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ABSTRACT

MOLECULAR DYNAMICS STUDY OF THE
INTERACTIONS BETWEEN THYMOQUINONE AND
LIPID BILAYERS

Thymoquinone, a phytochemical with antitumor activity, and its derivative
aminothymoquinone were investigated using Molecular Dynamics (MD) Simulations to
understand their interactions with simple and complex bilayer models. MD simulations
of the models were performed using all atom (AA) and coarse-grained (CG) force fields,
i.e., the OPLS-AA and MARTINI 3. Although the resolution of the molecules decreased
during coarse-graining, the chemical and thermodynamic properties of the molecules
were mostly retained. The bond and dihedral distributions validated the matching of
AA and CG models, and the free energy calculations showed the reproducibility of new
models apart from the agreement with the experimental logP values with less than 10%
of error. AA and CG thymoquinone models were used with DOPC and POPC bilayers
and the systems were compared with the sole bilayers. The structural properties of
bilayers including area per lipid, bilayer thickness, order parameters, and lateral diffu-
sion coefficients were computed. The interaction of CG molecules with two different
normal and cancer membrane models was also investigated through the orientation of
the molecules in the bilayers, the density distribution, and radial distribution function
(RDF) in addition to the methods used for simple bilayer. Both molecules resulted
in bilayer thinning with decreased bilayer thicknesses but increased the area per lipid
values. Similarly, both molecules decreased the ordering of the bilayers, but the effect
was slightly more significant with thymoquinone in normal membrane models. While
thymoquinone diffused inside the model membranes, aminothymoquinone preferred to
reside near the head groups of lipids. Overall, both molecules interacted similarly, in

general, with the lipids of the model membranes, apart from small differences.
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OZET

TIMOKINON VE CIFT TABAKALI LIiPIT
ETKILESIMININ MOLEKULER DINAMIK CALISMASI

Antitimor aktiviteye sahip bir fitokimyasal olan timokinon ve onun tiirevi amino-
timokinonun, basit ve kompleks cift tabakali lipit modellerle etkilegimlerini anlamak
i¢cin Molekiiler Dinamik (MD) Simiilasyonlar1 kullanilarak galigmalar yapildi. Model-
lerin MD simiilasyonlary, tiim atom (AA) ve kaba taneli (CG) kuvvet alanlar, yani
OPLS-AA ve MARTINI 3 kullanmlarak gerceklegtirilmistir. Kaba taneleme sirasinda
molekiillerin ¢oziiniirliiglinlin azaliyor olmasina ragmen, molekiillerin kimyasal ve ter-
modinamik ozellikleri biiyiik bir cogunlukla korunmusgtur. Baglar ve iki diizlemli acila-
rin dagilimlari, AA ve CG modellerinin eglesmesini dogruladi ve serbest enerji hesapla-
malar1, %10’dan daha az hata ile deneysel logP degerleriyle uyumuyla yeni modellerin
tekrarlanabilirligini gosterdi. AA ve CG timokinon modelleri DOPC ve POPC cift
tabakali lipitleri tizerinde kullanilmig ve sistemler sade ¢ift tabakalar ile kargilagtirilmis-
tir. Lipit bagina alan, ¢ift tabaka kalinlhigi, lipit zincirlerinin diizen parametreleri
ve yanal diflizyon katsayilar ile ¢ift tabakali lipitlerin yapisal ozellikleri hesaplandi.
CG molekiillerin iki farkli model olan normal ve kanser membran modeli ile etki-
lesimi, basit cift tabakalar i¢in kullanilan yontemlere ek olarak, ¢ift tabakalardaki
molekiillerin oryantasyonu, yogunluk dagilimi ve radyal dagilim fonksiyonu (RDF)
yoluyla da aragtirildi. Her iki molekiil de azalmis ¢ift tabaka kalinliklari ile birlikte
¢ift tabakada incelmeye yol agmig, ancak lipit bagina diigen alan degerleri de artmistir.
Benzer sekilde, her iki molekiil de cift tabakalarin diizenini azaltti, ancak timokinonun
normal membran modellerindeki etkisi biraz daha net goriildii. Timokinon model mem-
branlarin i¢inde diffiiz ederken, aminotimokinon lipitlerin bag gruplarimin yakininda
bulunmay1 tercih etti. Genel olarak, her iki molekil de, kiigiik farkliliklar diginda,

model membranlarin lipitleri ile benzer sekilde etkilesime girdi.
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1. INTRODUCTION

Phytochemicals obtained from nuts, whole grains, fruits, and vegetables are the
chemical components of plants with high bioactivity potential in animal cells [1]. Phy-
tochemicals have various health benefits on many diseases in animals and humans,
including cancers, diabetes, inflammatory diseases, coronary heart disease, microbial,
viral, and parasitic infections, ulcers, psychotic diseases, etc [2]. Many phytochemi-
cals are specifically investigated for their anti-carcinogenic effects at both cellular and
molecular levels, and chemoprevention is proven for many of them by in vitro stud-

ies [3].

Thymoquinone is a phytochemical obtained from the Nigella sativa, which is also
known as black seed [4]. As the main component of the volatile oil of Nigella sativa,
thymoquinone exerts antimicrobial, antioxidant, and anti-inflammatory properties [5].
Besides, it is found non-toxic to normal tissues. Thymoquinone protects the organs
from the damage of chemotherapy but increases the effect of chemotherapeutic agents
in cancer-resistant cells [6]. Moreover, aminothymoquinone, which is a derivative of
thymoquinone, has significant antifungal, antibacterial and anticancer activity against
diseased cells [7]. However, both are hydrophobic molecules with poor solubility in
aqueous media, resulting in poor transport to the cells and causing major challenges
in drug formulations [5]. Despite the experimental limitations caused by its chemical
properties, the necessity of anticancer drug discovery has reflected the significance
of both thymoquinone and aminothymoquinone as promising anticancer agents and

resulted in several recent research both in vitro and in vivo [6].

The mechanism of the diffusion of drug molecules through targeted cells is an
important stage of drug discovery. Drug molecules that contain bioactive components
encounter the plasma membranes in the first place [8]. Generally, these molecules pen-
etrate cells through plasma membranes by direct diffusion, which is the transportation

of molecules due to a concentration difference between two environments [9]. Cell mem-



branes consist of lipids as their primary structure. Phospholipids, a prominent type
of lipids consisting of hydrophilic-head and hydrophobic-tail groups [10], form a bi-
layer to separate cell components from the external environment and provide a special
milieu for many biophysical /biochemical processes, specifically the diffusion of small
molecules to phospholipid bilayers. Therefore, the interaction between the bilayer and
drug molecule is crucial for understanding the diffusion mechanism and enhancing the

efficiency of the drug formulations in the development stage [11].

The interaction and transport of small pharmaceutical compounds are investi-
gated both experimentally and computationally. Although the experimental studies
have yielded significant information about this interaction, the fluidity of the bilayer
systems has caused only one-dimensional findings in the direction of the plane normal to
the membrane far from its dynamic structure. In other words, experimental techniques
fail to prove the required molecular resolution. However, molecular dynamics (MD)
simulations provide three-dimensional structures together with the dynamic behavior
of phospholipid bilayers in solutions at atomic resolution. Additionally, the difference
in time and spatial scales indicates the importance of MD simulations in large systems.
The structural properties extracted from experimental studies are obtained for longer
periods, such as hours. On the other hand, the findings from MD simulations are
obtained after short periods, such as in nanoseconds [12]. To retain the resolution at
the level of small molecules, MD simulations are more promising for investigating the
drug molecule — lipid bilayer interactions compared to the experimental approaches in

particular [13].

MD simulations can be performed at an atomic or coarse-grained (CG) scale.
Atomistic simulations successfully provide insight into the underlying atomic-scale pro-
cesses. Yet, they are limited by small system sizes and time scales. Coarse-grained
models differ from atomistic simulations in representing groups of atoms, monomers,
or ions as beads, providing a bridge between atomistic and mesoscopic scales [14]. Al-
though both models offer thermodynamical, structural, and dynamical properties of

various systems, coarse-grained models are more suitable alternatives for the simula-



tion of large-scale samples in terms of size-scale, time-scale, and computational cost.
In other words, the CG force field allows the simulations of larger systems to run for
longer time scales with less computational cost and hence enables the study of more
realistic complex systems such as cell membranes. However, the CG model should
reproduce the properties of atomic-level models during the coarse-graining procedure
since a lower resolution scale of the atomistic model is used. The quality of the CG
model depends on the model’s resolution, mapping procedure, and potential energy
function, together with the experimental and atomic level simulation properties used
to optimize the parameters of the CG model [15]. The widely used atomistic force fields
are AMBER [16], CHARMM [17], GROMOS [18], OPLS [19], the ones that follow the
same functional form of potential energy proposed by Levitt and Lifson [20]. The most
popular CG model is the MARTINI force field for the modeling of membrane proteins

and membrane environment [21].

In this study, the interactions of thymoquinone and its derivative aminothymo-
quinone with lipid bilayers are simulated by MD simulation using both atomistic and
CG force fields. In the second chapter, the literature data on the benefits and prop-
erties of thymoquinone and aminothymoquinone, the importance of the interaction
of small drug molecules with lipid bilayers, the effectiveness of MD simulations, the
comparison between atomistic and CG models, and similar previous studies using dif-
ferent phytochemicals are explained in detail. In the third chapter, the properties of
the studied systems, the parameters used in the simulation runs, and the assumptions
made are explained. In the fourth chapter, the results and analyses of the simulations
are presented and discussed. In the fifth chapter, the final remarks of the study are

made, and the recommendations for future studies are stated.



2. LITERATURE SURVEY

Humans have benefited from the easy availability, safe and non-toxic effects of
active components in herbal medicines for a long time. Phytochemicals, non-nutrient
bioactive components coming from nature, maintain not only health but also offer
treatment for many chronic diseases, including diabetes, cardiovascular diseases, cog-
nitional diseases, and cancer [22]. The health-promoting properties of phytochemicals
studied in recent years have proven their antioxidant, anti-inflammatory, and anticar-
cinogenic effects both in vivo and in vitro [23]. Thymoquinone, the main bioactive
component of black seed (Nigella sativa) [24], is one of the phytochemicals that has
been demonstrated to have therapeutic potential on various diseases, including the an-
ticarcinogenic effects on a wide range of cancer types. Thymoquinone was studied for
over 50 years, yet most of the papers were published in the last 15 years. Thus, the
interest in thymoquinone’s therapeutic and anticancer properties has been increasing

lately [6].

2.1. Antitumor Effects of Thymoquinone and Aminothymoquinone

The anticancer effects of thymoquinone and its derivatives have been widely
studied, and promising results have been achieved for various cancer types, including
leukemia, breast, colon, lung, skin, prostate, and ovarian cancers. For example, Dast-
jerdi et al. (2016) have shown that thymoquinone inhibits the migration and invasion
of breast cancer cells. MCF-7 breast cancer cell line was treated with thymoquinone
for 24 hours. The half-maximal inhibitory concentration (IC50) from the MTT (3-
(4, 5-dimethylthiazolyl-2)-2, 5-diphenyltetrazolium bromide) assay has demonstrated
that thymoquinone induces apoptosis in MCF-7 through up-regulation of P53 gene

expression after the treatment time [25].

Chen et al. (2015) have found that 2.0 pM of thymoquinone induces apoptosis

in an irinotecan-resistant LoVo colon cancer cell line and activates mitochondrial outer



membrane permeability. Thymoquinone triggers the autophagy proteins, which leads

to the induction of autophagic cell death [26].

Pang et al. (2017) have reported that 3.0 and 10.0 pM of thymoquinone sup-
presses cancer growth in THP-1 and MV4-11 leukemia cell lines. Besides decreasing
total DNA methylation, thymoquinone induces apoptosis and reduces colony formation

by activating caspases [27].

Yang et al. (2015) injected different amounts of thymoquinone (10, 20, and 40
nM) into the A549 non-small lung cancer cell line. They have found that thymoquinone
inhibits the growth of cancer cells by reducing the expression of the proliferation marker
cyclin D1. ERK1/2 signaling pathway was controlled during thymoquinone treatment,

inhibiting migration and invasion of A549 cells [28].

Furthermore, Jeong et al. (2019) observed the effect of 10, 15, and 20 uM of
thymoquinone on the proliferation, differentiation, and cell motility of the B16F10
melanoma cell line. They have shown that thymoquinone reduces the expression of
microphthalmia-associated transcription factor (MITF) as well as the activity and ex-

pression of tyrosinase, which leads to the inhibition of the Wnt signaling pathway [29].

Moreover, Kou et al. (2017) have studied the effect of thymoquinone on prostate
cancer and shown that the migration metastasis is inhibited by the reduction in the
expression of EMT markers in DU145 and PC3 prostate cancer cell lines. Thus, thy-
moquinone affects the essential intracellular signaling components of cell growth [30].
In general, the anticancer effect of thymoquinone is proven by those and many other

studies.

Aminothymoquinone, the synthetic derivative of thymoquinone, also has a high
anticarcinogenic potential proven in the literature. For instance, several analogs of thy-
moquinone were investigated on ovarian cancer cells by Johnson-Ajinwo et al. (2019).

Aminothymoquinone, one of the analogs used in this study, has shown to increase the



activity of cancer drugs paclitaxel and carboplatin compared to thymoquinone due to

its higher solubility in water [31].

Glamoclija et al. (2018) tested aminothymoquinone’s and its derivatives’ effec-
tiveness on SW620, CFPAC, HepG2, and HeLa carcinoma cell lines, along with WI38
healthy control human fibroblast cell line. IC50 values from the MTT assay have
demonstrated a significant antitumor activity on all cancer cell lines that were tested
with aminothymoquinone. Additionally, all thymoquinone derivatives had no toxic

effect on the WI38 healthy control cell line [7].

Bhosale et al. (2021) have reported that crystallized aminothymoquinone demon-
strates high anticarcinogenic activity against pancreatic cancer cells [32]. Similarly,
Eldin Salem et al. (2019) have invented new synthesis techniques for thymoquinone
derivatives and have reported that aminothymoquinone shows the best anticancer po-
tential against A549 human lung, HT29 colorectal, and MDA-MB-231 human breast

cancer cell lines [33].

Moreover, Gobinath et al. (2022) have demonstrated that aminothymoquinone
connected to 1,4-dihydropyridine molecules along with doxorubicin exhibit cytotoxic
activity on the liver (HepG2), breast (MCF-7) and cervical (HeLa) cancer cell lines,
based on the results of growth inhibition (GI50), tumor growth inhibition (TGI) and
lethal concentration (LC50) [34]. Even though an increasing number of studies have
been published in recent years, the anticancer potential of aminothymoquinone should

be investigated further to develop more effective treatments against cancer.

2.2. Other Therapeutic Effects of Thymoquinone and

Aminothymoquinone

Thymoquinone and aminothymoquinone have anti-inflammatory, antioxidant, an-
tibacterial, and antifungal activities alongside their anticarcinogenic effects, and many

studies have proven their therapeutic properties in this context. Studies tested thymo-



quinone and black seed oil on inflammation-based models, including arthritis, colitis,
and edema, and immune responses were reported to be enhanced by the active phar-

maceutical ingredients in black seed oil [35].

Tekeoglu et al. (2007) have investigated the anti-inflammatory effect of thymo-
quinone on rheumatoid arthritis in vivo. Rats with arthritis and the healthy control
group were observed, and TNF-alpha and IL-1beta values were measured in blood
using ELISA kits. The measurements indicated that thymoquinone reduces adjuvant-
induced arthritis in rat models [36]. Similarly, Mahgoub (2003) tested thymoquinone
on acetic-acid-induced colitis in rats. Platelet-activating factor (PAF), glutathione
level, and myeloperoxidase activity measurements have shown that pretreatment of
rats with thymoquinone for three days completely protects against acetic-acid-induced
colitis [37]. Al-Ghamdi (2001) has investigated the anti-inflammatory activity of black
seed extract on Carrageenan-induced paw edema. The results of the analgesic study
have indicated that the group treated with the extract experienced a lack of increase
in paw volume compared to the group treated with aspirin. The black seed extract
also induced an analgesic effect but not an antipyretic effect, compared to the effect of

aspirin [38].

Moreover, Nagi et al. (2000) and Mansour et al. (2002) have studied the effect
of oral administration of thymoquinone and demonstrated the antioxidant activity
of thymoquinone against reactive oxygen species (ROS) including singlet molecular
oxygen, superoxide anion, and hydroxyl radical by suppressing the level of ROS in
hepatic, cardiac and kidney disorders. The findings from in vitro assays indicate that

thymoquinone has the potential as an endogenous antioxidant [39,40].

Glamoclija et al. (2018) have demonstrated that both thymoquinone and amino-
thymoquinone have significant antibacterial effects on the Gram-positive and Gram-
negative bacterial strains. Additionally, aminothymoquinone has shown higher anti-
fungal activity against three different types of fungi that are tested [7]. The studies

discussed above, and many others established the therapeutical properties of thymo-



quinone and aminothymoquinone as being promising in drug development studies.

The properties and pharmacological features of thymoquinone should be known
for its applicability in experiments. Thymoquinone has limitations in its bioavailability
and drug formation due to its hydrophobicity. Solubility of thymoquinone depends on
the duration in the aqueous solutions, which is found as 549 pg/mL - 669 ug/mL at 24
h, and 665-740 pug/mL at 72 h [41]. Regarding its toxicology, an oral dose of 100 mg/kg
or less does not have any toxic effect [42]. Thymoquinone is sensitive to light and the pH
of the solvent; exposure to light causes degradation regardless of the solvent type, and
alkaline solutions decrease the stability of thymoquinone with increasing pH [41,43].
Bioavailability and stability of thymoquinone cause problems when developing drug
formulations and limit its use in clinical trials. Therefore, computational studies are
necessary to understand the behavior of thymoquinone and aminothymoquinone in

biological environments.

2.3. Computational Studies of Thymoquinone and Aminothymoquinone

The computational studies of thymoquinone and aminothymoquinone in the lit-
erature are mainly molecular docking studies on binding these molecules to several
proteins, followed by MD simulations to investigate the stability of the complexes
formed. These studies aim to understand the therapeutic potential of thymoquinone
and aminothymoquinone completely. For example, Woo et al. (2011) have performed
a molecular docking study to identify the anti-tumor effect of thymoquinone on breast
cancer cells. The results have revealed that thymoquinone binds to the binding pocket
of the PPAR-~v, inhibiting breast cancer cell proliferation successfully [44]. Similarly,
El-Baba et al. (2014) have investigated the activity of thymoquinone on colorectal
cancer by a molecular docking model. They have demonstrated that thymoquinone
binds to and induces the PAK1 expression in colorectal cancer cell lines, pointing out

the applicability of thymoquinone in targeted anticancer therapies [45].



Yin et al. (2012) have conducted a small molecule-protein binding in silico
study on thymoquinone-complexed Plk1-PBD crystal structure. After MD production
runs, root means square fluctuation (RMSF) and radial distribution function (RDF) of
docked conformation were analyzed. Quantum mechanical calculations were performed
to measure the cation-pi interaction of the conformation since the force fields did not

include this interaction when the article was published [46].

The inhibition effect of thymoquinone on human histone deacetylase (HDAC) was
investigated through molecular docking and MD simulations by Parbin et al. (2016),
and in silico findings were supported by in vitro experiments. Molecular structures
obtained from RCSB Protein Data Bank and ChEBI database were used in an auto-
mated docking program Autodock. The stability of the docked complex was analyzed
via MD simulation program GROMACS 4.5.4 and GROMOS96 43al force field. It has
been demonstrated that the binding affinity of thymoquinone to HDAC is higher, and
the stability of the complex is better than the reference molecules, which have been
validated by root mean square displacement (RMSD) and average hydrogen bonding
analyses. The findings were complemented by in vitro experiments, revealing the help

of in silico approach in explaining the elementary interactions between thymoquinone

and HDACs [47].

Saffari-Chalestori et al. (2019) conducted an in vitro and MD study to analyze
the energy changes and molecular interactions of thymoquinone with BCL-XL, BCL-
2, and MCL-1 anti-apoptotic factors on prostate cancer cells. Protein-ligand docking
simulations were completed by Autodock. MD simulations of both ligand-docked and
no-ligand protein systems were performed by GROMACS 4.5.4. RMSD, RMSF, and
radius of gyration (Rg) values were computed to validate the accuracy of MD simulation
outputs, observe the flexibility of residues, and measure the structure and function of
the protein. The results of MD analysis have demonstrated a more stable docking on

BCL-XL than other studied factors, supported by the in vitro results [48].
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The computational studies of natural compounds have gained momentum for the
drug discovery against COVID-19 during the pandemic since a treatment is greatly
needed. To meet this urgent need, thymoquinone, along with the other phytochemi-
cals, has been investigated in MD simulation studies to treat the SARS-CoV-2 virus.
A molecular docking conducted by Srivastava et al. (2021) tested thymoquinone, cin-
namic acid, and andrographolide with ACE2 receptor, allowing SARS-CoV-2 to enter
human cells. Molecular docking was performed using the Autodock tool to predict the
binding scores, confirmation, and affinity. After protein-ligand docking, MD simula-
tion was performed using Desmond v12 to investigate the stability and conformational
changes on the ligand-binding site. The binding energy and RMSD analysis have
proven that thymoquinone has a strong binding affinity, better stability, and struc-
tural conformation on the binding site of ACE2 receptor, indicating the prevention
of viruses entering human cells by binding ACE2 [49]. Similarly, thymoquinone-ACE2
binding was investigated via other computational molecular docking studies along with
in vitro experiments [50]. Moreover, the docking of thymoquinone with Mpro, the main
protease of SARS-CoV-2, has been studied by Khan et al. (2022), the most recent com-
putational study on thymoquinone. The docking complex was simulated by MD using
the Amber force field. RMSD and RMSF analyses were conducted for stability and
flexibility of the binding site, while Rg was measured for protein folding effect. Strong

binding activity of thymoquinone on Mpro has been demonstrated [51].

Alam et al. (2021) performed a docking study on thymoquinone for its apoptotic
potential on Bax and Bcl2, which are the targets for non-small lung cancer. After
molecular docking and MD simulations, RMSD, RMSF, Rg, and free energy landscape
analysis were performed. Thymoquinone with Bax and Bcl2 complexes have shown a
strong conformational fitting, and they were stable throughout the MD runs [52]. Zhou
et al. (2021) also followed molecular docking and MD simulations with a free energy
landscape and an additional principal component analysis on thymoquinone and breast
cancer cell mutations using GROMOS96 v43al force field on GROMACS v5.1.3. Thy-
moquinone inhibited PI3K/Akt1 pathway in tumor cells by binding to the PIK3CA
kinase domain [53]. Taghvaei et al. (2022) predicted the SENP2 inhibitory effect of
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natural products, including thymoquinone, with molecular docking via Autodock, MD
simulation, binding free energy, and trajectory analysis via GROMACS 4.6.5 GRO-
MOS53a6 force field consecutively. Thymoquinone has been found to have moderate

stability of binding to SENP2 compared to the other natural compounds [54].

The interaction between aminothymoquinone and the crystal structures of human
serum albumin (HSA) (1BMO0, 2BXD, and 2BXF) has been investigated by Bhosale et
al. (2021) through molecular docking using the Autodock software package. Aminothy-
moquinone has been shown to bind to HSA by forming hydrogen bonds in the docking
cavity. The study also underlined the potential of aminothymoquinone for the fu-
ture of aminothymoquinone-based drug design [32]. Additionally, Yusufi et al. (2013)
have studied the compounds ATQTHB and ATQTFB, which are synthesized from
aminothymoquinone, and revealed their anticancer activity against pancreatic cancer

cells by molecular docking analysis [55].

It is important to note that all studies explained in this section include atomistic
simulations of thymoquinone-protein interactions. There is no study on the MD simula-
tion of thymoquinone with other types of biological compounds and environments, both
in atomistic and CG scales. Likewise, there is no MD simulation of aminothymoquinone
found. As described, the interactions of thymoquinone and aminothymoquinone with
cell membranes is an open research topic in both atomistic and coarse-grained MD

simulations.

2.4. Studies on the Interaction between Drug Molecules with Lipid
Bilayers

The ability of a drug to diffuse through the cell membrane is one of the key
factors in the bioavailability of the drug molecule. The diffusion mechanism of the
drug molecule can be observed more thoroughly at the molecular level by analyzing the
interaction between lipid bilayers and pharmaceutical compounds [56]. MD simulations

provide a better understanding of the diffusion and orientation of small drug molecules
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in cell membranes on the atomic-level resolution [57].

The interactions between model lipid bilayers and small bioactive molecules are
widely studied in the literature. For example, Ingolfsson et al. (2014) investigated
the biological activity of five phenolic phytochemicals on the cell membrane and mem-
brane proteins. The tested phenols were capsaicin, curcumin, EGCG, genistein, and
resveratrol from chili peppers, turmeric, green tea, soybeans, and grapes, respectively.
POPC (1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine) bilayer was used in these CG
simulations using the MARTINI force field. The phytochemicals were localized in the
solution near the bilayer with a molar ratio of 1 phytochemical to 10 POPC lipids. The
placement of phytochemicals in the lipid bilayer was observed along with the bilayer
properties such as area per lipid, bilayer thickness, lipid order, and bilayer compressibil-
ity. All tested phytochemicals have altered the bilayer properties due to cell membrane
perturbations [58].

Saha et al. (2020) have performed atomistic MD simulations of flavonols, which
are fisetin, apigenin, and morin, to observe their antioxidant and lipid-peroxidation
inhibition effect at the molecular resolution. POPC bilayers with 0% mol and 40% mol
cholesterol were computed with and without flavonols using the OPLS-AA force field
in Desmond 2016 MD package. The location and orientation of flavonols in the lipid
bilayers, area per lipid, bilayer thickness, hydrogen bond, and free energy profiles were
analyzed to observe the interaction between flavonols and bilayer models. The results
have shown that morin has the highest affinity, depending on the model membrane’s
cholesterol content. An increase in cholesterol concentration reduces membrane per-
meability of the flavanols by increasing the bilayer thickness and decreasing the area

per lipid correspondingly [59].

Eid et al. (2021) have constructed an atomistic MD simulation to analyze the
effect of another flavonoid, quercetin, on membrane rigidity at the molecular level.
The topology of quercetin was built on the LigParGen server based on the OPLS-AA
force field. The 138-lipid bilayer model included three types of lipids, which were 80
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POPC, 10 POPE (1-palmitoyl-2-oleoyl-sn-glycero-3-phosphatidylethanolamine), and
48 cholesterol molecules. The trajectory analysis consisted of membrane thickness,
area per lipid, deuterium order parameters, and diffusion coefficient, along with the
density distribution and RDF showing the softening effect of quercetin on the model

membrane [57].

There is no study in the literature on the thymoquinone/aminothymoquinone
interactions with lipid bilayers both at atomistic and CG scales. Thus, in this study,
atomistic (OPLS-AA) and coarse-grained (MARTINI) force fields are used to simu-
late the interactions between thymoquinone/aminothymoquinone and lipid bilayers.
CG models of thymoquinone and aminothymoquinone are constructed using MAR-
TINI force field. In addition to AA simulations, CG simulations are studied as an
alternative, low-cost and fast simulations for large systems. The density distributions,
lateral diffusion coefficients, area per lipid, bilayer thickness, and order parameters are

investigated for bilayers alone and ligand-bilayer complexes.
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3. MATERIALS AND METHODS

3.1. Theory of Molecular Dynamics Simulations

The computer simulation methods are developed to simulate the dynamic re-
sponses of a system and are used in many areas. Monte Carlo and Molecular Dyna-
mics (MD) Simulations are the two widely used computational approaches that apply
to macromolecular systems and molecular biology. The Monte Carlo method constructs
an ensemble of configurations and conformations with lower total energy and highest
probability by applying random perturbations to the corresponding macromolecular
system. However, Monte Carlo simulations do not provide information on the changes
in a system with time. On the other hand, MD simulations compute the position and
momentum of the system in a given time interval. The time evolution of the system is
called a trajectory and it is used for time-dependent analysis. The interactions between

various molecules and biomolecular systems can be observed using MD simulations [60].

MD simulation algorithms need specific thermodynamic conditions to compute
the time evolution of a system. These conditions are called thermodynamic ensembles
that represent the large systems on the microscopic scale subjected to certain constant
constraints, such as the number of particles (N), temperature (T), volume (V), pressure
(P), and total energy (E) of the system. The general thermodynamic ensembles used

in MD simulations are listed below [61].

e Canonical (NVT) ensemble: An ensemble of a system with a constant number of
particles, volume, and temperature.

e Isothermal-isobaric (NPT) ensemble: An ensemble of a system with a constant
number of particles, pressure, and temperature.

e Microcanonical (NVE) ensemble: The system is isolated. Thus, it has constant

total energy, number of particles, and volume [61].
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The two thermodynamic properties, temperature, and pressure are kept con-
stant via temperature and pressure coupling. Temperature coupling with Berend-
sen [62], Nose-Hoover [63,64], and V-rescale [65] thermostats, and pressure coupling
with Berendsen [62] and Parrinello-Rahman [66] are used for MD simulations in this
study and are implemented in the GROMACS software package [67]. In general, one
should decide on the types of thermostats and barostats to use in MD simulations

based on the studied system.
3.1.1. The Basics of Molecular Dynamics Simulations Algorithm

MD simulations predict the movement of every atom in a particular system over
time by solving the classical equations of motion [68]. The dynamic evolution of a
system can be observed from the trajectory of the system for a fixed time period. The
input of the MD simulation is the initial positions of atoms in the system box. The

algorithm calculates the forces exerted on each atom by the other atoms [69].

Newtonian mechanics is used to find the accelerations, and velocities are calcu-
lated together with the positions of the atoms at the next time point [69]. Newton’s
law of motion is described as
E . d'U,L' . d27'i

B _ %7 3.1
CE T A T e (3.1)

where F'is applied force on particle ¢, ¢ is time, a is the acceleration, v is the velocity,

r is the position, and m is the mass of the ith particle [70].

The positions and velocities of each atom are predicted by integrating the cor-
responding equations of motion. The integration algorithm solves Newton’s equation
of motion numerically. The integration algorithms used in MD simulations are the
leap-frog stochastic dynamics integrator [71], and Velocity-Verlet integrator [72], being

the most used algorithm in MD simulations.
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Figure 3.1. The basic algorithm of MD simulations [73].

The prediction of the position at the next time step of a particle is approximated
by a Taylor series expansion. The position of the ith particle r; is expanded at t + At

and the derivative of r; is taken to form the velocity expression as

mmﬁm:n@+w@m+<9%@4ﬁ (3.2)
vi(t + At) = v(t) + G) a;(t) At? + O(+*) + (%) a;(t + At) At?, (3.3)

in which Equation (3.3) represents the basic form of the Velocity-Verlet algorithm. The
algorithm continues by calculating Equation (3.2) and deriving the acceleration term

from potential energy using r;(t + At) as

aﬁ+Aw:—(i>VUm®% (3.4)

my

where U is the potential energy function. After calculating a;(t + At), Equation (3.3)

is computed, and the integration continues [72].
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3.1.2. Force Field

The force field is a mathematical function with parameters for the potential en-
ergy of the particles in molecular modeling. The parameters of force field functions are

obtained from the experiments and the high-level quantum mechanical calculations [74].

The acceleration of a particle is the negative derivative of the potential energy
function with respect to the position of the particle divided by its mass, as shown
in Equation (3.4). Thus the total force exerted on the corresponding atom can be

represented as the gradient of the potential energy as

Fi=>fi (3.5)

i
fij = =VUy, (3.6)

where f is the force between the corresponding atom and the other atoms, and U is
the potential energy function [73]. The potential energy includes both bonded and

non-bonded interactions between each atoms as

UR) = kelr —reg)?+ Y ko0 —0e)* + > k(1 + coslng — 7))

bonds angles dihedrals
atoms r 12 r 6 atoms Giq (37)
2 m m 1Yy
CF n s S () ()]
. — Tij rij — 471'607“@‘
impropers 1<j 1<)

where k., kg, k, and k,, are the force constants; r is the bond length; ¢ is the angle;
¢ is the dihedral angle; r;; is the distance between atom 7 and j; 7¢, 0 and we, are
the equilibrium positions; v is phase shift; n is multiplicity; €;; is Lennard-Jones well
depth; 7, is the distance of minimum potential, ¢, is the dielectric constant; ¢; and g;

are the charges of atom i and j [75].

This equation is the definition of the classical force field used for MD simulations.

The summed terms correspond to the energies of bonds, angles, dihedrals, and improper
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dihedrals, which represent bonded interactions; and van der Waals and electrostatic

energy, which represent non-bonded interactions [75].

Every force field, designed for different systems, assigns different force constants
for their purposes. For instance, the AMBER force field is mainly used for protein
and DNA systems [16]. The CHARMM force field is designed for small molecule and
macromolecule simulations [17]. GROMOS force field is adapted for aqueous solutions
of proteins, nucleotides, and sugars [18]. OPLS-AA is a general force field for organic

molecules and peptides [19].

The applicability of atomistic MD simulations is limited to the size of the simu-
lation systems. Large-scale applications require a faster but reliable approach. Coarse-
grained MD simulation is a convenient way of simulating large-scale systems as long
as it reproduces the properties of smaller-scale atomistic models. CG models can be

used for larger systems with less computational costs and short time intervals [76].

The coarse-graining procedure lowers the resolution of the model [15]. Two, or
more atoms are grouped and represented as a bead, which is defined as the smallest unit
of CG models [21,77]. Each molecule consists of one or more beads and the properties
of the beads are obtained from the reference atomistic simulations or experiments [15].
CG force fields have different parameters from atomistic force field paremeters. For CG
MD simulations, MARTINI is one of the most used force fields [21]. Although many
fundamental molecules are defined in the MARTINI force field, the parametrization of

many others is an ongoing process [77].

The MARTINTI force field has been developed by the research groups of Marrink
and Tieleman to provide computationally feasible simulation models. The applica-
tion of the force field has been improved by including lipids, peptides, proteins, and
small molecules in polar and nonpolar versions. MARTINI models are developed by
two, three, or four-to-one mapping, which are determined in a way that increases the

computational efficiency without the loss of molecular information [78].
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3.2. Atomistic Simulations

3.2.1. Initial Configurations

The initial structures of thymoquinone, aminothymoquinone, DOPC (1,2-Dio-
leoyl-sn-Glycero-3-Phosphocholine), POPC, and 1-octanol were constructed via the
LigParGen server for the OPLS-AA force field [79]. The visualization of the molecules
and all systems were captured via the Visual Molecular Dynamics (VMD) v1.9.4a53
program [80]. Of the studied molecules, the molecular representations on the atomic

scale are given in Figure 3.2.

Figure 3.2. Molecular representations of a) thymoquinone, b) aminothymoquinone,

¢) DOPC, and d) POPC.

The simulation boxes for free energy calculations were constructed using GRO-
MACS version 2021.3 [67]. Thymoquinone or aminothymoquinone was solvated in
water or 1-octanol separately within a simulation box of dimensions of 5 nm x 5 nm x
5 nm. Solvated systems ran for 100 ns to reach the equilibrium before the simulations
of free energy calculations were started, and their output trajectories were used in free

energy simulations.
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The systems with lipid bilayers consisted of 64 lipids in each leaflet and the
total number of lipids was 128 for both DOPC and POPC bilayer-only systems. The
number of TTP3P water molecules was determined by the hydration number of 60 water
molecules per lipid, which was equal to 7680 water molecules in total. 0.15 M of NaCl
salt was added to mimic the biological environments [81]. DOPC-only and POPC-only
bilayer systems were constructed using VMD, and the systems were equilibrated for
further simulations with thymoquinone. Thymoquinone molecules were added at two
different concentrations (i.e., 1 and 10 thymoquinone molecules) to the equilibrated
output trajectories of DOPC-only and POPC-only bilayer systems. The addition of
thymoquinone was performed using VMD. 1 thymoquinone was placed in between the
two leaflets of the bilayers, while 10 thymoquinone were added to the solvent phase at
random distribution. The reason of the random distribution is to mimic the biological
environment as the molecules diffuse in random ordering. The initial configurations

can be seen in Figure 3.3.
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Figure 3.3. The initial configurations for DOPC bilayers with a) 1, b) 10

thymoquinone molecules, and POPC bilayers with ¢) 1, d) 10 thymoquinone

molecules.

3.2.2. Simulation Parameters

The atomistic simulations were carried out by the OPLS-AA force field with
GROMACS 2021.3 [19]. The parameters for lipids were from the study of the revised
OPLS-AA version of lipids [81]. All atomistic simulations, including the free energy
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calculations of thymoquinone, and bilayer systems with and without thymoquinone
were energy minimized with the steepest descent algorithm. All systems were run only

once, indicating that there is no replica used for the simulations.

The free energy simulations were performed for 21 different systems, from A=0 to
A=1, where the non-bonded interactions were on and off respectively. Both Coulombic
and van der Waals interactions were coupled sequentially. The A\ values were equally
spaced and identical in each simulation. For free energy calculations, 1 ns of NVT
and 1 ns of NPT equilibrations were performed before the production run [82]. The
temperature was set to 310 K for both NVT and NPT runs, and pressure was controlled
by Parrinello-Rahman barostat [66] at 1 atm with a time constant of 4.0 for the NPT
run. The long-range dispersion correction was applied for energy and pressure. The
stochastic dynamics integrator was used with a time step of 0.002. The long-range
electrostatic interactions were calculated by the particle mesh Ewald (PME) method
[83,84] with a grid spacing of 0.12 and PME order of 6. Non-bonded interaction cutoff
values were set to 1 nm. Linear interpolation of Coulomb interactions is included for
free energy simulations with soft-core power of 1 and soft-core alpha parameter of 0.5.
After equilibration, an MD production run was performed with an NPT ensemble for
40 ns using the same parameters of NPT equilibration. The trajectory outputs were

used for free energy calculations as explained later under the analysis title.

For bilayer systems, the steepest descent minimizations were followed by 1 ns or 5
ns of NPT equilibration without or with thymoquinone, respectively. The pressure was
kept constant with semi-isotropic Parrinello-Rahman barostat [66] at 1 atm with a time
constant of 4.0 and a compressibility factor of 4.5 x 107° bar™!, and the temperature
was controlled by Nose-Hoover thermostat [63,64] at 310 K with a time constant of
1. The long-range electrostatic and van der Waals interactions were handled with the
force-switch cut-off using the same parameters of the free energy NPT simulations. The
LINCS algorithm was used to constrain the hydrogen bonds [85,86]. These parameters
were also used in the MD production runs which were performed in the NPT ensemble.

The time step of MD production runs was 0.002 ns for all systems. The duration
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of production runs was 250 ns, 400 ns, and 500 ns for bilayer-only, bilayer with 1
thymoquinone molecule, and bilayer with 10 thymoquinone molecules, respectively.
The last 100 ns of the production trajectories were used for analysis, where all systems
were in equilibrium. The equilibrium states were decided based on the energy profiles,

given in Appendix B.

3.3. Coarse-Grained Simulations

3.3.1. Parametrization of CG Models

Atom-to-bead mapping was done by grouping 3 or 4 non-hydrogen atoms into 1
bead. By performing the mapping on the structure files of the atomistic simulations,
the coarse-grained structure and index files were obtained. Center of geometry (COG)
mapping is used to prevent the loss of resolution during mapping in the MARTINI
v3.0.0 force field [77]. COG mapping requires the inclusion of hydrogen atoms in
the mapping while transferring the atomistic properties to the CG resolution. After
mapping, the initial parameter file was generated by defining the appropriate bead
types of MARTINIT 3.0.0 [77,87]. The bead types and the representations used for

thymoquinone and aminothymoquinone are explained in Section 4.2.

The beads, angles, and dihedrals were defined in the initial parameter file by
making initial guesses for the force constants and angle values. The force constants
are altered via trial and error, by comparing AA (all-atom) and CG distributions of
bonds, angles, and dihedral distributions. The fitted distributions and the parameters

of thymoquinone and aminothymoquinone are given in Section 4.2.
3.3.2. Initial Configurations
Except for thymoquinone and aminothymoquinone, the initial configurations and

parameters of molecules were obtained for MARTINI 3.0.0 force field. The lipid, MAR-
TINI water, and ion parameters were taken from the general MARTINI 3 force field [77]
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while the parameters for 1-octanol were obtained from the small molecule implemen-

tation of MARTINI 3.0.0 [87].

For the free energy calculations, thymoquinone and aminothymoquinone were
solvated in MARTINI water [21] or 1-octanol, and simulations were performed with
GROMACS 2021.3. The box dimensions were identical to those used in the atomistic
free energy calculations. The systems were equilibrated for 500 ns and the output

structure files were used in free energy simulations.

The numbers of lipids and water molecules in coarse-grained DOPC and POPC
bilayer systems were equal to the atomistic systems to compare both force fields. 1920
MARTINI waters were solvated to reach the hydration number used in the atomistic
simulations since one MARTINI water represents four water molecules. 0.15 M NaCl
salt was added to the bilayer-solvent complexes. The bilayer-only systems were con-
structed using CHARMM-GUI Input Generator [88]. After the equilibration of the
bilayer-only systems, 1 or 10 molecules of thymoquinone were added to DOPC and
POPC systems. Similarly, 10 molecules of aminothymoquinone were added to DOPC
or POPC bilayers to compare the effects of thymoquinone and aminothymoquinone.
The insertion of molecules into the bilayer systems was carried out via VMD [80]. The

initial configurations of CG simulations are given in Figure 3.4.
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Figure 3.4. The initial configurations for DOPC bilayers with a) 1, b) 10

thymoquinone molecules, and POPC bilayers with ¢) 1, d) 10 thymoquinone

molecules.

The model bilayers representing normal and cancer cell membranes were con-
structed to observe the effect of high concentrations of thymoquinone/aminothymoqui-
none on asymmetric and more complex bilayers using the CHARMM-GUI Input Gen-
erator [88]. The types and composition of the lipids were based on the studies of
Radhakrishnan et al. (2022) and Shahane et al (2019) [89,90]. Each leaflet of normal
and cancer bilayer models had 500 lipids, which makes 1000 lipids in total. The com-
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positions of the model bilayers, which are Model 1 and Model 2, are shown in Tables

3.1 and 3.2, respectively.

Table 3.1. The composition of complex bilayer Model 1.
Normal Cell Bilayer | Cancer Cell Bilayer
Lipids Outer | Inner | Total | Outer | Inner | Total
Cholesterol 170 170 340 85 85 170
DOPC 330 110 440 277 277 554
DOPS 0 220 220 138 138 276
Table 3.2. The composition of complex bilayer Model 2.
Normal Cell Bilayer | Cancer Cell Bilayer
Lipids Outer | Inner | Total | Outer | Inner | Total
Cholesterol 170 170 340 85 85 170
DOPC 330 110 440 277 277 554
DOPS 0 220 220 138 138 276

The number of MARTINI waters added to the system was 17500 corresponding

to a hydration number of 70. 0.15 M of NaCl was added to the system with additional

Na' ions to neutralize the systems. The normal and cancer model bilayers were run

for 10 us to equilibrate the system, then 100 thymoquinone or aminothymoquinone

were added to both bilayer systems separately. The introduction of the molecules to

bilayer systems was performed by VMD, and the molecules were placed at least 1 nm

away from the bilayers in random distribution. The initial configurations of Model 1

are given in Figure 3.5 as an example.
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Figure 3.5. The initial configurations for thymoquinone in a) normal, b) cancer, and

aminothymoquinone in ¢) normal, d) cancer membrane models of Model 1.

3.3.3. Coarse-Grained Simulation Parameters

The coarse-grained simulations were performed via GROMACS 2021.3 using the
MARTINI 3.0.0 force field [77,87]. The coarse-grained simulations include free energy
simulations of thymoquinone and aminothymoquinone in water or 1-octanol; simple
or complex bilayer models with no thymoquinone or aminothymoquinone; and simple
or complex bilayer simulations with thymoquinone or aminothymoquinone at different

concentrations.

The free energies of transfer of thymoquinone and aminothymoquinone were com-
puted for 11 different lambda states, from full to zero interactions corresponding to
A=0 and A\=1, respectively. Only van der Waals interactions were coupled since both
thymoquinone and aminothymoquinone have no charges in their CG bead definitions.
After energy minimization by the steepest descent algorithm, NVT and NPT equili-

bration runs were performed for 1 ns. The production run was performed for 50 ns
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using the NPT ensemble. The temperature was set to 310 K with a time constant of
1 by velocity-rescale thermostat [65] for both NVT and NPT runs, while pressure is
kept at 1 atm using Parrinello-Rahman barostat [66] with a time constant of 12 and
compressibility factor of 4.5 x 107° bar~! for NPT runs. The long-range interactions
for different lambda states included only van der Waals interactions, with a cut-off
distance of 1.1 nm. The stochastic dynamics integrator was used with a time step of

0.02 ns. The output files were used in the free energy calculations.

For the bilayer systems, minimizations by the steepest descent algorithm were
followed by 1 ns or 10 ns of NPT equilibrations for simple bilayers with no thymo-
quinone/aminothymoquinone or all the other systems, respectively. MD productions
were performed for 1 us, 5 ps, and 10 ps for simple bilayers with no thymoquinone
or aminothymoquinone, one thymoquinone in simple bilayer systems, and all other
systems, respectively. The equilibration and production runs were performed with a
semi-isotropic Berendsen barostat at 1 atm with a time constant of 5 and compress-
ibility factor of 4.5 x 107 bar™!, and a V-rescale thermostat [65] at 310 K with a
time constant of 1. The Lennard-Jones interactions were shifted between 0 and 1.1
nm with the Potential-Shift-Verlet modifier while the Coulomb potential was modeled
using the Reaction Field [91] with a dielectric constant of 15. The last 500 ns of the

MD production runs were used for the analysis of the systems.
3.4. Simulation Analysis
3.4.1. Free Energy Calculations
Free energy change of a molecule from one state to another is crucial to under-
stand the non-bonded interactions of the molecule during the parametrization of MD

simulations [92]. Thus, free energy calculations are performed for thymoquinone and

aminothymoquinone both at atomistic and CG scales.
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Free energy calculations correspond to Gibbs free energy changes AG4p of a
system, from one state (A) to another (B). This change was controlled by the coupling
parameter, A\. The simulations for free energy calculations were conducted with equally-
spaced A values from A=0 to A=1, representing the systems with interactions being on
and off, respectively [93]. The thermodynamic cycle of free energy calculations is given

in Figure 3.6.

Molecule in
vacuum

AGHydration AGSolvatiam
Molecule in AGryansfer Molecule in
water octanol
AG, AGs AG,
Dummy in AG, Dummy in AGs Dummy in
water vacuum octanol

Figure 3.6. The thermodynamic cycle of free energy calculations.

Free energies of transfer of thymoquinone and aminothymoquinone were com-
puted by subtracting the free energy of solvation of compounds in 1-octanol from the

free energy of solvation of compounds in water as

AGHydration = AGE) + AG2 - AGl (38)
AGSolvation = AGB + AGS - AG4a (39)
AGTr(msfer = AGSolvation - AGHydratiom (310)

where the terms AG, and AGjs are equal to zero since the dummy molecule does not

interact with the system. Additionally, the internal non-bonded interactions, AGj,
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were also set to zero due to the small sizes of thymoquinone and aminothymoquinone.

The equations were simplified, and free energy of transfer was found as

AGTransfer = AGl - AGQ + AG3 - AG4 - AGI - AG47 (311)
AGTransfe'r = AGinwater - AGinoctcmol. (312)

The partition coefficients, i.e., logP values, were calculated as

_AGTransfer
RTIn10

where R is the gas constant and T is the temperature of the system [94].

log P = (3.13)

Free energies of solvation were calculated by the thermodynamic integration (TT)
method using Bennett’s Acceptance Ratio (BAR) which estimates the free energy dif-
ferences [95]. gmx bar command was used to obtain the free energy differences of the

systems via GROMACS 2021.3.
3.4.2. Analysis of Simulation Trajectories

Simulation trajectories were analyzed along with the virtual observation of the
systems to observe the effect of thymoquinone and aminothymoquinone on bilayer
properties. Trajectory analysis included area per lipid, bilayer thickness, mean square
displacement (MSD), order parameters, the orientation of molecules in bilayers, and

density distributions, which are consecutively explained below.

Area per lipid was calculated by the cross-sectional area of the simulation box
divided by half of the total number of lipids as

_ Axy
L NL/27

where Ay, is area per lipid in nm?, N}, is the number of lipids in the bilayer, and Ayy is

(3.14)

the cross-sectional area of the box, which was calculated by the multiplication of box

dimensions on the = and y axis [90].
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Bilayer thickness, dgg was found by calculating the distance between phosphate
head groups of lipids using gmx distance command on GROMACS 2021.3. The indexes
of phosphate groups of the lipids were used to compute the head-to-head distance for

each frame of the time interval [90].

Mean square displacement (MSD), the change in the position of a particle or
molecule with respect to a reference position [96], was computed to obtain the self-
diffusion coefficients of the lipids in this study. The diffusion coefficients were found
using the least square fitting on a linear line (Dt + ¢) on the MSD graphs, where D is
the diffusion coefficient and ¢ is time. This link between the diffusion coefficient and

MSD with respect to time comes from the Einstein relation shown as

O (r(t) —r(0))
D= tlgglo& 6 ’

where r(t) and r(0) is the positions of the particles at times ¢ = ¢t and t = 0, respectively,

(3.15)

and D is the self-diffusion coefficient of the corresponding particles [97].

The order parameters of the lipids are the time-averaged alignments of the lipids.

Order parameters were found by

T
S = 2<COS 6) 5 (3.16)

where S is the order parameter of the lipid and 6 is the angle between the correspond-
ing tail and the bilayer normal on the z-axis [98]. S = 1, 0.5 and 0 indicate perfect
alignment with the bilayer surface, an anti-alignment, and random orientation, respec-
tively [99]. The order parameters of the lipids were computed for both atomistic and
CG simulations using gmx order command on GROMACS and the order parameter

calculator developed by Martini 3 developers [77], respectively.

Time-averaged density profiles of molecules are important to detect the relative
locations along with their distributions in the simulation box [100]. The density dis-
tributions were obtained by gmz density command implemented in GROMACS, with

an option for centering the bilayers.
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The tilt angle distribution of thymoquinone and aminothymoquinone provides
the orientation of molecules inside or at the surface of the bilayer. The tilt angles were
calculated from the angle between the vector of two atoms or beads in the molecule

and the bilayer normal on the z-axis using gmz gangle command in GROMACS.

The radial distribution function (RDF) gives the information about the density
of particles as a function of distance from a reference particle [101]. In GROMACS,
the distance between all center of mass of the reference and selected molecules were

calculated and plotted using gmx rdf command.
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4. RESULTS AND DISCUSSION

4.1. Production of Atomistic Models

The atomistic models of thymoquinone (TQ) and aminothymoquinone (ATQ)
were tested to determine their accuracy compared with the experimental findings. Par-
titioning free energies of thymoquinone and aminothymoquinone were calculated both
in water and 1-octanol on the atomistic scale. The free energy change of thymoquinone
was calculated by summing the free energy changes of each lambda neighboring value,

which are shown in Appendix A.1.

The solvation and hydration free energies of thymoquinone in 1-octanol and water
are 40.63 kJ/mol and 24.49 kJ /mol, respectively. AGryansfer Was found using Equation
(3.12) by subtracting the free energy in water from that in 1-octanol, calculated as

kJ kJ kJ
AGrransfer = 24.49— — 40.63— = —16.14—.
mol mol mol
The logarithm of the partition coefficient, logP, of thymoquinone was calculated using
Equation (3.13). The gas constant is 8.314 J/molK [102] used in the calculation as

3
—(—16.14%) X (12JJ)

(8.314—2—) x (310K) x (In10)

logP = = 2.72.

Different experimental and computational values for logP of thymoquinone are re-
ported in the literature. Johnson-Ajinwo et al. (2018), Anilkumar et al. (2020), Wayan
Agung et al. (2016), Haq et al. (2018), Dwisari et al. (2019), and Alkharfy et al. (2015)
have reported logP values of 1.04 [103], 1.5 - 2.7 [104], 2.0 [105], 2.54 [106], 2.8 [107]
and 2.2 [108], respectively. More results have been reported based on in vitro studies
and computational calculations. Zuhroh et al. (2020) have reported values of 2.21, and
2.80 based on HPLC analysis, and Hyperchem predictions, respectively [109,110]. Sim-
ilarly, Ulfa et al. (2021) performed HPLC analysis and used ALOGPS 2.1 prediction
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program and reported logP values of 2.17 and 2.80, respectively [111,112]. Overall,
reported logP values of thymoquinone are in a range between 1.04 — 2.80, with the

majority of values being between 2.2 and 2.8.

The free energy calculations for thymoquinone are tested using different force
fields. log P of thymoquinone is found as 0.77 using CHARMM force field and 3.07 using
GROMOS force field. The partitioning free energy result using the OPLS-AA force
field provided the closest logP value of thymoquinone. The result from partitioning

free energy calculations of atomistic simulations falls in the reported range.

The free energy differences of aminothymoquinone for different A values can be
found in Appendix A.1. The solvation and hydration free energies of aminothymo-
quinone in l-octanol and water are found as 47.77 kJ/mol and 36.99 kJ/mol, respec-
tively. AGrransfer and logP values are found by using Equations (3.12), and (3.13),

respectively, and the calculations are given as

k k k
AGTransfer = 3699_J - 4777—J = —1078—J,
mol mol mol
—(—10.78 5L ) x (1
logP = ( 5 mat) X Gi7) 1.82.
(8.314mOlK) X (310K) x (In10)

The information about partitioning coefficients of aminothymoquinone is limited com-
pared to thymoquinone. Johnson-Ajinwo (2017) has reported computed logP values
of thymoquinone and aminothymoquinone as 1.04 and -0.71 respectively [113]. Addi-
tionally, logP values are calculated using Chemicalize web-based source and they are
found as 2.55 for thymoquinone and 1.39 for aminothymoquinone [114]. The summary

of free energy differences and logP values are given in Table 4.1.

In general, the difference in logP values between thymoquinone and aminothy-
moquinone in the corresponding resources matches the difference in logP values found

from the atomistic free energy calculations in this study.
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Table 4.1. The free energy differences and logP of thymoquinone and

aminothymoquinone in atomistic simulations.

AGinocmnol AGinwater ZO.gP
Thymoquinone 40.43 24.49 2.72

Aminothymoquinone A7.77 36.99 1.82

4.2. Construction and Validation of Coarse-Grained Models

The coarse-grained models of thymoquinone and aminothymoquinone are mapped
using four different MARTINI 3 bead types based on the number and polarity of the
mapped atoms. The grouping of the beads used in thymoquinone and aminothymo-

quinone models is shown in Figure 4.1.

a) b)

Figure 4.1. Coarse-grained representations of a) thymoquinone and b)

aminothymoquinone.

The corresponding bead types to the bead numbers are given in Table 4.2. It
is important to note that all beads of thymoquinone and aminothymoquinone are the

same except for the first bead since the difference between these two molecules is the
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addition of NH, to the third carbon. Moreover, the first bead of aminothymoquinone
represents four non-hydrogen atoms instead of the other beads, including three non-

hydrogen atoms.

Table 4.2. Coarse-grained beads of thymoquinone and aminothymoquinone.

Bead Number | Thymoquinone | Aminothymoquinone
1 SChH Nbd
2 SN4a SN4a
3 SN4a SN4a
4 SC3 SC3

Three constraints, one bond, and one improper dihedral are defined for both
molecules” models. The lengths of bonds and constraints, the angle of improper dihe-
drals, and the corresponding force constants of thymoquinone and aminothymoquinone

are shown in Tables 4.3 and 4.4.

Table 4.3. Bond definitions of thymoquinone and aminothymoquinone.

Thymoquinone
Bond Pairs 1-2 2-3 1-3 3-4
Bond Type Constraint | Constraint | Constraint | Bond
Length (nm) 0.329 0.325 0.368 0.295

Force Constant (kJ/mol/rad?) | 1000000 1000000 1000000 | 80000

Aminothymoquinone

Bond Pairs 1-2 2-3 1-3 3-4
Bond Type Constraint | Constraint | Constraint | Bond
Length (nm) 0.352 0.322 0.328 0.296

Force Constant (kJ/mol/rad?) | 1000000 1000000 1000000 | 90000
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Table 4.4. Improper dihedral of coarse-grained thymoquinone and

aminothymoquinone.

Thymoquinone | Aminothymoquinone
Dihedral Group 4-2-1-3 4-2-1-3
Dihedral Type Improper Improper
Angle (Degree) 0 0
Force Constant (kJ/mol/rad?) 150 50

Before the free energy calculations of coarse-grained models, bond and improper
dihedral distributions are fitted to those in atomistic models by adjusting the force
constants. The good agreement between atomistic and coarse-grained models on bond
and improper dihedral distributions can be seen in Figure 4.2 for thymoquinone and

in Figure 4.3 for aminothymoquinone.
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Figure 4.2. The distribution of the bonds between bead numbers a) 1-2, b) 2-3, ¢)
1-3, d) 3-4, as well as e) the improper dihedrals for the coarse-grained (red line) and

atomistic (blue line) models of thymoquinone.



39

a) b)
120 - 120 .
g w00 ST L .
2 s0f .1 2 80 . K
T 60k 4 E 60 Il .
B | 40 f i . Jn 40 II L] .
8 2t J R ]\ :
0 1 ! A1 0 1 L I
0.2 0.25 03 035 04 0.2 0.25 0.3 035 04
Bond Length (nm) Bond Length (nm)
<) d)
|40 T T T 140 T T I
c 120 . = 120 .
3 100+ 4 Z w0t -
3 80| | 4 2 sof | .
£ 6or 4 1 & 60f ! 1
= 40 - - = 40 + 2 -
| gl /) 4 2 2wl ]\ 4
0 1 L b 0 1 T 1
02 025 03 035 04 02 025 03 035 04
Bond Length (nm) Bond Length (nm)
c)
0.1 T T T 1
£ 0.08 -
é 0.06 -
Z 0.04 \1 -
a 002 s,
0 1 £ II Ay'] |

90 -60 -30 0 30 &0 90
Dihedral Angle (Degree)

Figure 4.3. The distribution of the bonds between bead numbers a) 1-2, b) 2-3, ¢)
1-3, d) 3-4, as well as e) the improper dihedrals for the coarse-grained (red line) and

atomistic (blue line) models of aminothymoquinone.

The free energy calculations have been performed for coarse-grained simulations
to evaluate the models compared to the atomistic data and the data from the literature.
The free energy changes of thymoquinone and aminothymoquinone for different lambda
stages are shown in Appendix A.1. In the coarse-grained simulations, the solvation and
hydration free energies of thymoquinone in 1-octanol and water are 25.23 kJ/mol and
10.27 kJ /mol, respectively. AGryansfer and logP values are calculated using Equations
(3.12) and (3.13), respectively given as

kJ kJ kJ

AGrransfer = 10.27— — 25.23— = —14.96—,
mol mol mol
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~(-14965) ()

= 2.52.
(8.314——) x (310K) x (In10)

logP =

The logP value of the coarse-grained thymoquinone model also falls within the previ-
ously reported range mentioned in Section 4.1. Moreover, the percentage of the differ-
ence between [ogP values obtained from the atomistic and coarse-grained simulations

is calculated as

2.52 — 2.72

100 = 7.31%.
570 x 100 = 7.31%

Error% =

The solvation and hydration free energies of aminothymoquinone sum in 1-octanol and
water are found as 32.15 kJ/mol and 22.37 kJ/mol, respectively. Then, AGrransfer
and logP values are calculated using Equations (3.12) and (3.13) as

kJ kJ kJ
AGrransfer = 22.37— — 32.15—— = —9.78—,
mol mol mol
3
—(—=9.78EL) x (1)

kJ = 1.65.

logP —
T T (83142 ) x (310K) x (Inl0)

The deviation of the coarse-grained model from the atomistic one is calculated by the

percentage of the difference between logP values, and the result is given as

11.65 — 1.82]

100 = 9.34%.
132 x 100 = 9.34%

Error% =

The solvation and hydration free energies and logP of aminothymoquinone are given

in Table 4.5.
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Table 4.5. The free energy differences and logP of thymoquinone and

aminothymoquinone in coarse-grained simulations.

AGinocmnol AGinwater ZO.gP
Thymoquinone 25.23 10.27 2.52

Aminothymoquinone 32.15 22.37 1.65

The coarse-grained representation of aminothymoquinone is in the acceptable
logP range considering the difference in logP values of thymoquinone and aminothy-
moquinone discussed in Section 4.1. The error percentages are also under 10%, and up
to 10% deviation between coarse-grained and atomistic models is usually considered
within the acceptable range [21]. Thus, atomistic and coarse-grained models are in

good agreement with each other and with other experimental findings.

4.3. The Accuracy of the Models

In the following section, the accuracy and reproducibility of coarse-grained mod-
els are examined. The results from atomistic bilayer-only systems are analyzed and
compared to the findings from the literature to validate the bilayer models. Bilayers
with different concentrations of thymoquinone molecules are also analyzed to observe
the behavior of bilayers and thymoquinone in simple bilayers having different lipid
types. The area per lipid, bilayer thickness, diffusion coefficient, and lipid order pa-
rameters are analyzed to observe the change in structural properties of the bilayers.
Additionally, thymoquinone orientation in the bilayers, RDF, density distribution, and
residence time of thymoquinone in water are computed to further understand the be-

havior of thymoquinone in the presence of bilayers.

4.3.1. Structural Changes in Simple Bilayers

The structural properties of lipids are investigated through the area per lipid,

bilayer thickness, and self-diffusion coefficient calculations for bilayer-only systems to-
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gether with the systems in the presence of one or ten thymoquinone molecules. The
area per lipid of DOPC and POPC bilayers with and without thymoquinone molecules
are calculated. The variation of area per lipid value with respect to time can be found
in Appendix A.2. The time averages of area per lipid with their standard deviations

for all atomistic and coarse-grained systems are presented in Table 4.6.

Table 4.6. Area per lipid of DOPC and POPC bilayers (nm?).

Atomistic | Coarse-Grained
No TQ | 0.68 £ 0.01 0.68 + 0.01
DOPC | 1 TQ | 0.68 £ 0.01 0.69 £ 0.01
10 TQ | 0.70 £ 0.01 0.70 £ 0.01
No TQ | 0.71 £ 0.01 0.66 £+ 0.01
POPC | 1 TQ | 0.70 £0.01 0.66 £+ 0.01
10 TQ | 0.70 £ 0.01 0.67 £ 0.01

Area per lipid values of DOPC only and POPC only bilayers are obtained from
the literature to ensure the validation of the bilayer systems. Tristnam-Nagle et al.
(1998) [115], Nagle et al. (2000) [116], Liu et al. (2004) [117], Kucerka et al. (2005)
[118] , Pan et al. (2008) [119], and Kucerka et al. (2008) [120] have reported area
per lipid values in the range between 0.67-0.73 nm2 for DOPC bilayer. For the POPC
bilayer, Kucerka et al. (2011) [121] have reported area per lipid values between 0.63-
0.68 nm? for temperatures between 20°C-60°C, while Leftin et al. (2014) [122] have
found 60.4 + 3.6 A% at 28°C and 70.5 & 4.2 A2 at 48°C. The results from both atomistic
and coarse-grained simulations fall in the range of the reported area per lipid values
in the literature. Adding one or ten thymoquinone molecules does not have a notable
effect on either the area per lipid values or the bilayer thickness values (see Table 4.7)

considering the error bounds.



Table 4.7. Bilayer Thickness of DOPC and POPC bilayers (nm).
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Atomistic | Coarse-Grained
No TQ | 3.89 &+ 0.05 3.74 + 0.05
DOPC | 1 TQ | 3.87x0.05 3.74 + 0.05
10 TQ | 3.86 & 0.05 3.72 + 0.05
No TQ | 3.56 £ 0.05 3.86 + 0.06
POPC | 1 TQ | 3.59 4+ 0.05 3.86 + 0.05
10 TQ | 3.60 £+ 0.06 3.84 + 0.06

The bilayer thicknesses of DOPC and POPC bilayers have been investigated in
several studies. Tristnam-Nagle et al. (1998) [115], Nagle et al. (2000) [116], Liu et
al. (2004) [117], Kucerka et al. (2005) [118], Pan et al. (2008) [119], Kucerka et al.
(2008) [120] and Attwood et al. (2013) [123] have reported DOPC bilayer thickness
values as 3.67 nm, 3.61 nm, 3.53 nm, 3.69 nm, 3.67 nm, and 4.6 nm, respectively.
Kucerka et al. (2005) [118] and Kucerka et al. (2011) [121] have reported POPC bilayer
thickness values as 3.7 nm, and 3.77-3.98 nm between 60°C and 20°C, respectively. The
bilayer thickness of DOPC bilayers is in the range of the reported values. However,
the values for POPC bilayers found in atomistic simulations are out of the range of the

experimental data, but closer to the previously computed values [124-126].

Upon the addition of thymoquinone, a slight decrease in the thickness of DOPC
bilayers with both atomistic and coarse-grained simulations can be seen in Table 4.7.
The difference in thickness values in the atomistic POPC bilayer simulations is larger
than in the other reported data groups. However, the change is still in the error range

considering the standard deviation of thickness values.

The lateral diffusion coefficients of DOPC and POPC bilayers were calculated
by applying the least square fitting between 10-30 ns of the last 100 ns for atomistic
simulations, between 100-300 ns of the last 500 ns of bilayer only systems, and between

200-600 ns of the last 1000 ns of bilayers in the presence of thymoquinone for coarse-
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Table 4.8. Lateral diffusion coefficients of phosphate groups in DOPC and POPC

bilayers (um?/s).

Atomistic | Coarse-Grained
No TQ | 8.10 £ 1.70 67.1 £ 19.1
DOPC | 1 TQ | 6.40 + 0.40 66.7 = 0.70
10 TQ | 12.6 £+ 0.60 88.0 £ 1.50
No TQ | 4.10 £ 0.10 55.3 + 0.30
POPC | 1 TQ | 3.70 £ 0.10 55.9 + 8.30
10 TQ | 10.5 + 2.80 53.4 + 6.70

The diffusion coefficients of DOPC and POPC lipids in atomistic simulations were
compared to the experimental data from the literature. Filippov et al. (2009) [127]
and Akhunzada et al. (2019) [128] have reported the self-diffusion coefficient of DOPC
lipids as 9.32 um?/s and 11.5 um?/s at 298 K and 303 K, and between 5.0-14.0 pm? /s,
respectively. Febo-Ayala et al. (2008) [129] and Saito et al. (2018) [130] have obtained
the diffusion coefficient of POPC lipids as 1.8-2.5 um?/s at 298 K and 7.49 pum?/s
at 303 K. Additionally, Erimban, et al. (2019) [125] have used the same OPLS-AA
lipid parameters developed by Kulig et al. (2015) [81] and have reported the diffusion
coefficient of POPC lipids as 9.0 & 3.0 um?/s at 300 K. Considering the effect of tem-
perature on diffusion coefficient data, it is sufficient to say that the results in atomistic
simulations are in the range of literature data. The diffusion coefficient values of the
coarse-grained DOPC and POPC models are larger than their atomistic counterparts.
Coarse-grained simulations predict higher diffusion coefficients in general and the re-
sults reported here are in the acceptable range [131]. The addition of thymoquinone

molecules to the bilayers increases the diffusion of the lipids in general.

Order parameters of acyl chains of DOPC and POPC lipids are calculated to

observe if thymoquinone causes any disorder in the bilayers. Each carbon atom in the
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acyl chains is used in the order parameter calculation in atomistic systems. All tail
beads are included in the calculations in the coarse-grained systems. The changes in
the order parameters of snl and sn2 acyl chains of the bilayers in the presence and

absence of thymoquinone are shown in Figures 4.4 and 4.5.
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Figure 4.4. Order parameters of DOPC: a) snl and b) sn2 acyl chain in atomistic;

and c¢) snl and d) sn2 acyl chains in coarse-grained simulations.
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Figure 4.5. Order parameters of POPC: a) snl and b) sn2 acyl chain in atomistic;

and c) snl and d) sn2 acyl chains in coarse-grained simulations.

The average of all acyl carbons of snl and sn2 chains is also calculated. The
findings are given with the overall average order parameter for DOPC and POPC
lipids in Table 4.9.

With both models, thymoquinone has slight disordering and ordering effects on
POPC and DOPC bilayers, respectively. This change is generally negligible with the
addition of one thymoquinone molecule to the POPC bilayers.



Table 4.9. Order parameters of DOPC acyl chains.

Atomistic Coarse-Grained

NoTQ |1TQ|10TQ | NoTQ |1 TQ |10 TQ

snl chain | 0.245 0.249 | 0.244 0.297 | 0.291 | 0.295

DOPC | sn2 chain | 0.262 0.260 | 0.258 0.310 0.314 | 0.302
Average 0.254 0.254 | 0.251 0.303 0.302 | 0.299

snl chain | 0.310 0.321 | 0.329 0.405 0.410 | 0.409

POPC | sn2 chain | 0.227 | 0.233 | 0.238 0.305 0.307 | 0.304
Average 0.266 0.274 | 0.280 0.355 0.358 | 0.357

4.3.2. The Interaction of Thymoquinone with Simple Bilayers
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To understand the orientation and the behavior of thymoquinone in simple bilay-

ers, the density distributions, the residence time of thymoquinone in the solvent, and

RDF analysis are computed.

The density distributions of the bilayer components, solvent, ions, and thymo-

quinone molecules are plotted by centering the bilayer at 0 nm. The calculated bilayer

components are the main groups of phospholipids, which are the phosphate head group

(Head), glycerol group (Gly), and acyl chains (Acyl). Bilayers without and with ten

thymoquinone molecules are chosen for this analysis to be able to make meaningful

comparisons. The density profiles of bilayer only and thymoquinone bilayer complexes

are given in Figures 4.6 and 4.7. The graphs are zoomed in to observe the placement of

thymoquinone in the systems clearly. The original graphs are given in Appendix A.5.
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Figure 4.6. Density distributions of the systems with DOPC bilayer: a) without and
b) with thymoquinone in atomistic; and ¢) without and d) with thymoquinone

molecules in coarse-grained simulations.

The density profiles demonstrate the residence of thymoquinone inside the bi-
layers. When Figure 4.6.b and Figure 4.6.d are compared, the localization behavior
of thymoquinone seems different from each other. Nearly all thymoquinone molecules
seem to be inside the DOPC bilayer. On the other hand, the distribution of thymo-
quinone in coarse-grained bilayer systems is smoother than in the atomistic model. The
sharp peaks of thymoquinone can be seen in the border of head groups, around -1.0

and 1.4 nm with respect to the bilayer center. The peaks of thymoquinone with wider
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distributions in the atomistic model are also around the same coordinates. Moreover,
when only-bilayer (Figure 4.6.a and 4.6.c) and thymoquinone-bilayer systems (Figure

4.6.b and 4.6.d) are compared, the bilayer components’ distributions are observed to

be similar.
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Figure 4.7. Density distributions of the systems with POPC bilayer: a) without and
b) with thymoquinone in atomistic; and ¢) without and d) with thymoquinone

molecules in coarse-grained simulations.

The distribution of thymoquinone in the POPC bilayer is different than in the
DOPC bilayer. Thymoquinones exist both in the bilayer and solvent phase in the

atomistic model. That is, only some of the thymoquinones are inside the bilayer.
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On the other hand, all thymoquinones diffused into the bilayer in the coarse-grained
models. The density peaks of thymoquinone in Figure 4.7.d indicate that most of them
prefer to be close to the glycerol groups, which are around -1.5 and 1.5 nm with respect

to the bilayer center.

The diffusion of thymoquinone into the lipid bilayers is clearly observed in coarse-
grained simulations. However, some of the thymoquinone molecules do not seem to be
diffusing into the bilayers in atomistic simulations. To support this observation, the
average center of mass distance of each thymoquinone molecule from the bilayer center
is calculated over all frames of the simulations. The beginning and the end of the
distance measurements are taken as the beginning and the end of the MD production
run, i.e., 0 and 500 ns respectively. Figures 4.8 and 4.9 exhibit the distance between

thymoquinone and lipid bilayers with respect to simulation time.

According to Figure 4.8, all thymoquinone diffused into the DOPC bilayer except
for two molecules. On the other hand, only four thymoquinone molecules diffused into
and stayed in the POPC bilayer (see Figure 4.9). The reason for the non-smooth
distribution of thymoquinone in the atomistic simulations can be understood due to
the roaming of some thymoquinone molecules in the bilayer solvent throughout the

simulations.

The difference in the behavior of thymoquinone between atomistic and coarse-
grained simulations can be explained by the nature of atomistic simulations. It requires
more time to evaluate the systems in atomistic simulations than the coarse-grained
simulations, which has a faster dynamical behavior. If the atomistic systems would
run for a longer simulation time, the diffusion of most of the thymoquinone molecules
could have been observed. However, the atomistic simulations are not feasible to run

larger systems for a long time even though they provide a higher resolution.
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Figure 4.8. The absolute center of mass distance of thymoquinones from DOPC

bilayer in atomistic simulations.
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Figure 4.9. The absolute center of mass distance of thymoquinones from POPC

bilayer in atomistic simulations.
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The last analysis for thymoquinone in simple bilayer systems is the radial dis-

tribution function analysis, which is performed with respect to the center of mass of

DOPC, POPC, and thymoquinone. The interaction of thymoquinone with the lipids

can be seen in Figures 4.10 and 4.11.
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Figure 4.10. The radial distribution functions of thymoquinone with respect to the

center of mass of DOPC molecules in a) atomistic and b) coarse-grained simulations.

The separation distance between thymoquinone and DOPC bilayers is closest

when one thymoquinone is introduced into the systems in both atomistic and coarse-

grained simulations. As concentration increases, this distance between thymoquinone

and DOPC lipids decreases.
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Figure 4.11. The radial distribution functions of thymoquinone with respect to the

center of mass POPC molecules in a) atomistic and b) coarse-grained simulations.

In the atomistic model, the ordering of thymoquinone with the POPC bilayer
decreases with the increasing concentration of thymoquinone. In coarse-grained simu-
lations, the distributions have similar profiles. The peaks of the distributions are around
0.8-1.0 nm in coarse-grained systems and one thymoquinone system in the atomistic
model, while 10 thymoquinone system in the atomistic POPC has a peak of around 0.5
nm. In both atomistic and coarse-grained simulations, a single thymoquinone molecule
prefers a more widely spaced configuration with the lipids. The interaction distance
decreases with increasing thymoquinone molecule. It is important to note that the

interaction of thymoquinone with DOPC and POPC lipids is vice versa.
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4.4. The Application of Coarse-Grained Models to Complex Bilayers

The normal and cancer cell bilayer models are constructed from two different
lipid types, as explained in Section 3.3.2. Model 1 consists of cholesterol, DOPC, and
DOPS (1,2-dioleoyl-sn-glycero-3-phospho-L-serine) lipids, and Model 2 contains choles-
terol, POPC, and POPS (1-palmitoyl-2- oleoyl- sn -glycero-3-phospho- L-serine) lipids
respectively. The last 1 us of the trajectories of only-bilayer and the bilayers in the
presence of thymoquinone or aminothymoquinone are used for the trajectory analyses.
The changes in the bilayer properties are computed through the area per lipid, bilayer
thickness, lateral diffusion coefficient, and order parameters. Moreover, thymoquinone
and aminothymoquinone orientations in the model bilayers, density distributions, and
radial distribution functions are analyzed to observe the effect and behavior of thymo-

quinone and aminothymoquinone.

4.4.1. Structural Changes in Complex Bilayers

Area per lipid of complex bilayers with and without thymoquinone or aminothy-

moquinone are given in Table 4.8.

Table 4.10. Area per lipid of normal and cancer cell model bilayers (nm?).

Model 1 Model 2
No TQ/ATQ | 0.52 + 4.0x1072 | 0.49 + 4.0x1073
Normal 100 TQ 0.53 £ 4.0x1073 | 0.51 4 4.0x1073
100 ATQ 0.53 £ 4.0x1073 | 0.51 £ 4.0x1073
No TQ/ATQ | 0.60 4+ 4.0x1073 | 0.57 + 4.0x1073
Cancer 100 TQ 0.61 £ 4.0x1073 | 0.59 & 4.0x1073
100 ATQ 0.61 £ 4.0x1073 | 0.58 &£ 4.0x1073

The area per lipid of both model bilayers increases systematically in the presence

of thymoquinone or aminothymoquinone. The effect of both molecules on normal and
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cancer cell bilayer models is similar. In one of the reference studies of Model 1 and 2,
Radhakrishnan et al. (2022) have reported the area per lipid value of around 0.60 and
0.65 nm? in both normal and cancer model bilayers, which consist of POPC and POPS
lipids [89]. The reason for the lower area per lipid values obtained in this study is the
addition of cholesterol to Model 1 and 2. As the cholesterol concentration increases
in a phospholipid bilayer, the thickness of the bilayer increases, and the area per lipid

decreases inversely [132].

The bilayer thicknesses of the complex bilayer models are presented in Table 4.11.

Table 4.11. Bilayer Thickness of normal and cancer cell model bilayers (nm).

Model 1 Model 2
No TQ/ATQ | 3.92 + 0.02 | 4.08 £+ 0.02
Normal 100 TQ 3.90 £ 0.02 | 4.04 £ 0.02
100 ATQ 3.90 +£ 0.02 | 4.05 £+ 0.02

No TQ/ATQ | 3.83 £ 0.02 | 3.97 £ 0.02

Cancer 100 TQ 3.81 £ 0.02 | 3.94 + 0.02
100 ATQ 3.81 £ 0.02 | 3.94 £ 0.02

The thicknesses of all model bilayers decrease as thymoquinone or aminothymo-
quinone molecules are introduced to the systems. This result agrees with the area per
lipid values since the area per lipid and bilayer thickness is inversely proportional to
each other. The decrease in bilayer thickness and the increase in area per lipid indi-
cate the bilayer thinning effect of both aminothymoquinone and thymoquinone. It is
important to note that the effect of thymoquinone on the simple bilayers can be seen
in the complex bilayer models indicating the applicability of the coarse-grained models

to different systems.

The lateral-diffusion coefficients for cholesterol, DOPC, and DOPS lipids in Model

1 and Model 2 complex bilayers are calculated separately. The least-square fitting on
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mean square displacement data is performed between 200-800 ns of the last 1000 ns of

the output trajectories. The results are shown in Tables 4.12 and 4.13.

Table 4.12. Lateral diffusion coefficients of cholesterol, DOPC and DOPS lipids in

Model 1 normal and Model 1 cancer cell bilayers (um?/s).

Cholesterol | DOPC DOPS
No TQ/ATQ | 963 +29 |50.7+1.1|555+1.6
Normal 100 TQ 959 £3.7 | 4794+ 3.1 |5244+4.5
100 ATQ 102.1 £ 3.5 | 50.8 £ 0.9 | 41.2 + 2.4
No TQ/ATQ | 123.4 +4.2 | 654 +£59 | 59.7 +£ 34
Cancer 100 TQ 123.8 4.0 | 65.3£ 0.5 | 61.5 0.4
100 ATQ 141.2 £1.8 | 599+ 08 | 6524+ 7.3

The diffusion coefficients of cholesterol, DOPC, and DOPS do not change too

much when thymoquinone is added to both normal and cancer model bilayers consid-

ering the standard deviations. However, diffusion coefficients of cholesterol for normal

and cancer model bilayers show a gradual increase in the presence of aminothymo-

quinone. The diffusion coefficient of DOPC decreases or remains nearly equal for all

model systems. Likewise, the diffusion coefficients of DOPS do not follow a trend in

the model systems.



Model 2 normal and Model 2 cancer cell bilayers (um?/s).
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Table 4.13. Lateral diffusion coefficients of cholesterol, POPC and POPS lipids in

Cholesterol | POPC POPS
No TQ/ATQ | 793+19 |443+23]|36.7+19
Normal 100 TQ 825 +26 |48.8+0.2]|51.24+0.1
100 ATQ 85.0£ 0.9 |[499 4+ 23|39.7+5.9
No TQ/ATQ | 940+18 |51.3+6.5]|56.5+45
Cancer 100 TQ 105.0 £ 5.2 | 55.3£ 5.3 | 62.1 &= 6.4
100 ATQ 108.1 £6.7 | 55.4 £ 8.8 | 55.2 + 3.2

Similar to the results of Model 1, cholesterol’s diffusion coefficient in Model 2
increases in the presence of thymoquinone, and this increase is more significant in the
presence of aminothymoquinone. Indeed, cholesterol has the largest diffusion coefficient
among the other bilayer components. The diffusion coefficients of POPC and POPS
also increase as thymoquinone or aminothymoquinone are added to the systems. The
diffusion rates of POPC increase in both normal and cancer bilayer models in the
presence of thymoquinone. On the other hand, POPS diffuses more in the presence of
aminothymoquinone compared to the change in diffusion coefficient on thymoquinone
in both normal and cancer bilayer models. The order parameters of acyl chains of
DOPC and DOPS lipids of Model 1 and POPC and POPS lipids of Model 2 are
calculated to observe any ordering effect of thymoquinone and aminothymoquinone on
the complex bilayers. The time-averaged order parameters of each bead are plotted for
their corresponding acyl chain. The changes in the acyl chains are shown in Figures
4.12-15. The time average values of snl, sn2 chains, and total lipid order parameters

are given in Tables 4.14-17.
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Figure 4.12. Order parameters of DOPC a) snl and b) sn2 acyl chains in Model 1

normal cell bilayer, and c¢) snl and d) sn2 acyl chains in Model 1 cancer cell bilayer.
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Figure 4.13. Order parameters of DOPS a) snl and b) sn2 acyl chains in Model 1

normal cell bilayer, and ¢) snl and d) sn2 acyl chains in Model 1 cancer cell bilayer.
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Table 4.14. Order parameters of acyl chains of DOPC lipids in Model 1 normal and

cancer cell bilayers.

No TQ/ATQ | 100 TQ | 100 ATQ
snl chain 0.322 0.317 0.318
Normal | sn2 chain 0.326 0.321 0.326
Average 0.324 0.319 0.322
snl chain 0.307 0.303 0.304
Cancer | sn2 chain 0.313 0.310 0.312
Average 0.310 0.307 0.308

Table 4.15. Order parameters of acyl chains of DOPS lipids in Model 1 normal and

cancer cell bilayers.

No TQ/ATQ | 100 TQ | 100 ATQ
snl chain 0.333 0.327 0.331
Normal | sn2 chain 0.336 0.330 0.335
Average 0.334 0.328 0.333
snl chain 0.315 0.314 0.317
Cancer | sn2 chain 0.320 0.318 0.321
Average 0.318 0.316 0.319

The order parameters of DOPC acyl chains decrease more when thymoquinone
molecules are present in both normal and cancer cell bilayers. Thymoquinone induces
disorder in the DOPC lipids more than aminothymoquinone. The same disordering
effect of thymoquinone on DOPS lipids is observed in both normal and cancer bilayers.
Aminothymoquinone decreases the order in the normal bilayer model slightly. However,

it increases the ordering of DOPS in the cancer Model 1.
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Figure 4.14. Order parameters of POPC a) snl and b) sn2 acyl chains in Model 2
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Figure 4.15. Order parameters of POPS a) snl and b) sn2 acyl chains in Model 1

normal cell bilayer, and ¢) snl and d) sn2 acyl chains in Model 2 cancer cell bilayer.

Thymoquinone and aminothymoquinone have similar disordering effects on the
POPC lipids of normal and cancer membrane models as can be seen in Table 4.14.
On the other hand, the disordering effect of thymoquinone and aminothymoquinone
on POPS lipids in the normal cell membrane model is greater than in the cancer

membrane model.
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Table 4.16. Order parameters of acyl chains of POPC lipids in Model 2 normal and

cancer cell bilayers.

No TQ/ATQ | 100 TQ | 100 ATQ
snl chain 0.476 0.461 0.460
Normal | sn2 chain 0.352 0.343 0.343
Average 0.414 0.402 0.402
snl chain 0.434 0.423 0.422
Cancer | sn2 chain 0.324 0.319 0.320
Average 0.379 0.371 0.371

Table 4.17. Order parameters of acyl chains of POPS lipids in Model 2 normal and

cancer cell bilayers.

No TQ/ATQ | 100 TQ | 100 ATQ
snl chain 0.488 0.472 0.477
Normal | sn2 chain 0.368 0.356 0.355
Average 0.428 0.414 0.416
snl chain 0.440 0.434 0.433
Cancer | sn2 chain 0.329 0.329 0.328
Average 0.385 0.381 0.381

The percent change of the total average order parameters is calculated to compare
the lipid disordering of all systems. A sample calculation of the percent difference
of DOPC order parameters between Model 1 normal cell bilayer with and without

thymoquinone is handled as

10.319 — 0.324
0.324

Change% = x 100 = 1.62%.

The changes in order parameters in presence of thymoquinone or aminothymoquinone

molecules can be compared through the data given in Table 4.16. The highest disor-
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dering is observed with Model 2 of normal cell membranes, and the least disordering
effect is observed with Model 1 cancer cell membranes. In general, the disordering

effect of the molecules have the same trend but are different in magnitude.

Table 4.18. Percent changes of order parameters between without and with

thymoquinone and aminothymoquinone.

Normal Cancer
Model 1
DOPC | DOPS | DOPC | DOPS
TQ 1.62 1.80 0.97 0.63
ATQ 0.54 0.30 0.64 0.31
Normal Cancer
Model 2
POPC | POPS | POPC | POPS
TQ 2.90 3.27 2.11 1.04
ATQ 2.90 2.80 2.11 1.04

4.4.2. The Interaction of Thymoquinone and Aminothymoquinone with the

Complex Bilayers

The angle between the thymoquinone and aminothymoquinone molecular vec-
tor and the bilayer normal was calculated to find the tilt angle of the corresponding
molecules. The distribution of tilt angles demonstrates the orientation of thymoquinone
and aminothymoquinone in the bilayer models. The tilt angle distributions are shown

in Figure 4.16.

Both thymoquinone and aminothymoquinone have a higher probability to be
between 50° and 130° in general. Thymoquinone prefers a parallel orientation in cancer
membrane models while it is mostly tilted at 20°-40° in normal membrane models.
Similarly, aminothymoquinone has the same trend as thymoquinone in terms of the

orientations in complex bilayers, shown in Figure 4.16.
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Figure 4.16. The orientation distribution of thymoquinone and aminothymoquinone

in a) Model 1 and b) Model 2.

The density distribution of complex bilayers in the absence and presence of thy-
moquinone or aminothymoquinone are plotted with respect to the bilayer center. The
graphs are given in Figures 4.17, 4.18, 4.19, and 4.20 and are zoomed in to demon-
strate the distribution of thymoquinone and aminothymoquinone. The original density

distributions can be found in Appendix A.5.
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Thymoquinone and aminothymoquinone diffuse into the normal and cancer cell
bilayer with both models. Thymoquinone is diffusing within all bilayer models, while
aminothymoquinone tends to stay close to the phosphate groups. Thymoquinone is

located away from the solvent due to its hydrophobicity, unlike aminothymoquinone.

In normal cell membranes of both models, thymoquinone and aminothymoqui-
none prefer to be more in the outer leaflet of the bilayer. The number of aminothy-
moquinone in the outer leaflet is higher than thymoquinone since aminothymoquinone
prefers to stay near the phosphate groups. The interaction of both thymoquinone and
aminothymoquinone with PC (phosphatidylcholine) lipids is higher than PS (phos-

phatidylserine) lipids, which is elaborated in the radial distribution function analysis.

The distribution of thymoquinone and aminothymoquinone share the same ten-
dency in Model 1 and 2; only the peaks are sharper in Model 2 normal and cancer
cell bilayers. Additionally, the ion distribution is different for normal and cancer cell
bilayer models. Ions are located more in the inner leaflet of the normal bilayer, where
the ratio of PC to PS lipids is 1:2 for both Model 1 and 2. The normal cell bilayer
models are asymmetric and the neutralizing ions Na+ tend to stay near PS lipids. This
explains the distribution of ions in the normal bilayer models. It is also important to
note that the distribution of lipids, water, and ions does not change in the presence of

thymoquinone and aminothymoquinone in all models.
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Figure 4.17. The density distribution of Model 1 normal cell bilayers a) without, and

with b) thymoquinone, and ¢) aminothymoquinone.
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Figure 4.18. The density distribution of Model 1 cancer cell bilayers a) without, and

with b) thymoquinone, and ¢) aminothymoquinone.
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Figure 4.19. The density distribution of Model 2 normal cell bilayers a) without, and

with b) thymoquinone, and ¢) aminothymoquinone.
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Figure 4.20.
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The radial distribution function of thymoquinone and aminothymoquinone with
respect to cholesterol, DOPC, and DOPS molecules of Model 1, and cholesterol, POPC,
and POPS molecules of Model 2 are calculated to observe their interactions with the

lipids. Results are shown in Figures 4.21 and 4.22.
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Figure 4.21. Radial distribution function of COM of thymoquinone with respect to
COM of lipids of a) normal and b) cancer; and aminothymoquinone in ¢) normal and

d) cancer bilayer Model 1.
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Figure 4.22. Radial distribution function of COM of thymoquinone with respect to
COM of lipids of a) normal and b) cancer; and aminothymoquinone in ¢) normal and

d) cancer bilayer Model 2.

The radial distribution of thymoquinone and aminothymoquinone show similar
profiles in both normal and cancer cell membrane models. The interaction of the
molecules with PS lipids is weaker in normal cell bilayers compared to cancer bilay-
ers with both models. This finding supports the density profile of thymoquinone and
aminothymoquinone molecules in normal bilayer models, showing a tendency to stay
close to PC lipids, and can be seen in Figures 4.17 and 4.19. Both molecules have
weaker interactions with cholesterol, where thymoquinone has slightly greater interac-
tion than aminothymoquinone. The peaks of PC lipids are higher in normal bilayers
compared to the cancer bilayer in all models, indicating that the interaction of thy-

moquinone and aminothymoquinone with PC lipids decreases inside the cancer bilayer
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models. On the other hand, with all models the peak values for PS lipids increase
in cancer cell membranes, indicating stronger interaction of the molecules with PS
lipids. No significant change in the interaction of thymoquinone with cholesterol is
observed in Model 1 membranes. However, the interactions slightly decrease in the

cancer membrane of Model 2 in the presence of aminothymoquinone.
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5. CONCLUSION

The aim of this study was to investigate the interaction between thymoquinone
and its derivative aminothymoquinone with lipid bilayers using MD simulations on
atomistic and coarse-grained scales. MD simulations provide the time evolution of the
systems with small drug molecules that have experimental limitations. The coarse-
grained models of thymoquinone and aminothymoquinone were developed to offer a
practical alternative to the atomistic models and observe the behavior of these phyto-

chemicals using a lower-cost simulation method.

The atomistic simulations were conducted to reproduce the chemical and dynamic
properties of thymoquinone and aminothymoquinone using the OPLS-AA force field.
Partitioning free energies in water and 1-octanol were calculated and the logP values
were compared to the experimental data before the construction of the coarse-grained
models. The simple bilayers, consisting of DOPC and POPC lipids, were simulated
without and with one or 10 thymoquinone molecules to generate a reference for the
coarse-grained bilayer simulations. The results from the analysis of bilayer-only systems

were compared with the experimental findings and other computational studies.

The coarse-grained models of thymoquinone and aminothymoquinone were con-
structed using MARTINI 3.0.0 force field. The molecules were represented by four
beads, and bonds, constraints, and improper dihedrals were defined. The logP values
of thymoquinone and aminothymoquinone were calculated from the transfer free ener-
gies and compared with the ones from atomistic simulations. After obtaining a good
agreement between atomistic and coarse-grained bonded and nonbonded interactions,
the coarse-grained simple bilayers consisting of DOPC and POPC were run with or

without thymoquinone molecules to observe the properties.

Application of coarse-grained thymoquinone and aminothymoquinone models to

normal and cancer cell membrane models was performed. Two types of complex models
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were used. Model 1 included cholesterol, DOPC and DOPS lipids, and Model 2 included
cholesterol, POPC and POPS lipids. The properties of bilayers both in the absence
and presence of thymoquinone or aminothymoquinone were analyzed to observe their

properties.

The structural changes of the bilayers were measured by analyzing the area per
lipid, bilayer thickness, lateral diffusion coefficient, and order parameters of lipid chains.
Moreover, the interaction of thymoquinone or aminothymoquinone molecules with bi-
layers was demonstrated by analyzing the orientation of the molecules in the bilayers,
the radial distribution functions, and the density distributions of the bilayer. From the
free energy calculations of thymoquinone and aminothymoquinone, logP values were
found as 2.72 and 1.82, respectively, in the atomistic simulations. These values were
2.52 and 1.65, respectively, in the coarse-grained simulations with error percentages
of 7.31% and 9.34%. All logP values were in the acceptable range compared with the

data from the literature.

The structural properties of DOPC/POPC-only bilayers were in the range of the
reported values, with slight but acceptable deviations. The structural change in sim-
ple bilayers in the presence of thymoquinone molecules demonstrated a similar trend
in DOPC and POPC bilayers by increasing the area per lipid and decreasing the bi-
layer thickness slightly. Introducing thymoquinone to the bilayer systems increased the
lateral diffusion coefficients of the lipid phosphate groups. Thymoquinone had slight
ordering and disordering effects on DOPC and POPC bilayers, respectively. The num-
ber of thymoquinone diffused into the bilayers was lower in the atomistic simulations
compared to the coarse-grained ones, due to the requirement for longer simulation
time. The interaction of thymoquinone with DOPC and POPC lipids was observed in
an opposite trend depending on the increase of thymoquinone concentration. Thymo-
quinone molecules interacted with POPC lipid when its concentration increased, and

the opposite effect on DOPC lipids were observed.
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Both thymoquinone and aminothymoquinone had a bilayer thinning effect on
the complex bilayers by increasing the area per lipid and decreasing the thickness.
The diffusion coefficient of cholesterol was the greatest among the other lipids in all
models, while the highest diffusion rate was obtained in Model 1 cancer membrane in
the presence of aminothymoquinone. The highest disordering was observed in Model 1
cancer membranes in the presence of both thymoquinone and aminothymoquinone with
the percent change in the order parameters of POPC and POPS lipids as 2.80 and 3.27,
respectively. Both thymoquinone and aminothymoquinone preferred to have parallel
or near parallel orientation in the membrane models. Thymoquinone diffused through
the membrane models while aminothymoquinone tended to stay near the phosphate
groups. Both thymoquinone and aminothymoquinone interacted the most with the PC
lipids. However, the interaction of both molecules with PS lipids significantly increased
in the cancer membrane models. Both molecules showed the same interaction profile
in the membrane models besides demonstrating a higher interaction with PC lipids in

normal membrane models.

In general, the atomistic models reproduced the properties of thymoquinone and
aminothymoquinone while the coarse-grained models showed similar trends to the re-
sults from atomistic simulations. The application of thymoquinone and aminothymo-
quinone to the complex membrane models demonstrated that both molecules had the

same trend but with different magnitude in their effects.

For further studies, a different force field can be used for the lipid-only simple
bilayers, such as CHARMM, GROMOS, or AMBER force fields, to eliminate the de-
viations of the results in atomistic simulations from the reported experimental data.
In that case, thymoquinone and aminothymoquinone parameters need to be adjusted
to adapt to the corresponding forcefields. Additionally, the longer simulation time can
be applied to the atomistic simulations if a study is designed to be lasted for longer
time periods, in order to observe the time evolution of a system in higher resolutions.
Lastly, the interaction of thymoquinone and aminothymoquinone with more complex

bilayer models can be studied.
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APPENDIX A: RESULTS OF FREE ENERGY
DIFFERENCES
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Figure A.1. Free energy differences of thymoquinone in a) 1-octanol and b) water in

atomistic simulations.
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Figure A.2. Free energy differences of aminothymoquinone in a) 1-octanol and b)

water in atomistic simulations.
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APPENDIX B: ENERGY PROFILES

a)
-2.3e+05 T T T T T T T T T

-2.35e+05

24c+05 i

Total Energy (kJ/mol)

-2.45e+05

22.5¢+05 1 | L | - 1 | - 1 | - L "
0 50000 le+05 1.5e+05 2e+05 2.5¢+05
Time (ps)
b)
-2.3e+05 T T T T T T
35¢+05 ]

-2.4e+05 p

Total Energy (kJ/mol)

-2.45¢+05 ”

| 1 | 1

2.5¢405 : ' :
% 1e+05 26405 3¢+05 4c+05

Time (ps)

©)
-2.3e+05 T T T T T T T T T

-2.35¢+05

-24e+05 |

Total Energy (kJ/mol)

2.45¢+05 W

2.5¢+05 : ‘ '
0 1e+05 2¢+05 3¢+05 4e+05 5¢+05

Time (ps)

Figure B.1. Energy profiles of DOPC bilayers with a) no b) 1 and ¢) 10

thymoquinones in atomistic simulations.
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Figure B.2. Energy profiles of POPC bilayers with a) no b) 1 and ¢) 10

thymoquinones in atomistic simulations.
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thymoquinones in coarse-grained simulations.
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Figure B.5. Energy profiles of normal membranes of Model 1 a) without and with b)

thymoquinone and ¢) aminothymoquinone molecules.
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Figure B.6. Energy profiles of cancer membranes of Model 1 a) without and with b)

thymoquinone and ¢) aminothymoquinone molecules.
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Figure B.7. Energy profiles of normal membranes of Model 2 a) without and with b)

thymoquinone and c¢) aminothymoquinone molecules.
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Figure B.8. Energy profiles of cancer membranes of Model 2 a) without and with b)

thymoquinone and ¢) aminothymoquinone molecules.
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APPENDIX C: GRAPHS OF AREA PER LIPID
ANALYSIS
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Figure C.1. Area per lipid of DOPC bilayers with a) no b) 1 and ¢) 10 thymoquinones

in atomistic; with a) no b) 1 and ¢) 10 thymoquinones in coarse-grained simulations.
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Figure C.2. Area per lipid of POPC bilayers with a) no b) 1 and ¢) 10 thymoquinones

in atomistic; with a) no b) 1 and ¢) 10 thymoquinones in coarse-grained simulations.
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Figure C.3. Area per lipid of Model 1 membranes of normal a) without and with b)

thymoquinone and ¢) aminothymoquinone; of cancer a) without and with b)

thymoquinone and ¢) aminothymoquinone.
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Figure C.4. Area per lipid of Model 2 membranes of normal a) without and with b)

thymoquinone and ¢) aminothymoquinone; of cancer a) without and with b)

thymoquinone and c¢) aminothymoquinone.



APPENDIX D: GRAPHS OF BILAYER THICKNESS
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Figure D.1. Bilayer thickness of DOPC bilayers with a) no b) 1 and ¢) 10

thymoquinones in atomistic; with a) no b) 1 and ¢) 10 thymoquinones in

coarse-grained simulations.
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Figure D.2. Bilayer thickness of POPC bilayers with a) no b) 1 and c¢) 10
thymoquinones in atomistic; with a) no b) 1 and ¢) 10 thymoquinones in

coarse-grained simulations.
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Figure D.3. Bilayer thickness of Model 1 membranes of normal a) without and with
b) thymoquinone and ¢) aminothymoquinone; of cancer a) without and with b)

thymoquinone and ¢) aminothymoquinone.
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Figure D.4. Bilayer thickness of Model 2 membranes of normal a) without and with

b) thymoquinone and ¢) aminothymoquinone; of cancer a) without and with b)

thymoquinone and ¢) aminothymoquinone.
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APPENDIX E: GRAPHS OF LATERAL DIFFUSION
COEFFICIENT ANALYSIS
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Figure E.1. MSD of DOPC lipids with a) no b) 1 and ¢) 10 thymoquinones in

atomistic; with a) no b) 1 and ¢) 10 thymoquinones in coarse-grained simulations.
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Figure E.2. MSD of POPC lipids with a) no b) 1 and ¢) 10 thymoquinones in

atomistic; with a) no b) 1 and ¢) 10 thymoquinones in coarse-grained simulations.
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Figure E.3. MSD of Model 1 normal membrane a) without and with b)

thymoquinone and ¢) aminothymoquinone molecules.
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Figure E.4. MSD of Model 1 cancer membrane a) without and with b) thymoquinone

and ¢) aminothymoquinone molecules.
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Figure E.5. MSD of Model 2 normal membrane a) without and with b)

thymoquinone and ¢) aminothymoquinone molecules.
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Figure E.6. MSD of Model 2 cancer membrane a) without and with b) thymoquinone

and ¢) aminothymoquinone molecules.
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APPENDIX F: GRAPHS OF DENSITY DISTRIBUTION

ANALYSIS
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Figure F.1. Density distribution of DOPC bilayers a) without and b) with 10
thymoquinones in atomistic; ¢) without and d) with 10 thymoquinones in

coarse-grained simulations.
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Figure F.2. Density distribution of POPC bilayers a) without and b) with 10

thymoquinones in atomistic; ¢) without and d) with 10 thymoquinones in

coarse-grained simulations.



125

Density (kg/m?)
- 288888

6 -5 4 3 2 -1 0 1 2 3 4 5 6
Coordinate (nm)

——CHOL -——DOPC DOPS ——Water ——P04 -——Ion

b)

,.—-/\.\

Density (kg/m?)
- 88888

6 -5 4 -3 2 -1 0 1 2 3 4 5 6
Coordinate (nm)

=—TQ =—CHOL -——DOPC DOPS ——Water ——P0O4 ——Ion

©)
1000
800
600

400
—

Density (kg/m?)

200
0

6 -5 4 3 -2 -1 0 1 2 3 4 5 6
Coordinate (nm)

—ATQ =—CHOL -——DOPC DOPS ——Water ——P0O4 ——Ion

Figure F.3. The density distribution of Model 1 normal cell bilayers a) without and

with b) thymoquinone and ¢) aminothymoquinone.
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The density distribution of Model 1 cancer cell bilayers a) without and

with b) thymoquinone and ¢) aminothymoquinone.

126



127

a)
1000
Z 800

=

2 600

?j_,‘ 400 /
a 200
0

6 5 4 3 2 -1 0 1 2 3 4 5 6

Coordinate (nm)

——CHOL -—POPC POPS —Water —P0O4 —Ion

b)

1000
800
600
400

Density (kg/m?)

200
0

6 -5 4 3 2 -1 0 1 2 3 4 5 6
Coordinate (nm)

—TQ =——CHOL -—POPC POPS ——Water —PO4 ——Ion

<)

1000
800
600
400

Density (kg/m?)

200

0

6 -5 4 3 -2 -1 0 1 2 3 4 5 6
Coordinate (nm)

—ATQ —CHOL —POPC POPS —Water —PO4 ——Ion

Figure F.5. The density distribution of Model 2 normal cell bilayers a) without and

with b) thymoquinone and ¢) aminothymoquinone.
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Figure F.6. The density distribution of Model 2 cancer cell bilayers a) without and

with b) thymoquinone and c) aminothymoquinone.
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APPENDIX G: CREDIT

Figure 3.6 is adapted with permission from Ercan, N. 1., P. Stroeve, J. W. Tringe
and R. Faller, “Molecular Dynamics Modeling of Methylene Blue-DOPC Lipid Bilayer
Interactions”, Langmuir , Vol. 34, No. 14, pp. 4314-4323, 2018. Copyright 2018,

American Chemical Society.
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