The final mod-
eled and simulated D1/D2 reaction center contains one
[3-carotene, one bicarbonate ion, five chlorophyll-a, two
phenophytin-a, two plastoquinone and cofactors: iron
and OEC (Fig. 7).

From the toplogy of the membrane protein, it is clear that
the binding site lies in the stromal region of the first loop
ranging from residues 55 to 77, which harbors both mutated
residues S62 and A67 (Fig. 7). Isoproturon and TDI are both
small hydrophobic molecules that could cross cell membranes

due to ideal logP values and low molecular weight. This
should favor diffusion of this hydrophobic molecule through
the membrane.

From docking studies of isoproturon with susceptible and
resistant D1/D2 PS-II reaction centers, it is clear that iso-
proturon binds more favorably to the susceptible D1 pro-
tein than to the resistant D1 g, protein (Table S5a). Docking
studies have shown that TDI binds effectively to the resis-
tant D1 gy protein with large differences in docking score
(Table S5b). However, the docked conformation of isopro-
turon in the susceptible reaction center is more highly sta-
bilized by hydrogen bonding than in the resistance reaction
center. The best docked complex of TDI was used for
pharmacophore generation followed by receptor-based drug
design.

The key site of interaction and receptor based pharmaco-
phore was simulated (Table S7; Fig. 7), clearly showing the
complete loss of a hydrogen bond donor site at the binding
site in resistant D1 g, protein, thus giving an explicit idea of
the type of modification in the lead molecule. Based on the
pharmacophore of the receptor, new molecules were simu-
lated in very stringent conditions. These simulated mole-
cules were further redocked to rank them using molegro
virtual molecular docker (Tables 1-3). Structures and
SMILE notation of the best five redocked molecules of each
seed are given in Table S8. The binding affinity (Pkd) and log
P of the simulated molecules are in the range of 6.88—7.90 and

Table 3 De novo designed molecules and their scores derived from (1R)-2-amino-1-(dimethylamino)-1-(methylamino) ethanol

(1R)-2-amino-1-(dimethylamino)-  Molecular weight  LigBuilder Docking score at the Off target (wheat D1

1-(methylamino)ethanol target D1zy/D2 protein) docking score
Log P Binding affinity Chem Moldock  H-Bond  Moldock H-bond

PkD score  score score

I- C22H42N402 394 3.33 517 =50 —122.23 -3.85 —56.23 —-10.89

II- C21H45N502 399 3.80 5.20 =90 —120.24 —6.12 —66.90 —-10.05

II- C22H44N402 396 3.50 5.84 —40 —117.68 -2.85 —69.49 -1.6

IV- C21H42N402 382 3.84 5.19 =70 —117.49 -3.98 -77.37 -7.6

V- C20H43N402 371 3.62 5.07 =70 —115.24 -7.32 —63.57 -4.7

@ Springer



J Mol Model (2012) 18:3903-3913

3913

0f'4.43-5.49, respectively (Tables 1, 2). These molecules also
have higher moldock scores. Molecules simulated from 1H-
1,2,4-triazole derivatives gave higher moldock scores.
Therefore, considering feasible synthesis routes for 1H-
1,2,4-triazole based derivatives, more effective and selective
molecules could be synthesized and tested. Off target analysis
(Table S7a—c) was also performed on the modeled wheat D1
protein (Fig. S3). These in vitro designed molecules showed
less affinity with wheat D1 protein. Therefore, designed mol-
ecules could be more selective and more potent than the parent
triazole derivative of isoproturon. Moreover knowledge from
this theoretical PS-II reaction center model could be better
utilized for the design and synthesis of new analogs of iso-
proturon, which are likely to substitute presently used herbi-
cides for overcoming resistance.
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