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Abstract

Synthesis and characterization of 2-styrylchromone derivatives had been done through aldol condensation between 2-
methylchromone and various cinnamaldehyde with modified substituent groups on the benzene ring, such as —Br and —OCHs.
Pharmacokinetic studies provide some information on the drug-likeness, bioavailability, and ADMET (absorption, distribution,
metabolism, excretion, and toxicity) properties of these 2-styrylchromone derivatives. Meanwhile, a structure-based
approach was performed to study the potential of 2-styrylchromones as an inhibitor of the kinesin Eg5. The activity of kinesin
Eg5 was found in the regulation of the mitosis phase on cancer cells, so it has a promising target potential in cancer therapy.
The results show that MT2 and MT3 have promising potential as Eg5 kinesin inhibitors from a thermodynamic aspect. The
prediction of binding free energy (AGuing) using the Molecular Mechanics-Generalized Born Surface Area (MM-GBSA)
approach shows the AGging (kcal mol?) of MT3-Eg5: -33.89 + 0.28 and MT4-Eg5: -21.88 + 0.22. Besides, Energy decomposition
(AG [=59v€) presented 12 key binding residues which were identified as responsible for the interaction with inhibitors, such as
E100, R103, S104, P105, W111, 1120, P121, Y195, L198, E199, A202, and A203. The obtained results demonstrated how 2-
styrylchromone derivatives could be considered against the kinesin Eg5 at the molecular level.
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1. Introduction cancer death cases still occur in various parts of the world.
Cancer is a disease caused by the growth of abnormal cells that Therefore, the development of drugs and cancer cell therapy
cause damage to other normal tissues in the human b()dy L The isa major concern in the reduction of cancer death cases.l3

diagnostic case study showed that female breast cancer (11.7%)  Cancer cell therapy by targeting certain proteins that play
was the most common (2.3 million new cases) compared to a crucial role in the mechanism of cell development has been
other cancer cases, such as lung (11.4%), colorectal (10.0%), Wwidely applied.®® One of them is targeting the kinesin Eg5
prostate (7.3%), and stomach (5.6%) cancers.? Currently, protein, which plays an active role in the life cycle of cancer
_ _ cells.[ Kinesin Eg5 (also known as KSP) is a spindle motor
1 D_epar_tment_of Chemistry, Faculty of Science and Technology, protein that plays a specific role in the mitosis phase (M) in
Universitas Airlangga, Komplek Kampus C UNAIR, JI. Mulyorejo, the development of cancer cells.®¥ This protein moves along

Surfibaya 60115, '”dO”ESi_a' N microtubules (MTs) using hydrolyzed adenosine triphosphate
2 Biotechnology of Tropical Medicinal Plants Research Group, (ATP) energy, which functions as a cargo transport cell.
Unl\_/e_rsnas Alrlangga, Jawa Timur 60132, Indonesia. _ Additionally, several kinesin proteins have been found to play
3 Bioinformatic Laboratory, UCoE Research Center for Bio- roles during the mitotic phase. The kinesin Eg5 inhibition
Molecule Engineering, Universitas Airlangga, Surabaya 60115,  can disrupt the mitotic process in cancer cells, which probably
Indonesia. can stop their life cycle. Therefore, kinesin protein is a

4 Department of Chemistry, Faculty of Mathematics and Natural potential target in cancer therapy.l'*12 Besides, kinesin Eg5
Sciences_, State University of Surabaya, Lakarsantri 60213,  jphibition is promising because it improves the side effects
Indonfzma. _ o o profile during cancer therapy.!314

*Email: alfinda-n-k@fst.unair.ac.id (A. N. Kristanti) The efficacious kinesin Eg5 inhibitor is ispinesib, which
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shows good anticancer activity.['] Therefore, the development
of a kinesin Eg5 inhibitor was carried out based on the
ispinesib structure as a reference (Fig. S1). One of them is
chromone compounds, which have a similar structure to
ispinesib in two rings A and C (Fig. 1). The structure similarity
is expected to have a similar inhibitory mechanism for kinesin
Eg5 protein. Therefore, the synthesis of chromone derivatives
is the main focus of this research. Previous reports stated that
chromone derivatives have potential as Eg5 kinesin
inhibitors.[*® Previous researchers have proven that chromone
derivatives have various pharmacological properties.['s! Some
chromone derivatives have been investigated for their
anticancer activity, including the thiochroman-4-one, which
shows higher anticancer activity than melphalan as the
standard drug (a chemotherapy drug used to treat ovarian
cancer and amyloidosis).}"! In other studies, benzylchroman-
4-one and its derivatives have been identified as anticancer,
antioxidant, and antituberculosis.l*®! Chromen-4-yl phosphate
derivative has activity against cancer cells.'¥) Additionally,
chromen-2-on derivatives can be used for breast cancer
chemotherapy.

OCHj,

MT-3

Fig. 1 Chemical structure of synthesized 2-styrylchromone
derivatives.

Molecular studies aim to investigate the interaction of
small molecules with kinesin Eg5 protein at the molecular
level. This study provides information to understand the
inhibition mechanism of chromone derivatives at the kinesin
Eg5 binding site.[?l The alternative method used is the based-
structure approach through a combination of molecular
docking and molecular dynamics (MD) simulation.??2
Moreover, this approach has been shown to have advantages
in the development of inhibitors.[*??4l The theoretical analysis
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is useful for designing the candidate inhibitors. Some of the
variables presented in this work are the synthesis of 2-
styrylchromone derivatives using the aldol condensation
reaction and their characterization. Meanwhile,
pharmacokinetic studies of synthetic compounds are
performed to determine their criteria as good drug candidates.
Moreover, the combination of molecular docking and
molecular dynamics (MD) simulation provides molecular
insight into the potential of synthesized 2-styrylchromone
derivatives against the Eg5 protein, which is responsible for
cancer cell growth as described above. Previous research
showed that the synthesis of 2-styrylchromone was carried out
with various benzaldehyde reagents.?!! In this work, we
synthesized 2-styrylchromone derivatives using trans-
cinnamaldehyde, p-bromo cinnamaldehyde, and p-methoxy
cinnamaldehyde reagents. Moreover, the combination of
molecular docking studies and MD simulations regarding the
activity of synthesized 2-styrylchromones against kinesin Eg5
at the molecular level is the first to be reported in this work.
Therefore, several variables measured in this work would
provide novelty and information regarding the design of
chromone structure-based Eg5 kinesin inhibitor.

2. Experimental section

2.1 Materials

The materials used are trans-cinnamaldehyde (Merck), 4-
bromocinnamaldehyde (Merck), 4-methoxycinnamaldehyde
(Merck), 2-hydroxyacetophenone (Sigma-Aldrich), sodium,
HCI 0.5N, ethyl acetate, p-toluenesulfonic acid (pTSA)
(Merck), ethanol (Merck), n-hexane (Merck), ethyl acetate
(Merck), chloroform (Merck), methanol (Merck), aquadest,
and NaOH 40%.

2.2 Synthesis and characterization

The synthesis of MT-1 was obtained through an aldol
condensation reaction between 2-methylchromone and trans-
cinnamaldehyde. The 2-methylchromone was first
synthesized according to the procedure as stated in
reference.?l A total of 0.5 mmol of 2-methylchromone was
reacted with 0.55 mmol of trans-cynamaldehyde, followed by
the addition of 8 mL of ethanol and 0.5 mL of 1 M NaOH as a
catalyst. Then, the mixture was stirred at < 5°C for + 1 hour.
After 1 hour, the reaction was continued at room temperature
for 3 hours. The reaction products were recrystallized to obtain
MT-1 compound. The orange solid formed was filtered using
a Buchner funnel and recrystallized with a single solvent of
ethanol. Next, its purity was tested using thin layer
chromatography (TLC) with three eluent systems. The yield
obtained from the synthesis of MT-1 was 35.4 mg (25.6%).
The melting point data for the MT-1 compound is 144—146 °C.
This procedure was repeated by replacing the trans-
cinnamaldehyde with p-bromo cinnamaldehyde and p-
methoxy cinnamaldehyde to obtain MT-2 and MT-3,
respectively. The MT-2 was recrystallized by using methanol
with a yield of 33.92%. The melting point data for the MT-2
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compound is 180-182 °C. Meanwhile, the MT-3 compound
formed was not pure. So, it was necessary to separate it using
column chromatography to purify the compound. Elution in
column chromatography was carried out using the eluent n-
hexane: ethyl acetate in a ratio of 25:1. After the compound
was purified by column chromatography, its purity was tested
using TLC with three different eluents. The yield obtained
from the MT-2 synthesis was 45.34%. The melting point data
for compound MT-3 is 137-139 °C. These synthesized
compounds were characterized by melting point (Buchi M-
560 melting point apparatus), UV-Vis spectrophotometer
(Shimadzu UV-1800), FTIR (Shimadzu IR Tracer-100), NMR
(JEOL INM-ECS 400), and MS (JEOL 600H-1).

2.3 Drug-likeness, bioavailability, and ADMET prediction
Pharmacokinetics prediction for inhibitors as drug candidates
were predicted by the web service SwissADMEP and
pkCSM.1 The drug-likeness, bioavailability, and ADMET
calculations were performed using a 2D structure (SMILES
format). Drug-likeness and bioavailability criteria were
calculated based on several rules, including Lipinski,?’]
Ghose,?® Veber,?1 Egan,* and Muegge®!! rules. Meanwhile,
the prediction of ADMET aims to study the biological activity
of drug candidates in the body.

2.4 Inhibitor and receptor preparation

The target protein uses the crystal structure of the human
kinesin Eg5 obtained from the protein data bank (PDB ID:
4AP0). The crystal complex contained ispinesib inhibitor
(PDB ID: G7X) as a native ligand located on the active site of
the kinesin Eg5. Homology modeling was carried out to refine
the missing residue in the target protein using the Modeller
package. The G7X and amino acid residues (receptors) were
extracted from the crystal structure kinesin Eg5 using the
Chimera version 1.13 package to obtain their initial
coordinates. The G7X inhibitor was used as a control because
it had an inhibitory activity of the kinesin Eg5 14. In addition,
doxorubicin (PDB ID: DM2) was also used as a control (Fig.
S1) in this study because of its known general anticancer
activity.®  Meanwhile, candidate inhibitors of 2-
styrylchromones were calculated for electrostatic potential
(ESP) charges using the DFT/B3LYP/6-31G(d,p) method.
Finally, the AMBER force field (FF14SB) and Austin model
1-bond charge correction (AM1-BCC) were applied to ligands
and receptors for parameter purposes, such as bonded,
nonbonded, and charge.

2.5 Molecular docking and molecular dynamics simulation
All procedural molecular docking was performed by using the
DOCKG6 package. The grid-box is made based on the
coordinates of selected spheres (radius: 10 A) on the receptor
active site. The rigid conformation with a grid score function
approach is applied to perform the redocking process. The
inhibitor-receptor scoring process (Eq. 1) takes place in a gas
term with energy considerations in the form of van der Waals
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(Evaw) and electrostatic (Eecie). The criteria for the success of
the redocking process in determining the native ligand
superposition is RMSD < 2.0 A.[¥3 Then, the docking inhibitor
process uses the parameters used previously in the redocking
process that meet the criteria.
Grid-Score= Eygw + Eele 1)
The obtained coordinates of each complex from the
docking process are integrated into the MD simulation using
the General AMBER Force Field (GAFF).Y The topology
preparation of each system in the form of ligand, receptor,
complex, receptor-solvated, and complex-solvated using the
tleap tool available in the AMBER18 package. The solvent
model used is TIP3P water solvent and sodium counterions to
neutralize the system (Na® randomly added). The
minimization process is carried out on water molecules and
counterions (steepest descent: 1500 steps and conjugate
gradient: 500 steps). Next, the complex was minimized by
1500 steps of steepest descent and 500 steps of a conjugate
gradient. Finally, the entire system was fully minimized by the
same protocol. In this stage, the heating process is carried out
gradually (10 K to 310 K) for 200 ps with a harmonic restraint
of 30 kcal mol! A2 The process was continued by system
equilibrium stages with harmonic restraint of 30, 20, 10, and 5
kcal mol! A2 for 1300 ps. Finally, the entire system is
produced under the NPT ensemble (310 K and 1 atm) until
reaching 100 ns. The whole simulation process is carried out
to obtain trajectories from each system for further analysis.

2.6 Trajectories analysis
The conformational dynamics of each system were evaluated
through system stability, compactness, and flexibility for 100
ns trajectories. Meanwhile, further analysis needs such as
water accessibility, atom contact, hydrogen bonding, and
binding free energy use the last 20 ns (80-100 ns) trajectories.
Trajectories analysis used cpptraj® and MMPBSA.py® tools
available in the AMBER18 package

Binding free energy (AGyind) and energy decomposition
(AG [5idve) were calculated using the Molecular Mechanics-
Generalized Born Surface Area (MM-GBSA) approach. Some
of the key parameters used are the Generalized Born solvation
model: 2, the concentration of mobile counterions in solution:
0.00 M, and nonpolar contribution of solvation free energy:
0.0072. The determination of AGuping is calculated by
considering several parameters, including the gas term (AGgas),
solvation term (AGsol), and entropy change (-TAS), which are
described in Eq. 2. However, -TAS is ignored because of the
large calculation costs and low prediction accuracy 37. In
detail, the energy component of AGg,s is described in full in
Eq. 3. In particular, energy bonded (AEponded) consists of bond,
angle, and torsion energies, which have conformational
energies of equal zero. Meanwhile, the energy component in
AGsol is the total of Generalized Born models (AGSS) and

solvent-accessible surface area energy (AGyy' pOlar) (Eq. 4).

Finally, the free energy binding can be calculated in detail
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using Eq. 5.
AGying= AGgas + AGsoly - TAS (2)
AGGgas = AEponded + AEvaw + AEcie (3)
AGsoly = AGHS+ AGIP™ 4)
AGina= AEqw + AG™ "™ + AEq +AGSS (5)

3. Results and discussion

3.1 Synthesis and characterization of 2-styrylchromones
The MT-1, MT-2, and MT-3 are compounds that have the same
skeleton structure, namely 2-styrylchromone (Fig. 1). The
structure of synthesized compounds were elucidated by
spectroscopy methods.
2-((1E,3E)-4-fenilbuta-1,3-dien-1-il)-4H-kromen-4-on (MT-
1): Orange solid (35.4 mg; 25.6%); m. p. = 144-146°C. Rf =
0.5 (n-hexane:ethyl acetate = 3:1); 0.25 (chloroform:n-hexane
= 3:1); 0.6 (chloroform:ethyl acetate= 4:1). UV-Vis (MeOH)
Amax (nm) (log €): 248 (4.11); 269 (4.06); 362 (4.46). FTIR
(DFT, KBr, v) em™: 3055 (C-H sp?); 1637 (C=0); 1614 (C=C
alkene); 1490, 1564 (C=C aromatic); 1278 (Caryl-O—Cvinyl).
'"H-NMR (400 MHz, CDCls) 8 8.19 (dd, J=7.9; 1.5 Hz; 1H);
7.67 (ddd, J=8.6;7.2; 1.7 Hz, 1H); 7.49 (dd, J = 8.3; 2.5 Hz,
2H); 7.44 (dd, J=17.3, 2.7 Hz, 1H); 7.42 — 7.29 (m, 5H); 7.02
—6.90 (m, 2H), 6.37 (d, J = 15.2 Hz, 1H); 6.26 (s, 1H). 13C-
NMR (100 MHz, CDCl3) 6 178.5; 161.9; 156.1; 139.2; 137.5;
136.3; 133.8; 129.0; 129.0; 127.2; 125.8; 125.0; 124.2; 123.7;
117.9; 110.4 (Figs. S2-S5)
2-[(1E,3E)-4-(4-bromophenyl)buta-1,3-dien-1-yl)-4H-
chromen-4-one (MT-2): Yellow solid (38.8 mg; 33.92%); m. p.
= 180-182 °C. Rf = 0.30 (n-hexane:dichloromethane= 1:4);
0.32 (n-hexane:ethyl acetate= 3:1); 0.65
(dichloromethane:ethyl acetate= 3:1). UV-Vis (MeOH) Amax
(nm): 247.5;274.5;361.5. FTIR (DFR, KBr, v) cm'1: 3059 (C-
H sp?); 1651 (C=0); 1612 (C=C alkene); 1485 (C=C aromatic);
1292 (Caryl-O-Cvinyl); 1070 (C-Br). '"H-NMR (400 MHz,
CDCls) 6 8.18(dd,J=7.9,1.6 Hz, 1H), 7.68 (ddd, /= 8.6, 7.2,
1.6 Hz, 1H), 7.51 (dd, J=8.5, 1.9 Hz, 1H), 7.42 (d, J = 10.2
Hz, 2H), 7.40 — 7.36 (m, 2H), 7.35 (d, J = 8.5 Hz, 2H), 6.99 —
6.86 (m, 2H), 6.39 (d, J=15.2 Hz, 1H), 6.27 (s, IH). *C-NMR
(100 MHz, CDCIl3) 8 161.3,157.9, 137.4, 136.7, 133.5, 134.9,
131.8, 128.2, 127.4, 125.4, 124.8, 124.1, 124.0, 123.9, 117.5,
110.3 (Figs. S6-S9).
2-[(1E,3E)-4-(4-metoxyphenyl)buta-1,3-dien-1-yl)-4H-
chromen-4-on (MT-3): Yellow solid (30.00 mg; 45.34%);
m.p.= 137-139 °C. Rf = 0.30 (n-hexane:dichloromethane=
1:4); 0.66 (n-hexane:ethyl acetate=  3:1);  0.69
(chloroform:ethyl acetate= 3:1). UV-Vis (MeOH) Amax (nm):
256.5; 282.5; 381. FTIR (DFR, KBr, v) cm™: 3059 (C-H sp?);
2994 (C-H sp?); 1649 (C=0); 1625 (C=C alkene); 1597 (C=C
aromatic); 1261 (Caryl-O-Cvinyl). 'H-NMR (400 MHz,
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CDCls) 8 8.18 (dd, J=7.9, 1.6 Hz, 1H), 7.67 (ddd, J= 8.6, 7.1,
1.7 Hz, 1H), 7.49 (dd, J=8.5, 1.1 Hz, 1H), 7.44 (d, J= 9.0 Hz,
2H), 7.41 (s, 1H), 7.38 (ddd, J = 8.0, 7.0, 1.1 Hz, 1H), 6.94 —
6.88 (m, 1H), 6.85 (d, J= 10.1 Hz, 2H); 6.87-6.83 (m, 1), 6.32
(d,J=15.3 Hz, 1H), 6.29 (s, 1H), 3.84 (s, 3H). 3C-NMR (100
MHz, CDCls) § 178, 162.2, 155.7, 140.5, 138.8, 136.1, 133.5,
128.5, 128.4, 125.4, 125.0, 124.7, 123.0, 121.9, 117.5, 114.1,
109.8, 55.1 (Figs. S10-S13).

3.2 Pharmacokinetic properties

Pharmacokinetic studies aim to provide a more detailed
description of the ability of a compound that has potential as a
drug candidate. This potential must meet several criteria, such
as drug-likeness, bioavailability, and ADMET. Therefore, the
initial study of these variables is an important point in
understanding the pharmacokinetic properties of a compound
based on its structure.

Prediction of drug-likeness and bioavailability of 2-
styrylchromones showed good permeability compared to G7X
and DM2 by fulfilling several rules, such as Lipinski, Ghose,
Veber, Egan, and Muegge (Table S1). As reported, G7X and
DM2 are known drugs for cancer treatment. The MT-1 and
MT-3 compounds showed no violations. Meanwhile, the MT-
2 compound shows one violation of Egan's rule, namely the
XlogP3 value of 5.8. Overall, 2-styrylchromones showed good
drug-likeness criteria with total violations < 2.0 In line with
these results, predictions of 2-styrylchromone derivatives that
have potential as oral bioavailability indicate that MT-1 and
MT-3 compounds have good potential compared to MT-2 and
controls (Fig. 2). The criteria for candidate drugs that have
good oral bioavailability, such as lipophility (-0.7 < X LogP3
< 5.0), size (150 D < MW < 500 D), polarity (20 A2 < TPSA
< 130 A?), insolubility (0 < ESOL < 6), insaturation (0.25 <
Csp?® < 1), and flexibility (0 < number of rotatable bonds <
9).12%! In detail, the oral bioavailability of each compound is
G7X: 3 violations (Log S: -6.18, number of rotatable bonds:
10, and XlogP3: 5.33), DM2: 2 violations (MW: 543.52 g/mol
and TPSA: 206.07 A?), MT-1: 0 violation, MT-2: 2 violations
(Csp?: 0.11 and XlogP3: 5.8), and MT-3: 1 violation (Csp*:
0.11). All findings in this section provide information of 2-
styrylchromone derivatives as a potential drug that fulfills
several mentioned criteria. It is hoped to list initial
considerations in understanding the drug-likeness and
bioavailability of 2-styrylchromone derivatives.

The ADMET prediction of the
derivatives is well absorbed into the human small intestine
(+HIA category) with an HIA value > 90%.12! Besides, crucial
parameters like as the effect of the candidate on the body's

2-styrylchromone

metabolic processes indicate that it does not inhibit the activity
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Fig. 2 Oral bioavailability prediction of controls and 2-styrylchromone derivatives.

of cytochrome isoenzymes (CYP), such as CYP2D6 and
CYP3A4.51 Toxicity prediction of MT-1 and MT-3
compounds are not toxic with the criteria of non-AMES
toxicity and non-skin sensation. To compare with the control,
several obtained information on the 2-styrylchromone
derivatives as a drug candidate is listed in Table S2. It should
be noted that the prediction results need to be tested in clinical
trials. However, the prediction data for ADMET properties can
be used as an initial consideration in seeing the ability of 2-
styrylchromone derivatives as drug candidates.

3.3 Molecular docking
The molecular docking stage aims to provide the initial
coordinates of each inhibitor to the active site of the kinesin

(A) (B)

Eg5 protein. These stages are in the form of redocking and
docking inhibitors with the target protein (kinesin Eg5). The
redocking process aims to obtain the coordinates of the protein
active site based on the coordinates of the native ligand (Fig.
3A). The redocking criteria show that the G7X superposition
value is promising, RMSD: 0.49 A (Fig. 3B). Then, the
docking inhibitors process into the kinesin Eg5 binding site
was carried out based on the grid score function. Overall, the
grid-score values Evaw + Eee (kcal mol!) showed a stable
interaction for each inhibitor (Fig. 3C).

The docked conformation shows each inhibitor binds well
on the Eg5 active site (Fig. 4). According to the Eg5 structure,
its active site forms like a pocket that allows small molecules
to bind properly. Several amino acid residues in the active site
play the Eg5 regulation in the mitosis phase of cancer cell

\ MT-3-Eg5

System Grid-Score  Eyaw Ece
G7X-Eg5 -71.43 -70.70 -0.72
DM2-Eg5 -58.14 -53.33 -4.80
MT-1-Eg5 -39.86 -39.79 -0.06
MT-2-Eg5 -36.83 -37.32 0.49

-43.41 -41.68 -1.73

Fig. 3 Molecular docking Analysis: (A) Active site preparation: selected sphere and grid-box parameter, (B) Superposition of native
ligand (G7X): the native ligand represented by a crystal conformation (black) and rigid conformation (light gray), and (C) The
inhibitor-receptor energy (Gas term: Evaw + Eele) Was calculated by grid score functional.
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growth. Therefore, the presence of an inhibitor on the active
site is expected to suppress the Eg5 regulation. Our findings
show the binding conformation of 2-styrylchromones has the
interaction with several amino acid residues on the active site.
Their interaction is visualized in 2D interaction. Overall, the
interaction between Eg5 and the inhibitor is provided in
several types, such as interaction type, including conventional
hydrogen bonds, hydrophobic (n-sigma and =m-alky/alkyl/),
carbon hydrogen bond, and m-cation/anion. However, these
results need to be evaluated by using MD simulations for the
conformational dynamics, free energy binding, and
decomposition energy of each system.??l Molecular docking is
very useful in determining the initial coordinates of the
inhibitor on the active site of the targeted protein by
considering time and cost efficiency.®**1 The obtained
coordinates from the molecular docking will be used for
further analysis purposes using the MD simulation, which is
discussed in the following section.

3.4 Conformational dynamics studies

The trajectories during a simulation time of 100 ns are used to
analyze the conformational dynamics of each system in the
form of stability, compactness, and flexibility. The analysis of
these parameters aims to study the conformational dynamics
quality of each system during the simulation. The system that
meets the criteria is considered for further analysis, such as

water accessibility, binding free energy, energy decomposition,

Eg5 Active Site

M89, E100, G101, E102,

R103, S104, W111, E112,
D114, L116, A117, G118,
1120, P121, L124, L144,

L155, K191, V194, Y195,
Q196, L198, E199, G201,
A202, R205, 221, F223

TN 1) /LAl‘A
[ e ¢ e e

atom contact, and hydrogen bonding.

The root-mean-square displacement (RMSD) of all atoms
gives a clear picture of the stability of each system 41. Overall,
the fluctuation increased drastically (0-12 ns) and then
stabilized slowly until the end of the simulation time (13-100
ns) (Fig. 5). In particular, the last 20 ns trajectories (80-100 ns)
showed good RMSD stability of all atoms characterized by
low fluctuation. This point needs to be considered in the time
range of these trajectories for further analysis purposes. In
detail, the RMSD of complex (nm) shows the average value
for 100 ns of relatively similar, such as Eg5: 0.28 +0.03, G7X-
Eg5: 0.27 £ 0.03, DM2-Eg5: 0.31 + 0.04, MT-1-Eg5: 0.32 +
0.05, MT-2-Eg5: 0.28 + 0.03, and MT-3-Eg5: 0.26 + 0.02.
These results describe that the presence of an inhibitor on the
active site does not provide significant changes in the kinesin
EgS5 structure. This statement is corroborated by looking at the
radius of gyration (RoG) data, which has stable fluctuations
(Fig. 5) and the average conformation over a simulation time
of 100 ns (Fig. 6C). The RoG value gives the idea of the stable
folded or not folded.[*d Based on the value of RoG fluctuations,
each system was seen to increase to ~2.09 nm. In detail, the
mean RoG values of each system, i.e., Eg5: 2.08 = 0.01, G7X-
Eg5: 2.08 £ 0.01, DM2-Eg5: 2.08 + 0.01, MT-1-Eg5: 2.08 +
0.01, MT-2-Eg5: 2.08 + 0.01, and MT-3-Eg5: 2.0 £ 0.00. It
indicates that each system has a compact and rigid structure,
both Apo protein (without inhibitor) and complex (with
inhibitor).

G7X-Eg5

MT-2-Eg5 |

Convensional Hydrogen Bond§

m-Alkyl/Alkyl
m-Sigma

Fig. 4 Molecular docking conformation shows inhibitors bind well on the Eg5 active site (green). The inhibitor-Eg5 interaction is

visualized by 2D-interaction types.
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Fig. 5 The root-mean-square displacement of all atoms (left) and radius of gyration (right) for each system plotted along 100 ns of

MD simulation.

System flexibility was evaluated through B-factor and the
root-mean-square fluctuation (RMSF).[®31 Overall, excessive
fluctuations occurred in the G7X-Eg5 system (B-factor: 31.92
+ 24.90 nm? and RMSF: 10.26 + 4.06 nm) compared to other
systems. The fluctuation occurred in the loops region (number
residue: 229-240) (Fig. 6A). Additionally, the fluctuations
shown by the B-factor and RMSF give a relatively similar
trend in each region. It is supported by the correlation analysis
(R2 and R3) between the two parameters, which shows a good
correlation value (Fig. 6B). Several previous studies have
reported that the relationship between B-factor and RMSF has
a strong correlation in looking at the flexibility of a system.[*344

Therefore, consent to the correlation of these two parameters
needs to be presented. It aims to see a more specific fluctuation
trend for each amino acid residue. The average conformation
of each system during the simulation (100 ns) is presented in
the form of a superposition (Fig. 6C).

3.5 Water accessibility

Water accessibility of all surface and active site surface areas
are shown in Fig. 7. The water molecule plays a crucial role in
mediating the interaction between the inhibitor and the target
protein during the simulation time.*>%1 Apo protein has more
opportunity to be accessed by water molecules both at all
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Fig. 6 System flexibility analysis using 100 ns of trajectories: (A) The B-factor and The root-mean-square of fluctuation, (B) The
linearity between B-factor and RMSF shown by R2 and R} (set intercept: 0), and (C) The superposition shown by the average

structure of each system.
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surfaces (181.64 + 3.42 nm?) and active site (12.79 = 1.02
nm?). It is natural because the active site pocket does not have
an inhibitor that fills that place. Therefore, the opportunity for
water molecules to access the active site is higher than other
systems with inhibitors. However, this is apart consideration
in understanding the ability of water accessibility during the
simulation. Meanwhile, systems that contain inhibitors of 2-
styrylchromones are the primary consent in this section.
Overall, the trend of the solvent-accessible surface area
(SASA) for each system is EgS > DM2-Eg5 > G7X-Eg5 >
MT-3-Eg5 > MT-1-Eg5 > MT-2-Eg5 (Table 1). The results
suggest that the water accessibility of the 2-styrylchromones
molecules can influence the water molecules in the active site
of the kinesin Eg5. In particular, the MT-3-Eg5 system showed
a greater chance of water molecule access than the MT-1-Eg5
and MT-2-Eg5 systems. Therefore, modification of the
functional group on the benzene ring (B ring) needs to be
considered by looking at the hydrophobic property on the
kinesin Eg5 active site.

Table 1. The average value of the solvent-accessible surface area
using the last 20 ns trajectories.

All surface area Active site surface area

System (m?) (am?)
Eg5 181.64 +3.42 12.79 +1.02
G7X-Eg5 177.57£2.90 10.16 = 0.67
DM2-Eg5 179.09 +3.40 10.77 £1.01
MT-1-Eg5 176.66 +3.19 8.73+0.93
MT-2-Eg5 174.87 +2.94 6.76 £ 0.65
MT-3-Eg5 177.29 +3.29 9.65+0.71

3.6 Prediction of binding affinity

Binding free energy (AGypind) and decomposition energy
(AG [Ssiduey were determined using 100 snapshots extracted
from the last 20 ns trajectories using the MM-GBSA approach.
The consideration of energy components in gas and solvation
terms is listed in Table 2. In this section, we try to describe the
interaction between the inhibitor and the kinesin Eg5 in the
form of binding affinity as the consideration part in the
prediction of efficiency inhibition. It should be noted that G7X
and DM2 inhibitors were used as references to see the ability
of 2-styryl chromones (MT-1, MT-2, and MT-3) compounds in
inhibitory efficiency.

Based on the energy component in the gas phase (AGgas),
van der Waals energy (Evaw) contributes more profitably than
electrostatic energy (Eee). Except, the DM2-Eg5 system
shows that the Ece contribution is more profitable than the
Evaw contribution. Meanwhile, the energy component of the
solvation terms (AGso) shows an unfavorable contribution
from the polar terms for Generalized Born models (AGSS).
Assuredly, each energy component affects the total binding
free energy (AGoing). In our concentration, inhibitors of the 2-

8| Eng. Sci., 2024, 30, 1168

styrylchromones showed that MT-2 and MT-3 had a quite
promising potential in binding to the active site of the kinesin
Eg5. It can be seen from both AGying, Which is better (higher
negative value) than AGping DM2 as a control. However, both
AGpind 1s not better than the native ligand G7X as a known
inhibitor of kinesin Eg5. However, these results are sufficient
to provide an initial picture of the ability to interact with
kinesin Eg5 protein at the molecular level. These results
suggest that the modification of functional groups in the
benzene ring (B ring) in the form of —Br and —OCHj3 has a
large effect on AGpind. Additionally, inhibitors with good
AGyping have a higher chance to bind strongly through
interaction with amino acid residues on the active site.[*” It is
hoped that the inhibitor will be able to stop the activity of the
kinesin Eg5, which provides the regulation of mitosis in
cancer cells.l'21415]

I ks B pm2-Egs I MT-2-Eg5

G7X-Eg5 I MT-1-E¢5 Il MT1-3-E¢5
210

200

170

160 —

SASA (nm’)

150 . . v Y ’ "
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.,‘W,‘L,' ‘

":‘MWW N

100
Time (ns)

Fig. 7 The solvent-accessible surface area (SASA) using the last

20 ns trajectories: all surface area (top) and active site surface

area (bottom). A radius of 5 A was used to calculate the SASA in

the active site of each system.

The inactivation process is carried out by blocking the
active site of the kinesin Eg5 protein through interaction with
inhibitors. More specifically, the inhibitory mechanism can be
studied through the contribution of the energy decomposition
(AG I£59ue) of each amino acid residue to the inhibitor (Fig. 8).
The evaluation was only considered by amino acid residues
that had a stable contribution to energy decomposition, such
as AG [i9ue < _1.00 kcal mol.“8! The results showed that
several amino acids were also responsible for the interaction
with the inhibitor, i.e., G7X-Eg5 (Eight residues: E100, R103,
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Fig. 8 The energy decomposition performance by the MM-GBSA approach. The results were calculated using the last 20 ns
trajectories.

Table 2. Determination of energy component (kcal mol™') of each complex using the MM-GBSA approach. Data are shown as mean
+ standard error of the mean (SEM).

Energy G7X-Eg5 DM2-Eg5 MT-1-Eg5 MT-2-Eg5 MT-3-Eg5
Evaw -60.55 +0.23 -30.49 +0.31 -24.15 +0.33 -40.87 +0.27 -29.90 +0.22
Eetec -6.45 +0.33 -155.02 +1.52 -2.61+0.33 -15.98 +0.28 -6.70 +0.21
AGgas -66.00 +0.36 -185.51 +1.48 -26.76 +0.52 -56.86 +0.46 -36.61 +0.31
AGSS, 25.65 +0.32 172.87 +1.41 13.65 +0.38 28.22 +0.30 18.68 +0.22
AGRPor -6.87 +0.01 -4.45 +0.05 -3.23 +0.05 -5.25 +0.02 -3.95 +0.01
AGsol 18.77 +0.32 168.42 +1.39 10.41 +0.36 22.96 +0.29 14.72 +0.22
AGbing -48.23 +0.26 -17.09 +0.31 -16.35 +0.33 -33.89 +0.28 -21.88 +0.22
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WI111, 1120, P121, Y195, L198, and A202), DM2-Eg5 (Four
residues: E100, R103, A202, and A203), MT-1-Eg5 (Three
residues: Y195, E199, and A202), MT-2-Eg5 (Eight residues:
R103, S104, P105, W111, P121, L198, A202, and A203), and
MT-3 -Eg5 (Four residues: R103, W111, A202, and A203).
The obtained results identified that the system with the highest
number of amino acid residues with the criteria AG 519" had
a similar correlation with the binding free energy results
(Table 2). This assumption can be seen that the G7X-Eg5 and
MT-2-Eg5 systems have eight residues with AGping (G7X-Eg5:
-48.23 £ 0.26 kcal mol! and MT3-Eg5: -33.89 + 0.28 kcal
mol ™), which is the most promising compared to other systems.
This
understanding the mechanism of interaction between the
inhibitor and the Eg5 protein at the molecular level.

information becomes an important parameter in

3.7 Atomistic interaction on the active site

The previous section discusses the mechanism of inhibition at
the molecular level. In this section, we try to describe the
atomistic interaction between the inhibitor and the amino acid
residue on the active site of the kinesin Eg5. The atomistic
analysis was evaluated through atom contact and hydrogen
bonding (H-bond) extracted at the last 20 ns trajectories.

[ PR N ov2-Ees [ MT-2-Eg5

c7X-Egs VT 1Egs [ MT-3-E5
I L 1 " l !

M‘ N il M M MI

124

Atom Contacts

\nl“luh |H |IIMI'H| I '\ ! I

Time (ns)

Fig. 9 Atom contacts of each inhibitor on the system.

Atom contact analysis was carried out on amino acid
residues at a radius of 3.5 A with each inhibitor (Fig. 9). In
detail, the average value of atom contacts for each system,
such as G7X-Eg5 (3 £ 1), DM2-Eg5 (6 = 2), MT-1-Eg5 (2 +
1), MT-2-Eg5 (1 £0), and MT-3-Eg5 (2 £ 1). More specifically,
H-bond analysis plays a crucial role in the inhibitor-Eg5
interaction during the simulation time.[*>464% Evaluation of H-
bond is carried out on H-bonds that have a fraction of 10%.
The analyzed results showed that each inhibitor had a low
fraction presentation of < 80% (Table S3). Furthermore, three

10| Eng. Sci., 2024, 30, 1168

inhibitors (G7X, MT-1, and MT-2) were not detected by H-
bonds with a fraction percentage > 10% during the last 20 ns
simulation time. In particular, the MT-3 inhibitor showed one
H-bond on the oxygen atom (C=0) with Y195 residue as HBA
with a fraction equal to 27.80%. It should be noted that the
modification of functional groups on the benzene ring of 2-
styrylchromones compounds (B ring) in the form of —Br and —
OCH3s did not contribute more impact on the H-bond
interaction. However, these results provide an overview of the
consideration of structural modification on the benzene ring
(B ring) by adding the number and types of substituents that
have the opportunity for H-bond interactions to occur.

4. Conclusions

In the present study, the mechanism of the aldol condensation
reaction  between  2-methylchromone and  various
cinnamaldehydes resulted in three compounds, namely 2-
((1E,3E)-4-phenylbuta-1,3-dien-1-yl)-4H-chromene-4-on
(MT-1), 2-[(1E,3E)-4-(4-bromophenyl)buta-1,3-dien-1-yl)-
4H-chromen-4-one (MT-2), and 2-[(1E,3E)-4-(4-
methoxyphenyl)blind-1,3-dien-1-yl)-4H-chromen-4-on (MT-
3). Meanwhile, the prediction of efficiency inhibition kinesin
Eg5 shows that MT-2 and MT-3 have promising potential
because they have a stronger AGping than AGping of DM2 as a
control. Meanwhile, there are 12 amino acid residues (E100,
R103, S104, P105, W111, 1120, P121, Y195, L198, E199,
A202, and A203), which are responsible for interactions with
inhibitors based on criteria AG [$i"¢ < -1.00 kcal mol™.
Furthermore, the atomistic level shows that only MT-3
compound has an H-bond (fraction > 10 %), namely
C=0...HH-OH(Y195) with weak H-bond category. Besides,
pharmacokinetic studies show MT-3 has promising drug-
likeness and bioavailability by meeting several regulatory
criteria. Moreover, the predicted toxicity results show non-
AMES toxicity and non-skin sensitization. The limitation of
this research is not performed the in vitro assay to see the
potential of of 2-styrylchromone derivatives as kinesin Eg5
inhibitors. Therefore, we highly recommend using the
synthesized 2-styrylchromones for in vitro evaluation
according to findings provided in this work. It is hoped that
the results of the analysis presented in this study can provide
information regarding the synthesis of 2-styrylchromone
derivatives and their potential as inhibitors of the kinesin Eg5
protein based on computational studies.
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