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Heterocyclic compounds of imidazole have been extensively studied because they are promising for pharmaceuticals applications and
synthetic chemistry. Thus, the synthesis, characterization, and optical properties of four different Schiff base ligands based on imidazole
named L1-L4 have been the subject of many recent studies. The antifungal properties of these compounds on an important pathogenic
fungal species (Candida albicans) have been also studies. In this study, at first, quantum chemical calculations, in the framework of density
functional theory, were performed on four imidazole-based structures (L1, L2, L3 and L4) to determine their structural and electronic
properties and to understand the correlation between their structures and properties. In the second part, the molecular docking was carried
out on the most and the least active compounds (L1 and L4) with their targeted proteins to explain the origin of these in silico antioxidant
properties and to examine the probable binding modes of the studied compounds with the corresponding amino acid residues of protein.

The theoretical results are also compared with experimental data.
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INTTRODUCTION activities as antitumor, anti HIV, antimicrobial,

anticonvulsant, antioxidant, antihypertensive, anticancer,

Imidazole-based organic compounds are among the
synthetic  intermediates  and
pharmaceuticals [1-4]. Imidazole consists of a five-member

main  precursors  of
hetero-aromatic ring with two nitrogen atoms. In nature,
imidazole is found in many natural products possessing
various biological activities and also present in the human
organisms, such as the histidine amino acid, a component of
DNA base structure [5].
Heterocyclic compounds of

imidazole have been

extensively studied because they are promising for
pharmaceuticals applications, synthetic chemistry and
biochemical processes [6-7]. These compounds are well-

known for their biological and especially pharmacological

*Corresponding author. E-mail: m.bouachrine@umi.ac.ma

analgesic, anti-inflammatory, antimicrobial, antidepressant,
cytotoxic, anti-HIV,
anticonvulsant, anti-inflammatory and anticancer [8-11].

analgesic, antileishmanial,
Apart from biological applications, these molecules
properties as
potential inhibitors for transition metals [12], optoelectronic
applications (OLED) [13]and non-linear optic (NLO)
systems [14]. The excellent properties of imidazole and its

have interesting corrosion

derivatives can be attributed to, first, their aromatic nature,
second, the presence of heteroatom and a pi-conjugated
system, and, third, the hydrogen bond donor-acceptor, Van
der Waals, pi staking, hydrophobic interactions as well as
their high affinity for metals. Thus, four different Schiff
base ligands named L1, L2, L3 and L4 (Fig. 1) have been
prepared and characterized by S. Slassi ef al. [15].
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Fig. 1. Four ligands containing imidazole compounds (L1, L2, L3 and L4).

According to these authors, the synthesized ligands can
be used in many applications in the biological and
fields they possess
antifungal properties on an important pathogenic fungal

pharmaceutical since interesting
species, Candida albicans. These species cause nosocomial
infections through the infection of the bloodstream [16,17].
Despite the scientific progress, especially in developing the
antifungal drugs, the number of patients with this disease
has increased considerably in recent years [18]. We are
interested in the structural study of these molecular systems
and the different interactions between these molecules and
the corresponding receptors using computational tools,
especially quantum chemical calculations and molecular
docking. It is worth noting that the quantum chemical
methods based on density functional theory (DFT) coupled
with experimental techniques play crucial role in studying
several physico-chemical properties of organic molecules.
The hybrid functional, B3LYP [19] is most widely used
because it offers low computational costand commonly
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excellent results. Herein, we use DFT-based quantum
chemical calculations at the B3LYP-D3/6-31G(d,p) level of
theory study the
molecular dockingis performed in order to explainin

to the molecular geometry. Then,
silico antioxidant properties and to investigate the possible
binding sites and different interactions between the Li
the the

corresponding proteins. The results of molecular docking as

ligands and amino acids resulting from
well as those of quantum studies are then compared with

experimental data.

MATERIALS AND METHODS

Data Set
The chemical data with their

properties and antioxidant activities were taken from

reported antifungal

literature [15]. Antifungal activities of the compounds
L1 to L4 were
species which is pathogenic for humans: Candida albicans

evaluated on an important fungal
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Table 1. Antifungal Activities Obtained in a Solid Medium (nm) [15]

Studied compounds

L1

L2 L3 L4

C. Albicans

17

14.5 14.5 12.5

Table 2. Antifungal Activities Obtained in a Liquid Medium (mg mI™") [15]

Studied compounds

L1 L2 L3 L4

C. Albicans

0.8 0.1 0.2 3

implicated in patients with cystic fibrosis [20]. According
to the authors, the activities were determined by rapid
antifungal screening using a disc diffusion method in a solid
medium; the antifungal activity values are listed with their
corresponding structures in Tables 1 and 2.

DFT Calculations

In this study, the Becke’s hybrid functional with three
parameters B3 and the nonlocal correlation of Lee-Yang-
Parr LYP, called B3LYP method, was used [19]. The
6-31G(d,p) basis set was used for all calculations [21]. The
DFT were performed using the Gaussian 09 package [22]. It
is noted that the use of this method as well as this basis set
appears to be adequate approach for the study of physico-
chemical properties of these compounds and most organic
[23-29]. This method
correlation effects at a lower cost in the computation's time.

compounds introduces electron
The geometry structures of the neutral molecules (L1, L2,
L3 and L4) were optimized under no constraint. We also
determined the highest occupied molecular orbital (HOMO)
and the lowest unoccupied molecular orbital (LUMO) levels
of the target molecules. The Ey, energy, as the energy
difference between the energy levels of HOMO and LUMO,
and other electronic parameters were also calculated.

Molecular Docking

Molecular docking was performed to examine the type
of interactions between the studied compounds shown in
Fig. 1 and the protein to validate the experimental results.
The compounds and protein preparation steps for the
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docking protocol were carried out in Autodock tools 1.5.4
from MGL Tools package using default parameters [30]. A
grid box (x=67.5, y=69.2, z=3.64 at 1 A spacing) was set
to cover the tetrazole-based antifungal drug candidate
binding site in the studied enzyme Candida albicans sterol
14 (CYP51). The  bioactive
conformations were simulated using Autodock Vina [31].

alpha-demethylase

The results were analyzed using Discovery Studio 2016 [32]
software. The crystal structure ofthe enzyme (PDB entry
code: 5STZ1) [33] was downloaded from the protein data
bank (http://www.rcsb.org), and its original ligand was
removed, then, the studied ligands in their DFT optimized
conformation (compounds: L1, L2, L3 and L4) from our
data set were docked in the active site of the studied enzyme
(5TZ1). The PDB file was prepared using Discovery Studio
2016 cofactors and solvent molecules were removed from
the model. For docking study, the three-dimensional
structures of ligands were built and optimized using DFT
method by the parameters described before on the software
Gaussian 09.

RESULTS AND DISCUSSION

DFT Results

In order to theoretically characterize the molecules
under study, to determine their structural and electronic
properties and to understand the correlation existing
between the structures and properties, all the structures were
optimized at the B3LYP/6-31G(d,p) level. The optimized
geometries of molecules L1,L2,L3 and L4 are shown
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L3

L4

Fig. 2. Optimized geometries of the compounds L1, L.2, L3 and L4.

in Fig. 2

Based on the results shown in Table 3, the bond lengths
and angles obtained agree well with the experimental X-ray
crystal data for the compound L2 [34]. The difference
between the theoretical and experimental results can be
attributed to the isolated molecules in the gas phase in DFT
calculations, whereas the experimental properties are in the
solid state.

The electron distribution in HOMOs and LUMOs reflect
the chemical stability and the reactivity of the compounds.
The properties of these occupied and unoccupied orbitals
make it possible to predict the most reactive sites and to
explain the reaction mechanisms. It also gives information
about the properties of the molecules under study and their
interactions with biological receptor. Experimentally, the
energies of HOMO and LUMO are obtained through the
electrochemical potential of oxidation and reduction
reactions. Theoretically, these properties are also accessible

by quantum calculation using DFT. The HOMO indicates
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the character of electron-donation, or the ability to donate
an electron, while the LUMO indicates the character of
electron-acceptation or the ability to obtain an electron.

In Fig. 3, the orbital lobes of HOMO and LUMO of our
compounds are shown. We note that these orbitals have
similar electronic distributions regardless of the compound
under study. The electron distribution of HOMOs of all
compounds is localized on the whole molecule and presents
the anti-bonding character between the two adjacent
fragments; whereas, the electron distribution of LUMOs is
mainly localized on the conjugated bridge and presents the
bonding character between the two adjacent fragments.

On the other hand, the energy gap is an interesting
parameter that can explain different electronic properties,
and stability of any compound. The small band gap
facilitates the transfer of electrons from HOMO level to
LUMO level when the material absorbs the wavelength
light, while the large band gap reflects low reactivity and
high stability. Therefore, the energies of HOMO, LUMO
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Table 3. Geometrical Parameters of the Compounds L1, L2, L3 and L4: Bond
(A) and Bond Angle (°)

Exp (L2) B3LYP(L2) B3LYP(L1) B3LYP(L3) B3LYP (L4)

C1-C2 1376 1.392 1.383 1.394 1.394
C1-H7 0.93 1.100 1.076 1.086 1.086
C2-C3 1.392 1.399 1.391 1.400 1.400
C3-C42 1.504 1.462 1.511 1.509 1.509
C4-C5 1.389 1.409 1.392 1.405 1.405
C5-C6 1377 1.391 1.380 1.388 1.388
Co6-Cl 1.37 1.393 1.387 1.399 1.399
C5-H9 0.93 1.102 1.073 1.084 1.084
C4-N11 1.439 1.437 1.421 1.417 1.417
N11-N12 1.24 1231 1.220 1.262 1.262
N12-C13 1421 1438 1.417 1.414 1.414
C13-Cl4 1.395 1.412 1.385 1.401 1.403
C14-Cl6 1372 1.388 1.381 1.388 1.388
C14-H17 0.93 1.103 1.075 1.085 1.085
C20-046 1.338 1374 1.349 1.364 1.365
C16-C20 1.396 1.403 1.386 1.399 1.399
Cl6-H21 0.93 1.1 1.077 1.088 1.088
C18-C22 1.454 1.47 1.483 1.476 1.478
C22-N24 1271 1.287 1.252 1.276 1.275
N24-C25 1.462 1431 1.445 1.454 1.456
C25-C28 1.508 1.527 153 1.535 1.534
C25-H27 0.97 1.13 1.088 1.100 1.100
C28-C31 1517 1.53 1.529 1.534 1.533
C31-N34 1.458 1432 1.449 1.458 -

C31-H33 0.93 1.128 1.085 1.096 1.096
N34-C36 1.341 1.405 1.349 1.369 -

C37-N41 1.357 1.395 1.368 1.377 -

461
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Table 3. Continued

C35-C37 1.353 1.407 1.351 1.373 -
C35-N34 1.361 1.399 1.372 1.382 -
C35-H38 0.93 1.087 1.069 1.080 -
C37-H40 093 1.089 1.070 1.081 -
C3-C4-N11 116.9 116.96 116.00 115.84 115.84
NI1-N12-C13 11598 119.71 115.90 115.03 115.06
C2-C3-C42 121.9 119.48 120.40 120.66 120.66
N12-C13-C14 1144 115.64 115.77 115.44 115.44
C20-046-H47 109.5 108.16 111.12 109.34 109.19
C18-C22-N24 120.7 122.90 121.40 121.26 121.26
N24-C25-C28 109.41 11931 119.94 119.39 119.39
C31-N34-C36 126 126.82 126.93 126.80 -
C31-N34-C35 127.2 126.52 127.07 126.86 -
N34-C36-N41 112.1 111.34 112.90 112.52 -
N41-C37-H40 124.6 121.50 121.61 121.44 -

and gap energy were determined from the DFT optimized
structures of the compounds (Table 4). We also calculated
other chemical descriptors such as the ionization potential
(D, the electron affinity (A), the chemical hardness (1) and
the softness (p) according to Koopman's theorem [35-36].
The ionization potential (I): I= - Egomo.

The electron affinity (A): A =- Erymo;

The chemical hardness (1):

N =1/2 (<A +1)=1/2 (ELumo - Exomo);
The softness (p): p=1/1

It is known that the energy of HOMO (Eyomo) indicates the
tendency towards the electron donation while the energy of
LUMO (E_umo) indicates the ability to accept electrons.
Therefore, the obtained values of (Exomo, Eruomo) are
(-5918, -2.104), (-5.852, -2.114), (-5.799, -2.026) and
(-5.718,-1.991) for L1,L2,L3 and L4, respectively. The
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low value of the HOMO energy and the high value of the
LUMO energy are probably responsible for the high activity
of the L1 compound. This is in a good agreement with the
experimental results suggesting the following order of
experimental activities L1 > L2 > L3 > [ 4. Considering the
value of the energy gap, AE, larger values of the energy
difference reflect low reactivity and high stability. The band
gap value of L2 indicates that this molecule has a stable
structure. This is confirmed by the high hardness value and
the low softness value obtained, indicating that the molecule
L1 could have a better performance as a ligand.

Dipole moment, u (Debye),
parameter that results from non-uniform distribution of

is another important
charg on the various atoms in the molecule [37]. The high
value ofp (Debye) probably increases the interaction
between the molecule and the protein and increases the
activity of the ligands studied. In our study, we calculated
the dipole moment of the studied molecules. The obtained

results show that the most active molecule L1 has a dipole
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L4

Fig. 3. The DFT-based HOMO and LUMO molecular orbitals of the compounds L1-L4 at the B3LYP/6-31G(d,p) level.
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Table 4. Quantum Chemical Parameters for the Compounds L1-L4 Obtained Using the DFT
Approach at the B3LYP/6-31G(d,p) Level

Exnomo Erumo Egap Hardness Softness  Dipole moment, p
(eV) (eV) (eV) () (P) (Debye)

Ll  -59189 -2.1043 3.8146 1.9073 0.5242 3437

L2 -58522 -2.1141 3.7381 1.8690 0.5350 3.093

L3  -5.7994 -2.0267 3.7727 1.8863 0.5301 3.960

4 -57185 -1.9916 3.7269 1.8634 0.5366 2.620

moment of the order of 3.437 D, a value superior to
that obtained in the case of the least active molecule
L4 (2.62 D).

Molecular Docking

The molecular docking analysis [36] was carried out for
the compounds L1-L4 with their corresponding proteins.
The crystal ~ structure ofthe  enzyme  (PDB  entry
code: 5TZ1) was downloaded from the protein data
bank (http://www.rcsb.org) and its original ligand was
removed. The studied ligands in their DFT optimized
conformation (compounds: L1, L2, L3 and L4) were docked
in the active site of the enzyme. We searched an appropriate
enzyme for our study, the sterol 14a-demethylase appears
the best one because it is a cytochrome P450 enzyme
involved in the conversion of lanosterol to 4,4-
dimethylcholesta-8 (9), 14,24-triene-3B-ol [38]. These
isoenzymes of cytochrome P450 are the main components
in the biological synthesis of vitamins and lipids as well as
the metabolism of organic substances [39]. As a member of
this family, sterol 14oa-demethylase is responsible for an
essential step in the biosynthesis of ergosterol in fungi,
which is a vital substance for the cell. It enters in the
membrane structure and is an important element in the
regulation of the fluidity and permeability of the membrane
influencing the activity of enzymes, ion channels and other
cellular components. We chose this enzyme to perform
docking for the following reasons:
This enzyme has been reported in the literature as an
antifungal therapeutic target by azoles to block sterol
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synthesis in C. albicans [40];
Many researchers have discussed the presence of the
enzyme sterol-14-a-demethylase in fungi causing disruption
of the plasma membrane accompanied by cell leakage and
ultimately the death of the pathogen in (our case C.
albicans), by destroying the ability of the fungal cell to
produce ergosterol [41].
The interactions between the enzyme Candida albicans
sterol 14 alpha-demethylase (CYP51) and the compounds
studied here, L1 (the more active), L4 (the less active), are
shown in Fig. 4.
The two compounds L1 and L[4 show different types of
interactions with the potential target sterol 14 alpha-
demethylase, such as Electrostatic interactions, hydrogen
bond, Pi-anion, hydrophobic interactions type Pi-Alkyl and
Pi-sigma. Table 5 summarizes the different type and number
of the interactions.
Figure 5a shows that the most active compound L1 presents:
03 pi-sigma interaction with PHE A:233, TYR A:118 and
PHE A:436 residues, which can be seen in dark purple
dotted lines,
02 strong hydrogen bonds, the first between the TYR A:132
residue and the oxygen of O-H bond and the second
between hydrogen of N in the imine moiety and the
hydrogen of the TYR A:132 residue, which can be seen in
green dotted lines,
while the less active compound L4 presents:
01 conventional hydrogen bond with CYS A:470 residue,
01 pi-sigma interaction with GLY A:472 residue.

By analyzing those results, it is possible to understand
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Fig. 4. Interactions between the protein sterol 14 alpha-demethylase and compounds L1 (the more active) and
L4 (the less active).

Table S. Different Types and Number of the Interactions between Molecules L1 and L2 with the Potential Target Sterol-14-
Alpha-demethylase

Pi sulfure
Hydrogen bonds pi-sigma Mauve
(yellow)
Compounds (green) (dark pink) (Pi-alkyle)
Number AA Number AA Number AA Number AA
PHE463
LEU376
L1 3 (2)TYR132His 468 3 PHE233 2 MET508CYS470 2
PRO230
THY118
ILE131
PHE126
ALA476
L4 1 CYS470 NO NO 6
LEU370
PHEA463
PRO375

465
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Fig. 5. The hydrophobicity between the most active molecule in solution media (L2) and (CYP51) visualized

with Discovery Studio visualizer program.

the difference between the most active L1 and the least
active compound L[4. Based on the results, the activity
difference observed between the most active molecule (L1)
and the least active one (L4) can be explained by the
difference in the type and the number of different bonds.
Indeed, the absence of pi-sigma and pi-Sulfide bonds in the
least active molecule may probably explain this difference
on the antifungal activity, since these bonds stabilize the
molecule in the most active conformation in the binding
site, indicating that the several groups in compound L1 (the
most active species) presents many more hydrogen bonds
and pi-sigma interactions compared to compound L4 (the
less active species). Also, the presence of the three
hydrogen bonds in the most active molecule may explain
the strong antifungal activity. The ligand inhibits the
enzyme the
synthesis of ergosterol causing then a disturbance in the

14-0-demethylase and probably blocks
plasma membrane, followed by cell leakage and eventually
death of the pathogen. In a simple way, it gives us an idea
about the potential mechanism of action of these molecules.
While the other types of binding (for example pi-alkyle
interactions) appears to be not very necessary for the
biological activity but only for the stability of the ligand.

It should be noted that the L4 molecule does not have an
imidazole unit; therefore, the absence of these specific
bonds probably leads the low activity observed both in
solid state and in solution. Consequently, the presence of
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imidazole units has a great effect on the activity of the target
This
experimental observations in the solid media. However, a

molecules. is in a good agreement with the
certain discrepancy was noted between the obtained results
in solid state and those in liquid state; indeed, in liquid
medium, high antifungal activities MICg, were observed
against C. albicans (L1 (0.8 pg ml") <L3 (0.2 pg ml™)
<12 (0.1 ug ml™")). As in the solid state, where the activity
is expressed by the diameter of the inhibition zone,
L1 possesses important antifungal properties, although they
are more interesting in the case of L2 and L3 (L1 (17 mm)
<L3 (14.5mm) =12(145)) [15]. To explain this
phenomenon, we calculated log P, which is proportional to
hydrophobicity, for each ligand. This hydrophilic ("water-
loving") or hydrophilic gold ("water-fearing") coefficient is
useful in estimating the distribution of the target compound
in the solvent used. The obtained results show that the
compound L2 is the most hydrophobic (logP = 0.94),
followed by L3 (logP 0.86) and L1 (logP 0.57),
explaining the obtained activities in solution (L2 > L3 >

L1). Therefore, we confirm that the lipohilic or hydrophobic
character of the compounds affects the antifungal activities
in liquid medium by modifying their diffusion (Fig. 5).
CONCLUSIONS

The obtained values of Epomo, Erumo are (-5.918,
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-2.104), (-5.852, -2.114), (-5.799, -2.026) and (-5.718,
-1.991) for L1, L2, L3 and L4, respectively. This can
explain that the highest activity of L1 is probably due to the
low value of the HOMO energy and the high value of the
LUMO energy. This is in a good agreement with the
experimental observations suggesting the following order of
experimental activities L1 > 12 > 13 > [A4.

The calculated band gap value indicates that the L1
molecule has a stable structure.

The higher hardness and lower sofiness value confirm
the stability of L1, suggesting that this molecule could have
a better performance as a ligand. This is in good agreement
with the experimental observations.

The molecular docking analysis was carried out for the
ligands L1-L4 with their corresponding proteins. The most
active compound L1 presents many hydrogen bonds and pi-
sigma interactions compared to the less active compound
LA4. Also, the presence of the three hydrogen bonds in the
most active molecule may explain the strong antifungal
activity. Indeed, the absence of pi-sigma and pi-sulfide
bonds in the least active molecule may explain this
difference on the antifungal activity, since these bonds
stabilize the molecule in the most active conformation in the
binding site.
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