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ABSTRACT: Acridine and imidazole were combined and synthesized 3,8-disubstituted-propyl-3H-imidazo[4,5-

KEYWORDS aJacridine-11-carbonitrile, as a new derivative. The interaction of this new compound with the topoisomerase enzyme
. .. was studied by molecular dynamics simulation. The 3,8-disubstituted-3H-imidazo[4,5-a]acridine-11-carbonitrile
Imidazo[4,5-a]acridine;

structure has been optimized by the density functional theory method. According to the results obtained from the
molecular dynamics simulation, Arg364, Lys532, Asp533, Tyr537, Arg590, Cys630, Asn631, GIn633 and Adeninell

interact with the ligand by hydrophobic interactions and Arg488 and Adeninel2 interact with the ligand by hydrogen

Molecular modeling;

Aromaticity;

Topoisomerase
bond interactions. Due to the fact that some of these residues, Arg488 and Arg590 are located in the enzyme active
site, the new ligand appears to be inhibitory effect. Also, the calculation of the Harmonic Oscillator Model for
Aromaticity (HOMA) index showed that the 5-membered ring of ligand and the 6-membered ring attached to the 5-
membered ring had more reactivity with the enzyme. The contribution of charged residues in the binding free energy
of the ligand is greater than the uncharged residues.

INTRODUCTION

Acridine  scaffolds have a variety of useful Eukaryotic topoisomerases recognize DNA topology and

pharmacological properties, including anti-inflammatory
[1,2], antiviral [3], antimicrobial [4, 5] and anticancer
activities [6]. Because of their ability to intercalate into
DNA, acridines are used as chemotherapeutic drugs,
particularly as antitumor agents, resulting in
topoisomerase inhibition [7]. Imidazole derivatives, on
the other hand, have emerged as extremely effective
bioactive compounds, pharmaceuticals, and synthetic
intermediates. They can be found in the primary structure
of certain well-known human organism components like
the amino acid histidine. Furthermore, these compounds
exhibit  crucial  biological activities including
antibacterial activities [8], anti-inflammatory [9], anti-
plasmodium [10] as well as antifungal [11, 12].

preferentially react with positively or negatively super
coiled molecules over relaxed substrates. Eukaryotic
topoisomerases recognize two properties of their DNA
substrates. On the one hand, the type | and Il enzymes
can discern the topological state of DNA [13].

The catalytic group at topoisomerase I's active site is the
hydroxyl side chain of tyrosine residue. This functional
group can be a nucleophilic attack on phosphorus,
breaking the phosphodiester bond and forming a new
phosphodiester connection on the 5’ side of DNA. In the
next step, 3- OH of the broken strand attacks to the
phosphodiester bond. Finally, the phosphodiester bond
between 3'- OH and 5’-Pi in the DNA nucleotide chain is

formed. Some compounds have been shown to
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strengthen this bond. Camptothecin, for example, binds
the 3'-phosphotyrosyl intermediate and prevents DNA
leligation. Topoisomerase | is thus converted into a
DNA-damaging compound [14,15].

In the process of creating cancer cells, the speed of
nucleic acid multiplication increases. On the other hand,
topoisomerase enzyme increases the speed of
reproduction. Therefore, any compound that can limit its
activity can be effective in controlling cancer. On the
other hand, organic compounds such as acridine have an
inhibitory effect on enzymes such as topoisomerase. For
this reason, this research was studied with this feature.
Molecular modeling studies are used to investigate the
behavior of different enzymes [16]. In this work, acridine
and imidazole were combined and synthesized a new
imidazo[4,5-a] acridine derivative. Also, we investigated
the interaction of this new compound with topo-1 by

molecular dynamics simulation.
MATERIALS AND METHODS
Experimental

In accordance with industry standards, all solvents got
dryness. Compounds 2 [17] as well as 4 [18] got
synthesis following the method of the literatures. Other
compounds were purchased from Merck.

On a Varian Mat, CH-7 at 70 Ev, the mass spectra were
achieved. The analysis was conducted on a Thermo
Finnigan Flash EA microanalyzer. Electrothermal Type-
9100 melting-point apparatus was applied to obtain
melting points. The IR (as KBr discs) spectra was
acquired on a Tensor 27 spectrometer and just notable
absorptions are noted. a Bruker Avance DRX-300
spectrometer in DMSO-dg was used to record the *C
NMR (75 MHz) and the *H NMR (300 MHz) spectra.
Chemical changes are measured in parts per million
downfield from the internal standard, tetramethyl silane
(TMS); coupling constant J is provided in Hz. All
measurements were performed at room temperature.

In an ice-bath at rt, compound 4 (34 mmol) was mixed in
while stirring to H,SO,4 (98%, 30 mL) during a one-hour
period. The solution was then agitated at room
temperature for an additional 4 hours, and in an ice-bath,
water (40 mL) was incorporated into the solution and

agitated for another 2 hours before being poured over
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crushed ice, and finally, dilute aqueous NaOH was used
to neutralize it.

Then, the reaction mixture was let on to attain a
temperature of 50-70°C. Throughout the neutralization
process. When cooled to room temperature, it was
filtered and washed with water to produce new
compounds 5.
8-Methoxy-3-propyl-3H-imidazo[4,5-a] acridine-11-
carbonitrile (5). Compound 5 was achieved in the form
of yellow needles. (EtOH), (70%), m.p.: > 300 °C
(decomp.); IR (KBr disk): NH, 3344, 3327 cm™, C=0
1687 cm'™’; *H NMR: § 0.99 (t, 3 H, CH,CH,CH3, J = 7.2
Hz), 1.75-1.95 (m, 2 H, CH,CH,CH3), 3.96 (s, 3 H,
OMe), 4.47 (t, 2 H, CH,CH,CHjs, J = 7.2 Hz), 6.41 (s, br,
NH), 6.52 (s, br, NH), 7.59 (dd, J= 8.8 Hz, J= 2 Hz, 1H,
Ar H), 7.8 (d, J= 9.2 Hz, 1H, Ar H), 7.95 (d, J= 9.2 Hz,
1H, Ar H), 8.09 (d, J= 8.8 Hz, 1H, Ar H), 8.2 (d, J= 2
Hz, 1H, Ar H), 8.57 (s, 1H, Ar H) ppm; *C NMR (125
MHz): & 10.2, 24.5, 39.4, 49.0, 1115, 112.0, 115.3,
117.1, 119.5, 1225, 122.7, 123.9, 129.4, 130.6, 131.7,
138.8, 141.0, 146.6, 165.3 ppm; MS (EIl, 70 eV), m/z (I
(%)): 334 [M]" (7). Found: C, 68.47; H, 5.46; N, 16.59.
C1oH1gN,O, (334.4) Calculated (%): C, 68.25; H, 5.43;
N, 16.76.

Simulation details

The Human topoisomerase type | with the code 1A36 in
the protein data bank was put at the simulation box's
middle [19,20]. According to the procedure described by
Chillemi et al., Topo-I structure is anywise provided such
that pH becomes neutral [21,22]. In order for this goal,
Lysine and Arginine got protonation and Aspartate and
Glutamate got deprotonation. For Histidine, Half of the
sample was protonated, while the other half was
deprotonated. Then, five molecules were added to
simulation box. The Topo-I was placed in the center of
the box and the 5 molecules were randomly placed. The
designed box is filled with water type TIP3P. All
molecular dynamics simulations were carried out using
the Gromacs package version 5.1.2 and Charm27 all
atom force field.

As the force field settings for 5 are not provided in the
Gromacs software's default version, using of B3LYP
with primary function of 6-31G*, the compound's

structure has been optimized. B3LYP model is used in
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many researches [23]. Frequency calculations were done initio computations [24, 25]. Figure 1 depicts the optimal
to regulate the optimization and virtual frequencies were structure of the 5.
not noticed. GAMESS software was used to do all ab
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Figure 1. Optimized structure of 8-methoxy-3-propyl-3H-imidazo[4,5-a] acridine-11-carbonitrile[5].

The SwissParam web server [26] was utilized to compute constant throughout the simulations, in all equilibration
the force field parameters of the 5. The steepest descent phases and molecular dynamics simulations, V-rescale
approach was used to minimize energy [27] in order to and Nose-Hoover thermostats were used to couple with
remove the fundamental Kinetic energy from each system components [33, 34].

simulation box as well as to remove any incorrect
connections between the atoms. In both the NVT and RESULTS AND DISCUSSION

NPT ensembles, each simulation box attained two-stage As shown in Figure 2, 1-propyl-5-nitro-1H-

equilibrium. At this point, the equilibration period was benzoimidazole (2) as precursor was prepared by the

set to 5ns with a time step of 2fs. At last, reaction of 5-nitro-1H-benzimidazole (1) reaction with

molecular dynamics was carried out by solving the propyl bromide in DMF/KOH at rt [17]. In the next step,

Newton's second principle for 100ns with a time step of the compound 2's nucleophilic replacement of hydrogen
2fs. Electrostatic interactions were calculated using the
PME technique [28, 29]. LINCS algorithm [30] was used
to strengthen the chemical interactions between the

protein's atoms and SETTLE algorithm [31, 32] for

with 2-(4- methoxyphenyl) acetonitrile (3) led to the
formation of 3H-imidazo[4,5-a] acridine-11-carbonitrile
4 in MeOH/KOH solution. Finally, hydrolyze of the CN
group of compounds 4 in acidic media, produced new
solvent molecules. To keep the temperature and pressure amide 5 in high yield.

3

CN  N=
ON N ON N Meo@CHZCN /\N
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N KOH, DMF N MeOH, KOH, 8h, rt pz O
P MeO N

Figure 2. Synthesis of the new compound 5.

Analytical and spectroscopic data validated the structure square-deviation (RMSD) ii) determining the existence
of novel amide 5. (See Experimental section). of a protein structure in each matching value of RMSD
For the simulations' sampling, free energy landscape and Rg and iii) computation of configurations' free
(FEL) analysis method is the case [35]. The three major energy based on presence probability values. The result
steps of FEL analysis are as follows: i) Calculations of of FEL analysis has shown in 3D diagrams in Figure 3.

the protein's radius of gyration (Rg) and the root-mean-
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Figure 3. A) diagram of FEL analysis, B) the structure of topoisomerase sampled from simulated system in presence of 5.

In this figure, the blue color represents the smallest areas
of unrestricted energy. These figures indicate that
simulated system has local minimum, meaning that
protein in the presence of 5 has configurated stable. The
sampling complex structure derived from the molecular
dynamic simulation, which corresponds to the local

minimum, is shown in Figure 3. The compound 5 in this

figure is shown in blue. According to this figure,
compound 5 is located between the strands of the nucleic
acid and interacts with the protein. For closer
examination, the binding pocket of compound 5 was
obtained. In Figure 4, the binding site of the compound
5, along with the effective residues in the interaction of

the 5 with the Topo-I is shown.

Figure 4. schematic representation of the interaction’s ligand in binding site of topoisomerase. It was done using
(a) LigPlus program (b) Pymol.

This figure is derived from the LigPlot™ software [36].
According to the figure, Arg364, Lys532, Asp533,
Tyr537, Arg590, Cys630, Asn631, GIn633 and
Adeninell the 5 by hydrophobic
interactions. Also, Arg488 and Adeninel2 interact with

interact  with
the compound 5 by hydrogen bond interactions. From
these residues, Arg488 and Arg590 are directly in the
operating place of Topo-l. Also, residues Cys630,
Asn631 and GIn633 are in the vicinity of His632, which
is located in the active place of the Topo-I [37,20].
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According to the name of the compound 5 rings
mentioned in Figure 1 with numbers 1 to 4, it can be seen
that rings 4 and 3 have the most interaction with the
enzyme, and ring 2 has the least interaction with the
enzyme. To explain this, the HOMA index (Harmonic
Model for Aromaticity) was calculated
[38,39]. The HOMA index was calculated from the
following equation:

Oscillator

ij 2
HOMA = 1— %24 (Reer —Rij)” (1)
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Where j represents the atoms adjacent to each other i,
denotes the atom next to atom i, Rg.¢ and a are constants
that have already been determined and given in original
references [38-40] for each atom-pair type and N is the
atoms' total number.

In case of HOMA = 0, the ring is entirely non-aromatic.
If HOMA = 1, it means that each bond's length is the

same as the optimal value Rg.r therefore, the ring is
entirely aromatic.

If HOMA takes a substantial negative value, then the e
ring has an anti-aromatic quality about it. For the
calculation of HOMA, The MULTIWFN was used [41].
The values of the HOMA index and the contribution of

each bond in this index are listed in Table 1.

Table 1. the values of the HOMA index and the contribution of every bond in this index

Ring Atom pair contribution bond length (4°) HOMA
1 0.604068
Cl...c2 -0.124530 1.441846
C2...C3 -0.061987 1.350010
C3...c4 -0.050539 1.422303
C4...C5 -0.005521 1.376663
C5...C6 -0.083590 1.432116
C6...Cl1 -0.069766 1.428303
2 0.874781
Cl...Co -0.69766 1.428303
Ce...Cl1 -0.000965 1.392739
Cl11-C12 -0.005447 1.399262
C12...C13 -0.048536 1.421616
C13...N14 -0.000000 1.334157
N14...Cl1 -0.000504 1.328312
3 -97.629933
C12...C13 -0.048536 1.421616
Cl13...CI5 -48.269560 2.448120
Cl15...Cl6 -0.064305 1.349306
Cl16...C17 -0.070965 1.428648
C17...C18 -0.051750 1.353288
C18...C12 -50.124817 2.468301
4 -28.915768
C4...C5 -0.006625 1.376663
C5..N7 -14.066178 2201203
N7...C8 -0.019558 1.366337
C8...N9 -0.019351 1.301835
N9...C4 -15.804056 2253215

Regarding the values of Table 1, rings 2 and 3 are
aromatic and the rings 1 and 4 are anti-aromatic.
Therefore, the reactivity of rings 1 and 4 is more than the
reactivity of rings 2 and 3. To determine the affinities of
binding between the compound 5 and binding pocket

residues of the Topo-l, the MMPBSA algorithm,
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provided by Kollman et al., was utilized [42, 43]. The

free energy is calculated using this method:
G = Ebnd + Eel + EVdW + Gpol + an -TS (2)

Where Ep,q,Ee; and E gy are the energies of MM

including bonding, bending, and dihedral, electrostatic
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energy and interactions of van der Waals, respectively;
Gpor and Gy, are polar and nonpolar free energies of
solvation, obtained using the generalized Born and
solvent accessible surface methods, respectively. The last

term in Eq. 2, where T denotes temperature and S
denotes entropy, is the result of a normal mode (NM)
analysis. The share of the residues to the binding energy
of Topo-1 with compound 5 is depicted in Figure 5.
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Figure 5. The share of the residues to the energy that binds Topo-I with compound 5.

According to the figure, compound 5 affinity to charged
residues is higher than un-charged residues. In such a
way, the free energy of binding to the Arg residues is
greater than the rest of the residues. In summary, a new
derivative based on acridine and imidazole was
synthesized. The molecular dynamics was used to study
of the interaction of this new derivative with
topoisomerase enzyme. The calculations showed that the
new substance has inhibitory properties for the

topoisomerase enzyme.
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