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The shikimate pathway enzyme 5-enolpyruvyl shikimate-3-phosphate synthase (EPSPS) catalyzes the
reaction involved in the production of amino acids essential for plant growth and survival. Thus, EPSPS is
the main target of various herbicides, including glyphosate, a broad-spectrum herbicide that acts as
a competitive inhibitor of phosphoenolpyruvate (PEP), which is the natural substrate of EPSPS. However,
punctual mutations in the EPSPS gene have led to glyphosate resistance in some plants. Here, we
investigated the mechanism of EPSPS resistance to glyphosate in mutants of two weed species, Conyza
sumatrensis (mutant, P106T) and Eleusine indica (mutant, T102I/P106S), both of which have an
economic impact on industrial crops. Molecular dynamics (MD) simulations and binding free energy
calculations revealed the influence of the mutations on the affinity of glyphosate in the PEP-binding site.
The amino acid residues of the EPSPS protein in both species involved in glyphosate resistance were
elucidated as well as other residues that could be useful for protein engineering. In addition, during MD
simulations, we identified conformational changes in glyphosate when complexed with resistant EPSPS,
related to loss of herbicide activity and binding affinity. Our computational findings are consistent with
previous experimental results and clarify the inhibitory activity of glyphosate as well as the structural
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Introduction

Glyphosate (N-(phosphonomethyl)glycine) is the most relevant
and widely used broad-spectrum organophosphate herbicide in
agriculture owing to its low cost and high efficiency.*” Glyph-
osate inhibits enolpyruvylshikimate-3-phosphate synthase
(EPSPS), a transferase family enzyme that converts phospho-
enolpyruvate (PEP) and shikimate-3-phosphate (S3P) to 5-enol-
pyruvyl shikimate-3-phosphate (EPSP) in the penultimate step
of the shikimate pathway leading to the biosynthesis of
aromatic amino acids.>*® Structural studies indicate that
glyphosate acts as a competitive inhibitor of PEP, mimicking an
intermediate state of the EPSPS-substrate complex, thus
inhibiting enzyme catalysis.®

The application of glyphosate in a wide range of industrial
crops has led to the emergence of new resistant weeds
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target-site resistance of EPSPS against glyphosate.

worldwide.” There are two known main mechanisms of EPSPS
resistance to glyphosate: (1) target-site resistance (TSR) and (2)
non-target site resistance (NTSR).*® In general, NTSR in weeds
can be conferred as a result of the alteration of one or more
physiological processes, including herbicide absorption, trans-
location, sequestration, and metabolism.* The TSR mechanism
is due to structural changes in the target protein, leading to
a reduction in binding affinity of the ligand to the active site,
thus decreasing herbicide interaction. Different EPSPS muta-
tions have been evaluated and reported to confer resistance to
glyphosate in weeds, including the double substitution
Pro106Leu and Thr102Ile observed in several weed species.®**>*
Understanding the EPSPS TSR mechanisms in mutant species
could aid in the development of new commercial herbicides
with less toxicity and greater efficiency.

Genetically engineered crops use EPSPS variants with high
catalytic efficiency and tolerance to glyphosate, which confer an
advantage over susceptible weed species.””** The selection of
new mutations leading to alterations in the EPSPS structure
could aid in the development of glyphosate-resistant plants to
improve agricultural production.”*® Conyza sumatrensis (buva)
is a weed species in the botanical class Magnoliopsida. Conyza
sumatrensis and C. canadensis are the most widespread species
in the world and are considered the main weeds in soybean
crops. The widely known resistance of C. sumatrensis EPSPS
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(CsEPSPS) is due to the P106T mutation.”” Eleusine indica
(chicken-grass) is a weed species that widely occurs in different
parts of the world. Glyphosate resistance in E. indica EPSPS
(EIEPSPS) is due to the presence of the double mutation T1021/
P106S (named TIPS) that recreates the commercial EPSPS
structure in transgenic crops that are tolerant to first-generation
glyphosate.>®*® The double mutation confers a high glyphosate
resistance in E. indica mutants, approximately 180-fold greater
than that of the wild-type.*®

Certain environmental factors, such as compacted soil, low
fertility, and high acidity, confer a competitive advantage for the
development of weed species in some commercial crops.
Additionally, the appearance of glyphosate resistance has
caused negative economic impacts worldwide.” Thus, compu-
tational methods have been applied to investigate the structural
impact of mutations on different enzymes to analyze the
stability and affinity of ligand binding, as well as possible
conformational changes at the catalytic pocket that lead to
impairment of enzymatic activity.*** Recently, we used the free
energy surface and quantum mechanics/molecular mechanics
(QM/MM) approach to study the catalytic mechanism of EPSPS
and the individual roles of catalytic residues Asp313 and
Glu341.° In the present study, we applied different computa-
tional methods, molecular dynamics (MD) simulations and
binding free energy calculations, to explore the molecular
interactions involved with the site-directed mutations in the
EPSPS structure of C. sumatrensis (mutant, P106T) and E. indica
(mutant, T102I/P106S). Our computational results clarify the
implications of these mutations on the binding affinity of
glyphosate to resistant and sensitive variants of EPSPS and
could further aid in the development of genetically engineered
glyphosate-tolerant crop species.

Materials and methods

Structural predictions and validations of wild-type and
mutant EPSPS structures

The wild-type structures of EPSPS were obtained by homology
modeling using the SWISS-MODEL server® and the crystallo-
graphic structure of Vibrio cholera EPSPS (PDB ID: 3NVS, X-ray;
resolution: 1.02 A). The resistant EPSPS models were obtained
using the UCSF Chimera program®® and rotamers function.
Finally, the models were validated using energy and stereo-
chemical parameters. The energy profiles were analyzed by
QMEAN,* and the stereochemical quality was evaluated by
a Ramachandran plot in the PROCHECK program,*® both
available in the SWISS-MODEL server.*

Molecular dynamics simulations of EPSPS-glyphosate
complexes

To analyze the variant structures of EPSPS (mutant and wild-
type) complexed with the substrate shikimate-3-phosphate
(S3P) and the inhibitor (glyphosate), we performed 100 ns of
MD simulations in the Amber18 package. The coordinates of
glyphosate and shikimate-3-phosphate were obtained from the
homology model based on the crystallographic structure (PDB

This journal is © The Royal Society of Chemistry 2020

View Article Online

RSC Advances

ID: 3NVS). First, the protonation state of the ionizable residues
was analyzed by pK, calculations using the PDB2PQR server.*
Second, the ligand charges were calculated using the restrained
electrostatic potentials (RESP) approach with the Hartree-Fock
method and the 6-31G* basis set in the Gaussian09 program.*'
Third, the Leap module of Amber18 was used to build the
receptor-ligand complex parameters where the ff14SB force
field** describes the protein atoms, and the general amber force
field* treats the ligand atoms. Finally, these complexes were
solvated in a cubic water box using the TIP3P explicit solvation
model* with a radius of 12.0 A between the box and the protein
surface. The counterion Na® was added to neutralize the
protein-ligand systems. Before performing the MD simulation,
each protein system was minimized to reduce the overall energy
using the steepest-descent and conjugate gradient algorithms.*
Minimization was performed in four steps: the first step cor-
responded to the minimization of the solvation waters and
counterions of the system, the second minimization corre-
sponded to the hydrogen atoms of the protein, in the third step
all hydrogens and water molecules were minimized and finally,
the whole system.

After minimization, heating of the systems was started at 10
K and gradually increased to 300 K over 100 ps with constant
volume constraints. We carried out 200 ps of density equili-
bration with weak restraints on the protein-ligand complexes
followed by 700 ps of constant pressure equilibration at 300 K. A
Langevin thermostat was used to maintain the temperature of
the system at 300 K. The SHAKE algorithm* was used to
maintain all of the H-bonds at their equilibrium distances,
which allowed the use of an integration time step of 2 fs. The
MD simulation was performed with 100 ns for each analyzed
system.

Binding free energy calculations

The trajectories of each MD simulation were used to calculate
the binding free energy of EPSPS complexed with glyphosate.
We performed the molecular mechanics generalized Born
surface area continuum solvation (MM/GBSA)*” method avail-
able in the Amber18 package. Using the CPPTRAJ program
implemented in Amber18, the non-complexed ions and waters
were removed before performing the binding free energy
calculations. For both mutant and wild-type complexes, 1000
trajectory snapshots were used to compute the binding free
energy values. The free energy decomposition per residue was
calculated as a function of the MM/GBSA method.

Results and discussion

We used a computational approach to investigate the effects of
well-known mutations on the EPSPS structure of two of the most
widespread weed species with resistance to glyphosate, C.
sumatrensis and E. indica (Fig. 1).

Firstly, we analyzed the root-mean-square deviation (RMSD)
plot of 100 ns MD simulations. E{EPSPS structures showed that
the native, sensitive variant maintained its conformational
stability over the MD simulation when compared with that of
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Fig. 1 Location of analyzed mutations in the structures of Conyza sumatrensis 5-enolpyruvyl shikimate-3-phosphate synthase (CsEPSPS
mutant, P106T, panel (A)) and Eleusine indica EPSPS (EiEPSPS double mutant, T1021/P106S, panel (B)). In the active site are the substrate shi-
kimate-3-phosphate identified in purple (S3P) and the inhibitor glyphosate in pink. The 2D structures of S3P and glyphosate are shown in panels

(C) and (D), respectively.

the resistant form (Fig. 2). The native variant had a deviation of
approximately 2.0 A from the initial structure, whereas the
resistant variant showed RMSD values slightly greater than 2.0
A. Both the sensitive and resistant structure of CSEPSPS showed
similar deviations in RMSD values, remaining stable after 60 ns
of the MD trajectory (Fig. 2).
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Glyphosate complexed with resistant EPSPS variants
undergoes conformational changes during the MD
simulations exhibiting a condensed form

In the wild-type EPSPS of E. coli and S. pneumoniae glyphosate
exists in an extended conformation.®*® In contrast, in Agro-
bacterium sp. strain CP4 EPSPS glyphosate adopts a shortened
conformation, which is achieved through rotation about the
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Fig. 2 Root-mean-square deviation (RMSD) plots of Conyza sumatrensis 5-enolpyruvyl shikimate-3-phosphate synthase (CsEPSPS) and
Eleusine indica EPSPS (EiEPSPS) variants complexed with glyphosate and shikimate-3-phosphate (S3P) obtained over 100 ns of molecular
dynamics simulation. (A) CsEPSPS sensitive (orange) and resistant (purple) structures. (B) E/EPSPs sensitive (red) and resistant (blue) structures.

The backbone atoms C, N, and O were used in this analysis.
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Fig. 3 Average values of the dihedral angles assumed by glyphosate
when complexed with resistant and sensitive Conyza sumatrensis 5-
enolpyruvyl shikimate-3-phosphate synthase (CsEPSPS) and Eleusine
indica EPSPS (E/EPSPS) structures. The dihedral angle values were
obtained over 100 ns of molecular dynamics simulation for sensitive
and resistant variants of both species.

N-C bond adjacent to the glyphosate carboxyl group.>® Based on
a previous study,” we assumed that only the extended confor-
mation appears to be inhibitory. Thus, we analyzed the average
dihedral angle of glyphosate atoms (C1, N1, C2, and C3)
acquired during the MD simulations. The reference values
found in the X-ray structure showed that the angle between
these atoms of glyphosate in the active form (extended confor-
mation) was 179.71° (PDB: 2GGD);>* however, in the condensed
form (inactive conformation), the angle was 56.06° (PDB:
2GGA), which does not inhibit the EPSPS activity.>*

View Article Online
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The dihedral angles obtained during the MD simulation
showed that in the sensitive CSEPSPS structure, glyphosate
presented an average value of 172°, whereas the resistant
CsEPSPS had an average value of 37.29° (Fig. 3). Similar dihedral
angle values were found for glyphosate complexed with the
E{EPSPS complex.

The analysis of the dihedral angle values adopted by glyph-
osate enabled us to identify similarities with the extended
conformation (active) when complexed with sensitive variants.
In general, we verified a satisfactory correlation between the
dihedral angles obtained from our computational analyses with
those measured from the crystallographic structures of sensi-
tive and resistant EPSPS variants.*

We noticed an increase in the average interatomic distances
of the main H-bond interactions formed between glyphosate
and the EPSPS structures of the wild (sensitive) and mutant
(resistant) variants (Tables 1 and 2).

The Thr102Ile mutation in the E/EPSPS structure led to the
loss of some relevant interaction of glyphosate in this residue
position. The distance between O1 of glyphosate and the main
chain NH1 atom at position 102 increased from 2.96 to 5.77 A
when the mutation was present in the residue site (Table 1).
Moreover, the side chain of Thr102 formed a H-bond between
OH and O1 of glyphosate that did not exist in the mutant
structure. Regarding the CSEPSPS structures, it is important to
highlight that despite Pro106 not directly interacting with
glyphosate, the presence of the P106T mutation induced
structural changes in the CsEPSPS site. Thr106 (Fig. 4, panels A
and B) in the mutant CsEPSPS interacted with Thr102, thereby
reducing its interaction with glyphosate.

We also observed that glyphosate changed the interaction
with Lys22 due to the condensed conformation acquired during
the MD simulation. Lys22 of the sensitive CSEPSPS structure
interacted with the phosphate group of glyphosate, whereas the
same residue formed an additional interaction with the
carboxylate group of glyphosate in the resistant CSEPSPS. In
contrast, we observed that in the sensitive CSEPSPS, Pro106
interacted only with Ala110 and did not influence the interac-
tion of glyphosate with Thr102, which could be attributed to the
absence of H-bond interactions between Pro106 and Thr102
(Table 1). In general, the presence of a single (P106T) or double
(T102I/P106S) mutation in the resistant EPSPS causes glyph-
osate to assume a condensed conformation, which may be
related to its lower stability throughout the simulation.

Tablel Average distances of the intermolecular interactions formed between binding site residues of wild-type (sensitive) and mutant (resistant)
Eleusine indica 5-enolpyruvyl shikimate-3-phosphate synthase (E/EPSPS) structures and glyphosate

Wild-type residue Glyphosate Interatomic distance Mutant residue Glyphosate Interatomic distance
(atoms) atom (A (atom) atom (&)

Arg105 (NH1) 02 3.17 £ 0.10 Arg105 (NH1) 03 3.63 + 0.52

Arg105 (NH2) 02 2.54 & 0.14 Arg105 (NH2) o1 3.06 £ 0.23

Arg131 (NH1) 03 2.76 + 0.11 Arg131 (NH1) 02 3.80 + 0.55

Arg131 (NH2) 02 2.71 4+ 0.08 Arg131 (NH2) o1 4.04 4+ 0.78

Arg404 (NH2) 04 2.50 + 0.10 Arg404 (NH2) 05 2.85 + 0.15

Arg362 (NH2) 05 2.53 £ 0.12 Arg362 (NH2) 05 2.77 £ 0.10

Thr102 (NH1) o1 2.96 + 0.31 Ile102 (NH1) o1 5.77 £ 0.74

This journal is © The Royal Society of Chemistry 2020
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Table2 Average distances of the intermolecular interactions formed between binding site residues of wild-type (sensitive) and mutant (resistant)
Conyza sumatrensis 5-enolpyruvyl shikimate-3-phosphate synthase (CSEPSPS) structures and glyphosate

Wild-type residue Glyphosate Interatomic distance Mutant residue Glyphosate Interatomic distance
(atom) atom A) (atom) atom (A)

GIn180 (NE2) 04 2.86 =+ 0.15 GIn180 (NE2) 04 3.20 £ 0.64
Arg362 (NH1) 05 3.04 £ 0.20 Arg362 (NH1) N1 4.56 & 0.42
Arg404 (NH2) 04 2.80 £ 0.12 Arg404 (NH2) NH2 3.47 £ 0.59
Glu3s8 (OE2) N1 2.80 £ 0.09 Glu358 (OE2) N1 2.99 + 0.41
Lys22 (NZ) o1 2.78 £ 0.10 Lys22 (NZ) 03 3.01 £ 0.54
Arg131 (NH1) 03 2.77 £0.13 Arg131 (NH1) 02 3.26 & 0.49
Lys428 (NZ) 03 2.83 £ 0.26 Lys428 (NZ) — —

A Sensitive (P106) CSEPSPS B Resistant (T106) CSEPSPS
R131
R131
P106
T106 T102 GPJ

AETY
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Fig. 4 Close-up view of the glyphosate (GPJ) binding site of (A and C) wild-type and (B and D) mutants Conyza sumatrensis 5-enolpyruvyl
shikimate-3-phosphate synthase (CsEPSPS) and Eleusine indica EPSPS (E/EPSPS). The mutated residues are highlighted in red.

Thr1021le substitution has a great impact on the stability of
the binding pocket of EiEPSPS, and Arg131 and Arg362
contribute highly to glyphosate affinity in both sensitive
enzymes

In the present study, we calculated the binding free energy of
the EPSPS variants complexed with glyphosate using MM/GBSA
method (Table 3). Thereafter, we compared the half-maximal
inhibitory concentration (ICso) values obtained from the enzy-
matic activity inhibition assays.”**”** The energy values ob-
tained by computational methods for glyphosate complexed
with EPSPS structures showed a similar trend to the values
obtained by the inhibition assays. Owing to the conformational
stability of the structure verified in the last 10 ns of the MD

44356 | RSC Adv, 2020, 10, 44352-44360

Table 3 Binding free energy (kcal mol™) values obtained using
molecular mechanics generalized Born surface area (MM/GBSA)
method for both Conyza sumatrensis 5-enolpyruvyl shikimate-3-
phosphate synthase (CsEPSPS) and Eleusine indica EPSPS (E/EPSPS)
structures complexed with glyphosate and compared with the
experimental half-maximal inhibitory concentration 1Csq.2°?” Electro-
static and van der Waals components (kcal mol™) of the calculated
binding free energies calculated for CSEPSPS and E/EPSPS structures
complexed with glyphosate are shown in Table S1

CsEPSPS EIEPSPS
Structural
variants AGgpsa ICso (MM)  AGggsa 1C50 (1M)
Sensitive —95.80 + 0.47 13.55 —126.04 + 0.47 20.0
Resistant —75.64 = 0.48 106.11 —75.67 £ 0.56 52938

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 Pairwise decomposition of residue interactions energies of (A) Conyza sumatrensis 5-enolpyruvyl shikimate-3-phosphate synthase
(CsEPSPS) and (B) Eleusine indica EPSPS (E/[EPSPS) mutant (resistant, blue) and wild-type structures (sensitive, red).

simulation, we selected this interval of the trajectory to perform
the binding free energy (AGping) calculations (Table 3).

The analysis of pairwise decomposition of residue interaction
energies in the wild-type E/EPSPS structure demonstrated that
Thr102 as well as some residues of the binding pocket (Arg105,
Arg131, Lys358, Arg362, and Arg404) showed a relevant energetic
contribution to the complex affinity (Fig. 5). However, in the
double-mutant EIEPSPS structure, Ile102 and Ser106 interacted
with each other. Thus, there was no H-bond interaction between
the residue at position 102 and the phosphate group of glyph-
osate, as observed in wild-type E{EPSPS (Fig. 4).

The Thr102Ile substitution had a great impact on the affinity
of the binding pocket due to the differences in the chemical

This journal is © The Royal Society of Chemistry 2020

properties of the mutated residues. Threonine is a polar
residue, whereas isoleucine is a hydrophobic (nonpolar),
branched-chain, and aliphatic residue. Analysis of the binding
free energy decomposition plot (Fig. 5) revealed that Thr102 in
the sensitive form contributed energetically to the stability of
the complex with a value of —10.61 kcal mol *, whereas in the
resistant structure, Ile102 did not influence the affinity of the
complex. In contrast, Gly101 showed a lower contribution of
—3.85 keal mol ™ ". These results agree with previous evidence of
residue mutation in the binding site of the EJEPSPS structure.*
Jingbo Li et al (2018), using a computational approach,
proposed that a mutation in E{EPSPS (Thr102Ser) resulted in
development of resistance against glyphosate due to energetic

RSC Adv, 2020, 10, 44352-44360 | 44357
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(A) Glyphosate (GPJ) complexed with EPSPS binding site interacting with residue Arg362 during the first 30 ns of molecular dynamics

simulation. (B) GPJ assuming the condensed conformation in the last 70 ns of the molecular dynamics trajectory.

changes in the PEP binding site. Additionally, our results
showed that these energetic changes included the contributions
of Ala100, Gly101, and Thr/Ile102 in the E{EPSPS active site.

The binding free energy values obtained indicated that the
resistant CSEPSPS variant (mutant) showed a weaker affinity
than the sensitive variant to glyphosate. These results are
consistent with experimental data showing that sensitive
CsEPSPS is inhibited by 13.5 pM glyphosate, whereas the
resistant form is inhibited by a much higher concentration, 106
uM, which is much higher than the recommended glyphosate
treatment dose.”” We also observed a trend in theoretical free
energy values when compared with the experimental inhibitory
activity. The energy values obtained from the MM/GBSA method
showed a ratio of 1.26 for resistant CSEPSPS in the presence of
the mutation. The residues Gly101, Arg131, Arg362, Arg404, and
Lys428 of the sensitive CSEPSPS (Fig. 5) interact with glyphosate,
contributing to the greater binding affinity.

The loss of interaction between Lys428 and glyphosate may
explain its lack of energy contribution in the resistant CSEPSPS
structure when compared with that of the sensitive form in which
Lys428 contributed to the binding affinity with the energy of
—11.98 keal mol . Regarding the resistant CsEPSPS structure, we
noted that residues Lys22, Ala100, Gly101, Arg131, GIn180, and
Arg404 contributed to glyphosate affinity at the binding site. In
addition, it is important to highlight that Lys22 showed a greater
energy contribution (—20.33 kcal mol ). This high energetic
contribution occurred due to the loss of an interaction between
glyphosate and Arg362, which led to reduced interaction with
Arg404 throughout the MD simulation. This interaction impair-
ment induced glyphosate to assume the condensed conforma-
tion, thus interacting more strongly with Lys22. Snapshots of the

44358 | RSC Adv, 2020, 10, 44352-44360

MD trajectory when glyphosate (GP]) loses its interaction with
Arg362 are shown in Fig. 6.

Although the P106T mutation is located on the superficies of
the cavity that forms the EPSPS binding site, this substitution
promotes a stable surface that accommodates the other resi-
dues involved in the interaction of PEP, thus allowing substrate-
binding.** Our computational results demonstrate that the
target-site resistance mechanism of CsEPSPS and EiEPSPS is
related to the loss of binding affinity of glyphosate caused by the
residue mutations, which leads to the loss of relevant inter-
atomic interactions.

Conclusion

Computational analyses in this study demonstrated that
sensitive EPSPS structures complexed with glyphosate corre-
spond with the most energy-stable complexes, and the resistant
EPSPS showed less affinity for the herbicide. Additionally, we
demonstrated that the glyphosate structure undergoes confor-
mational changes during MD simulations when complexed
with resistant EPSPS, showing a condensed form that reduces
the binding affinity of glyphosate. Our computational findings
are consistent with previous experimental results and clarify the
inhibitory activity of glyphosate as well as the target-site resis-
tance of the EPSPS structure against this herbicide. Regarding
the molecular mechanism of resistance of the analyzed muta-
tions, we found that the Thr102Ile substitution strongly
decreased the affinity of EiEPSPS to glyphosate. Thus, we were
able to identify the EPSPS amino acid residues involved in
binding glyphosate in the resistant weed species as well as other
residues with potential for protein engineering. These findings

This journal is © The Royal Society of Chemistry 2020
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could aid in the development of new commercial herbicides
with less toxicity and greater efficiency.
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