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Abstract: Glyphosate is a polar organic 
acid consisting of a glycine molecule and a 
phosphonomethyl molecule, used as a broad-
spectrum herbicide as it inhibits the shikimate 
pathway, preventing the synthesis of aromatic 
amino acids. However, WHO has classified it 
as extremely toxic. In this study, a molecular 
docking analysis of the inhibitory activity of 
nicotine, nornicotine, and glyphosate on the 
binding site of the 5-enolpyruvylshikimate-3-
phosphate synthase enzyme was carried out. 
Glyphosate presented the most stable model, 
while the nicotine and nornicotine models 
exhibited higher binding energy and lower 
efficiency. Nicotine and nornicotine showed 
low affinity to the enzyme compared to 
glyphosate according to Ki values. Glyphosate 
interacted with 18 residues, nornicotine 
interacted with 17, and nicotine interacted 
with 12. Only glyphosate and nornicotine 
interacted with residues belonging to the 
enzyme’s binding site. The presence of a 
methyl group in nicotine and its absence in 
nornicotine affects the binding stability and 
affinity of the models, as well as interactions 
with the binding site residues.
Keywords: Glyphosate, Nicotine, 
Nornicotine, Shikimate, Molecular Docking, 
5-enolpyruv y lshik imate-3-phosphate 
Synthase.

INTRODUCTION
Herbicides are chemical substances with 

varying levels of toxicity, in some cases 
very high toxicity (Burger and Fernandez, 
2004), which interfere with the biochemical 
processes of plants. They are classified 
into three categories depending on their 
mechanism of action: systemic, which 
are absorbed by the plant and affect the 
production of growth hormones; sterilizers, 
which kill organisms that assist plant growth; 
and contact, which kill the leaves and interfere 
with the photosynthesis process (Cruz, 2013). 

The chemical composition of herbicides 
that confers toxicity against pests can also 
affect other organisms, including humans, as 
well as harm the environment by migrating 
from the plant root tissues to the soil. Here, 
it can mobilize thanks to competition with 
phosphorus, reaching non-target plants 
(Salazar and Aldana, 2011).

In the Mexican regulatory herbicide 
catalog, glyphosate is classified as a grade IV 
phosphonomethylglycine herbicide (slightly 
toxic) while the WHO has listed it as a strong 
irritant and classified it as extremely toxic 
in class I (COFEPRIS, 2009). Glyphosate is 
a polar organic acid composed of a glycine 
molecule and a phosphonomethyl molecule. 
It appears as a crystalline powder that is 
somewhat rain-resistant and is used as a 
broad-spectrum, post-emergence, non-
selective herbicide. It enters through the 
leaves and travels to storage organs where it 
inhibits the shikimate pathway by binding 
to the enzyme 5-enolpyruvylshikimate-3-
phosphate synthase, thereby preventing the 
synthesis of aromatic amino acids (Devine et 
al., 1993; Williams et al., 2000; Cruz, 2013). 
See Figures 1 and 2.

Figure 1. 3D image of the enzyme 
5-enolpyruvylshikimate-3-P synthase. The 
enzyme is a transferase composed of 427 
residues. The binding site is made up of 
residues Arg 25, Arg 120, Lys 339, Arg 343 
and Arg 385. Within the active site, the Asp 
312 residue functions as an electron acceptor, 
while the Glu 340 residue functions as an 

electron donor (Park et al., 2003).
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Even though glyphosate is considered 
slightly toxic in Mexico, SEMARNAT (the 
Secretariat of Environment and Natural 
Resources) has established a total ban on 
its use by 2024 due to reported evidence of 
environmental and health damage (Forbes, 
2020). Therefore, it is necessary to find safe 
alternatives to replace glyphosate to prevent 
afflictions in the agricultural sector. One 
alternative is plant secondary metabolites such 
as nicotine and nornicotine, which are alkaloid 
compounds considered toxic and produced to 
prevent herbivory. Nicotine and nornicotine 
are the most abundant compounds found in 
plants of the Nicotiana genus, with nicotine 
being the first to be synthesized and the most 
abundant. Nornicotine, on the other hand, 
is synthesized from the demethylation of 
nicotine and has greater insecticidal activity 
(Figure 3) (Nuñez, 1963; Botte et al., 1997; 
Alcántar, 2005).

Figure 3. Chemical structure of A: nicotine 
and B: nornicotine. Nicotine presents a methyl 

group in amide.

Molecular docking studies are a good 
option for analyzing the interactions of 
compounds of interest on a protein, such 
as nicotine, nornicotine, and the enzyme 
5-enolpyruv y lshik imate-3-phosphate 
synthase. Molecular docking is used to predict 
the interaction between two molecules by 
creating a model of union between them. These 
models consider molecular mechanisms and 
experimental parameters (charges, torsion, 

and geometric angles). Usually, the ligand-
protein interaction is studied (Lopes et al., 
2015; Prieto-Martínez et al., 2018). Therefore, 
the objective of this work is to perform a 
molecular docking study to analyze the 
inhibitory activity of nicotine and nornicotine 
on the enzyme 5-enolpyruvylshikimate-3-
phosphate synthase.

MATERIALS AND METHODS

PROTEIN PREPARATION
The three-dimensional crystal structure 

of the enzyme 5-enolpyruvylshikimate-3-
phosphate synthase was downloaded in .pdb 
format from the Protein Data Bank (PDB ID: 
1RF6) (Park et al., 2004). The protein was 
prepared using Chimera 1.16 (Pettersen et al., 
2004) to remove domains B, C, and D, likewise 
ligands and water molecules were removed. 
Finally, it was prepared as a macromolecule 
and the file was obtained in .pdbqt format 
using PyRx (Dallakyan and Olson, 2015).

LIGAND PREPARATION
The three-dimensional structure of 

the compounds nicotine (CID: 89594), 
nornicotine (CID: 412), and glyphosate (CID: 
3496) were downloaded from PubChem in 
.sdf format. PyRx was used to minimize the 
energy of the compounds and obtain the files 
in .pdbqt format (Dallakyan and Olson, 2015).

DOCKING
Docking was carried out centered on the 

residue using AutoDock Vina and AMDock 
(Trott and Olson, 2010; Valdes-Tresanco et 
al., 2020). The docking box was located at the 
protein’s binding site, which is constituted by 
the residues Lys 20, Ser 21, Arg 25, Thr 93, Ser 
166, Ala 167, Gln 168, Ile 311, Asp 312, Lys 
339.
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Figure 2. Shikimate pathway with representation of the enzymes and products involved (Modified from 
Oliveira et al., 2020).
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RESULTS
The binding model of glyphosate with 

the enzyme 5-enolpyruvylshikimate-3-
phosphate synthase showed greater stability 
than the models of nicotine and nornicotine. 
Nicotine presented a more stable model 
than nornicotine according to the values 
of free binding energy (ΔG). Both nicotine 
and nornicotine showed the same efficiency, 
both lower than that presented by glyphosate. 
(Table 1).

Ligand ΔG(kcal/
mol)

ΔG(kcal/mol) 
Reported

Ligand 
Efficiency

Nicotine - 4.8 NA - 0.40

Nornicotine - 4.4 NA - 0.40

Glyphosate - 6.2 - 5.9a, - 6.0a, - 6.3b, - 
6.3c - 0.62

NA: No available, a: Filiz y Cock, 2016, b: 
Almihyawi et al., 2022, c: Cuadros-Siguas et 

al., 2023.

Table 1. Free binding energy and ligand 
efficiency presented by nicotine, nornicotine, 
and glyphosate at the binding site of the 
enzyme 5-enolpyruvylshikimate-3-phosphate 

synthase.

Glyphosate showed the highest affinity 
towards the enzyme 5-enolpyruvylshikimate-
3-phosphate synthase, both nicotine and 
nornicotine showed low affinity, likewise, 
glyphosate showed higher inhibitory capacity 
(Table 2).

Ligand Ki (µM) IC50 (µM)

Nicotine 300 600

Nornicotine 600 1200

Glyphosate 28.53 57.06

Table 2. Inhibition constant and IC50 presented 
in the binding models of each ligand with the 
enzyme 5-enolpyruvylshikimate-3-phosphate 

synthase.

Nornicotine showed greater 
interaction with residues of the enzyme 

5-enolpyruv y lshik imate-3-phosphate 
synthase by interacting with 18 residues, 
followed by glyphosate which interacted with 
17 residues, finally, nicotine interacted with 
12 residues. Glyphosate had ten hydrogen-
bond interactions with the residues Lys 20, 
Asp 47, Gly 92, Thr 93, Arg 120, Glu 340, and 
Arg 343, nornicotine only had one hydrogen-
bond interaction with residue Asp 312, while 
nicotine did not have interactions of this type 
(Figure 4).

DISCUSSION
The binding model obtained from the 

docking showed glyphosate interacting with 
residues Lys 20, Asn 90, Gly 92, Thr 93, Arg 
120, Gln 168, Asp 312, Glu 340, Arg 343, Arg 
385, which have been reported to participate 
in glyphosate binding to the enzyme (Park et 
al., 2003). The ΔG presented by glyphosate was 
the highest of the three ligands and is similar 
to that reported in the literature (Table 1) (Filiz 
and Koc, 2016), thus it presented the most 
stable binding model, as well as the greatest 
number of hydrogen-bond interactions. These 
interactions are related to the stability of the 
model; more hydrogen-bond interactions 
represent greater stability in the binding 
model and a reduction in energy (Glowacki 
et al., 2013). Glyphosate also showed the 
highest affinity and inhibitory activity among 
the three ligands according to the Ki and IC50 
values obtained. IC50 values ranging between 
1 and 40 µM are considered efficient (Fam et 
al., 2023). There are several studies reporting 
the effect of glyphosate on the growth of plant 
and microbial organisms, this effect is due to 
these organisms having the shikimate pathway 
where glyphosate exhibits its inhibitory effect 
(Ruiz, 2000; Priestman et al., 2005; Bórtoli et 
al., 2012). However, there are several reports 
of adverse effects from glyphosate exposure, 
making this compound a health risk. Among 
the adverse effects reported are increased 
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Figure 4. Residues of the enzyme 5-enolpyruvylshikimate-3-phosphate synthase interacting with the 
ligands. A: Nicotine interacting with residues Pro 163, Ile 164, Ala 165, Lys 189, Glu 190, Gly 304, Ala 305, 
Ile 307, Pro 308, Asp 332, Glu 334, and Glu 335; B: Nornicotine interacting with residues Lys 20, Ser 21, 
Arg 25, Gly 92, Thr 93, Arg 96, Arg 120, Ser 166, Ala 167, Gln 168, Arg 193, Ile 311, Asp 312, Lys 339, Glu 
340, Arg 343, His 384, and Arg 385; C: Glyphosate interacting with residues Lys 20, His 24, Asp 47, Asn 90, 
Ser 91, Gly 92, Thr 93, Ser 94, Arg 120, Gln 168, Asp 312, Lys 339, Glu 340, Arg 343, His 384, Arg 385, and 

Thr 412. Obtained using PyMOL (DeLano, 2002).
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lipoperoxidation, DNA fragmentation, 
cellular alteration, and infertility (Barbosa et 
al., 2017; Cardona, 2019).

Nicotine showed greater stability than 
nornicotine in the binding models, but 
both ligands presented the same efficiency. 
Nicotine showed greater affinity toward the 
enzyme 5-enolpyruvylshikimate-3-phosphate 
synthase compared to nornicotine according 
to the Ki and IC50 values obtained (Fam et 
al., 2023). However, nornicotine interacted 
with residues Lys 20, Ser 21, Arg 25, Thr 93, 
Ser 166, Ala 167, Gln 168, Ile 311, Asp 312, 
and Lys 339, which are part of the protein’s 
binding site. With residue Asp 312, it showed 
a hydrogen-bond interaction. Nicotine did 
not interact with any residue at the binding 
site and did not show any hydrogen-bond 
interactions, therefore, the presence of the 
methyl group in nicotine prevents interaction 
with the residues at the enzyme’s binding site 
but increases its binding stability and affinity. 

Nornicotine has no reports of herbicidal 
activity, whereas nicotine has the ability to 
inhibit photosynthetic pigments (Chiellini 
et al., 2022), so greater inhibition of the 
enzyme 5-enolpyruvylshikimate-3-phosphate 
synthase by nicotine was expected.

CONCLUSIONS
Nicotine and nornicotine showed low affinity 

with the enzyme 5-enolpyruvylshikimate-3-
phosphate synthase compared to glyphosate. 
The methyl group present in nicotine and 
absent in nornicotine affects the stability 
and affinity of the models, as well as the 
interactions with the residues at the binding 
site.
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