
17 June 2024, Preprint v4  ·  CC-BY 4.0 PREPRINT

Research Article

Inhibition Success of a Virtually Created
Molecule: Pseudoeriocitrin and
Femtomolar Inhibition

Dilara Karaman1,2, Ahmet Onur Girişgin3, Oya Girişgin4

1. Yildiz Technical University, Turkey; 2. Institution of Natural and App. Science, Biology Department, Bursa Uludağ University, Turkey; 3.

Veterinary Faculty, Parasitology Department, Bursa Uludağ University, Turkey; 4. Bursa Uludağ University, Turkey

Pseudoeriocitrin is a molecule that does not exist in reality but was created in silico by assuming the

formation of oxygen radicals in eriocitrin and giving a different geometry. It gave femtomolar results

during in silico docking studies, more successful than eriocitrin in inhibition. This study investigated the

reason for this ability of pseudoeriocitrin, an unusual molecule with superior inhibitory activity. This

study performed a 3D analysis of possible interactions using the in silico protein-ligand docking method.

Although it is difficult to say anything definitive, the absence of hydrogen donors renders the

pseudoeriocitrin structure highly toxic. This new molecule, which can inhibit various proteins at the

femtomolar level such as the lowest Ki value was 3,45 femtomolar, was predicted to be responsible for high

binding ability due to its sizeable planar structure and lots of oxygen radicals, which provide many

hydrogen bonds with the atoms in the active site of the proteins. It is the first study to show the structure-

activity relationship of pseudoeriocitrin via in silico dockings. The results indicate that a large core

structure, abundant oxygen atoms, planar coordinates, and femtomolar level inhibition are interrelated.

The chemical properties resulting from these new biological properties should be examined from various

angles. Additionally, more research should be conducted on synthesizing non-radical pseudoeriocitrin.

Corresponding author: Dilara Karaman, dilara.karaman@yahoo.com

1. Introduction

In a world in which technological advances in health services have rapidly developed, helminthic infections

have remained a severe medical problem. According to recent data, approximately 2 billion people

worldwide were infected with at least one species of soil-transmitted helminths (Kamb & Roy, 2023).

Because of the side effects of synthetic anthelmintic drugs, the frequent recurrence of infections among

people living in areas with insufficient sanitation, especially among preschool-aged children, increases the
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importance of alternative treatments to replace synthetic drugs. Therefore, discovering new anthelmintics

with fewer side effects is a very important and challenging task. Oxyurid nematode infections, transmitted

orally and frequently recur due to autoinfection, mostly occur in children and cause developmental disorders

(Giray and Keskinoğlu, 2006). It was estimated that 400 million people worldwide were infected with

Enterobius vermicularis in 2015 (Strelkauskas et al., 2015).

β-tubulin, carnitine o-palmitoyltransferase-2, and fumarate reductase are recently focused antinematodal

targets for the development of several anthelmintics such as albendazole, mebendazole, ivermectin and

thiabendazole. Because the unknown genome sequence and the lack of crystallized structure of the proteins

belonged to Syphacia obvelata, the homology model of mitochondrial cytochrome c oxidase (COX) proteins

can be useful for in silico docking experiments in order to investigate the antinematodal properties of some

drug candidates against S. obvelata (Karaman, 2022).

Performing protein-ligand docking simulations using in silico molecular modelling is the initial step

towards developing new drugs. These computational experiments can provide researchers with atomic-level

information on the interactions between the target and drug molecules. Such experiments are highly

valuable in reducing the workload involved in drug development efforts (Yelekçi et al. 2013).

Eriocitrin (2S)-2-(3,4-dihydroxyphenyl)-5-hydroxy-7-[(2S,3R,4S,5S,6R)-3,4,5-trihydroxy-6-

[[(2R,3R,4R,5R,6S)-3,4,5-trihydroxy-6-methyloxan-2-yl] oxymethyl] oxan-2-yl] oxy-2,3-

dihydrochromen-4-one is an eriodictyol-derived flavonoid glycosides found mainly in lemon peel and

citrus pulp and in plants such as thyme and mint (Inoue et al., 2002). It was formed by the addition of O-β-

rutinose at the 7th position to eriodictyol. It has antioxidant, anti-inflammatory, and antiproliferative

properties (Diab et al., 2015; Guo et al., 2019; Miyake et al., 1997). A study by Ferreira et al. reported the

presence of eriocitrin and its metabolites in various organs and body fluids in rats administered orange peel

extract. Homoeriodictyol and homo-eriodictyol-7-O-glucuronide (hERD-7-O-Gluc) are the major

metabolites of eriocitrin. The half-life of metabolites in blood plasma ranges from 3 to 3.2 hours.

Hesperetin-7-O- and hesperetin-3'-O--gluconic acid, metabolites of eriocitrin, were detected in both

tissue and urine of rats. hERD-7-O-Gluc reached approximately 8 ng/g in blood plasma 10 hours after

administration, and hERD-4'-O-Gluc reached approximately 2 ng/g after 6 hours, the highest levels in the

blood. The gastrointestinal absorption of eriocitrin was very low, and the total bioavailability of eriocitrin

was less than 1% (Ferreira et al., 2021).

We investigated the anthelminthic effect of eriocitrin, whose molecular structure is shown in the following

figure (Figure 1), in our previous in silico study which yielded computational outcomes (Karaman, 2022).

Interestingly, it was found that there was an additional bond in the molecule when studying the possible

interactions of eriocitrin with the proteins it inhibits. When this molecule, called pseudoeriocitrin, and its
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possible interactions were studied, it was found to inhibit several proteins at the femtomolar level (Ki=10-

17mol/L).

The aim of this study was to show the structure and interactions of pseudoeriocitrin possibly related to its

anthelmintic activity. In silico dockings were significant because docking results have presented information

about inhibition potency that could be evaluated for the beginning of a new drug synthesis study. At the

same time, these in silico results help drug designers who are interested in the structure-activity

relationship of the most potent multi-inhibitors. First time a virtual molecule has been shown with

femtomolar inhibition constants against several proteins. Hence its interactions with anthelmintic target

proteins researched in silico provide thoroughly new and original data. It is the first study in terms of

showing the structure-activity relationship of a multi-radical virtual molecule possessing multi-inhibition

ability at very rare Ki values.

Figure 1. A) Rings forming eriocitrin (original). The bond leading to the formation of pseudoeriocitrin is formed

between chromene-4-one ring and the oxygen atom of the hydroxyl group of the chromene-bonded

monosaccharide of O-β-rutinoside. B) Pseudoeriocitrin. 

2. Material and method

2.1. Obtaining and preparation of the ligand

Pseudoeriocitrin was retrieved from the FooDB database (www.foodb.ca) as pdb file in November 2019

(ligand ID: FDB016547). In the pdb file of this molecule, which is deposited in the FooDB database as

eriocitrin, all Z coordinates were 0. This pdb file was converted to a pdbqt file using the AutoDock Tool (ADT)
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(Huey et al., 2007; Morris et al., 2009). When the Z coordinates were 0, the ADT program ignored the

hydrogen atoms in the hydroxyl groups and assumed an extra bonding in the core structure because there

was sufficient distance between the C8 atom in the chromene ring of the ligand and the oxygen atom of the

hydroxyl group at the C3 position of the rutinositide group to allow bonding (Figure 1). The resulting pdbqt

file lacked hydrogen donors. The 3D molecular representation of pseudoeriocitrin is shown in Figure 1.B.

2.2. Preparation of proteins

The proteins and enzymes that could be drug targets in nematodes were chosen. Biovia Discovery Studio

2020 Client (Dassault Systèmes Biovia Inc., 2020) and ADT software were used for protein preparation. For

this purpose, target proteins and enzymes found in nematodes and their homologues in humans with their

crystallized structures were obtained from the Brookhaven Protein Databank (http://www.rcsb.org/pdb).

These target proteins and enzymes are the known targets of anthelmintic drugs such as Albendazole (for

beta-tubulin inhibition), Thiabendazole (for fumarate reductase inhibition), and some inhibitors used in

Onchocercha linealis infection (for carnitine o-palmitoyltransferase inhibition (Taylor et al., 2013)). The

homologous proteins which are in humans were used for researching the selectivity of the inhibitor. These

proteins were as follows: Ascaris suum fumarate reductase enzyme PDB ID: 4YSX (mitochondrial

rhodoquinol-fumarate reductase, solubility: 2.25 Å, bound with NN23 inhibitor) (Inaoka et al., 2015), human

fumarate reductase enzyme PDB ID: 6VAX (resolution: 2.59 Å) (Sharma et al., 2020); human β-tubulin

protein PDB ID: 6E7C (resolution: 3.65 Å) (Ti et al., 2018); Haemonchus contortus β-tubulin protein PDB ID:

1OJ0 (in complex with ABZ, theoretical structure) (Robinson et al., 2004); anthelmintic drug target rat

carnitine o-palmitoyltransferase PDB ID: 2H4T (resolution: 1.90 Å, bound with dodecane (C12H26) (Hsiao et

al., 2006) and PDB ID: 2FW3 (resolution: 2.50 Å) (Rufer et al., 2006). We used the work of Taylor et al. (2013)

as a reference for the identification of some target proteins. Since the crystallized form of β-tubulin from

Haemonchus contortus was not available in protein databases, the theoretical structure was used. Ions and

ligands, except cofactors and water molecules, were removed. The missing hydrogen atoms were added. The

residues of the proteins were checked in terms of missing atoms and bonds. After all hydrogens were added,

proteins were optimized, firstly using the "Clean Geometry" tool, followed by the Charm forcefield. After the

optimized proteins were saved in pdb format using Discovery Studio 2020 Client, they were opened using

ADT to add Gasteiger charges and then saved in pdbqt format. The preparation procedure used by Yelekçi et

al. (2013) was followed as a guide for the preparation of proteins.
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2.3. Homology modelling

The known protein sequences for Syphacia obvelata were searched by using the UniProt Knowledgebase

(UniProtKB). Although the cytochrome c oxidase 1 (COX1) and COX2 proteins from the Mt genome are not

known targets of anthelmintics, these proteins were selected because they are vital to oxyurid nematodes.

Because the genome sequence of S. obvelata and the experimental crystal structure of the Syphacia obvelata

COX1 (SoCOX1) and SoCOX2 proteins are unknown, it was decided to use homology modelling for their 3D

structures. Another oxyurid nematode, Enterobius vermicularis β-tubulin protein, and Caenorhabditis elegans

glucose transporter 1 (CeGLUT1) receptor also were in silico modelled via homology modelling. Because they

are vital for nematodes and potential targets. Homology models and Ramachandran plots are shown in

Appendixes. Two different web servers were utilized: the SWISS-MODEL (Waterhouse et al., 2018) and the

Zhang lab I-TASSER web servers (Roy et al., 2010; Yang et al., 2015; Yang and Zhang, 2015) to develop a

sequence overlap-based model. The most appropriate 3D structure was preferred by considering Global

Model Quality Estimating (GMQE) values and Qualitative Model Energy Analysis (QMEAN) values. For

QMEAN, values below 4.0 indicate reliability, while for GMQE, the highest value between 0 and 1 indicates

the most reliable predicted structure.

2.4. Docking process

Proteins retrieved from the Protein Data Bank or whose 3D structures were predicted by homology

modelling were docked with ligands using AutoDock4.2 (Morris et al., 1998). We determined the grid box

size based on the ligand size or the number of torsions. We chose the cofactor of the protein as the centre, or

in the absence of a cofactor; we placed the native ligand in the protein into the centre of the grid box. For the

beta-tubulin protein docking simulation, the ligand bound to the protein was chosen as the centre. For the

CPT enzyme, we referred to the coordinates given by Taylor et al. (2013). The atoms of the protein's active

site were allowed to move freely, unlike the other parts of the protein, which were rigid. To dock proteins

with their natural ligands in their co-crystallized form, we used their natural ligands as a reference. They set

the dielectric constant to 10, the ionic strength to 0.145, the dimensions of the grid box to 60×60×60, and the

grid point to 0.375 Å. Since the number of rotational bonds was less than 10, the maximum number of

generations was set to 27 000 and the maximum number of extensions to 2 500 000. The docking procedure

was performed using the Lamarckian Genetic Algorithm 4.2. AutoDock 4.2 scoring functions were used to

generate 10 different conformations for each ligand. After sorting by their free binding energy, the ligands

were analyzed for their binding site interactions using AutoDock Tools and Biovia Discovery Studio 2020

Client.
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2.5. ADME prediction

SwissADME web server (Daina et al., 2017) was used to estimate the ADME (Absorption, Distribution,

Metabolism, Excretion) properties of pseudoeriocitrin and eriocitrin. Their penetration in the blood-brain

barrier, gastrointestinal absorption, and oral bioavailability were searched via chemical computation.

Accessing the SwissADME website grants users free and reliable prediction models for various properties

including physicochemical characteristics, pharmacokinetics, drug similarity, and medicinal chemistry

relevance. These models incorporate credible methods such as BOILED-Egg, iLOGP, and Bioavailability

Radar. Lipophilicity, molecular size, polarity, solubility, flexibility, and saturation properties are considered

to generate this radar plot (Daina et al., 2017). The six properties in the bioavailability radar are the most

basic criteria selected to show whether the physicochemical and pharmacokinetic values expected from a

bioavailable compound are within reasonable limits.

According to bioavailability radar, a bioavailable compound should have a molecular weight (MW) between

150-200 g/mol, TPSA between 20-130 Å2, lipophilicity (XLOGP3) between -0.7 and +5.0, carbon fraction in

sp3 hybridization, a saturation marker, should not be less than 0. 25 and solubility (log S) not more than 6

(Daina et al., 2017), water solubility score between 1-3 (1, highest solubility, 5, lowest solubility), number of

rotatable bonds between 0-9 (Ritchie et al., 2011).

3. Results and Discussion

3.1. Evaluation of possible interactions between pseudoeriocitrin and rat carnitine palmitoyl

transferase 2 (CPT 2)

One of the results of this study was that the inhibition constant (Ki) of pseudoeriocitrin against rat CPT 2

(PDB ID: 2H4T) was 15.83 femtomolar. This result indicates that pseudoeriocitrin may be a very successful

CPT 2 inhibitor. However, pseudoeriocitrin can only be used to inform the design of a de novo drug candidate

molecule, which, in reality, is not accessible in databases.

A study of the possible interactions of pseudoeriocitrin in the rat CPT 2 enzyme-coded 2H4T pdb revealed a

large number of interactions with the residues shown in Figure 2 A. Although most of these were apolar

amino acids, polar hydrophilic residues such as serenyl and tyrosinyl were located very close to

pseudoeriocitrin and TYR486 forms aromatic interactions. Figure 2 B shows that cyclic side chain residues

such as PHE131 and PHE134 contribute to hydrogen bond formation rather than aromatic interactions. Five

hydrogen bonds were predicted via Biovia 2020 Client (green dashed lines in the figure).
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Figure 2. Interactions between pseudoeriocitrin and the rat CPT 2 enzyme. A) Carbon atoms of pseudoeriocitrin

are illustrated in blue, oxygen atoms in red, and the residues with which it interacts are represented by the yellow

stick model. B) 2D representation of the interactions between pseudoeriocitrin and the rat CPT 2 enzyme (not

shown in the figure because the AutoDock4.2 program does not display the abnormal bond formation in the

defective molecule on the coordinate axis of the dlg file).

One of the most important factors in the interactions of pseudoeriocitrin was the chemical attractions

emanating from the oxygen atoms on each ring of the ligand. As shown in Figure 2 B, residues LEU599,

GLY600, PHE134, PHE131, SER88, and TYR486 formed hydrogen bonds using the oxygen atoms on the

ligand. PHE134 formed two hydrogen bonds with the oxygen atoms of the ligand, one at a distance of 2.75 Å

and the other at a distance of 3.29 Å, and SER588 formed a conventional hydrogen bond at a distance of 1.81

Å. PHE602 formed an aromatic interaction with one of the two rings in the center of the ligand and an

amide-pi interaction with the other. PRO and ALA residues also formed pi-alkyl interactions with two

different rings of the ligand. All rings of the ligand had at least one pi-alkyl interaction.

The hydrophobicity of the region formed by the residues around the pseudoeriocitrin was important because

it directly affects the interactions of the ligand. Figure 3 shows the hydrophobic and hydrophilic regions. The

presence of some polar residues beyond the hydrophobic surface, caused by the side chains of amino acids

such as alanine, valine, glycine, phenylalanine and leucine from the apolar residues surrounding one side of

the ligand, caused these parts to be hydrophilic. The surfaces shown in blue in Figure 3 represent the most

hydrophilic regions, while the brown surfaces show the hydrophobic regions. The hydrophilic region at the

bottom, where tyrosinyl and serinyl residues are located, stands out.
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Figure 3. Representation of surface hydrophobicity around

pseudoeriocitrin in the binding site of rat CPT 2 enzyme.

To compare the interactions, Figure 4 shows the position of true eriocitrin in rat CPT 2 (2FW3) enzyme and

the residues to which it binds. Figure 5 A and B show the different status of pseudoeriocitrin in the same

enzyme.
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Figure 4. Localization of true eriocitrin in rat CPT-2 enzyme (2FW3).

Figure 5. Interactions of pseudoeriocitrin and the CPT 2 enzyme (PDB code: 2FW3). A) 3D representation, B) 2D

representation.

The video performed to better illustrate the localization of pseudoeriocitrin in the enzyme CPT 2 (2FW3) is

in Appendix 1.
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Referring to Figure 6 A, which shows the surface of the CPT 2 enzyme and the possible entry site of the

ligand, we predicted the cavity (which is shown in orange circle) to be the entry site for the binding site of

the enzyme. Figure 6 B shows pseudoeriocitrin at the site where it binds in the enzyme for comparison.

Figure 6. CPT 2 enzyme (2FW3). A) In the representation of the enzyme surface, the cavity in the orange circle

was presumed to be the entry cavity of pseudoeriocitrin into the enzyme. In the figure, blue regions represent

hydrophilic regions and brown regions represent hydrophobic regions. B) In this version of the figure in A, shown

without a surface, pseudoeriocitrin appears in the centre, in the region of lowest energy, demonstrated with the

stick model.

3.2. Evaluation and comparison of possible interactions between pseudoeriocitrin and Ascaris

suum fumarate reductase (AsFR) and human fumarate reductase (hFR)

Since pseudoeriocitrin binds to AsFR at 512 pM Ki, it also performed very well in the inhibition of this

enzyme. The position of pseudoeriocitrin on AsFR and hFR enzymes is shown in Figure 7 and Figure 8. A

close look at the figures reveals the bi-oxygenated cyclic structure (ring in the middle of the ligand) that

results from the abnormal bond formation and leads to the structure of pseudoeriocitrin. A short video to

better understand the localization and interactions of pseudoeriocitrin in hFR can be seen in Appendix 2.
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Figure 7. Pseudoeriocitrin, 6VAX, and 4YSX. The pseudoeriocitrin molecules are shown in their positioning

within the enzymes AsFR (PDB code: 4YSX) and hFR (PDB code: 6VAX) so that their localization in both different

proteins can be compared. AsFR is represented by an orange ribbon and FAD of AsFR by a purple stick model, hFR

by a cream ribbon and FAD of hFR by a dark green stick model, pseudoeriocitrin docked to AsFR by a fuchsia ball-

stick model, and pseudoeriocitrin docked to hFR by a turquoise ball-stick model.
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Figure 8. Pseudoeriocitrin are shown in their positioning in hFR and AsFR, FADs are shown in purple and blue

with a stick model, the isoalloxazine ring is very close to the pseudoeriocitrin; pseudoeriocitrin are shown in

AsFR with a light-pink ball and stick model, and pseudoeriocitrin, represented by the turquoise ball-and-stick

model, are shown at the docking points in the hFR where they are located at the lowest energy level.

Possible interactions of pseudoeriocitrin in AsFR are shown in Figure 9 A and B. Hydrogen bond formation

was predicted with five different residues. A pi-sigma bond with THR81 is also likely to occur.
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Figure 9. Pseudoeriocitrin and AsFR (4YSX) interactions. A) 3D representation, B) 2D representation (although

the figure shows the eriocitrin structure, it is actually pseudoeriocitrin)

The interactions of pseudoeriocitrin in hFR are shown in Figures 10 A and B, which are used to compare the

interactions. We predicted twelve hydrogen bond formations as it has a very good inhibition with 6VAX.

Figure 10. Interactions of pseudoeriocitrin and hFR enzyme (6VAX) A) 2D representation shows the faulty bond

that leads to the formation of pseudoeriocitrin. The oxygen atom opposite the LEU306 residue, represented by

the purple ball in the figure, bonds with chromene to form an abnormal cyclic structure. B) 3D representation
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3.3. Evaluation of possible interactions between pseudoeriocitrin and C. elegans Glucose

Transporter 1 (CeGLUT1)

The position of pseudoeriocitrin in CeGLUT1 and the interacting residues are shown in Figure 11 A and B. The

docking simulations revealed that pseudoeriocitrin had a very good binding affinity. Although the structure

of CeGLUT1 was predicted by homology modeling, we prepared the video in Appendix 3 to show these

interactions in more detail since the ΔG value for pseudoeriocitrin was -17.18 kcal/mol. The video shows

pseudoeriocitrin with a purple ball and stick model, the protein with a pink ribbon and the residues with a

thin stick model.

Figure 11. CeGLUT1 interactions with pseudoeriocitrin. A) 3D representation of pseudoeriocitrin is represented by

the turquoise ball-and-stick model, interacting residues by the thin stick model, and protein by the powdery

pink strip ribbon model. B) 2D representation of pseudoeriocitrin and CeGLUT1 interactions (the program does

not show real pseudoeriocitrin, the ligand in the figure looks like real eriocitrin)

3.4. Pseudoeriocitrin and Syphacia obvelata cytochrome c oxidase 1 (SoCOX1) interactions

The ring structure formed by an extra bond between the chromene ring of pseudoeriocitrin and the

rutinoside structure allowed pseudoeriocitrin to interact as shown in Figures 12 A and B. For a better

understanding of the interactions with SoCOX1, the short video in Appendix 4 can be viewed.
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Figure 12. Pseudoeriocitrin and SoCOX1 possible interactions. A) Pseudoeriocitrin is represented by a yellow ball

and stick, a thin purple stick represents the interacting residues, dashed lines represent the interactions, and the

secondary structure of the protein is represented by a cream-colored strip ribbon model. B) 2D representation

clearly shows the abnormal structure of pseudoeriocitrin

As seen in Figure 12 A, the L-shaped structure formed by the rings of the ligand is strongly attracted by

ALA62. In addition, the rhamnosyl ring of the rutinositide group at the other end of the ligand is attracted by

the cyclic side groups of residues HIS39 and HIS40 through their aromatic interactions, while VAL107 on

another α-helix is attracted to the same group from the opposite direction so that the ligand fits very well to

its position. The most important chemical interactions shown in Figure 12 B are the hydrogen bonds formed

by HIS39 and GLY104 residues with the oxygen atoms of the ligand. In addition, ALA62 formed six

interactions with different points of the ligand. To classify these interactions shown with dashed lines in the

figure based on their colors, the purple color represents the pi-sigma bond, the dark green short-distance

lines represent hydrogen bonding, the pink lines represent pi-alkyl bonding and the light green long-

distance lines represent polar interactions.

3.5. Docking results of pseudoeriocitrin with all proteins

We performed docking experiments with ligands three times. This was due to a structure change in the

molecule, which was presumably caused by the optimization procedure. We later realized that the real

reason was the presence of erroneous molecules in the FooDB database from which the ligand was taken. In

the different molecular structures of pseudoeriocitrin, the formation of oxygen radicals and different

geometry gave the molecule a very good score. Table 1 shows the docking results of pseudoeriocitrin. The

docking procedure was repeated for pseudoeriocitrin two times (except the first docking with SoCOX1).
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Different values of the free energy of binding were obtained from dockings at the end of repeated

computation.

  1OJ0 2H4T 4YSX 6VAX SoCOX1 SoCOX2 6E7C Ev Tub CeGlut1 2FW3

Eriocitrin +15.6 -8.43 -6.62 -12.87 -5.92 -3.92 +72.30 +104.9 -6.61 -9.72

PE (in first docking) -3.21 -18.83 -13.84 -12.30   -8.70 +169.7 +118.6 -8.62 -12.17

PE (in second docking) +3.67 -18.09 -12.67 -18.45 -16.93

-11.22

 
+49.1 +52.5 -17.18 -19.73

Table 1. Docking results of Eriocitrin and Pseudoeriocitrin (PE) (ΔG values (kcal/mol))

  1OJ0 2H4T 4YSX 6VAX SoCOX1 SoCOX2 6E7C Ev Tub CeGlut1 2FW3

Eriocitrin -
663.49

nM

14.13

uM

370,31

pM
45.64 uM 1.34 mM - - 14.24 uM

75.23

nM

PE (in first

docking)

2270

uM
15.83 fM

71.76

pM

971.51

pM
 

417.7

nM
- -

479.82

nM
1.19 nM

PE (in second

docking)
- 55.00 fM 512 pM

29.86

fM

389.40

fM
59.4 nM - -

257.26

fM
3.45 fM

Table 2. Docking results of Eriocitrin and Pseudoeriocitrin (PE) (Ki values)

(PE in the table: Pseudoeriocitrin, fM: femtomolar, Ev Tub: Enterobius vermicularis β-tubulin)

According to Table 1, neither eriocitrin nor pseudoeriocitrin could bind to β-tubulin proteins (1OJ0, 6VAX,

and EvTub) of any organisms in these searches. Only 1OJ0 (H. contortus beta-tubulin) could be inhibited from

pseudoeriocitrin but with the very trivial free energy of binding. Therefore, pseudoeriocitrin did not sign a

toxic effect in terms of β tubulin binding. On the other hand, β tubulin inhibition is related to stopping cell

division. Hence, β tubulin inhibitors have been used both in anthelmintics and anticancer drugs.

Pseudoeriocitrin might not be related to blockage of the cell division, but it inhibited some vital enzymes of

nematodes such as SoCOX1, SoCOX2, CeGLUT1, and fumarate reductase (4YSX). Hitherto, pseudoeriocitrin
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can cause cell death in nematodes at very low concentrations that might be tolerated in the human body via

radical scavenging and the immune system.

Anthelmintic drug target rat carnitine o-palmitoyltransferase (CPT) is a chokepoint enzyme for the

developing of new anthelmintic drugs because substrate of CPT indirectly effects the nematode survival. Rat

CPT inhibitors have been using for the killing of Onchocercha linealis (Taylor et al. 2013). Pseudoeriocitrin

inhibits CPT irreversibly, not covalently, hence this inhibition at femtomolar level does not cause a

permanent effect in the host organism.

The selectivity index was calculated as 152542,4 for S. obvelata COX1 (SoCOX1) enzyme to SoCOX2 enzyme

with pseudoeriocitrin based on the Ki values. Both of these enzymes’ 3D structures were predicted with

homology modelling via the SwissModel web server. According to this in silico approach, pseudoeriocitrin

was more effective on SoCOX1 inhibition rather than SoCOX2 enzymes.

Pseudoeriocitrin inhibits both of AsFR and hFR homologous enzymes. In this case, the selectivity of

pseudoeriocitrin to nematode FR is lower than human FR. Therefore it is not an ideal ligand in terms of FR

inhibition.

Figure 13 A, B, and C show the SwissADME results for this molecule.

Figure 13. SWISSADME result of pseudoeriocitrin. A) Molecular structure of pseudoeriocitrin, B) radar plot, C)

ability to penetrate the blood-brain barrier.

Interestingly, this molecule was predicted at first to penetrate the blood-brain barrier, be well absorbed in

the gastrointestinal tract, and bind to some cytochrome enzymes that are not inhibited by eriocitrin

(SwissADME results for pseudoeriocitrin were shown in Appendixes). In the second research for the same

molecule, SWISSADME webserver did not accept to predict since the molecular weight is more than 500

g/mol. The most significant point was seen in Figure 13 A that pseudoeriocitrin is a multiradical. This radical

structure is also related to toxicity and binding ability. However, this molecule (pseudoeriocitrin) searched
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in ZincDatabase is not present in the database. The interactions associated with pseudoeriocitrin are

intended to be used in the discovery of a new anthelmintic based on its very favorable binding of free

energies.

Amić et al. (2014) showed that a new bond can be formed in the morin molecule by calculating and

comparing the enthalpy that enables the conformational change required to form an intramolecular bond.

This new conformation of morin gives the molecule the ability to increase its radical scavenging activity

while making it planar. Morin is also a flavone, and the prospective binding results in a planar extension of

the flavone core, i.e., the formation of a ring parallel to the core plane. This is the same condition as the

flavone structure in our study. The bond formation between the flavone core and the rutinozide group

increases the planar area consisting of cyclic structures. This allows the hydroxyl groups of the molecule to

form a large number of hydrogen bonds with the protein, resulting in an increased inhibitory effect.

Brown et al. (2000) predicted that some modifications of the inhibitor mupirocin could enhance the

inhibition of isoleucyl-t-RNA synthetase. Indeed, the new inhibitors based on modified mupirocin

combined with an amino acid side chain inhibited the enzyme isoleucyl-tRNA synthetase with 10 and 12

femtomolar Kd values, whereas the parent compound inhibited the same enzyme with 140 pM Kd values.

When considered as a modified form of eriocitrin in the present study, pseudoeriocitrin appears to be much

more favourable than eriocitrin in terms of efficacy. However, the fact that pseudoeriocitrin has a very high

binding affinity for some proteins tested in this study suggests that it would be an extremely toxic molecule.

If pseudoeriocitrin's femtomolar inhibition value is due to a chemical reason, we think that this high

inhibition ability may be due to the following properties:

1. The heterocyclic center structure has a planar geometry.

2. The core structure of the ligand (the combined cyclic structures in the centre) is wide and consists of

four rings.

3. Side chains attached to the core have hydroxyl groups or oxygen atoms.

4. Positioning of 3,4,5-trihydroxy-6-methyloxan-2-yl and 3,4-dihydroxyphenyl groups perpendicular

to the core plane.

5. The center of the ligand is rigid in a wide area and the side groups are connected to the heterocyclic

center via sigma bonds.

The fact that radical oxygen atoms on pseudoeriocitrin are responsible for a number of hydrogen bonds, it

should be researched whether normal double-bonded oxygen atoms instead of radical oxygen atoms could

create the same inhibition effect.
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4. Conclusion

Further exploration is necessary to ascertain whether this molecule can be produced endogenously or

synthetically. Pseudoeriocitrin exhibits a remarkable ability to inhibit various enzymes at exceedingly low

concentrations without forming covalent bonds, even if only it is produced for a brief period. Therefore, it is

essential to pursue this investigation to validate the efficacy and safety of pseudoeriocitrin. Furthermore,

this study has gained new insights about an exceptional inhibitor that can effectively inhibit at the

femtomolar level. This discovery can be essential in the understanding of structure-activity relationship of

most potent inhibitors in the future. The first time, this study illustrated the magnificent inhibition

properties of a multi-radical molecule possessing a tetracyclic core structure in silico.

Appendixes

Figure App-1. SwissADME result of pseudoeriocitrin
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Figure App-2. SoCOX1 and SoCOX2. A) Homology model of S. obvelata COX1 (cytochrome c oxydase 1) enzyme

(SoCOX1). B) Ramachandran plot for SoCOX1 C) Homology model ofSoCOX2 D) Ramachandran plot for SoCOX2.
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Figure App-3. CeGLUT1. A) Homology model of Caenorhabditis elegans (CeGLUT1) B) Ramachandran plot for

CeGLUT1

Figure App-4. Evβ-tubulin. A) Homology model of E. vermicularis β-tubulin protein B) Ramachandran plot for

Evβ-tubulin
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