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Introduction
Weeds cause serious damage to crops yields, and the repeated use

of herbicides over the past few decades has favored the emergence of

several resistant weed biotypes. There is currently a growing demand

for the discovery of new natural compounds that can act through

alternative herbicidal mechanism of actions, without causing

environmental impact [1]. The enzyme Isocitrate lyase (ICL) plays a

central role during the germination of oil seeds, enabling the

conversion of lipid reserves into glucose through the glyoxylate cycle

[2]. In addition to its importance during the establishment of seedlings,

this enzyme has some desirable characteristics to act as an herbicide

molecular target, such as not being expressed in mammals.

In the present study, computational biochemistry techniques were

used to model the structure of the Arabidopsis thaliana ICL enzyme

(Figure 1A) in order to perform a virtual screening of ligands. Using the

molecular docking technique, the itaconic and tartaric acids were found

as potential ICL ligands (Figure 1C, D). Their effects on the initial growth

and on the ICL activity were examined in Sesamum indicum and

Euphorbia heterophylla, two species dependent on lipid reserves.

Abstract
This work evaluated the effects of itaconic and tartaric acids on the

initial development of Sesamum indicum and Euphorbia heterophylla,

two oleaginous species dependent on the glyoxylate cycle. These

ligands were previously selected through the development of an

Arabidopsis thaliana ICL model and molecular docking analysis, using

computational biochemistry tools. For the evaluation of these ligands,

seeds of both species were sown in gerbox plates (50 seeds per plate)

using 0.8% agar as the culture medium. The treatments were then

dissolved at concentrations of 50, 100, 500 and 1000 µM, at the

appropriate photoperiods and temperatures for each species, and

placed in germination chambers for an interval of 120 hours.

Afterwards, the effects of the treatments on the length of roots and on

the activity of the ICL extracted from the cotyledons of both species

were evaluated. According to the results, although the treatment with

tartaric acid did not cause significant changes, both species showed

expressive inhibitions by itaconic acid in both their root lengths and ICL

activities, reaching reductions of 68.7 and 27.5% for S. indicum and E.

heterophylla, respectively, for this first analyzed parameter.

Furthermore, the ICL activity showed dose-dependent inhibitions for

both species, when treated with itaconic acid, with IC50 of 78.6 and 49.4

µM, respectively. The set of results obtained in this study so far

suggests that inhibition of ICL is a potential molecular target, and that

simple natural compounds, such as itaconic acid, may be promising

alternatives for the control of species dependent on lipid reserves in

fields. For a better understanding of the modes of action of this

compound, and the metabolic implications of the glyoxylate cycle

inhibition, further studies should be carried out.

Materials and methods
The amino acid sequence of isocitrate lyase (EC 4.1.3.1) from A.

thaliana (Uniprot id: P28297) was used to search for structural

patterns through a BLASTp against the Protein Data Bank database.

The final modeled structure was used in docking simulation, using the

Vina program [3] to choose the best pose of the isocitrate substrate.

After validation of the model by two different protocols (Vina and

Molegro), it was used in a virtual screening in order to find new

potential ligands for this enzyme.

Seeds of S. indicum and E. heterophylla were sown in gerbox

plates (50 seeds per plate) using 0.8% agar as the culture medium,

and the tested compounds (itaconic and tartaric acids) were dissolved

at the concentrations of 50, 100, 500 and 1000 µM, using the

appropriate photoperiods and temperatures. After a period of 120

hours, seedling root lengths were determined.

For the extraction of ICL, 50 mg of cotyledons were macerated in

a cold mortar, with 1 mL of a extraction medium, according to [4]. The

ICL activity test was performed according to [5], with modifications,

and the enzyme activity was expressed in nmols minute-1 mg of

protein-1.

The data were expressed as mean ± standard errors (S.E.) of

independent preparations; these were analyzed by analysis of

variance (ANOVA), with significant differences between the means

identified by Tukey’s Honestly Significant Difference (HSD) test

(p<0.05) using R software.

Although the virtual screening evaluations have not yet been

completed, itaconic and tartaric acids (Fig. 2C, D) had good scores,

being selected for later stages of this study.

Results
The identity between the sequences of the ICL (target protein)

of A. thaliana with that of the template protein was 52.8%,

considered sufficient for modeling by homology. The best model

(Fig. 1) presented 99% of the residues in the allowed regions of the

Ramachandran plot, presenting a stereochemical quality that

allowed its use in virtual screening studies. The Vina and Molegro

programs were able to reproduce the modeled pose of isocitrate

with a rmsd average of 0.571 Å, being then selected for the virtual

screening step (Fig. 2A, B).
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Fig. 4. Effects of itaconic (blue and red) and tartaric (purple and orange)
acids on the ICL activity of S. indicum and E. heterophylla, respectively.
Each data point is the mean ± SE (n=5). Different letters indicate means
that differ significantly, according to Tukey’s HSD test at p<0.05.

Fig. 2. Superposition of the substrate (isocitrate) found on redocking (Vina
and Molegro protocols, respectively) (A, B); itaconic acid (C) and tartaric
acid (D).
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Fig. 3. Effects of itaconic acid on the roots length of S. indicum (blue) and E.
heterophylla (red). Each data point is the mean ± SE (n=5). Different letters
indicate means that differ significantly, according to Tukey’s HSD test at
p<0.05.
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Fig. 1. Representation of the ICL structure of A. thaliana highlighting the
quaternary arrangement of the four chains (A). Quaternary ribbon structure
highlighting the four chains and the isocitrate (cyan) and magnesium
cofactor (yellow) ligands (B).

Cultivated for 120 hours in the presence of itaconic acid, the

seedlings of S. indicum and E. heterophylla showed significant dose-

dependent inhibitions in the length of their roots, reaching a reduction

of 68.7% and 27.5%, respectively, by the concentration of 1000 µM of

this compound (Fig. 3).

Still, when itaconic acid was tested on the activity of ICL enzymes

extracted from the cotyledons of both species (Fig. 4), remarkable

inhibitions were also observed, confirming that this acid is a potent ICL

inhibitor, a fact previously observed [4]. In the absence of this ligand,

the ICL activity of S. indicum was about 186.1 nmols min-1 mg-1 of

protein, with a IC50 value of 78.6 µM and an inhibition of 88.3% by the

concentration of 1000 µM of itaconic acid. In the case of E.

heterophyla, the ICL activity was about 70.9 nmols min-1 mg-1 of protein

in the absence of itaconic acid, with a IC50 value occurring at the

concentration of 49.4 µM of this compound.

Tartaric acid, on the other hand, did not cause changes in ICL

activity when tested under the same conditions (Fig. 4).

Conclusion
The present study demonstrated that the inhibition of the isocitrate

lyase enzyme by inhibitors such as itaconate significantly reduces the initial

vigor of weed species dependent on lipid reserves, interfering with their

initial development and decreasing the seedling establishment capacity.

Although the inhibition of this molecular target did not completely suppress

the weed species, it may reduce significantly the ability of weed species

seedlings to compete with crops of interest, helping to control them in the

fields. Although more studies still needed for a better understanding of ICL

as an herbicide molecular target, approaches such as the one used in the

present work can enable promising insights in the search for new herbicides

compounds, mechanisms and modes of action, thus helping in the discovery

of new alternatives for herbicide-resistant weed species control in a

sustainable way.
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