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ABSTRACT
Al-Massri, N (2022). In Silico Target Prediction of 6-Gingerol and Similar
Compounds as Possible Anticancer Agents. Yeditepe University Institute of Health

Sciences, Department of Pharmaceutical Chemistry, MSc. Thesis, Istanbul.

Cancer still affects millions of people and causes death around the globe. Due to
its prevalence, the discovery of novel anticancer drugs has always been a hot topic in
pharmaceutical chemistry. Natural products provide a reliable source of bioactive
substances and a rich resource for novel therapeutic leads. Also, the phyto-substances
have fewer side effects, are relatively affordable, and offer a potent alternative. Hence, in
our study, the 6-gingerol was focused on, as one of the polyphenols in ginger (Zingiber
officinale Roscoe) characterized by a diversity of biological activities, specifically anti-
cancer activity. Similar analogues of 6-gingerol were firstly screened by using similarity
screening and then the putative biological targets of 6-gingerol and its similar compounds
were investigated by using in silico target fishing servers. Their effect on the kinases as
an anti-cancer target were specifically focused on. The docking study was performed for
the 6-gingerol and its similars with the B-Raf proto-oncogene serine/threonine kinase
(BRAF), Janus kinase (JAK1/2), extracellular signal-regulated kinase (ERK1(MAPK3)),
and human p38 mitogen-activated kinase (p38y) crystal structures. Computational
studies revealed that vanylglycol, L-(+)-vanillylmandelic acid, dehydrozingerone, 2-
methoxyestrone, methylvanillate, dihydroconiferyl aldehyde, pratensein, acetovanillone,
acetosyringone, licochalcone B, isoferulic acid, curcumin PE, and coniferaldehyde can
interact with at least one of these targets. Also, all these studied compounds satisfied
Lipinski’s rule of five. The computational approaches that were used for toxicity
predictions revealed that none of the compounds have toxicity on cardiac and hepatic
organs. Furthermore, these selected compounds have toxicities on one or more tumor
cells. Eventually, the in silico target and toxicity predictions revealed that these similar
molecules to 6-gingerol, are possible anticancer candidates that could be developed

further within future lead optimization studies.

Key words: 6-gingerol, anticancer, chemical similarity, kinase, target fishing, docking

studies, computational toxicity
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OZET
Al-Massri, N (2022). Antikanser Etkili 6-Gingerol ve Benzeri Bilesiklerin
Olasi1 In Silico Hedeflerinin Tahmini. Yeditepe Universitesi Saghk Bilimleri

Enstitiisii, Farmasotik Kimya Anabilim Dah, Yiiksek Lisans Tezi, Istanbul.

Kanser halen milyonlarca insani etkilemekte ve diinya capinda hastalik ve
Olimlere neden olmaktadir. Yayginligi nedeniyle, yeni antikanser ilaglarin kesfi
farmasotik kimyada her zaman popiiler bir konu olmustur. Dogal iirtinler, giivenilir bir
biyoaktif madde kaynag1 ve yeni terapdtik ipuglari igin zengin bir kaynak saglar. Ayrica,
bitkisel maddeler daha az yan etkiye sahiptir, nispeten ekonomiktir ve gii¢lii bir alternatif
sunar. Bu nedenlerle, c¢alismada, zencefildeki (Zingiber officinale Roscoe)
polifenollerden biri olan ve 6zellikle antikanser aktivite olmak {izere ¢esitli biyolojik
aktivitelerle karakterize edilen 6-gingerol iizerine odaklamildi. Ilk olarak benzerlik
taramast kullanarak 6-gingerol’iin benzer analoglarini tarandi ve daha sonra in silico
hedef belirleme sunucular1 kullanilarak 6-gingerol ve benzer bilesiklerinin varsayilan
biyolojik hedefleri arastirildi. Ozellikle bir antikanser hedef olarak kinazlar iizerindeki
etkisine odaklanildi. 6-gingerol ve benzerleri igin B-Raf proto-onkojen serin/treonin
kinaz (B-RAF), Janus kinaz (JAK1/2), hiicre dis1 sinyale diizenlenen kinaz
(ERK1(MAPK3)) ve insan p38 mitojen-aktive kinazi (p38y) ile kenetlenme ¢alismalar1
gerceklestirildi. Hesaplamali  ¢alismalar, vanilglikol, L-(+)-vanilmandelik asit,
dehidrozingeron, 2-metoksiestron, metilvanilat, dihidrokoniferil aldehit, pratensein,
asetovanillon, asetosiringon, likokalkon B, izoferulik asit, kurkumin PE ve
koniferaldehitin bu hedeflerden en az biriyle etkilesime girebilecegini ortaya koymustur.
Ayrica, incelenen tiim bu bilesikler Lipinski'nin bes kuralim1 karsilamistir. Toksisite
tahminleri i¢in kullanilan hesaplamali yaklagimlar, bilesiklerin higbirinin kardiyak ve
hepatik organlar {izerinde toksisiteye sahip olmadigini ortaya koymustur. Ayrica, segilen
bu bilesikler bir veya daha fazla tlimor hiicresi lizerinde toksisiteye sahiptir. Sonug olarak,
in silico hedef ve toksisite tahminleri, 6-gingerol ile benzer molekiiller olan bu
bilesiklerin, gelecekteki Oncii optimizasyon caligmalarinda daha da gelistirilebilecek

potansiyel antikanser adaylar oldugunu ortaya koymustur.

Anahtar kelimeler: 6-gingerol, antikanser, kimyasal benzerlik, kinaz, hedef tahmini,
yerlestirme c¢alismalari, bilgisayar destekli toksikoloji

Xiv



1. INTRODUCTION AND PURPOSE

Cancer is considered as one of the primary diseases that cause death worldwide.
Many cancer treatments exist depending on the particular situation of the patient who
may receive one treatment or combination of treatments. One of these treatments is
chemotherapy which is still the most widely used one to treat all kinds of cancers at any
stage of cancer progression. Although, this current therapy failed to cure the malignancy
of the disease and the life span can expand only for few months [1]. Chemotherapy
treatment has several disadvantages like requiring high doses, severe side effects related
to toxicity, activation of pro-survival pathways upon long-term exposure, and
development of chemoresistance [1, 2]. Hence, researchers are always working to find
another source that they could depend on to discover and develop new anti-tumor drugs.
They found natural resources as a good alternative because it contains products such as
alkaloids, flavonoids, terpenoids, polysaccharides, saponins, and others that have been
conducted as natural bioactive products with potent anticancer activity. Over 60% of
anticancer drugs that are in clinical use now and have shown a significant efficacy for
combating cancer are derived from natural products. Natural sources consider one of the
best sources of drugs which is in line with our concern to improve a new natural anti-
tumor drug that can decrease cell toxicity and the adverse effects that happen when
traditional therapy was used. Studies have admitted that the most natural products act as
anti-cancer drugs by activating regulating immune function, inducing autophagy, or
inhibiting cell proliferation [1]. Ginger (Zingiber officinale Roscoe), which belongs to the
Zingiberaceae family and the Zingiber genus, has been commonly used as a spice and
herbal medicine. Ginger root is the essential part that was used to palliate and treat several
ordinary diseases, such as headaches, colds, nausea, and emesis. Ginger contains many
bioactive compounds such as phenolic compounds like gingerols, shogaols, and paradols.
But the major polyphenols found in fresh ginger are 6-gingerol, 8-gingerol, 10-gingerol
and terpene compounds. Most recently, the bioactive compounds in ginger have been
found to possess different biological activities, such as antioxidant, anti-inflammatory,
antimicrobial, anticancer activities, and others. Researchers find that these major
activities are referred to 6-Gingerol (1-[4’-hydroxy-3’-methoxyphenyl]-5-hydroxy-3-
decanone) ( Figure 1.1.). The activity of this molecule is related to the aliphatic chain

moiety containing a hydroxyl group [3, 4].



Figure 1.1. Structure of 6-gingerol.

Many studies show the effect of 6-Gingerol as an anticancer in multiple human
carcinomas, including leukemia, breast, colon, pancreatic, prostate, and liver cancers. The
studies show that the most potential mechanisms of action involve the inhibition of
proliferation and the induction of apoptosis in cancer [3- 5].

Kinases are cellular transmitters that accelerate the phosphorylation reaction by
moving the y-phosphate of an ATP molecule to Ser, Thr, or Tyr residues in the substrate.
Kinases are crucially regulated the cellular signaling pathways as a result of controlling
a diversity of cellular functions including transcription, metabolism, nervous system
activity, immunological response, cell division, and migration [6- 8] Additionally, the
dysregulation and mutations of protein kinase have been linked with a diversity of human
diseases such as cancer, diabetes, autoimmune, cardiovascular, inflammatory, and
neurological disorders which make the protein kinases one of the principal therapeutic

targets for cancer [9].

The traditional drug discovery process needs many efforts like high costs and long
development cycles. Also, the rate of its success is low. As a result, various computer-
aided drug design techniques are used to decrease the challenges that the traditional
process face [10, 11]. Virtual screening (VS) is a computational method for selecting
chemicals from a huge library that bind to a particular target, typically an enzyme or
receptor. Nowadays, it is one of the most effective tools. It determines the most
advantageous bioactive ligands utilizing the information of the target or known active
ligand. It is also known as an alternative to high-throughput screenin because it is
performed with low cost, and the highest ability to find the most appropriate novel hit
through the filtration of large molecules found in libraries. VS techniques can typically
be separated into two more common VS types: ligand-based virtual screening (LBVYS)
and receptor-based virtual screening (RBVS) [10, 12, 13].



Small molecules can interact with multiple proteins of particular interest for
rationally designing more effective and less toxic drugs. To detect this interaction
between the ligand and target, docking is a method used to predict the preferred
orientation of one molecule to a second. Indeed, docking helps to predict the bioactive
conformation structure of a molecule in the binding site of a target which is equivalent to
find the global free energy minimum of the system consisting of the ligand and the target.
Docking is also used as a tool in structure-based drug design as well as in structure-based
virtual screening [13, 14]. Also, the computational methods give information about
absorption, distribution, metabolism, excretion, and toxicity (ADMET) properties as well
as physicochemical characterization [15].

Under light of aforementioned literature, this study aims to determine new lead
compounds similar to 6-gingerol that show anticancer activity with a high bioavailability
and low toxicity profile. For this aim, an in silico screening were performed to search for
compounds that have similar structures to 6-gingerol by using ChemMine Tools
depending on the PubChem fingerprints. Then, 6-gingerol and similar compounds are
further evaluated for their potential anticancer activities on kinases. For that, compounds
are investigated for their putative biological targets by in silico target fishing servers.
Selected kinase targets are further utilized in docking studies to present the possible
interactions of the dataset. Additionally, the pharmacokinetics, drug-likeness, and toxicity
profile of these compounds were computationally determined to point out the safety and
bioavailability of 6-gingerol and its similar compounds. The workflow of the study is
given in Figure 1.2. The outcomes of this work reveal some lead compounds together

with new targets and pathways for further development.
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2. LITERATURE REVIEW
2.1 Cancer

2.1.1 Epidemiology and Etiology

Millions of people are affected by cancer which is one of the chief causes of illness
and mortality around the globe. According to the estimations from the World Health
Organization (WHO), there were 96 million people who died from cancer and 18.1
million new cases of cancer globally in 2018. By 2040, there will be an increase of about
27 million new cases of cancer annually from the estimated cases in 2018 [1, 16]. Cancer
is a broad term that covers more than 100 different diseases that can affect a variety of
organs and cell types. However, all types of cancer are distinguished by aberrant cell
proliferation caused by hereditary or environmental-induced genomic instability and
mutations. Cancer is characterized by cellular transformation, apoptosis, and other types
of cell death dysregulation, enhanced proliferation, angiogenesis, immune evasion,
inflammatory responses, and, eventually, metastatic spreading [17, 18]. Lungs, prostate,
colorectal, stomach, and liver are the most common cancer spreading among men while
breast, colorectal, lungs, cervix, and stomach are the most spread among women [1].
According to published reports, between 90 and 95 % of all cancers are caused by lifestyle
factors, such as smoking, drinking, obesity, pollution, and dietary additives, with the

remaining 5 to 10 % being due to genetic defects [18].

2.1.2 Therapies and Needs to Alternative Sources

Many cancer treatments exist depending on the status of the patient, who may take
one treatment or a combination of treatments. The most often utilized forms of cancer
treatment are surgery, chemotherapy, radiation, and targeted therapy. Surgery is typically
required for cancer patients, whether to detect, treat, or prevent cancer, and it proved to
be quite beneficial if the disease has not moved to other body parts. Chemotherapy refers
to the use of drugs or medications to treat cancer. There are over 100 chemotherapeutic
medications for cancer in use today, each with a unique composition and mode of action.
In radiotherapy, cancer cells are eliminated by high-energy particles. Targeted therapy, a
relatively recent technique, uses chemicals to target specific cancer cells while reducing
harm to healthy cells [1, 19]. In spite of this, chemotherapy remains one of the most
commonly utilized therapies in all types of tumors and at all stages of cancer progression
[1]. Besides the wide usage of chemotherapy, it failed to cure the malignancy of the

disease, and the life span can expand only for a few months. Studies confirmed that



chemotherapy is linked to a wide range of adverse effects, including hepatotoxicity and
cardiotoxicity, which are severe or even lethall. Here are a few examples of the drugs that
cause critical side effects while using them to cure cancer. FOLFOX, which consists of
5-fluorouracil (5-FU), leucovorin, and oxaliplatin (OX) are used to treat colorectal cancer
liver metastasis (CRLM), researchers found that they promote cardiotoxicity by affecting
different mechanisms such as forming coronary thrombosis, arthritis, and lead to
vasospasm. Also, Doxorubicin (DOX) treatment causes arrhythmia or cardiomyopathy
due to the production of reactive oxygen species and the release of cytochrome ¢ from
mitochondria. It was also shown that therapeutic dosages of DOX increase lipid
peroxidation in microsomes and mitochondria in the liver, especially when Fe** ions are
present. Even a single dose of DOX has been shown to cause irreversible liver damage
and an increase in apoptotic processes in hepatic tissue [17, 20, 21]. Additionally,
chemotherapy observes a myriad of challenges, including the need for high doses, severe
side effects from toxicity, activation of pro-survival pathways after prolonged exposure,
and the development of chemoresistance [1, 2]. The development of a new class of
anticancer agents with less toxicity in comparison with the current chemotherapeutic
agents and not affected by common mechanisms of chemoresistance would be a
significant advancement in cancer therapy [17]. In this regard, natural substances,
particularly spices and herbs, have gained the interest of experts due to their diverse
health-promoting qualities [18]. They determined that using natural resources was a good
alternative because it contains substances like alkaloids, flavonoids, terpenoids,
polysaccharides, saponins, and others that have been proven as natural bioactive products
with potent anticancer activity. Over 60% of anticancer drugs that are in clinical use now
and have shown significant efficacy for combating cancer are derived from natural
products. Natural sources are regarded as one of the best sources of drugs which is in line
with our concern to improve a new natural anti-tumor drug that can decrease cell toxicity
and the adverse effects that happen when traditional therapy was used. Studies have
admitted that the most natural products act as anti-cancer drugs by activating regulatory

immune function, inducing autophagy, or inhibiting cell proliferation [1].



2.2 Zingiber officinalle Roscoe

2.2.1 Zingiber Officinalle Roscoe and Cancer

Ginger (Zingiber officinale Roscoe), which is a member of the Zingiberaceae
family and zingiber genus, has been used as a spice and herbal medicine for a long time.
Ginger root is generally used to alleviate and treat a variety of common illnesses like
headaches, colds, nausea, and emesis. Ginger has diverse bioactive substances, including
phenolic and terpene substances. The major phenolic chemicals that are responsible for
ginger's different bioactivities include gingerols, shogaols, paradols, and zingerone.
Lately, numerous studies indicate that the biological properties of ginger's constituents
have antioxidant, anti-inflammatory, antibacterial, and anticancer properties.
Additionally, other studies have shown that ginger can prevent and treat a variety of
ailments, including respiratory problems, obesity, diabetes mellitus, chemotherapy-
induced nausea and emesis, cardiovascular, metabolic, and neurodegenerative diseases,
indigestion, infertility, insomnia, and memory booster [3, 4, 22]. In recent times, when
the ginger was recommended as a nutural home cure that may aid against COVID-19, it
obtained a considerable public attention and although at this time, there is little data to
support its use. Also, ginger's anti-inflammatory characteristics may be useful in treating

respiratory symptoms carried on by the SARS-CoV-2 infection [23].

2.2.2 The Bioactive Components of the Ginger

Ginger contains various active ingredients like phenolic and terpene chemicals
(Table 2.1.). The main phenolic substances found in ginger are gingerols, shogaols, and
paradols. Gingerols, including 6-gingerol, 8-gingerol, and 10-gingerol, are chiefly
polyphenols present in fresh ginger. Terpene components are noticed as the primary
constituents of ginger essential oils. In addition to these, ginger also contains
polysaccharides, lipids, organic acids, raw fibers, protein, phytosterols, vitamins (like
nicotinic acid and vitamin A), and minerals. These constituents have been utilized
extensively in a variety of culinary products, such as soft beverages, as well as numerous
pharmaceutical compositions. 6-gingerol, which is found in considerable amounts in the
fresh rhizome, is in charge of the majority of the pharmacological effects of ginger that

were previously documented [3, 18, 24].



Table 2.1. The phenolic and terpene compounds in ginger

Phenolic compounds Terpene compounds
Gingerols B-bisabolene
Shogaols a-curcumene
Paradols Zingiberene
Quercetin a-farnesene
Zingerone B-sesquiphellandrene

gingerenone-A
6-dehydrogingerdione

2.2.3 The Relationship Between 6-Gingerol and Cancer

Many studies about the anticancer properties of ginger are mainly concentrated on
gingerols, especially 6-gingerol. The activity of 6-gingerol (1-[4’-hydroxy-3’-
methoxyphenyl]-5-hydroxy-3-decanone) is related to the aliphatic chain containing a
hydroxyl group [4, 18]. Many experimental studies show the effect of 6-gingerol as an
anticancer agent in multiple human carcinomas, including leukemia, breast, colon,
cervical, pancreatic, prostate, and liver cancers [4]. In vivo and in vitro studies along with
clinical trials unveiled that 6-gingerol can target cellular molecules, inhibit proliferation,
induce apoptosis, and act as an anti-invasive agent in multiple cancer types via
modulating the expression of NF-kB, STAT3, Rb, MAPK, PI3K, Akt, ERK, clAP1,
cyclin A, cyclin-dependent kinase (Cdk), cathepsin D, and caspase-3/7 ( Figure 2.1.) [3,
5, 18, 23- 26]. Lin and colleagues' study, which investigated the anticancer actions of 6-
gingerol on human colon cancer cells (LoVo), found a considerable, dose-dependent
decrease in cell viability. The outcomes highlighted how crucial 6-gingerol is used as a
therapy for colon cancer. Whereas 6-gingerol primarily caused cell cycle arrest at the
G2/M phase, has minimal impact on the subG1 phase and lowers cyclin A, cyclin B1, and
CDK1 levels. Additionally, 6-gingerol administration enhanced the amount of ROS and
p53 phosphorylation and raised the ratio of the negative cell cycle regulators p27Kipl
and p21Cip1 [18]. In vivo experiments were conducted to validate the outcomes of the in
vitro studies. In one of the in vivo experiments, 6-gingerol was found to decrease tumor
formation in a murine xenograft tumor model. The outcomes showed that 6-gingerol
administration dramatically lowered anti-apoptotic proteins such as proliferating cell
nuclear antigen, Bcl2, Bel-XL, and XIAP and promoted pro-apoptotic proteins like Bax,

Bak, and PARP cleavage and caspase-3 activation. Furthermore, 6-gingerol had no



adverse effects on hematological markers or body weights, indicating that it could be used
as a future chemotherapeutic [18]. Other research has been conducted to determine the
mechanisms of 6-gingerol. It observed alterations after treating SW-480 cells with 6-
gingerol. Procaspase-8 and -9 were significantly cleaved into their active fragments,
p43/41 and p35/37, respectively. Additionally, it has been demonstrated that 6-gingerol
increases effector caspase-3 and -7 activation in a dose-dependent manner by cleaving
procaspase-3 and -7 into their respective active segments, p17/19 and p20. Likewise, the
caspase-3 substrate PARP protein was also found to be cleaved, which is consistent with

caspase-mediated apoptosis [18].
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Figure 2.1. Several signaling pathways involve in the anticancer mechanisms of 6-gingerol [3].



2.3 Protein Kinase Inhibitors

2.3.1 Human Protein Kinase

Cellular signaling pathways are crucially regulated by phosphorylation. Kinases
are cellular transmitters that accelerate the phosphorylation reaction by moving the vy-
phosphate of an ATP molecule to Ser, Thr, or Tyr residues in the substrate. Kinases
control transcription, metabolism, nervous system activity, immunological response, cell
division, and migration. As a result, protein kinases must be strictly regulated due to their
critical role in cellular activity [6- 8]. The human genome is made up of protein and lipid
kinases. It is also known that it includes 518 protein kinases in total, 478 of which are
typical and 40 of which are atypical. Typical kinases are further divided into eight primary
categories counted on the similarity of their kinase domain sequences: tyrosine kinase
(TK) has 90 members, tyrosine kinase-like kinase (TKL) has 43 members, serine/
threonine STE (STE7, STE11, and STE20-) related kinase has 47 members, casein kinase
1 (CK1) has 12 members, protein kinase A/G/C-related kinase (AGC) has 63 members,
Ca?*/calmodulin-dependent Kinase (CAMK) has 74 members,
CDK/MAPK/GSK/CDKIike- related (CMGC) has 61 members, and receptor guanylyl
cyclase (RGC) has 5 members. Additionally, 40 atypical protein kinases have been
reported, such as pyruvate dehydrogenase kinases, bromodomain kinases, B cell receptors
(BCRs), and PI3 kinase-related kinases [6].

2.3.1.1 General Structure of the Kinase Domain

Generally, almost all the protein kinases have an identical fold. Kinase structures
have a bilobal design for the catalytic domain, with an N-terminal lobe composed of f3-
strands and one a-helix (referred to as C-helix), and a C-lobe composed primarily of a-
helices ( Figure 2.2.). The catalytic center and ATP-binding pocket that it conserved
throughout the progression are sited in a cleft that is formed by these two lobes and linked
by a flexible hinge region. The flexible activation (A)-loop, is usually 20 to 30 amino
acids long and distinguished by a conserved Asp-Phe-Gly (DFG) motif at its beginning,
which makes up the C-terminal domain. Also, the A-loop can exhibit significant
alterations in conformation, affecting the catalytic activity and access to the substrate-
binding pocket. The conformational change is frequently followed by a specific
orientation of the DFG motif's sidechains, which leads to the binding of several inhibitor
classes. In the catalytically active "DFG-in" state, the transfer of ATP phosphate groups

is controlled by the DFG aspartate and the catalytic loop while two Mg?* ions are
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positioned by them ( Figure 2.3.). Type | inhibitors are compounds that typically bind to
the ATP-binding pocket when the DFG motif is in its active conformation. Moreover, in
the inactive "DFG-out” conformation, the Asp and Phe side chains of the DFG motif are
reversed compared to the DFG-in state, causing the Asp to point far from the binding site.
This change inhibits Mg?*coordination and, as a result, catalytic activity. Additionally,
the DFG-out conformation makes a hydrophobic pocket at the ATP binding site that can
be targeted by type Il inhibitors. In the inactive (DFG-out) state, the position of the C-
helix, which has a conserved Glu residue and forms a significant salt bridge with Lys of
the N-lobe 3-strand in the active state, is often shifted outward. That is also considered

another significant structural feature affecting the catalytical activity [7].
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Figure 2.2. Structure of a typical protein kinase domain displaying ATP binding site and conserved
elements around it (INSR kinase, PDB ID code 1GAG) [6].
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Figure 2.3. Left photo shows a DFG-in conformation of ABL kinase bound to dasatinib, with the Asp

P

pointing in to the ATP binding site, and the right photo shows a DFG-out conformation of the ABL
kinase domain bound to imatinib, with the Phe pointing into the ATP binding pocket [27].

2.3.2 Definition and Classifications

The dysregulation and mutations of protein kinase have been linked with a
diversity of human diseases such as cancer, diabetes, autoimmune, cardiovascular,
inflammatory, and neurological disorders. As a result, over the past 20 years, protein
kinases have become one of the principal therapeutic targets. In 2001, the FDA authorized
imatinib as the main small molecule targeted protein kinase inhibitor as a therapy for
chronic myelogenous leukemia (CML) [9]. There are now 27 orally efficient direct
protein kinase inhibitors that focus on a small number of enzymes on the FDA-approved
medication list. Moreover, these drugs are generally used to treat malignancies with only
two exceptions ruxolitinib and tofacitinib which are applied for myelofibrosis and
rheumatoid arthritis treatment, respectively. The majority of protein kinase antagonists
that are approved interact with the ATP-binding pocket and are steady-state competitive
enzyme inhibitors with ATP [9].
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The protein kinase inhibitors listed below can be defined into Types | to VI [9].

1.

Type | inhibitors bind to the ATP-binding site in the active conformation of TKs
in a competitive manner. In this type of inhibitor, the DFG motif is arranged so
that the aspartate residue points toward the kinase catalytic site.

Type Il inhibitors bind to kinases in their inactive configuration, typically at the
ATP-binding site. In type Il inhibitors, the DFG motif extends outward and away
from the ATP-binding site. Many type Il inhibitors can interact with the regions
next to the ATP-binding site that would not be accessible due to the DFG motif's
outward rotation.

Type 11l and 1V inhibitors do not engage in any interaction with the ATP-
binding pocket. However, they are exclusively bound to the allosteric pockets that

are located next to the ATP-binding site.

Type V inhibitors are bivalent compounds that occupy two regions of the protein
kinase domain.
Type VI inhibitors are small molecules that interact with the target enzymes by

forming covalent bonds.
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2.3.3 Kinases Under Study

There is a multiplicity of protein kinases. However, in this study, the effect of the
choosing molecules on BRAF, ERK1, JAK1/2, and P38y were investigated and how they
interact with both active and inactive conformation of these proteins. The RAF kinase is
a member of kinases that are considered as a major component of the highly conserved
mitogen-activated protein kinase (MAPK) signaling pathway (RAS-RAF-MEK-ERK). It
transmits signals from the extracellular environment to the nucleus via receptor tyrosine
kinases (RTKSs) to encourage the expression of genes essential for cell survival and
proliferation. CRAF (RAF-1 or c-RAF-1), BRAF, and ARAF are the three isoforms of
the RAF kinases, which were first discovered as cellular homologs of v-raf oncogenes
acquired by retroviruses. BRAF is one of the RAF isoforms, which differs dramatically
from CRAF and ARAF because its activation requires fewer regulatory processes.
Additionally, BRAF has been demonstrated to be the main MEK1/2 activator and to have
a substantially higher level of activity baseline in comparison with the other RAF
isoforms. The observation that BRAF mutations are present in a wide range of
malignancies like melanomas, thyroid cancers, ovarian cancers, colorectal cancers, and
other cancer types, emphasizes the significance of BRAF as the primary RAF effector of
the MAPK signaling pathway. BRAF is mutated in as much as 7% of human
malignancies, according to an elaborate mapping of cancer genome alteration. BRAF
represents one of the most significant oncogenes, mainly in human melanoma, and the
most prevalent mutation is V600E-BRAF, which constantly activates downstream
MAPK signaling. Overall, the BRAF kinase makes a promising target for designing
anticancer drugs [28, 29].

Extracellular-regulated kinases (ERK1/2) are also one of the MAPK signaling
pathways. ERKs are strictly regulated, with absolute activation occurring after dual
phosphorylation by MKK1/2 and deactivation occurring after dephosphorylation by MAP
kinase phosphatases (including MKP3/DUSP6) [30]. The ERK enzyme has two isoforms
in mammals, ERK-1 and ERK-2, which share several biological activities but not all of
them. These two isoforms share > 80% of their sequence and both contain conserved ATP
binding sites. They are also had equal catalytic activity in vitro and are simultaneously
activated in cellular systems, demonstrating their functional redundancy. However, ERK-
1 and ERK-2 compete negatively for MEK, reducing its signaling. It is currently unknown
whether the substrates for these two isoforms differ. Additionally, It was discovered that
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the ERK pathway is essential for a diversity of biological functions, including cell
proliferation, differentiation, migration, and survival. The prognosis of many human
malignancies, including lung, kidney, ovarian, colon, and pancreatic tumors, is correlated
with the aberration of the extracellular regulated kinase (ERK) pathway. As a result, this

pathway is regarded as a crucial therapeutic target for cancer treatment [31].

The human p38 mitogen-activated protein kinase (MAPK) family contains four
isoforms including, p38a, p38p, p38y, and p38d. p38a and p38P are expressed broadly,
while p38y and p386 are expressed only in distinct tissue types. These identical isoforms
are activated by the MAPK vis dual phosphorylation of tyrosine (Tyr) and threonine (Thr)
residues in a common Thr-X-Tyr motif mediated. In addition, the p38 MAPK family is
split into two subgroups according to substrate selectivity, cellular expression patterns,
and sequence similarity. P38a and P represent one subgroup with a 75% sequence
identical, whereas p38y and & represent the second subgroup with a roughly 70%
sequence identity [32, 33]. The versatile kinase p38 interacts with numerous substrates to
regulate multiple cellular processes, like cell proliferation, differentiation, stress
response, apoptosis, inflammation, cell growth, and cell migration and survival [34].
Moreover, it has a direct role in the formation of pro-inflammatory cytokines like tumor
necrosis factor a and interleukin 1B. It has been suggested that these cytokines are
overproduced in several disorders with an inflammatory component. The specific
function of the inflammatory response controlled by p38 MAPK is to promote tumor
development. Notably, the expression of p38y, which is ordinarily undetectable in normal
T cells, is elevated in cutaneous T-cell lymphoma (CTCL), offering p38y as a possible
therapeutic target for CTCL treatment. Also, It is demonstrated that the expression of
p38y promotes the growth of various malignancies, including colon, prostate, esophageal,

breast, and liver cancers [32, 33].

Nonreceptor tyrosine kinases known as Janus kinases (JAKS) are divided into four
groups JAK1, JAK2, JAKS3, and TYK2. These enzymes are a component of the
JAK/STAT route, which is triggered by cytokines and promotes a series of signals for an
organism's development or homeostasis. The JAK kinases serve as a link between
cytokine signals and the phosphorylated transcriptional factor STAT. The majority of cell
types include JAKs. JAK1 and JAK2 are elaborated in a number of actions, including
hematopoiesis, growth, and neural development, whereas JAK3 and TYK2 mainly

control immunological responses. Therefore, abnormal JAK/STAT signaling has the
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potential to cause a variety of illnesses, including cancer, inflammation, and autoimmune
conditions. JAK1 has been linked to various forms of acute leukemia or B-cell lymphoma
depending on the mutant locations, whereas JAK2 mutations, like the V617F mutation in
the kinase-like domain of JAK2, have been linked to thrombocytosis, myelofibrosis,
leukemia, and lymphoma. Enhancing the JAK3 signaling has also been linked to T-cell
acute lymphocytic leukemia. Moreover, the JAK/STAT3 pathway is activated by
inflammatory cytokines present in the tumor microenvironment, which also perform
critical part in most solid tumors. The proliferation, survival, angiogenesis, tumor
metabolism, and inhibition of antitumor immunity of cancer cells are all promoted when
the JAK/STAT3 signaling is excessed. Accordingly, there has been a focus on finding
efficient JAK inhibitors [35, 36].

2.4 Drug Design
2.4.1 Drug Discovery and Development
The development of new drugs needs many efforts like high costs and long
development cycles. Also, the rate of its success is low. This field faces multiple
challenges while simultaneously, new opportunities are appearing. Generally, the
traditional drug discovery process includes several stages ( Figure 2.4.). It begins with the
determination of targets or molecular pathways that are probably associated with the
disease under investigation and looking for hit compounds that modify the potential
target(s) and pathway(s). Then, variable features of the initial hit compounds must be
modified (for example, their affinity, solubility, and toxicity at the required dose, typically
conducted during the so-called hit to lead stage and beyond) until clinical candidates are
identified. To detect and improve these early-stage chemicals, many experimental
techniques are needed (screening, biophysical methods, biochemistry, medicinal
chemistry). The early discovery and preclinical research, without mentioning the clinical

phases, take a long time and are costly [10].
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Figure 2.4. Overview of the drug development process [12]

To assist the numerous challenges that the traditional drug discovery process face,
various computer-aided drug design techniques are used [11]. The non-specific and
rational drug design methodology are considered the two most effective and potent
approaches in drug discovery and development [12]. ( Figure 2.5.). The non-specific drug
design that includes high-throughput screening (HTS) and combinatorial chemistry
methods are specified by many drawbacks like high cost and time consumption. Also,
there is no assurance that new hit-molecules or lead compounds against a particular target
will be discovered or identified at the end of the procedure. However, these days virtual
screening is considered as the most convenient tool in drug discovery and development
[11, 12].
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2.4.2 Virtual Screening

Virtual screening (VS) is a computational method for selecting chemicals from a
huge library that bind to a particular target, typically an enzyme or receptor. Nowadays,
it is one of the most effective tools. It helps in determination the most advantageous
bioactive ligands utilizing the information of the target or known active ligand. It is also
known as an alternative to high-throughput screening because it is performed with low
cost, and the highest ability to find the most appropriate novel hit through the filtration of
large molecules found in libraries. To get satisfying results, the several stages that VS
had, had to be considered while selecting. VS techniques can typically be separated into
two more common VS types ( Figure 2.5.): ligand-based virtual screening (LBVS) and
receptor-based virtual screening (RBVS) [10, 12, 13]. The most popular ways for
searching for molecules that are the most likely to interact with a particular target in the
libraries of compounds are ligand-based and structure-based virtual screening (SBVYS)
approaches. Unless these methods might need to be modified to identify the query
molecule's most likely targets. The essential goals for these methods include identifying
a compound's bioactivity or mechanism of action, identifying drug polypharmacology,
predicting probable side effects, assisting with the rational design of multitarget

medications, or supporting efforts at drug repositioning [10].
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2.4.2.1 Ligand-based Virtual Screening Method (LBVYS)

In this method, 2D or 3D chemical structures or molecular descriptors of the
known actives are used to identify other 'similar' compounds in a database using various
forms of similarity measurements or by looking for a shared substructure or
pharmacophore between the query molecule and the scanned libraries. The basic
techniques utilized in ligand-based screening is the 2D molecular similarity method. This
approach depends on finding compounds with identical fingerprints in the electronic
libraries by comparing them to known ligands that bind to a target. A variety of similarity
or distance measurements can be employed. The most used similarity index, for instance,
is the Tanimoto coefficient, which ranges from 0 to 1. The closer the database's chemicals
are to the input query, the higher the threshold. 3D pharmacophore modeling is another
tool used in LBVS screening. Here, the prevalent and important structural characteristics
of ligands, that bind to a target, are distinguised and used to construct a model. This model
is then used to screen a library of compounds to find the one that meets the model's

requirements.

Shape similarity is another 3D similarity method. Numerous techniques, such as
electrostatic similarity or "force field" colored shape similarity, have been evolved to
describe molecule shape and estimate shape similarity. This method can be applied to
molecular target prediction, drug repositioning, and scaffold hopping in addition to virtual
screening. In addition, quantitative structure—activity relationship (QSAR) modeling is a
computational technique that represent the correlation among a set of chosen features
(such as molecular descriptors like fingerprints or different physicochemical properties)
of the ligands that bind to the target, and the associated biological activity effect. The
popular approaches in QSAR modelind are linear regression and machine learning. The
basic drawback of the LBSV techniques is that it tends to favor hits that have
characteristics similar to those of known ligands due to their underlying guiding
principles. Additionally, the concept of biological similarity between two pairs of
molecules can be problematic because when bound to the receptor, substances that are
structurally extremely different can also behave similarly [10, 12].
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2.4.2.2 Structure-based Virtual Screening (SBVS)

They focus on the interaction between the ligand and the receptor, instead of
concentrating just on the ligand, by docking molecules from a database into a binding
site. The results are then evaluated generally using one of the scoring techniques like
consensus scoring or consensus docking and scoring, rescoring with more rigorous
binding free energy calculations or with machine learning scoring functions. Proteins in
general are the targets, but other macromolecules, such as nucleic acids, can also be
studied. Also, in SBVS, there is no prior information about the ligand that will be studied
with a known target. However, there will be knowledge about what kind of binding the
studied target requires through structures that have cocrystallized or known ligands.
SBVS methods are more applied when the protein target is in its 3D structure. The target's
3D structure is determined by using one of the following methods: X-ray, cryo-electron
microscopy, nuclear magnetic resonance (NMR), and homology models. Active-site
derived pharmacophore approaches and protein-ligand docking are the two main

categories of receptor-based techniques [10, 12].

2.4.2.2.1 Active-site derived Pharmacophore Methods
It depends on the 3D structure of the receptor that contains all the essential
structural features specifically on the potential points which are related to ligand-receptor
interaction to form the pharmacophore model. Also, it focuses on the fundamental ligand-

receptor interaction pattern and the overall topology of the active site [10, 12].

2.4.2.2.2 Protein-ligand Docking Methods
This method is used to accurately place small molecule structures from an existing
compound database into the target protein's active site. The lead compound resulting from
this method relies on the quality of the docked models and on the protocol of docking
more than on a subjective view that the ligand is supposed to have like in ligand-based
techniques. In addition, it represents a promising approach for finding structurally novel
ligands [10, 12].
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2.4.3 Molecular Docking

Molecular docking is an in silico technique that estimates where small molecules
or ligands will be located within the active site of a target protein (receptor). It is primarily
utilized to accurately estimate the most desirable binding modes and bio-affinities of
ligands with their receptors, and it is currently widely employed in virtual screening for
the optimization of lead compounds ( Figure 2.6.). Prediction of binding position, bio
affinity, and virtual screening are the three main objectives of the molecular docking
process. The search algorithm and scoring functions are considered as fundamental tools
in the molecular docking method for producing and evaluating ligand conformations.
Compared to traditional high throughput screening, it provides compounds with high hit
rates through scanning massive libraries of compounds in silico. It also decreases the

chance of failures in the final phase [13].

Molecular Docking

Figure 2.6. Docking process [11]
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3. MATERIALS AND METHODS

3.1 Compounds Under Study
The study will focus on 6-gingerol (1-[4’-hydroxy-3’-methoxyphenyl]-5-
hydroxy-3-decanone) as an active anti-tumor compound and will look for compounds that
have a similar chemical structure to the 6-gingerol. Accordingly, structurally similar
compounds to 6-gingerol with a proper cut-off value will be considered. Tanimoto score
calculations for similarity search will be employed using PubChem fingerprints in
ChemMine Tools [37].

3.2 In Silico Target Fishing

The biological activities of 6-gingerol and its similar compounds will be predicted
via PASSOnline, Swiss Target Prediction, Mol Tar Pred, and SEA web servers [38- 41].
These servers provide a list of putative biological targets for the molecules depending on
their fingerprint similarity to known bioactive compounds. The possible biological targets
of the compounds will be selected related to the anti-cancer activity. PASSonline is a
freely accessible web resource that is used for predicting the probable biological activity
of organic compounds depending on their structural formula. It offers estimations with a
mean accuracy of 95% for approximately 4000 different types of biological activity. The
prediction of action of the compound depends on structure-activity relationship analysis
of the training set containing more than 300000 compounds [38]. The PASS user receives
output data in the form of a list of anticipated activity kinds along with an estimated
probability in terms of probable activity (Pa) and probable inactivity (Pi). Pa and Pi have
values ranging from 0 to 1. Only activities with Pa>Pi were considered possible for a
particular compound. If Pa is greater than 0.7, there is a good probability that the
compound may exhibit novel pharmacological activity, and it may also resemble an
existing drug structurally. If 0.5<Pa <0.7, The probability of experimental
pharmacological action is less. If the value of Pa is less than 0.5, there is a low chance to
find the activity of the structure experimentally and may prove a parent compound for a
new chemical group for examining the biological activity [38].

The second server used is a web tool, Swiss Target Prediction, that has been
serving since 2014. It looks to determine the most likely protein targets for any bioactive
small molecules depending on ligand-based target prediction. The predictions are
performed by investigating the 2D and 3D similarity of input query to compounds with
known in vitro activity data in the ChEMBL Library (ChEMBL23 in the version used).
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The 2D measure uses the Tanimoto index between path-based binary fingerprints (FP2),
while the 3D measure is based on a Manhattan distance similarity quantity between
Electroshape 5D (ES5D). The thresholds are 0.65 for Tanimoto in dex on FP2 (2D) and
0.85 for the Manhattan-based similarity on ES5D (3D). The outcomes of the server
include a list of the top 100 potential protein targets, as well as the similar known actives
per target found for the query compound [39].

The third method used in this screening is the Mol Tar Pred web server. It is freely

available (http://moltarpred.marseille.inserm.fr) and used for predicting protein targets

utilizing ChEMBL22 data. When a query is submitted, the server determines the
Tanimoto similarity between the query molecule's Morgan fingerprint and each of the
607,659 ChEMBL compounds that will be tested. The predicted targets are regained from
the top 10 most similar molecules to the query. Additionally, the estimated target is more
likely to be the target of the query molecule with a higher confidence score. To claim that
a drug candidate is among the 607,659 ChEMBL and has single-protein targets annotated
with activity equal to or lower than 10 micromolar, the confidence score must be valued
between 7.8 and 9. However, when the query involves more than one protein target with
an activity lower than 7.8 micromolar. Here, further prospective validation of these

targets is required [40].

The Similarity Ensemble Approach (SEA) server is the fourth tool used for
selecting the putative biological target for the query. It is a 2D ligand-based similarity
ensemble approach, that predicts the biological targets of a compound based on its
likeness to ligands found in a reference database, such as ChEMBL. The input ligand is
compared to all ligands of all target sets by using the Tanimoto similarity of the ECFP4
fingerprints. The Tanimoto similarities are summed up, and z-scores are calculated for
each ligand. This tool has been successfully applied in new target identification for old
drugs, and natural products. Moreover, it predicts the side effects and the potential
anatomical therapeutic indications (ATCs) of approved drugs [41- 43]. Here, in this work,
the query (6-gingerol) and its similar molecules were screened with these in silico
approaches. The respective SMILES were added as the query input. A list of predicted

targets was downloaded and further analyzed manually.
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3.3 Molecular Docking

Each compound will be washed and prepared according to the physiological pH.
The compounds will be subjected to conformational search in Molecular Operating
Environment (MOE) software using the Stochastic Conformational Search module. The
global minimum energy of each molecule will be minimized with the MMFF94x force
field. All proteins will be downloaded from Protein Data Bank [44]. Unnecessary chains,
ions, water molecules and solvents will be deleted. Hydrogen atoms and partial charges
will be added to protein. Missing loops and side chains will be fixed. Each conformation
of compounds will be docked into the structures with MOE using London dG rescoring
and triangle matcher placement settings [45].

3.4 The Pharmacokinetic Properties and Drug-likeness

Drug-likeness (such as Lipinski’s rule of five) also absorption, distribution,
metabolism, and excretion (ADME) properties will be calculated in silico for 6-gingerol
and similar molecules. The web server SwissADME will be used to evaluate these
properties [46]. The excretion properties of the compounds will be predicted by using
open web servers pkCSM [47]. The user-friendly web interface allows input structures in
SMILES format and after submission, the results are given in an output table. Drug-
likeness is considered an essential concept that gives a useful outline in screening drugs
(candidates) at an early stage of the drug discovery to become an oral drug concerning
bioavailability. Lipinski’s Rule of Five (Ro5) is one of the most frequent rules used to
evaluate the drug-likeness properties of the molecules. It refers that if the molecule
violates more than two of the following criteria: The molecular weight (MW) <500,
number of hydrogen bond donors (HBD) <5 (counting the sum of all NH and OH groups),
partition coefficient octanol/water Log P <5, number of hydrogen bond acceptors (HBAS)
<10 (counting all N and O atoms), the molecule will exhibit poor absorption or
permeation [46, 48, 49]. Also, there are two other descriptors identified by Veber et al.
[50]: Number of Rotatable bonds (NRB) <10 and Polar surface area (PSA) <140 A2,
Blood Brain Barrier (BBB) will also be determined as one of the distribution parameters
to screen the ability of the studied compounds to cross the BBB [46].

Additionally, Cytochrome P450 (CYP450) plays a vital role in drug elimination
through metabolic biotransformation because it is the main liver protein system. Only 17
CYP families were identified in humans, even though only (CYP1, CYP2, CYP3, and
CYP4, respectively) are involved in the drug metabolism. However, These five major
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isoforms of CYP (1A2, 2C9, 2C19, 2D6, and 3A4, respectively) are responsible for the
biotransformation of more than 90% of the drugs. The inhibition of these isoenzymes
considers one of the essential causes of a toxic or unwanted adverse effect related to drug-
drug interaction. Scientists defined a variety of inhibitors of the CYE where some of these
inhibitors affect different CYP isoforms, while others exhibit as a specific inhibitor for
isoenzymes. According to that, there is a great need to predict the properties of the studied
compounds which molecule will cause significant drug interactions through inhibition of
CYPs, and determine which isoforms are affected [46]. Drug clearance was measured by
the proportionality constant (CLtot) and expressed as a log(mL/min/kg). It is related to
bioavailability and is important for determining dosing rates to achieve steady-state
concentrations. The Organic Cation Transporter 2 (OCT2) was also determined to reveal
if the compounds are substrates for it or not. It plays an essential role in drug clearance

and endogenous substance clearance by using the pkCSM server [47].

3.5 Toxicity Potential Evaluation

Toxicity prediction is one of the most essential criteria during the drug
development process because many medicines that reach the clinical trial stage fail to
reach the market due to ineffectiveness or unfavorable side effects. Various
computational approaches are utilized to identify the potential cytotoxicity and adverse
effect of chemical structures on both normal cells and tumor cells, as well as organs in
general. It also assists in determining the structure that may boost efficacy and therapeutic
success. There is also quantitative structure-activity relationship (QSAR) models that
supply such a computational method for the in silico prediction of chemical toxicity.
These models use robust machine learning algorithms to develop a relationship between
chemical structure and the predicted endpoint (toxicity). Then, the accurate and precisely
validated- QSAR models are utilized to produce in silico predictions of the endpoint of
interest [51]. As a result, the cytotoxicity of the drugs on tumor and non-tumor cells would
be computationally screened using PASS CLC Pred, a free online server
(http://www.way2drug.com/Cell-line/) [52]. The most frequent adverse consequences of
anti-cancer drugs are hepatotoxicity and cardiotoxicity. Hepatotoxicity and hERG I- 11
inhibitory activities of the compounds will be predicted by using pkCSM which is
available on (http://structure. bioc.cam.ac.uk/pkcsm) [47]. The hepatotoxicity will also
be predicted via the ProTox-Il program [53]. The studied compounds will also be
evaluated for mutagenicity, carcinogenicity, cytotoxicity, and immunotoxicity. Also, its

impacts on stress response pathways, particularly mitochondrial membrane potential
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(MMP) and phosphoprotein tumor suppressor (p53) will be predicted via ProTox-II
program [53]. The SMILES structure of the compounds will be input to predict their

mentioned toxicity endpoints.
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4. RESULTS AND DISCUSSION
4.1 Similarity Study

The similar chemical structures to query 6-Gingerol were determined by using the
Chemmine server. The cut-off value of similarity is set at 0.80. The search resulted in 49
compounds including 6-gingerol (Table 4.1.). All these similarties are natural source and
have various biological activitie [54-58]. Here, there is just an example about the activity
of two of these compounds. Licochalcone B (Lico B) (N-G-38) is one of the selected
molecules that has a similar structure to 6-gingerol. It is a new synthesis molecule and
belongs to chalcon groups extracted from licoric root also called Glycyrrhiza root.
Chalcon groups are precursors of flavonoids. In vitro and in vivo studies have been
demonstrated the therapeutic effects of licochalcone B especially as anti-inflammatory,
anticancer, antioxidant, and hepatoprotective. In accordance with an in vitro study that
has been done in 2016, reports rfere that when Oral Squamous Cell Carcinoma (OSCC)
cells are treated with licochalcone B, lico B has significantly inhibited cell proliferation
depending on the duration and concentration manner. Lico B treatment resulted in the up-
regulation of pro-apoptotic proteins like BCL-2-associated X protein and the down-
regulation of anti-apoptotic proteins like BH3 domain-only death agonist protein, B-cell
lymphoma-extra large, and promoted myeloid leukemia cell differentiation protein Mcl-
1 (Bax). Through the release of cytochrome C and loss of mitochondrial membrane
potential, lico B induces apoptosis. These investigations also provide evidence for the
activation of many caspases and the cleavage of the PARP protein following Lico B
therapy. As a result, Lico B recommends as a novel natural medication to treat human
oral cancer by inducing apoptosis [59]. Pratensein (N-G-39) is also another selected
molecule. It is a member of the flavonoid family that is found in many plants like
Trifolium pratense, The anticancer activity of pratensein has been demonstrated lately,
that has been done by studying the anticancer effect of pratensein on breast cancer cells.
The result of the study reveals that pratensein can induce Caspase-3 and Bax and increase
the expression level of P53. Also, it inhibits Bcl2 activation in a time-dependent manner
[60].
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Table 4.1. ID and structure information of 6-gingerol and structurally similar

compounds
Compound code Compound name CAS no Structure
N-G-1 6-Gingerol 23513-14-6 %ﬁ\
N-G-2 Ferulic acid 537-98-4 s /@
N-G-3 Eugenol 97-53-0 ’\/©/OH
Hzc/
N-G-4 Vanillin 121-33-5 (@
\
N-G-5 Curcumin 458-37-7 N DV/YY\ )ij
N-G-6 Methyl eugenol 93-15-2 Sj
N
N-G-7 (E)1soeugenol 97-54-1
Dsz
N-G-8 Ethyl vanillin 121-32-4 (@
|
N-G-9 Vanillic acid 121-34-6 . 7‘/@ "



https://commonchemistry.cas.org/detail?cas_rn=23513-14-6

Compound code Compound name CAS no Structure
N-G-10 Acetovanillone 498-02-2 .
|
H,C\f\f}
N-G-11 Dehydrozingerone 1080-12-2 E;L
OH iH,
N-G-12 Calycosin 20575-57-9 O
0
2-methoxy-4-
N-G-13 propylphenol 2785-87-7 ]
(Dihydroeugenol) oL
N-G-14 Vanillylmandelic 55.10-7 @/
acid o
N-G-15 Shogaol 555-66-8 WI\AQ\
N-G-16 2-methoxyestrone 362-08-3 w
N-G-17 Matairesinol 580-72-3
N-G-18 Vanillyl alcohol 498-00-0 K©
N-G-19 Zingerone 122-48-5 E)




Compound code Compound name CASno Structure
N-G-20 Acetosyringone 2478-38-8 /Ej\
| |
CH,
2-methoxy-4-
N-G-21 methylphenol 93-51-6
(Cresol) o4 EH.
N-G-22 Homovanillic acid 306-08-1 ji/@/w
N-G-23 2-methoxy-4- 7786-61-0
vinylphenol |
N-G-24 Demethoxycurcumin 22608-11-3 .
N-G-25 Coniferaldehyde 20649-42-7 (\\/@/
|
N-G-26 Coniferyl alcohol 32811-40-8 Aﬁ
N.G.27 Terameprocol 24150-24-1 \\
N-G-28 Dihydrocaffeic acid 1078-61-1 E}
4-allyl-2,6-
N-G-29 dimethoxyphenol 6627-88-9 \j@\L

((Methoxyeugenol)




Compound code Compound name CAS no Structure
N-G-30 Paradol 27113-22-0 S ¢ G
e
N-G-31 Secoisolariciresinol 29388-59-8 /\‘;? R
."\'f
{\\\ ~.[.
N-G-32 Arctigenin 7770-78-7 b
N-G-33 4-ethyl-2- 2785-89-9 :
methoxyphenol o
N-G-34 Methyl vanillate 3943-74-6 LT
N-G-35 Ethyl vanillate 617-05-0 ®!
N-G-36 2-hydroxy-3- Ea (\]@
methoxybenzaldehyde 148-53-8 I
C
N-G-37 Vanitrope 63477-41-8 gj
;/
N-G-38 Licochalcone B 58749-23-8 ij\@
N-G-39 Pratensein 2284-31-3 O I
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Compound code Compound name CASno Structure
N-G-40 Curcumin PE NG o !lfl\,;\w»% e
N-G-41 Tetrahydrocurcumin 36062-04-1 w WL
N-G-42 Vanylglycol 534-82-7 ﬁ

3-(4-Hydroxy-3- o™
methoxyphenyl) 80638-48-8 )
N-G-43 propanal
[dihydroconiferyl 7
aldehyde] ’
N-G-44 L- (+)-vanilmandelic 13244-77-4 A\r@/
acid Y
N-G-45 Piperonyl acetone 55418-52-5 <o]©\/TCH=
3-hydroxy-4- 1.
N-G-46 methoxybenzoic acid 645-08-9
(Isovanillic acid) o
N-G-47 Isoferulic acid 25522-33-2 ?
N-G-48 Homoveratric acid 93-40-3 Sj
(3-hydroxy-4 on
N-G-49 methoxybenzaaldehyde) 621-59-0
Isovanilline N
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4.2 The Putative Anti-cancer Target of the Molecules

The 6-gingerol and its related compounds were used to determine the most
promising target. All the anti-cancer activities of 6-gingerol were screened via using four
different web servers. Then, the potential targets for small molecules (similar structures)
with a 6-gingerol scaffold were screened in order to identify the most common target
among them. The potential targets of the investigated molecules were predicted by PASS
Online, Swiss Target Prediction, Mol Tar Pred, and SEA web servers which are
depending on separate algorithms. The results from each server are represented in the
appendixes (A, B, C, and D). After that, the most notable anti-cancer activities had been
noticed based on the methodologies that were utilized and the results represented in the
following (Table 4.2.). According to the data collection, Tyrosine Kinase [B-RAF,
JAK1/2, ERK1(MAPK3), and p38y] were mainly focused on for docking studies.
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Table 4.2. Common anti-cancer targets for 6-gingerol and similar compounds via four

different web servers

PASSonline SwissTargetPrediction Mol TarPred SEA
MAP Kinase MAP Kinase ERK1
Stimulant
Apoptosis Agonist MAP2K1
Caspase3
Stimulant MTOR
Caspase8
Stimulant STATS
SYK
JAK2 expression JAK?2
Inhibitor
(PIK3CB) \ (PIK3CA)
BRAF expression BRAF
Inhibitor
AR expression Androgen Receptor
Inhibitor (AR)
TP53 expression p53-binding protein
enhancer Mdm-2 (MDM2)
NF-kappa B
essential
modulator

Transcription

Factor NFxB Nuclear factor
Inhibitor NF-kappa B
p105 subunit
(NF-«B1)
Beta Tubulin Tubulin beta-1 chain Betatubulin
Antagonist (TUBBL1)
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PASSonline SwissTargetPrediction Mol TarPred SEA
_ Histone
Histone
acetyltransferase acetyltransferase
Inhibitor p300 (EP300)
. Toll-like
Toll-like receptor
Antagonist receptor 1
Beta-1
Beta-adrenergic adrenergic
receptor kinase
Inhibitor receptor
(ADRB1)
_ _ Arachidonate 5-
. Arachidonate 5- Arachidonate 5- )
5-I|po>§y_genase _ _ lipoxygenase
Inhibitor lipoxygenase (ALOX5) lipoxygenase
(ALOX5)

Arachidonate 15-
lipoxygenase
(ALOX15)

Arachidonate
15-lipoxygenase
(ALOX15)
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4.3 Evaluation of the Docking of the Selective Target with the Studied
Molecules
6-Gingerol and its similar structures were docked into BRAF active (PDB ID:
30G7), BRAF inactive (PBD ID: 6N0Q), JAK1 active (PDB ID: 3EYG), JAK2 active
(PDB ID: 2B7A), JAK2 inactive (PDB ID: 3UGC), ERK1 (PBD ID: 2Z0OQ), p38y active
(PDB ID:1CM8), and p38y inactive (PDB ID:6UNA) proteins to reveal the potential
interactions. Table 4.3. shows the docking scores for chosen compounds in the data set

and their expected interactions.

Most protein kinase inhibitors that have been given approval interact with the
ATP-binding pocket and are steady-state competitive enzyme antagonists with ATP. The
hinge segment, which connects the amino- and carboxy-terminal kinases of the catalytic
domain, interacts with the adenine ring of ATP by forming a hydrogen bond, as described
previously, in all protein kinases. This interaction is essential for ATP binding and
substrate phosphorylation. Hence, preventing ATP from being linked to the hinge region
may be an effective method for inhibiting kinases’ activity. This approach has proven its
validity via determining many effective kinase inhibitors. Most BRAF inhibitors interact
with the ATP-binding region and the hinge region of kinase catalytic domains (this type
of inhibition mode is called type I inhibitor). Among the hinge region of B-RAF and the
inhibitors, there are one or more crucial hydrogen bonds that significantly increase the
binding affinity [9, 28, 61]. In general binding to BRAF in its active state (DFG-in) occurs
by interaction with CYS 532 and GLN 530 of the hinge region residues. Docking studies
on BRAF protein performed by using the X-ray data of 30G7 showed that the co-
crystallized ligand (PLX4032) formed two hydrogen bonds with amine backbone of CYS
532 and carbonyl backbone of GLN 530 from the azoindol ring [28, 61]. In compliance
with this, 6-gingerol and its similar molecules were docked in the ATP active
conformation of the V600E-BRAF kinase (PDB ID: 307G) to reveal which compounds
will have a good inhibit effect on the protein. The results revealed that N-G-12 formed a
hydrogen bond with the carbonyl backbone of CYS532, N-G-38 formed a hydrogen bond
with the nitrogen backbone of CYS532, the N-G-47 forms a hydrogen bond with the
carbonyl backbone of the GLN 530, and N-G-42 formed a hydrogen bonds the carbonyl
backbone of the GLN 530 and a hydrogen bonds with sidechain (SH) of CYS 532 with
docking scores -6.7111, -6.7236, -5.2851, and -5.341 respectively (Figure 4.1. and 4.2.).
These compounds are nominated to act as type | inhibitors towards BRAF kinase.

36



(a) (b)

Figure 4.1. Structure of BRAFV5%E: PDB ID: 30G7 complex with: (a) N-G-12 (cyan), N-G-38 (Brown),
and N-G-47 (pink); (b) co-crystallized ligand PLX4032; (C) N-G-42 (gray).
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Figure 4.2. The structures of the selected compounds for the active conformer of BRAF.

Researchers always strive for obtaining highly selective BRAF inhibitors that can
effectively inhibit the RAF-MEK-ERK pathway in RAS/RAF mutant tumor cells without
triggering paradoxical activation. According to a structure-based approach, they observed
that interacting with the DFG loop increases the potency of the inhibitor (this type of
inhibition mode is called type Il) [62]. The docking study that performed on 6NOQ
showed that the conformer of cocrystallized ligand [N-(4-methyl-3-(1-methyl-2-0x0-2,3-
dihydro-1H-benzo[d]imidazol-5-yl)phenyl)-3-(trifluoromethyl)benzamide] made H-
bonds with a carbonyl backbone of Phe595, amino backbone of Asp594, and with the
carboxylate group of the sidechains of aC-Glu501 [62]. In compliance with this, 6-
gingerol and its similar molecules were docked into the ATP binding site of the BRAF
kinase inactive form (PDB ID:6N0Q) to reveal which compounds will have a good effect
on this protein. The results revealed that N-G-18 formed a hydrogen bond with the
carboxylate group of the side chain of the aC-Glu 501, N-G-38 formed a hydrogen bond
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with the carbonyl backbone of Cys532 and a hydrogen bond with the carboxylate group
of the side chain of the aC-Glu501, and the N-G-44 formed two hydrogen bonds with
nitrogen backbone of the Asp594 and hydrogen bond with the carboxylate group of the
side chain of the aC-Glu501 with docking scores -5.4173, -6.71434, and -5.5003
respectively (Figure 4.3. and 4.4.). According to this result, the N-G-38 and N-G-44 may
be a good selective inhibitor type Il to BRAF because these molecules formed a good

interaction with the inactive conformation of the protein

(@)

Figure 4.3. Structure of BRAF: PDB ID: 6NOQ complex with: (a) N-G-18 (green), N-G-38 ( light-green),
and N-G-44 (blue); (b) co-crystalized ligand [N-(4-methyl-3-(1-methyl-2-0x0-2,3-dihydro-1H-
benzo[d]imidazol-5-yl)phenyl)-3-(trifluoromethyl)benzamide].
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Figure 4.4. The structures of the selected compounds for the in active conformer of BRAF.

JAK proteins that are related to non-receptor tyrosine kinase protein are
considered as essential intracellular elements for cytokine and growth factor signaling
pathways [38]. The alterations in the JAK-STAT signaling cascade can lead to a variety
of immunological disorders and malignancies [63, 64]. Therefore, JAK1, JAK2, and
JAKS are detected in several cancer cells, particularly JAK1 and JAK2. Accordingly,
these proteins are considered as promising targets for the development of potent
anticancer agents [64- 67]. The majority of the JAK inhibitors that have been found and
are effective bind to ATP-pockets in its active conformation (type | inhibitors) [66]. In
general, binding to JAK1 in its active state (DFG-in) occurs by interaction with Glu 957
and Leu 959 of the hinge region residues, where the interaction with the hinge residues
plays a major role in kinase inhibition [35, 36]. Docking studies on JAK1 protein
performed by using the X-ray data of 3EYG revealed that the co-crystallized ligand (CP-
690-550) formed two hydrogen bonds with Glu 957 and Leu 959 from the

pyrrolopyrimidine ring [35]. In compliance with this, 6-gingerol and its similar molecules
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were docked in the ATP active conformation of the JAK1 (PDB ID: 3EYG) to reveal
which compounds will have a good inhibit effect on the protein. The results revealed that
N-G-1 (6-gingerol) forms a hydrogen bond with the carbonyl backbone of Leu 959, and
N-G-30 forms a hydrogen bond with the carbonyl backbone of Leu 959 with docking
scores -7.0641 and -6.9492 respectively.

Otherwise, to achieve a good binding to JAK2 in its active state (DFG-in), the
inhibitor should form interactions with Glu 930 and Leu 932 of the hinge region residues.
Where the co-crystallized ligand (CMP6) formed two hydrogen bonds with Glu 930 and
Leu 932 from the pyridone ring. These interactions were investigated via the docking
study on JAK2 by using the X-ray data of 2B7A [67]. The results of this study showed
that the N-G-11, N-G-34, and N-G-43 formed 2 H-bonds with carbonyl backbone of Leu
932 and nitrogen backbone of Leu932, N-G-16 formed 2 H-bonds with the carbonyl
backbone of Glu 930 and with nitrogen backbone of Leu932 with docking scores -5.826,
-5.606, -5.478 and -6.614 respectively (Figure 4.5. and 4.6.).

(b)
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Figure 4.5. Structure of JAK1: PDB ID-3EYG complex with: (a) N-G-1 (pink) and N-G-30 (orange), (b)
co-crystalized ligand CP-690-550, Structure of JAK2: PDB ID-2B7A complex with: (¢) N-G-11 ( blue),
N-G-16 (green), N-G-34 (yellow), and N-G-43 (red), (d) co-crystallized ligand CMP6.
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Figure 4.6. The structures of the selected compounds for the active conformer of each JAK1 and JAK2.

Most type | inhibitors of JAK protein can increase phosphorylation in the JAK
activation loop while inhibiting the kinase function and phosphorylation of STAT protein
[66]. To date, there are numerous challenges facing scientists in developing a selective
JAK inhibitor relying on the conserved ATP site of the JAK family. However, they are
still making many attempts to find a JAK2 selective inhibitor to avoid off-target adverse
effects such as peripheral neuropathy, anemia, and thrombocytopenia [36]. Furthermore,
inhibiting JAK2 activity causes numerous alterations in myeloid cell proliferation,
differentiation, survival, and death. According to the studies, if the molecule binds to the
inactive conformation (DFG-out) of JAK protein, it causes a decrease in phosphorylation
in the activation loop, which is achieved when the molecule interacts with the Leu 932,
aC-Glu898, and Asp 994, where the interaction with aC-Glu898 and Asp 994 is crucial
to achieving selectivity towards JAK2. Docking studies on JAK2 protein were performed
by using the X-ray data of 3UGC, where the co-crystallized ligand (NVP-BBT494)
formed four hydrogen bonds, two hydrogen bonds with Leu 932, one hydrogen bonds
with Asp 994, and another one with aC-Glu898 [36, 66]. The outcomes of this study
revealed that N-G-1 forms two hydrogen bonds with the hydroxyl carboxyl group of the
side chain of Glu898 and the nitrogen backbone of the Asp994, N-G-24 forms two
hydrogen bonds with the nitrogen backbone of the Leu 932 and Asp 994, and N-G-39
form three hydrogen bonds, two hydrogen bonds with the hydroxyl carboxyl group of the
side chain of Glu898 and GIlu930 and one hydrogen bonds with the nitrogen backbone
of the Asp 994 with docking scores -7.4223, -7.9781, and -6.5816 respectively (Figure
4.7.,48.).
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Figure 4.7. Structure of JAK2: PDB ID: 3UGC complex with: (a) N-G-1 (red), N-G-24 (gray), and N-G-
39 (purple); (b) co-crystalized ligand NVP-BBT494.
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Figure 4.8. The structures of the selected compounds for the in active conformer of JAK2.

Mitogen-activated protein kinases (MAP kinases) are another type of protein
kinase that can control cell proliferation, differentiation, and a range of other
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physiological responses. Extracellular signal-regulated kinases (ERKS) are activated by
MAP kinase kinases (MKK) [45]. Dysregulation of ERK signaling is linked with several
cancer types, including lung, kidney, ovarian, colon, and pancreatic cancer. The two
isoforms of the ERK enzyme, ERK1 and ERK2, share many biological processes but not
all of them [31]. Most of the ERK1\2 inhibitors exhibited type I binding modes, because
of the presence of ERK1\2 in its active conformation (DFG-in) more than in their inactive
conformation (DFG-out) which is related to the residues presented in the catalytic domain
and made the DFG-in state more stable than the DFG-out [69]. According to the literature,
achieving a strong binding of the inhibitor is related to forming two hydrogen bonds with
the hinge backbone and a hydrogen bond with Lysine K131 (ERK1 numbering) [69].
Docking studies on the ERK1 enzyme were performed by using the X-ray data of 3Z0Q.
The co-crystallized ligand 5-iodotubericidin (51D) formed two hydrogen bonds with the
hinge residues (Met 125 and Asp123) and another one with Lys131. The results of our
studies showed that the N-G-10, N-G-14, N-G-38, and N-G-44 form a hydrogen bond
with the nitrogen sidechains of Lys 131 and the carbonyl backbone of the Met 125. The
N-G-20 forms a hydrogen bond with the nitrogen backbone of Met 125 and a hydrogen
bond with the nitrogen sidechain of the Lys131 and the N-G-40 forms a hydrogen bond
with the carbonyl backbone of the Asp 123 and two hydrogen bonds with nitrogen
sidechain of Lys 131. Also, the N-G-47 forms two hydrogen bonds with the nitrogen
backbone and carbonyl backbone of Metl25 and a hydrogen bond with nitrogen
sidechains of Lys131 with docking scores -4.926, -6.818, -6.248, -5.305, -5.345, -7.901,
and -5.413 respectively (Figure 4.9. and 4.10.).

(a) (b)

Figurel 4.9. Structure of ERK1: PDB ID: 2Z0Q complex with: (a) N-G-10 (yellow), N-G-14 (white), N-
G-20 (black), N-G-38 (light-brown), N-G-40 (brown), N-G-44 (orange), and N-G-47 (purple); (b) co-
crystalized ligand 51D

45



OH

HO OH
H4CO OCH34

HO

H,CO

N-G-10 N-G-14 N-G-20

N-G-38
o OH
AN
OH
HO,,
o) ~
H,CO HO
OH OCHj3
N-G-44 N-G-47

Figure 4.10. The structures of the selected compounds for the active conformer of ERK1.

The human p38 mitogen-activated protein kinase (MAPK) family contains four
1soforms including, p38a, p38p, p38y, and p385. These identical isoforms are activated
via dual phosphorylation of tyrosine (Tyr) and threonine (Thr) residues in a common Thr-
X-Tyr motif mediated by the MAPK. The specific function of the inflammatory response
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controlled by p38 MAPK is to promote tumor development. Notably, the expression of
p38y, which is ordinarily not observable in normal T cells, is elevated in cutaneous T-cell
lymphoma (CTCL), offering p38y as a prospective therapeutic target for CTCL treatment.
Also, It is demonstrated that the expression of p38y promotes the growth of various
malignancies [32, 33]. As a result, the studied compounds were docked with both
conformations (active and inactive) to show how these molecules will affect this protein
( Figure 4.11.). Generally, the molecule acts as a type I inhibitor for p38y when forming
H-bonds with a hinge region in the active state of the protein. Docking studies that were
performed by using the X-ray data of ICMS8 revealed that AMP-PNP (a nonhydrolyzable
ATP-like inhibitor) forms 2 H-bonds with the hinge residues (Met112 and Pro110) [70].
In contrast, our studies showed all compounds do not interact with any of the hinge region
residues like AMP-PNP. They also interact with residue located outside of the ATP
pocket.

(b)

Figure 4.11. Structure of p38y : PDB ID: 1CM8 complex with: (a) N-G-1 (cyan) and N-G-2 (dark-pink) ;
(b) co-crystalized ligand ANP.

In comparison to all protein kinases, scientists are interested in investigating
protein Kinases in their inactive conformation to develop inhibitors more specific and
potent than other inhibitors. According to the literatures, interactions with the DFG-motif

and aC-Glu of inactive conformation of kinases increases the selectivity of the drugs
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against protein kinases [36, 62]. These observations apply to p38 as well. Based on that,
the investigated compounds were docked with 6UNA (the inactive form of p38) to
examine how the chemicals interact with the protein. However, protein (6UNA) has no
specific ligand. Furthermore, the binding attitude of molecules in the ATP pocket among
p38 isomeres is known to be identical since these proteins share conserved residues in the
ATP pocket. According to the active conformation of p38, the key residues that may
interact with molecules were identified. Interactions with aC-Glu 74 and Aspl71 are
required for these drugs to be more selective towards the inactive conformation of p38
than the active conformation [70, 71]. Docking studies that were performed by using the
X-ray data of 6UNA, showed that all molecules do interact with the ATP pocket. The N-
G-16 form H-bond with carbonyl backbone of Asp171, H-bond with amine backbone of
Met112, and H-bond with Phel11, the N-G-25 form H-bond with carbonyl backbone of
Aspl71 and H-bond with amine backbone of Met112, N-G-38 with carbonyl backbone
of Aspl171, H-bond with amine backbone of Met112, and H-bond with Asp115, and the
N-G-40 amine backbone of Met112, H-bond with Phe111, H-bond with Asp115, and H-
bond with aC-Glu 74 with docking scores -5.809, -4.875, -6.007, and -5.979 respectively
(Figure 4.12.).
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Figure 4.12. Structure of p38y : PDB ID: 6UNA complex with: (a) N-G-16 (red), N-G-25 (light-blue), N-
G-38 (cyan), and N-G-40 (orange).
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Table 4.3. Docking scores and predicted interactions of the chosen compounds with the

selected proteins

) Selected H-bond Docking
Protein ID ] RMSD*
Compounds Interaction Score
N-G-12 CYS532 -5.2851
N-G-38 CYS532 -6.7236
CYS 532 and
BRAF (30G7) N-G-42 GLN 530 -5.341
N-G-47 GLN 530 -5.2851
Co-crystalized CYS 532 and
) -7.519 1.126
ligand GLN 530
N-G-18 aC-Glu 501 -5.4173
Cys532 and aC-
N-G-38 -6.71434
Glu501
Asp594 and
BRAF (6N0Q) N-G-44 P -5.5003
aC-Glu501
) Phe595,
Co-crystalized
) Asp594, and -9.362 1.282
ligand
aC-Glu501
N-G-1 Leu 959 -7.064
JAK1 (3EYG) N-G-30 Leu 959 -6.949
Co-crystalized Glu 957 and
) -6.782 1.369
ligand Leu 959
N-G-11 Leu 932 -5.826
Glu 930 and
N-G-16 -6.614
Leu 932
JAK2 (2B7A) N-G-34 Leu 932 -5.606
N-G-43 Leu 932 -5.478
Co-crystalized Glu 930 and
) -7.501 0.956
ligand Leu 932
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) Selected H-bond Docking
Protein 1D ] RMSD
Compounds Interaction Score
Glu898 and
N-G-1 -7.4223
Asp 994
Leu 932 and
N-G-24 -7.9781
Asp 994
Glu898
JAKZ (3UGC) N-G-39 G1u930, and -6.5816
Asp 994
) Leu 932, Asp
Co-crystalized
) 994, and aC- -10.644 1.418
ligand
Glud98
Met125 and the
N-G-10 -4.926
Lys131
Met 125 and the
N-G-14 -6.818
Lys131
Met 125 and the
N-G-20 -5.345
Lys131
Met 125 and the
N-G-38 -6.248
Lys131
N.G40 Asp 123 and the 7 901
ERK1(2ZzO -G- -1
( Q) Lys131
Met 125 and the
N-G-44 -5.305
Lys131
Met 125 and the
N-G-47 -5.413
Lys131
Met 125,
Co-crystalized
Aspl123, and -6.971 0.828

ligand

Lys131
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) Selected H-bond Docking
Protein 1D ] RMSD
Compounds Interaction Score
Aspl71l,
N-G-16 Met112, and -5.809
Phelll
Aspl71 and
N-G-25 -4.875
Met112
Aspl15,
N-G-38 Aspl71 and -6.007
Met112
Aspl71l,
Met112,
N-G-40 -5.979
Phell1l, and

aC-Glu 74

P38y(6UNA)

*Root Mean Square Deviation

4.4 The Correlation Between Query and Its Similarities
The docking studies of the compounds revealed that most of the molecules have
a good interaction with the active conformation of the studied proteins, except for the
P38y protein which the compounds have a good interaction with the inactive

conformation.

The docking results related to the active conformation of the BRAF protein
showed that the hydroxyl group of the query formed hydrogen bonds with both Cys532
and GIn530. Also, the hydroxyl group of the N-G-(12, 17, 26, 31, 38, 39, 40, 42, and 47)
formed hydrogen bonds with CYS 532 (Figure 4.13.)
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Figure 4.13. Predicted interaction of (a) N-G-1 and (b) N-G-42 with BRAF: PDB:ID: 30G7.

The docking results related to the active conformation of the JAK1 protein showed
that the hydroxy of the phenol group of the query and the majority of its similarities N-
G-(2-4, 7-11, 13-15, 17-19, 20-26, 28, 30, 32-35, 37, 40, 41, 44, 47, and 49) formed one
hydrogen bond with hinge region residues and specifically with Leu 959 (Figure 4.14.).

Figure 4.14. Predicted interaction of (a) N-G-1 and (b) N-G-30 with JAK 1: PDB:ID: 3EYG.
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The docking results related to the active conformation of the JAK2 protein
revealed that the hydroxyl group of the compounds N-G-1 and the hydroxyl of the phenol
group of the compounds N-G-(2-5, 7, 8, 11, 13-23, 25, 26, 28-35, 37, 38, 42-44, and 49)
formed at least one H-bond with Glu 930 and Leu 932 (Figure 4.15.).

@) (b)
% |
{ e

Figure 4.15. Predicted interaction of (a) N-G-1 and (b) N-G-43 with JAK 2: PDB:ID: 2B7A.

The docking results related to the active conformation of the Erk1 protein revealed
that the hydroxy of the phenol group of the compound N-G-1 formed H-bond with Met
125. The hydroxy of the phenol group and carbonyl group of the compounds N-G-(12,
22,14, 15, 38, 10, 20, and 46) formed H-bonds with both Met 125 and Lys 131. Also, the
hydroxyl of the phenol group and hydroxy of the carboxylate group of the compounds N-
G-(44, 47, and 31) formed H-bonds with both Met 125 and Lys131 ( Figure 4.16.)

(@) (b)
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Figure 4.16. Predicted interaction of (a) N-G-1 and (b) N-G-47 with Erk 1 : PDB:ID: 2Z0Q
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4.5 Prediction of Drug-likeness and Pharmacokinetics Properties of the
Molecules

The drug-likeness and pharmacokinetics (ADME properties) were evaluated to
make sure that the compounds are possible drugs. For this purpose, the SwissADME
online tool was used, which was designed for easy submission and analysis of the results,
to predict the drug-likeness and ADME properties as presented in Tables 4.4, 4.5, and 4.6,
respectively. The 6-gingerol and the similar molecules that went through this study, meet
Lipinski’s and Veber's rules of five, suggesting that these molecules theoretically have
ideal oral bioavailability. These physicochemical parameters are linked with acceptable
aqueous solubility and intestinal permeability which are the first steps in oral
bioavailability. Additionally, the bioavailability score (BA) was evaluated where most of
the studied molecules have 0.55 as an obtained value, while N-G (2, 22, 46, 47, and 48)
have obtained a 0.85 value. This score is depended on the probability value of a molecule
to have an optimum profile of permeability and bioavailability, where 0.55 indicates the
obedience of the RO5 and the rat bioavailability value is 55%, which is a higher
probability value than 10% [45, 72]. Moreover, the molecules were also assessed for their
synthetic accessibility, checked on a scale between 1 (simple to synthesize) to 10 (very
hard and complex to synthesize) [46]. The synthetic accessibility for all the studied

molecules is around 1-4 (Table 4.4), and therefore, they are easy to synthesize.
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Table 4.4. Predicted drug-likeness based on the RO5 including bioavailability (BA)

and synthetic accessibility (SA) of the molecules

Compound

BA

code Mol.wt HBA | HBD | TPSA | iLOGP NRB Score SA
N-G-1 294.39 4 2 66.76 3.48 10 0.55 281
N-G-2 194.18 4 2 66.76 1.62 3 0.85 1.93
N-G-3 164.2 2 1 29.46 2.37 3 0.55 1.58
N-G-4 152.15 3 1 46.53 1.57 2 0.55 1.15
N-G-5 368.38 6 2 93.06 3.27 8 0.55 2.97
N-G-6 178.23 2 0 18.46 2.65 4 0.55 1.71
N-G-7 164.2 2 1 29.46 2.38 2 0.55 1.81
N-G-8 166.17 3 1 46.53 1.82 3 0.55 1.37
N-G-9 168.15 4 2 66.76 1.4 2 0.55 1.42
N-G-10 166.17 3 1 46.53 1.77 2 0.55 1.36
N-G-11 192.21 3 1 46.53 211 3 0.55 2.13
N-G-12 284.26 5 2 79.9 2.4 2 0.55 2.95
N-G-13 166.22 2 1 29.46 2.46 3 0.55 1.4
N-G-14 198.17 5 & 86.99 1.21 3 0.55 2.2
N-G-15 276.37 3 1 46.53 3.28 9 0.55 251
N-G-16 300.39 3 1 46.53 2.92 1 0.55 3.52
N-G-17 358.39 6 2 85.22 2.47 6 0.55 3.3
N-G-18 154.16 3 2 49.69 1.79 2 0.55 1.26
N-G-19 194.23 3 1 46.53 2.09 4 0.55 1.52
N-G-20 196.2 4 1 55.76 1.98 3 0.55 1.65
N-G-21 138.16 2 1 29.46 1.94 1 0.55 1
N-G-22 182.17 4 2 66.76 1.18 3 0.85 1.49
N-G-23 150.17 2 1 29.46 2.14 2 0.55 1.45
N-G-24 338.35 5 2 83.83 2.78 7 0.55 2.82
N-G-25 178.18 3 1 46.53 1.75 3 0.55 1.88
N-G-26 180.2 3 2 49.69 2.16 3 0.55 1.86
N-G-27 358.47 4 0 36.92 431 9 0.55 3.32
N-G-28 182.17 4 3 77.76 0.86 3 0.55 1.2
N-G-29 194.23 3 1 38.69 2.46 4 0.55 1.87
N-G-30 278.39 3 1 46.53 3.65 10 0.55 2.28
N-G-31 362.42 6 4 99.38 2.98 9 0.55 3.21
N-G-32 372.41 6 1 74.22 2.8 7 0.55 3.43
N-G-33 152.19 2 1 29.46 221 2 0.55 1.18
N-G-34 182.17 4 1 55.76 2.13 3 0.55 1.67
N-G-35 196.2 4 1 55.76 1.98 4 0.55 1.85
N-G-36 152.15 3 1 46.53 1.6 2 0.55 1.16
N-G-37 178.23 2 1 29.46 2.63 3 0.55 1.89
N-G-38 286.28 5 3 86.99 1.7 4 0.55 2.8
N-G-39 300.26 6 3 100.13 2.38 2 0.55 3.02
N-G-40 368.38 6 3 96.22 3.21 7 0.55 3.42
N-G-41 372.41 6 2 93.06 3.21 10 0.55 2.45
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COTC':’ doe“”d Mol.wt HBA | HBD | TPSA | iLOGP | NRB Siﬁe SA
N-G-42 184.19 4 3 69.92 1.61 3 055 | 2.11
N-G-43 180.2 3 1 46.53 177 4 055 | 14
N-G-44 198.17 5 3 86.99 121 3 056 | 2.2
N-G-45 192.21 3 0 3553 | 221 3 055 | 2.03
N-G-46 168.15 4 2 66.76 | 0.89 2 085 | 1.24
N-G-47 194.18 4 2 66.76 1.79 3 085 | 1.9
N-G-48 196.2 4 1 55.76 1.67 4 085 | 1.62
N-G-49 152.15 3 1 46.53 1.44 2 055 | 1.05

The ADME properties of the 6-gingerol and similar compounds are summarized
in (Tables 4.5 and 4.6). The gastrointestinal absorption (Gl) of all the compounds of this
study are characterised by a high Gl absorption and this compliance with the RO5. P-
glycoprotein (P-gp) considers one of the drug transporters that control the uptake and
efflux of a variety of drugs. It acts like a transmembrane efflux pump, that pumps its
substrates (drugs and toxins) from inside to outside the cell [61, 73]. Our results showed
that the molecules N-G-(16, 27, and 31) are the only substrate for P-gp while the other
molecules are not substrate for P-gp. Furthermore, the blood-brain-barrier (BBB) controls
cerebral homeostasis and supplies the central nervous system (CNS) with a unique
protection against the toxicity of many xenobiotics and pathogens [35, 74]. Here, the
analysis of the molecules of this study showed that the compounds N-G (5, 9, 12, 14, 17,
22,24, 28, 31, 38-42, 44, and 46) have the ability to cross the BBB while the other studied
compounds are not. Additionally, according to our results, most of the compounds do not
inhibit CYP2C19 while N-G-15 has just an inhibitory effect on CYP2C19. The N-G-(5,
12,17, 24, 27, 32, 38- 41) are only affect on CYP 3A4 while the other molecules do not
inhibit. The N-G-(1, 12, 15, 16, 17, 27, 30, 31, 32, 39, and 41) only inhibit the CYP 2D6
while the rest of the studied compounds do not have any effect on these isoforms. The N-
G-(5, 24, 32, 38-40) are only inhibit the CYP 2C9 while the rest of the compounds do not
show any effect on this isoforms. The compounds N-G-(1, 3, 6, 7, 11- 13, 15, 19, 23, 24,
29, 30, 33, 37-39, and 45) inhibit the CYP1A2 isoforms while the other compounds do
not have any affect on this isoforms. Overall, the compounds N-G-(5, 12, 17, 24, 27, 32,
38-40, and 41) have an inhibition activity on more than one CYP isoform.
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Table 4.5. Predicted ADME properties of molecules under study

Compound Gl BBB Pgp CYP1A2 | CYP2C19 | CYP2C9 | CYP2D6 | CYP3A4
code absorption | permeant | substrate | inhibitor | inhibitor | inhibitor | inhibitor | inhibitor
N-G-1 High + - + - - + -
N-G-2 High + - - - - - -
N-G-3 High + - + - - - -
N-G-4 High + - - - - - -
N-G-5 High - - - - + - +
N-G-6 High + - + - - - -
N-G-7 High + - + - - - -
N-G-8 High + - - - - - -
N-G-9 High - - - - - - -
N-G-10 High + - - - - - -
N-G-11 High + - + - - - -
N-G-12 High - - + - - + +
N-G-13 High + - + - - - -
N-G-14 High - - - - - - -
N-G-15 High + - + + - + -
N-G-16 High + + - - - + -
N-G-17 High - - - - - + +
N-G-18 High + 5 ) - - - -
N-G-19 High + - + - - - -
N-G-20 High + - - - - -
N-G-21 High + = - - - - -
N-G-22 High - - - - - - -
N-G-23 High + - + - - - -
N-G-24 High - - + - i - +
N-G-25 High + = - c . - -
N-G-26 High + 5 ’ - - - -
N-G-27 High + + - - - + +
N-G-28 High - - - - - - -
N-G-29 High + - + - - - -
N-G-30 High + - + - - + -
N-G-31 High - + - - - + -
N-G-32 High + - - - + + +
N-G-33 High + - + - - - -
N-G-34 High + - - - - - -
N-G-35 High + - - - - - -
N-G-36 High + - - - - - -
N-G-37 High + - + - - - -
N-G-38 High - - + - + - +
N-G-39 High - - + - + + +
N-G-40 High - - - - + - +
N-G-41 High - - - - - + +
N-G-42 High - - - - - - -
N-G-43 High + - - - - - -
N-G-44 High - - - - - - -
N-G-45 High + - + - - - -
N-G-46 High - - - - - - -
N-G-47 High + - - - - - -
N-G-48 High + - - - - - -
N-G-49 High + - - - - - -
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In the case of excretion, clearance was calculated as the sum of hepatic clearance
and renal clearance. Also, it refers to a constant that explains the relationship between the
drug concentration in the body and the rate of elimination of the drug. A low total
clearance value corresponds to a higher drug persistence in the body. Here in this study,
most of the compounds showed low clearance. However, the compounds N-G-(1, 2, 4, 8-
10, 15, 16, 20, 30, 34, 35, 38, 46, 47, and 49) showed high clearance (Table 4.6). The
renal uptake transporter known as Organic Cation Transporter 2 (OCT2) is crucial for
medication clearance and endogenous substance clearance. OCT2 substrates may also
have possibility for a negative interactions with coadministered OCT2 inhibitors [47].
Non of the studied compounds are substrate for OCT2. Accordingly, these compounds

will not interact or have a negative effect on the OCT2 inhibitors.
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Table 4.6. The excretion properties of the studied compounds

Compound code

Total Clearance

Log (ml/min/kg)

Renal OCT2 substrate

N-G-1 1.339 No
N-G-2 0.623 No
N-G-3 0.282 No
N-G-4 0.601 No
N-G-5 -0.002 No
N-G-6 0.338 No
N-G-7 0.221 No
N-G-8 0.642 No
N-G-9 0.628 No
N-G-10 0.62 No
N-G-11 0.16 No
N-G-12 0.18 No
N-G-13 0.244 No
N-G-14 0.446 No
N-G-15 1.44 No
N-G-16 0.719 No
N-G-17 0.147 No
N-G-18 0.215 No
N-G-19 0.307 No
N-G-20 0.641 No
N-G-21 0.202 No
N-G-22 0.246 No
N-G-23 0.233 No
N-G-24 0.026 No
N-G-25 0.183 No
N-G-26 0.233 No
N-G-27 0.197 No
N-G-28 0.245 No
N-G-29 0.293 No
N-G-30 1.411 No
N-G-31 0.248 No
N-G-32 0.214 No
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Compound code

Total Clearance

Log (ml/min/kg)

Renal OCT2 substrate

N-G-33 0.232 No
N-G-34 0.687 No
N-G-35 0.769 No
N-G-36 0.159 No
N-G-37 0.268 No
N-G-38 0.555 No
N-G-39 0.165 No
N-G-40 0.089 No
N-G-41 0.23 No
N-G-42 0.206 No
N-G-43 0.325 No
N-G-44 0.446 No
N-G-45 0.158 No
N-G-46 0.626 No
N-G-47 0.621 No
N-G-48 0.304 No
N-G-49 0.599 No
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4.6 Prediction of the Toxicities Profiles of the Molecules

Appendix E shows the cytotoxicity predictions (Way2Drug) on the tumor and
non-tumor cell lines of the compounds with a probability of greater than 0.50. 21
compounds are predicted to be effective on various tumor cell lines. 21 different cell lines
of 8 different tissues. Coniferaldehyde was predicted to be the most effective compound
(6 cell lines). Vanylglycol had the highest predicted activity (0.747) on PC-3. However,
the majority of the compounds do not have an effect on non-tumor cells when their
probability is greater than 0.50, with only 6 compounds having an adverse effect on non-
tumor cells. Hepatotoxicity predictions made via ProTox-Il revealed the majority of
compounds expected to be safe (Appendix F). The compounds predicted as positive had
low probabilities (between 50%- 52%). Also, Appendix G shows the toxicity effect
(hepatotoxicity, hERG | inhibitor, and hERG II inhibitor) of the compounds that were
predicted by using pkCSM where most of the compounds show no effect on
hepatotoxicity, hERG I inhibitor, and hERG Il inhibitor. Additionally, the ProTox-II
mutagenicity, carcinogenicity, cytotoxicity, and immunotoxicity prediction revealed that
all compounds are not expected to have a mutagenicity or cytotoxicity effect. There are
only two compounds that do have a positive mutagenicity result with a low probability
(between 53% and 67 %). The results of the immunotoxicity effect of the compounds
revealed that 17 chemicals, including the query compound, have high probability of
influence on the immune system (79%- 98%). In regard to the carcinogenicity effect of
the compounds, methyl eugenol showed the greatest ability to induce tumors, with a
probability of 76%. The majority of the compounds is not toxic to MMP and P53.
However, 7 compounds predicted to be positive on MMP have higher probabilities
between (78%- 100%) and 2 compounds predicted to be positive on P53 have a higher
probabilities between (80%- 100%), where curcumin showed the highest toxicity effect
on MMP and P53 with a probability of 100%.
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5. CONCLUSION

Taking it all together, an in silico target Prediction was presented depending on a
ligand-based virtual screening workflow that could identify both new lead compounds
and molecular targets for natural chemical entities, here 6-gingerol and its similar
compounds. Natural products are a vital component of drug discovery. In particular, the
detection of the phenotypic change caused by the studied natural product in cell-based
assays, like the suppression of cancer cell growth is the major motive for screening natural
products of interest in target-based assays [75]. In this respect, in silico approaches offer
adaptable equipment for screen analysis and qualitative and quantitative descriptions of
the variety, predicted activity, and even potential toxicity of natural chemicals [76]. The
anti-cancer targets of 6-gingerol and its similar compounds have been predicted by using
four different target fishing servers. Their effect on the kinases protein as an anti-cancer
target were focused specifically on due to its essential role in controlling signaling
pathways in cells. Also, the knowledge that the dysregulation and mutations of protein
kinases are linked with a multiplicity of human diseases like cancer [6, 9]. According to
our results that are represented in (Table 4. 3.), the 6-gingerol and its similar molecules
were investigated with these kinases including [B-RAF, JAK1/2, ERK1(MAPK3), and
p38y] via molecular docking studies using MOE [13]. Generally, the results of the study
on the BRAF protein showed that the majority of studied compounds act as type |
inhibitors because they formed a hydrogen bond with the major residues located in the
hinge region (Cys 532 and GIn 530). 13 molecules formed a hydrogen bond with just aC-
Glu501 which showed good selectivity towards the inactive conformation. While the
molecule N-G-44 (L-(+)-vanilmandelic acid) was the most selective molecule as a type
II inhibitor for BRAF because it formed two hydrogens bond with both Asp 594 and aC-
Glu501.

For the JAK 1/2 protein, the docking results revealed that the majority of the
compounds act as type I inhibitors for the active conformation of the JAK 1/2 and JAK 2
isoform was focused on due to its overexperssion linked with various type of cancer. All
the studied molecules formed at least one hydrogen bond with basic hinge region residues
(Glu 930 and Leu 932). Moreover, some of the studied compounds act as type Il inhibitors
for the inactive conformation of JAK 2 where these compounds formed a hydrogen bond
with Asp 994 and oC-Glu 898 which considered the most crucial residues for the
interaction with JAK2 (in active conformation) and make the molecule highly selective
toward JAK2.
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Additionally, all compounds have revealed a positive interaction with the ERK1
in its active conformation forming at least one hydrogen bond with the hinge residues
(Met 125 and Asp123) and with Lys131 which promot the interaction between molecules
and the target [4]. The compounds N-G-10 (Acetovanillone), N-G-14 (Vanillylmandelic
acid), N-G-20  (Acetosyringone), N-G-38 (Licochalcone B), N-G-44 (L-(+)-
vanilmandelic acid), and N-G-47 (Isoferulic acid) formed two hydrogen bonds with Met
125 and Lys131.

The docking studies on the last studied protein p38y showed that none of the
studied compounds interact with any of the hinge region residues Met112 or Pro110. The
compounds do not have any inhibitory effect on p38y in its active conformation.
Meanwhile, the compounds showed an interaction with the residues that may play a vital
role in inhibiting the inactive conformation of the protein aC-Glu 74 and Asp171 [70].
Additionally, most of the compounds made interaction with the hinge region residues.
The molecules N-G-16 (2-methoxyestrone), N-G-25 (Coniferaldehyde), and N-G-38
(Licochalcone B) formed hydrogen bonds with Aspl171 and the other hydrogen bonds
with the hinge region residues. According to these results, these molecules may act as
potent and selective inhibitors toward the inactive conformation of p38y. However, the
molecules N-G-40 (Curcumin PE) formed hydrogen bonds with both aC-Glu 74 and
Aspl71. Also, it interacted with the hinge residues. These interactions make N-G-40
(Curcumin PE) the most nominating molecule inhibiting the p38y (inactive) and for
further studies, especially since the p38y (inactive) does not have an exact ligand.

The drug-likeness is the precondition for a bioactive molecule to enter into the
drug development process. In our study 6-gingerol and the similar molecules that went
through this study, meet Lipinski’s and Veber's rules of five, suggesting that these
molecules theoretically have ideal oral bioavailability. Additionally, all the molecules
have a good bioavailability score (BA) over 0.55. Properties related to absorption,
distribution, metabolism, excretion, and toxicity (ADMET) have become one of the most
important issues to assess the effects or risks of bioactive compounds on the human body
[77]. According to the ADMET properties of the studied compounds all the compounds
showed a high absorption and distribution. However, N-G-(5, 12, 17, 24, 27, 32, 38- 40,
and 41) have an inhibition activity on more than one CYP isoform. Here in this study,
most of the compounds showed low clearance. Whereas, the compounds N-G-(1, 2, 4, 8-
10, 15, 16, 20, 30, 34, 35, 38, 46, 47, and 49) showed high clearance, non of these
compounds act as substrate for OTC2.
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The toxicity of the studied compounds was determined by using three different
computational approaches to identify the potential cytotoxicity and adverse effect of
chemical structures on both normal cells and tumor cells, as well as organs in general. It
also assists in determining the molecules that may boost efficacy and therapeutic success
[52]. All the compounds do not have cytotoxicity on the normal cell with the only
exception of the 6 molecules that have toxicity on a normal cell. However, 21 molecules
had toxicity on the cancer cell line. N-G-25 (Coniferaldehyde) was the most molecule
effect on six different cell lines. It also has good potency as a type | inhibitor towards
JAK2 and ErK1 and showed good interaction with the inactive conformation of p38y. N-
G-42 (Vanylglycol) had affected on three different cell lines with the highest predicted
activity on PC-3 cell line (0.747). In addition to its highest potency as V600E-BRAF
inhibitors in its active conformation. N-G-44 (L-(+)-vanilmandelic acid) had toxicity on
DMS-114 with the best selectivity towards JAK2 (inactive), BRAF(inactive), and Erkl
which promote its anti-cancer activities. N-G-16 (2-methoxyestrone) had a toxicity effect
on two cell lines SF-539 and MDA-MB-231. It is also high potency as a type I inhibitor
for JAK2 and as a type II inhibitor for p38y. N-G-11 (Dehydrozingerone), N-G-34
(Methyl vanillate), and N-G-43 (dihydroconiferyl aldehyde) had cytotoxicity on one cell
line, in compliance with their potency as type | inhibitors for JAK2. The N-G-10
(Acetovanillone), N-G-14 (Vanillylmandelicacid), N-G-20 (Acetosyringone), N-G-38
(Licochalcone B), and N-G-47 (Isoferulic acid) had cytotoxicity on one cell line, in
compliance to their potency as type I inhibitor for ErK1. Also, N-G-38 (Licochalcone B)
had potency towards BRAF (active) and p38y (inactive). The N-G-40 (Curcumin PE) had
cytotoxicity on one cell line, in compliance with its potency as typell inhibitors for both
JAk2 and p38y and type I inhibitors for ErK1, according to the PASS CLC Pred. Also, 6-
gingerol and its similar molecules showed that they do not have any hepatotoxicity, hERG
I inhibitor, and hERG Il inhibitor effect on the liver and hearts which are the organs
affected by the drugs according to the prediction by both ProTox-1l. The mutagenicity
and carcinogenicity effect of the studied compounds showed that all compounds do not
have a mutagenicity or cytotoxicity effect, and just two compounds had a positive
mutagenicity effect with a low probability. Additionally, 17 molecules had a high
probability of influencing the immune system (79% -98%). The molecules N-G-(40, 38,
47, 16, and 11) that had potency towards studied proteins had toxicities on the immune
systems. However, seven compounds had a positive effect on MMP with higher
probabilities between (78%-100%). While, the molecules N-G-(38, 39, and 40) that
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showed potency towards the protein have toxicity on MMP. Also, two of the compounds
were expected to be positive on P53 with higher probabilities between (80%-100%),
where curcumin showed the highest toxicity effect on MMP and P53 with a probability
of 100%.

To end, our study that depends on target prediction workflow revealed that the
vanylglycol, L-(+)-vanillylmandelic acid, dehydrozingerone, 2-methoxyestrone,
methylvanillate, dihydroconiferyl aldehyde, pratensein, acetovanillone, acetosyringone,
licochalcone B, isoferulic acid, curcumin PE, and coniferaldehyde are potential
anticancer candidates which could play a desirable role in future lead optimization

studies.
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Appendix A ( PASS online)

7. APPENDIXES

Compounds| Gluconate 2-dehydrogenase (acceptor) inhibitor _ P ic conditions treatment | GST A substrate | GST M substrate | Lipid peroxidase inhibitor NOS2 expression inhibitor | TNF expression inhibitor
N-G-1 0,765 0,600 0,772 0,717 0,687 0670 0,679 0,632 0633
N-G-2 0833 0,788 0,903 0,768 0673 0618 0915 05560 0819
N-G-3 0,797 0,724 0,803 0633 0543 0501 0873 0618 0525
N-G-4 0,737 0,608 0,777 0,532 0,572 0,711 0,886 0,465 0,546
N-G-5 0,833 0671 0,676 0,778 0,777 0,598 0,369 0,649 0,764
N-G-6 0825 0,649 0,748 0,632 0437 0383 0819 0545 0437
N-G-7 0772 0,766 0879 0,719 0,730 0613 0942 0724 0852
N-G-8 0,496 0,549 0,637 0,622 0,439 0,729 0,710 0,378 0433
N-G-9 0,794 0,713 0,905 0,537 0,535 0,564 0871 0,485 0,670
N-G-10 0,780 0,681 0,798 0584 0542 0467 0,883 0531 0,691
N-G-11 0927 0,745 0905 0,861 0888 0582 0953 0,801 0847
N-G-12 0,759 0,797 0571 0,314 0,541 0,734 0,837 0,567 0453
N-G-13 0,747 0,686 0,861 0,638 0,630 0535 0876 0527 0,638
N-G-14 0823 0,652 0,794 0560 0472 0426 0821 0418 0,758
N-G-15 0,759 0,757 0873 0,730 0,707 0,603 0,828 0,544 0,754
N-G-16 0,698 0,755 0,351 0,246 0,501 0,964 0,505 0,568
N-G-17 0,646 0536 0,683 0,304 0395 0371 0,709 0426 0483
N-G-18 0,747 0,720 0,796 0523 0549 0587 0876 0591 0618
N-G-19 0,921 0,744 0841 0,655 0,641 0,602 0,870 0,600 0,715
N-G-20 0,768 0,680 0,740 0,594 0,468 0,463 0,845 0474 0,618
N-G-21 0772 0,739 0814 0544 0585 0614 0924 0,606 0723
N-G-22 0831 0,775 0878 0,668 05560 0517 0836 0512 0,647
N-G-23 0,916 0,723 0,824 0,700 0,609 0,462 0,922 0,597 0,613
N-G-24 0,822 0,693 0,950 0,751 0,802 0,627 0,978 0,674 0,901
N-G-25 0,706 0,830 0834 0,830 0,864 0438 0925 0540 0634
N-G-26 0715 0,735 0,867 0711 0,661 0560 0919 0595 0,804
N-G-27 0,755 0,584 0,593 0,480 0431 0,339 0,798 0,389 0,549
N-G-28 0,801 0,699 0816 0,771 0574 0,507 0,747 0,405 0,580
N-G-29 0,788 0,723 0,746 0,642 0468 0496 0832 0559 0451
N-G-30 0,797 0,760 0,892 0,646 0625 0,726 0811 0577 0678
N-G-31 0,658 0,633 0,859 0,468 0,459 0,420 0,801 0458 0,589
N-G-32 0,646 0536 0,683 0,304 0395 0371 0,709 0426 0483
N-G-33 0,765 0,725 0,848 0598 0,622 0497 0,888 0548 0,620
N-G-34 0,757 0,652 0872 0531 0548 0584 0871 0501 0628
N-G-35 0,727 0,652 0,825 0,469 0416 0,631 0,784 0453 0,605
N-G-36 0,770 0541 0,706 0568 0498 0580 0,848 0,387 0447
N-G-37 0525 0,711 0,786 0,767 0614 0616 0,868 0,620 0,749
N-G-38 0,706 0,657 0,754 0584 0569 0,697 0,882 0,640 0563
N-G-39 0,727 0,857 0,507 0,244 0,464 0,797 0,792 0,612 0,492
N-G-40 0825 0,686 0,883 0,721 0,720 0403 0941 0589 0,788
N-G-41 0822 0,744 0874 0555 0573 0405 0913 0599 0639
N-G-42 0,688 0,647 0,727 0,469 0,460 0,543 0,827 0459 0,736
N-G-43 0,672 0,716 0,783 0,670 0,670 0,375 0,839 0,444 0478
N-G-44 0823 0,652 0,794 05560 0472 0426 0,821 0418 0,758
N-G-45 0,902 0572 0479 0569 0324 0468 0546 0330 0587
N-G-46 0,794 0,713 0,905 0,537 0,535 0,564 0871 0485 0,670
N-G-47 0,833 0,788 0,903 0,768 0,673 0,618 0,915 0,560 0819
N-G-48 0,864 0,738 0,851 0,694 0482 0422 0,784 0457 0581
N-G-49 0,737 0,608 0,777 0532 0572 0711 0,886 0465 0546
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Appendix A (continued)

Compounds Free radical scavenger | Prostaglandin-A1 DELTA-isomerase inhibitor | Antimutagenic GST P substrate | GST P1-1 substrate | Nitric oxide antagonist -
N-G-1 0617 0,602 0,597 0575 0546 0511 0,494 0518
N-G-2 0,731 0431 0,900 0,749 0541 0521 0,324 0,702
N-G-3 05563 0,309 0878 0873 0491 0,467 0,335 0,743
N-G-4 0,546 0,387 0,618 0,754 0379 0,350 0,247 0,705
N-G-5 0,766 0,294 0814 0,747 0,184 0,188 0,346 0,803
N-G-6 0536 0,362 0,807 0,840 0,465 0438 0,297 0,726
N-G-7 0,717 0,365 0,805 0,778 0,538 0517 0,329 0,733
N-G-8 0481 0,380 0,469 0,651 0,356 0,305 0,189 0,588
N-G-9 0,643 0,731 0,640 0,358 0,330 0,258 0512
N-G-10 0,560 0,446 0,609 0,658 0,384 0,356 0,284 0,547
N-G-11 0,704 0,322 0,848 0819 0,654 0,640 0,280 0,760
N-G-12 0,506 0,221 0,864 0,603 0,220 0216 0454 0,779
N-G-13 0528 0477 0,783 0,734 0,393 0,364 0,249 0482
N-G-14 0482 0575 0439 0,386 0,351 0,220 0,405
N-G-15 0,743 0344 0,851 0551 0,676 0,663 0475 0,711
N-G-16 0,440 0335 0,737 0,253 0484
N-G-17 0,330 0,249 0372 0582 0,202 0,192 0,207 0422
N-G-18 0579 0394 0816 0,787 0364 0,325 0270 0562
N-G-19 0,551 0376 0,796 0,659 0364 0336 0315 0,488
N-G-20 0,547 0439 0573 0534 0323 0,299 0,282 0578
N-G-21 0,546 0447 0,730 0,756 0375 0,346 0271 0,600
N-G-22 0,612 0530 0,748 0,634 0,393 0,364 0,266 0471
N-G-23 0,540 0,342 0,791 0,768 0,784 0,772 0,362 0,663
N-G-24 0,785 0,269 0834 0,719 0,813 0,803 0,356 0,861
N-G-25 0487 0,276 0,752 0,945 0,765 0,754 0277 0871
N-G-26 0,565 0,281 0,796 0,784 0,529 0491 0,305 0,590
N-G-27 0,340 0454 0,356 0529 0,200 0,199 0,138 0,326
N-G-28 0516 0,758 0818 0,401 0413 0,384 0,249 0,363
N-G-29 0,652 0,304 0,868 0816 0459 0432 0,336 0,794
N-G-30 0,631 0,438 0,789 0544 0420 0,392 0,350 0,538
N-G-31 0439 0,303 0523 0543 0,315 0,269 0,194 0436
N-G-32 0,330 0,249 0372 0582 0,202 0,192 0,207 0422
N-G-33 0529 0,456 0,769 0,761 0,366 0338 0,284 0516
N-G-34 0575 0,542 0,700 0,728 0,356 0,329 0,263 0521
N-G-35 0539 0,462 0,628 0,657 0318 0271 0,243 0,440
N-G-36 0503 0,387 0435 0,647 0,285 0,267 0175 0,889
N-G-37 0,643 0,336 0,715 0,698 0520 0,480 0275 0,648
N-G-38 0,737 0,276 0,650 0,805 0,389 0,361 0,640 0,829
N-G-39 0593 0,896 0,660 0178 0,181 0,590 0,844
N-G-40 0,562 0,269 0,736 0,626 0632 0,618 0,253 0,799
N-G-41 0,710 0353 0718 0539 0675 0,662 0,406 0,625
N-G-42 0518 0315 0,486 0,483 0,361 0,304 0216 0513
N-G-43 0,390 0324 0,650 0,700 0530 0,509 0,220 0435
N-G-44 0,482 0475 0575 0439 0,386 0,351 0,220 0,405
N-G-45 0,408 0401 0,245 0,646 0,243 0371
N-G-46 0,643 0,731 0834 0,640 0,358 0330 0,258 0512
N-G-47 0,731 0431 0,900 0,749 0541 0521 0,324 0,702
N-G-48 0520 0,638 0,630 0570 0,350 0,323 0,223 0,394
N-G-49 0,546 0,387 0,618 0,754 0379 0,350 0,247 0,705
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Appendix A (continued)

Compounds | Platelet derived growth factor receptor kinase inhibitor _ Prostaglandin-E2 9-reductase inhibitor - Histidine kinase inhibitor | Anticarcinogenic | Myc inhibitor

N-G-1 0,509 0470 0482 0,461 0433 0,390 0,364 0,350
N-G-2 0,555 0,709 0464 0,551 0,400 0,616 0,357
N-G-3 0457 0,735 0,298 0,598 0,331 0,459 0476
N-G-4 0,284 0,744 0,240 0,525 0473 0,388 0,307
N-G-5 0,305 0,737 0,235 0,487 0317 0,611 0313
N-G-6 0,350 0,663 0,285 0,566 0,362 0492
N-G-7 0524 0,806 0324 0,545 0344 0,408 0,350
N-G-8 0432 0,597 0,195 0,449 0443 0,353 0278
N-G-9 0619 0,717 0,702 0573 0,405 0413 0,358
N-G-10 0470 0,764 0510 0519 0467 0,341 0,343
N-G-11 0,400 0584 0,756 0241 0,491 0315 0,609 0,319
N-G-12 0170 0,794 0,167 0,536 0937 0,703 0,327
N-G-13 0,346 0,561 0,781 0435 0,566 0435 0,367 0,390
N-G-14 0333 0,608 0,389 0,505 0433 0,370 0464
N-G-15 0,559 0,614 0,564 0454 0,536 0,389 0475 0,386
N-G-16 0,547 0875 0521 0,259 0,496 0444
N-G-17 0210 0578 0487 0,251 0,566 0,337
N-G-18 0,357 0,720 0,342 0,649 0372 0,469 0,392
N-G-19 0,854 0,399 0,728 0,257 0478 0,360 0419 0,346
N-G-20 0,390 0,691 0513 0474 0473 0341 0,350
N-G-21 0379 0,397 0838 0438 0,606 0407 0,402 0,398
N-G-22 0414 0,733 0,705 0,608 0,706 0453 0,389
N-G-23 0502 0810 0324 0,610 0,342 0,402 0,370
N-G-24 0,703 0,760 0,248 0,461 0,388 0,649 0,299
N-G-25 0,362 0,735 0,196 0,498 0,385 0,498 0,286
N-G-26 0,565 0711 0,332 0,550 0,298 0,595 0,369
N-G-27 0227 0,721 0,439 0470 0,270 0431
N-G-28 0501 0,652 0,705 0,482 0553 0412 0,367
N-G-29 0378 0,660 0,301 0,553 0326 0459 0488
N-G-30 0,630 0471 0,647 0,350 0,507 0438 0415 0,359
N-G-31 0344 0,691 0379 0,506 0,307 0477 0407
N-G-32 0210 0578 0487 0,251 0,566 0,337
N-G-33 0,286 0377 0,826 0401 0644 0410 0,394 0471
N-G-34 0,567 0,717 0453 0,608 0376 0,364 0,392
N-G-35 0,268 0,684 0,630 0,386 0511 0323 0,341 0,339
N-G-36 0218 0,660 0271 0461 0493 0,353 0,391
N-G-37 0,624 0673 0,237 0461 0,326 0,367 0,302
N-G-38 0511 0,644 0315 0,351 0457 0,382 0,219
N-G-39 0,744 0570 0954 0,781 0,329
N-G-40 0503 0,682 0,187 0432 0,289 0,455 0,284
N-G-41 0,680 0475 0,733 0241 0472 0,359 0,495 0,330
N-G-42 0,344 0,610 0,268 0,504 0331 0421 0475
N-G-43 0,251 0277 0,707 0,208 0,484 0430 0,341 0,316
N-G-44 0333 0,608 0,389 0,505 0433 0370 0464
N-G-45 0,850 0,159 0,658 0,481 0235 0,251

N-G-46 0619 0,717 0,702 0573 0,405 0413 0,358
N-G-47 0,555 0,709 0464 0,551 0,400 0,616 0,357
N-G-48 0,348 0675 0,735 0579 0675 0,381 0,3%
N-G-49 0,284 0,744 0,240 0,525 0473 0,388 0,307
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Appendix A (continued)

_ Endothelial growth factor antagonist | G-protein-coupled receptor kinase inhibitor _Pinl inhibitor | DNA poly 1 inhibitor
N-G-1 0,339 0264 0273 0297 0332 0332 0,340 0277
N-G-2 0,627 0407 0,395 0,386 0641 0,641 0,562 0,253
N-G-3 0,608 0,488 0,126 0376 0,807 0,807 0,607 0,249
N-G-4 0,582 0378 0,176 0377 0,753 0,753 0,617 0,258
N-G-5 0527 0,399 0219 0375 0427 0427 0,567 0,237
N-G-6 0529 0,405 0,162 0,388 0811 0811 0,585
N-G-7 0,702 0520 0,296 0414 0539 0539 0612 0252
N-G-8 0,465 0451 0,185 0,290 0,882 0,882 0479 0,237
N-G-9 0594 0,296 0172 0,393 0,698 0,698 0,606 0,289
N-G-10 0,666 0,290 0,188 0424 0,388 0,388 0,631 0,292
N-G-11 0,697 0422 0,230 0479 0407 0407 0,556 0,229
N-G-12 0871 0,332 0,264 0,680 0245
N-G-13 0,559 0,246 0,230 0490 0447 0447 0,674 0,302
N-G-14 0,560 0,133 0,183 0370 0562 0562 0,507 0,303
N-G-15 0570 0,452 0217 0382 0406 0,406 0,428 0271
N-G-16 0,846 0,255 0216 0256 0,256 0,398 0315
N-G-17 0,393 0,155 0383 0290 0290 0,467 0,240
N-G-18 0529 0,288 0,148 0416 0617 0617 0,654 0354
N-G-19 0551 0272 0,145 0,747 0309 0309 0,620 0,260
N-G-20 0,664 0,278 0,243 0487 0,392 0,392 0,620 0,268
N-G-21 0,634 0,356 0,270 0,685 0541 0,541 0,660 0318
N-G-22 0,544 0,207 0,206 0447 0515 0515 0,668 0,288
N-G-23 0,639 0375 0,152 0349 0,551 0,551 0,630 0,235
N-G-24 0810 0,560 0,193 0343 0425 0425 0534
N-G-25 0675 0,289 0447 0302 0419 0419 0,542
N-G-26 0,598 0,458 0,181 0370 0675 0675 0,589 0,276
N-G-27 0,526 0,189 0172 0411 0323 0323 0,631
N-G-28 0,494 0,133 0413 0,361 0,749 0,749 0611 0,269
N-G-29 0,605 0474 0,163 0432 0810 0810 0,596
N-G-30 0,504 0,267 0,193 0433 0319 0319 0522 0,292
N-G-31 0,492 0177 0,356 0,401 0401 0,630 0294
N-G-32 0,393 0,155 0383 0290 0,290 0467 0,240
N-G-33 0619 0,281 0,196 0481 0417 0417 0,715 0291
N-G-34 0,561 0,350 0,141 0418 0628 0,628 0,606 0,316
N-G-35 0,496 0,547 0,115 0355 0,655 0,655 0,580 0,266
N-G-36 0,566 0,253 0176 0413 0,755 0,755 0,657 0,233
N-G-37 0612 0,559 0,260 0311 0,788 0,788 0492 0,230
N-G-38 0,648 0,497 0,170 0259 0359 0,359 0542
N-G-39 0905 0471 0,308 0616 0275
N-G-40 0,642 0,295 0,160 0318 0337 0337 0478
N-G-41 0,596 0,406 0,122 0552 0,305 0,305 0,638 0,260
N-G-42 0524 0,141 0,107 0354 0598 0598 0534 0,323
N-G-43 0575 0,188 0,227 0359 0316 0316 0,605 0,247
N-G-44 0,560 0133 0,183 0370 0562 0562 0507 0,303
N-G-45 0242 0,130 0,187 0422 0,487
N-G-46 0,594 0,296 0172 0393 0,698 0,698 0,606 0,289
N-G-47 0,627 0,407 0,395 0,386 0,641 0,641 0,562 0,253
N-G-48 0473 0,167 0,303 0459 0582 0582 0,664 0,247
N-G-49 0,582 0378 0176 0377 0,753 0,753 0617 0,258

Appendix A (continued)

Tumour ne crosis factor afpha release inibitor | Ghitamate de carbox yia se inhibitor | Antineoplastic (breast cancer) | Transcription factor NF kappa A inhibitor | Artineoplastic (cervical cancer)
0,166 0.200 0,162 0.210 0228 0,151
0,263 0,467 0338 0.308
0171 0202 0419 0351 0276
0,191 0.466 0329 0,139
0,175 0,528 0325 0323
0270 0.151 0402 0316 0315
0,160 0,148 0.463 0377 0318
0,146 0,363 0341
0513 0,208 0371 0,155
0,176 0225 0382 0,264
0,153 0342 0,512
0,097 0294 03535
0,158 0.183 0366 0.181
0360 0292
334 0,34 0263 0,148
20 0353 0,163
0278 0.115
0172 0357 0271
0124 0,189 0316 0,400
0,138 0229 0357 0,250
0,163 0,185 0387 0,267
0478 0333 0,113
0,174 0,191 0341 0,320
0.184 0310 0509
0,203 0316 0331
0.128 0400 0280
0,137 7 0215 0,105 0368 0,190
0,124 0,166 0,603 0363
0,384 0.136 0,206 0327 0,292
0,121 0,255 0,137 0,194 0288 0,254
0,122 0,181 0,151 0,136 0398 0,103
0278 0,115
0,305 0171 0,192 0371 0229
0,382 0,145 0,248 0404 0259
0,145 0,519 0,140 0177 0337 0,164
0,205 0173 0298 0,177
0.533 0.159 0.120 0379 0.179
0,449 0,183 0320 0,537
0,468 0.131 0,092 0.267 0376
0245 0,146 0,307 0,406
0373 0,134 0,202 0303 0,156
0,195 0348
0250 0291 0,140
0,360 0202
0210 0,172 0231 0345
304 0513 0,208 0371 0,153
0,329 0,263 0,467 0338 0,308
0.119 0,137 0358 0307 0,107
0379 0,191 0,466 032 0,139
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Appendix A (continued)

Compounds Antineoplastic (endocrine cancer) | Phosphomevalonate kinase r - e or | Glutaminase inhibitor | Antineoplastic (thyroid cancer) | Antineoplastic (bone cancer) | Antineoplastic (non-Hodgkin's lymphoma) |
N-G-1 0171 0115 0,121 0,180 0,161 0,205 0,295
N-G-2 0482 0,283 0,335 0,163 0219 0424
N-G-3 0172 0,170 0344 0214 0,189 0,206
N-G-4 0619 0480 0,287 0272
N-G-5 0,267 0,238 0274 0,160 0211 0,387
N-G-6 0174 0,115 0315 0,201 0,188
N-G-7 0,297 0514 0,259 0,165 0,230 0420
N-G-8 0,523 0,248 0,392 0,150 0,261
N-G-9 0,320 0,254 0,194 0,594 0,168 0,235 0,388
N-G-10 0,187 0171 0,347 0316 0,176 0,222 0432
N-G-11 0,264 0272 0313 0,163 0,208 0426
N-G-12 0129 0327 0178 0274
N-G-13 0,167 0,184 0,248 0,293 0,151 0,242 0,382
N-G-14 0,203 0,169 0,153 0,346 0,176 0211 0,348
N-G-15 0,135 0,154 0176 0,206 0,352
N-G-16 0371 0228 0214
N-G-17 0,187 0112 0172 0,162 0173 0,336
N-G-18 0,205 0271 0,120 0322 0,160 0,251 0467
N-G-19 0,164 0,203 0351 0,209 0356
N-G-20 0,205 0,138 0,383 0,309 0172 0,192 0444
N-G-21 0,197 0447 0,352 0178 0,246 0415
N-G-22 0233 0,231 0,150 0,390 0,150 0,225 0,362
N-G-23 0,189 0233 0,521 0,254 0,208 0232 0316
N-G-24 0,286 0234 0253 0153 0,209 0375
N-G-25 0175 0,292 0,288 0,202 0179 0,253 0,320
N-G-26 0313 0,384 0,305 0,159 0,227 0442
N-G-27 0,155 0,093 0,176 0,227 0,258 0315
N-G-28 0344 0,226 0618 0,206 0,400
N-G-29 0,186 0,140 0377 0,208 0,187
N-G-30 0,138 0,151 0,279 0171 0,227 0,327
N-G-31 0171 0,167 0,284 0,246 0378
N-G-32 0,187 0112 0172 0,162 0173 0,336
N-G-33 0176 0,181 0,327 0,305 0,157 0,244 0431
N-G-34 0,233 0,365 0131 0423 0,195 0219 0,366
N-G-35 0,165 0,203 0234 0111 0507 0191 0219 0401
N-G-36 0411 0,502 0,305 0,257
N-G-37 0,260 0,326 0,351 0,165 0216 0,391
N-G-38 0,166 0229 0353 0,202 0,184 0319
N-G-39 0114 0,386 0.171 0272
N-G-40 0,257 0,186 0236 0320
N-G-41 0171 0179 0,297 0171 0,206 0,288
N-G-42 0,176 0,183 0316 0173 0,220 0,376
N-G-43 0,167 0,186 0,187 0233 0,161 0,253
N-G-44 0,203 0,169 0,153 0,346 0,176 0211 0,348
N-G-45 0179 0,282 0,339
N-G-46 0,320 0,254 0,194 0,594 0,168 0,235 0,388
N-G-47 0482 0,283 0,137 0,335 0,163 0219 0424
N-G-48 0,201 0,184 0,163 0410 0212 0297
N-G-49 0619 0480 0,287 0272

Appendix A (continued)

Compounds in F2 alpha antagonist ic (liver cancer) | Aspartate kinase inhibitor Dual specificity protein VHR inhibitor | Glutamate dehydrogenase (NADP+) inhibitor in EP2 antagonist | Adenylate kinase inhibitor
N-G-1 0,063 0175 0,115 0241 0,062 0,081 0,043 0,127
N-G-2 0,051 0,241 0121 0,601 0133 0,055 0,148
N-G-3 0,239 0461 0,057 0,029 0135
N-G-4 0,190 0115 0,636 0,050 0,160 0136
N-G-5 0,045 0,194 0672 0,065
N-G-6 0,245 0417 0,037 0,144
N-G-7 0,046 0205 0,097 0679 0121
N-G-8 0,148 0448 0,192 0,148
N-G-9 0250 0193 0326 0079 0207 0258

N-G-10 0234 0117 0404 0075 0132
N-G-11 0,043 0,216 0773 0078 0,146
N-G-12 0,708

N-G-13 0,042 0,208 0,126 0222 0071 0072 0129
N-G-14 0,042 0134 0,090 0,149
N-G-15 0,015 0,230 0338 0,066 0,062 0,019 0,152
N-G-16 0,731

N-G-17 0183 0574 0056

N-G-18 0258 0121 0509 0062 0082 0157
N-G-19 0,190 0,100 0383 0,055 0,090 0143
N-G-20 0213 0134 0513 0,079 0076 0151
N-G-21 0,244 0117 0478 0,065 0070 0,145
N-G-22 0,043 0217 0,145 0,054 0118 0225
N-G-23 0,220 0617 0,057 0143
N-G-24 0,045 0,193 0678

N-G-25 0042 0202 0113 0551 0060 0150
N-G-26 0046 0232 0107 0674 0069 0118
N-G-27 0,160 0118

N-G-28 0,058 0,165 0214 0,050 0262 0,070 0252
N-G-29 0,220 0564 0,059 0,031 0155
N-G-30 0,042 0219 0110 0,268 0,076 0,109 0127
N-G-31 0,230 0114 0247

N-G-32 0,183 0574 0,056

N-G-33 0259 0116 0329 0063 0064 0130
N-G-34 0242 0148 0378 0116 0099 0239
N-G-35 0,196 0,185 0270 0,088 0,091 0214
N-G-36 0,187 0115 0693 0,052 0,166 0,141
N-G-37 0,046 0117 0545 0,066 0129
N-G-38 0,043 0,786 0,030

N-G-39 0,161 0775

N-G-40 0,042 0,888

N-G-41 0260 0053 0064 0118
N-G-42 0170 0118 0287 0065 0119
N-G-43 0174 0153 0250 0,050 0,146
N-G-44 0,042 0134 0,090 0,149
N-G-45 0236 0,088 0,144
N-G-46 0,250 0193 0326 0079 0200 0258
N-G-47 0,051 0,241 0,121 0,601 0133 0,055 0,148
N-G-48 0,042 0218 0,164 0,143 0019 0,261
N-G-49 0,190 0115 0,636 0,050 0,160 0,136
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Appendix A (continued)

Compounds Glutamate-tRNA ligase inhibitor | Glutamate synthase (ferredoxin) inhibitor _
N-G-1 0,198 0,129 0,050 0,064
N-G-2 0,291 0,172 0,163 0,172
N-G-3 0,203 0,237 0,154
N-G-4 0,254 0,149 0,462 0,094
N-G-5 0,217 0,143 0,168 0,156
N-G-6 0,221 0,195 0,113
N-G-7 0,225 0,136 0,387 0,210
N-G-8 0,239 0,145 0,227 0,089
N-G-9 0457 0274 0,150 0,105
N-G-10 0,264 0,161 0,169 0,166
N-G-11 0,199 0,138 0,189 0,135
N-G-12 0,145 0,156
N-G-13 0,255 0,152 0173 0,131
N-G-14 0,324 0,180 0,058 0,068
N-G-15 0,085 0,141
N-G-16 0,251
N-G-17 0,074 0,086
N-G-18 0,292 0,163 0,168 0,122
N-G-19 0,226 0,155 0,095 0,089
N-G-20 0,284 0174 0,180 0,165
N-G-21 0,279 0,179 0,321 0,138
N-G-22 0,337 0,197 0,104 0,121
N-G-23 0,231 0,135 0442 0,150
N-G-24 0,202 0,133 0,169 0,152
N-G-25 0,191 0,218 0,140
N-G-26 0,204 0,151 0312 0,158
N-G-27 0,313 0,156 0,063 0,102
N-G-28 0,501 0,280 0,118
N-G-29 0,219 0,127 0,265 0,153
N-G-30 0,157 0,060 0,095
N-G-31 0,235 0,159 0,071 0,072
N-G-32 0,074 0,086
N-G-33 0,262 0,157 0,219 0,115
N-G-34 0,335 0194 0,208 0,116
N-G-35 0,277 0,186 0,139 0,120
N-G-36 0,259 0,151 0,498 0,104
N-G-37 0,217 0,131 0,226 0,190
N-G-38 0,191 0,251 0,378
N-G-39 0,203 0,193
N-G-40 0,125 0,107 0,102
N-G-41 0,233 0,153 0,096 0,090
N-G-42 0,229 0,158 0,071 0,086
N-G-43 0,217 0124 0,125 0,077
N-G-44 0,324 0,180 0,058 0,068
N-G-45 0,245 0132 0,049
N-G-46 0,457 0274 0,150 0,105
N-G-47 0,291 0,172 0,163 0,172
N-G-48 0,387 0212 0,059 0,091
N-G-49 0,254 0,149 0462 0,094
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Appendix B (Swiss Target Prediction)

Target

N-G-1

N-G-2

N-G-3

N-G-4
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ESR1

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

A

A

A

A

A

A

LYPLA1

n

n

n

LYPLA2

PDE4B

PPARG

NR3C1

CHEK1

WEE1

PTGES

KIF11

PDK1

PARP1

PIK3C2B

PIM2

PIM3

IGFIR

PIK3CD

LIMK1

LRRK2

H

CDK2 CCNA1 CCNA2

JAK3

JAK1

TYK2

CDK5R1 CDKS

CCNE1 CDK2

CDK7 CCNH

CDK9 CCNT1

PRKDC

PDPK1

FLT1

ROCK2

ROCK1

TNK2

EPHB4

HSP90AAL

Icn
>
=

CCND1 CDK4

CDK1 CCNB1

CCNE2 CDK2 CCNE1

GSK3B

GSK3A
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Appendix B (continued)

Target

N-G-26

N-G-27

N-G-28

N-G-29

N-G-30

N-G-31

N-G-32

N-G-33

N-G-34

N-G-35

N-G-36

N-G-37

N-G-38

N-G-39

N-G-40

N-G-41

N-G-42

N-G-43

N-G-44

N-G-45

N-G-46

N-G-47

N-G-48

N-G-49

ESR1

+

+

+

A

+

-

+

-

-

+

+

+

+

A

+

A

+

-

-

v

-

-

-

LYPLAL

+

.

+

n

LYPLA2

PDE4B

PPARG

NR3C1

CHEK1

WEE1

PTGES

KIF11

PIK3CG

CDK2

KDR

ERN1

RET

PDK1

PARP1

PIK3C2B

PIM2

PIM3

IGFIR

PIK3CD

LIMK1

LRRK2

H

CDK2 CCNA1 CCNA2

JAK3

JAK1

TYK2

CDK5R1 CDK5

CCNE1 CDK2

CDK7 CCNH

CDK9 CCNT1

PRKDC

PDPK1

FLT1

ROCK2

ROCK1

TNK2

EPHB4

HSP90AAL

GAK

CCND1 CDK4

CDK1CCNB1

CCNE2 CDK2 CCNE1

GSK3B

GSK3A
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Appendix C (Mol Tar Pred)

Target

N-G-1 N-G-2 N-G-3 N-G-4 N-G-5 N-G-6 N-G-7 N-G-8 N-G-9 N-G-10 N-G-11 N-G-12 N-G-13 N-G-14 N-G-15 N-G-16 N-G-17 N-G-18 N-G-19 N-G-20 N-G-21 N-G-22 N-G-23 N-G-24 N-G-25
Vanilloid receptor * + +
Arachidonate 5-lipoxygenase =~ * * * * * * * + + + + + + + + +
Target

N-G-2¢N-G-27 N-G-2¢ N-G-2¢ N-G-3(N-G-31N-G-32N-G-3:N-G-3¢N-G-35 N-G-36 N-G-37 N-G-38 N-G-39 N-G-40 N-G-41 N-G-42 N-G-43 N-G-44 N-G-45 N-G-46 N-G-47 N-G-48 N-G-49
Vanilloid receptor * + + +
Arachidonate 5-lipoxygenase =~ * * M + + + + + .

Appendix D (SEA)

Target
N-G-1[N-G-2|N-G-3 [N-G-4 |N-G-5 [N-G-6 |[N-G-7 |N-G-8 N-G-9 |N-G-10 [N-G-11 |N-G-12 |[N-G-13 |N-G-14 [N-G-15 |N-G-16 |[N-G-17 |N-G-18 [N-G-19 [N-G-20 |[N-G-21 |N-G-22 [N-G-23 |N-G-24 |N-G-25
APP + - - + - + + v + + - + - + - + - + + - v + -
NDUFAB1 + v v v v + v T v v v T T T - T
Adrbl - v T v v v - T v v v T T + T v T v
+ T v -
GPR174 *
LPAR1 * M *
+ - - + - - - - - - - - v - v - - v - - - + -
CXCL12 + - + + - - - - + - + v - ¥ T T - P T n A "
MAPT - v v - v - v v - v v - v v v - - v - T v - v
+ - + - - - - v - - v - - + - -
YWHAG T T v T T -
NDUFAFL - v v v v - v 3 v v v T T T T
Enpp2 M
FOS + - + + - + + - + + - + v + v + - v + - + + -
Alox5 + - - + - - - - - - - - v - - - - - - - - - -
Trpv2 + - v - - + v + + - + v - v - - + - v - v
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Appendix D (continued)

Target
N-G-26 [N-G-27 [N-G-28 |N-G-29 |N-G-30 [N-G-31 |N-G-32 |[N-G-33 [N-G-34 |N-G-35 |N-G-36 [N-G-37 [N-G-38 |N-G-39 |N-G-40 [N-G-41 |N-G-42 |N-G-43 [N-G-44 [N-G-45 |N-G-46 [N-G-47 [N-G-48 |N-G-49
APP v - v T v - v - v + v - v v + - + - - T - +
NDUFAB1 * + + + + + - " T - -
Adrbl v T v v T v T v T v T T T T 3 3 T
GPR174 M
+ T + T T T T - - - - - + - - - - - - -
+ + T T - - - - - - - - - - - + + + +
YWHAG * M + + + + + v
NDUFAF1 M M * M * M * * - " "
Enpp2
FOS v T T v - v T v T v v + v T v - T - T
- T - + T + + T + + T - T +
Alox5 + v + T T T T T T T T T T T T T T T T T T +
Trpv2 v v T v T v T v T v T T T T T T
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Appendix E

Cell-line

NCI-H322M

NCI-H226

PC-6

HOP-18

[NCI-H187

DMS-114

Malme-3\

M14

SK-MEL-

M19-MEL

Full name

Non-small cell

Non-small cell

Small cell lun

Non-small cellfSmall cell lung cg

Lung carcin

Melanoma

Melanoma

Melanomal

Melanoma

Tissue

Lung

Lung

Lung

Lung

Lung

Lung

Skin

Skin

Skin

Skin

N-G-1

N-G-2

N-G-3

N-G-4

0.537

N-G-5

N-G-6

N-G-7

N-G-8

N-G-9

N-G-10

N-G-11

N-G-12

N-G-13

N-G-14

0.539

N-G-15

N-G-16

N-G-17

N-G-18

N-G-19

N-G-20

N-G-21

0.587

0.514

N-G-22

N-G-23

N-G-24

N-G-25

0.7

0.64

0.646

0.564

0.514

N-G-26

N-G-27

N-G-28

N-G-29

N-G-30

N-G-31

N-G-32

N-G-33

0.628

N-G-34

0.534

N-G-35

N-G-36

0.741

N-G-37

N-G-38

N-G-39

N-G-40

N-G-41

N-G-42

0.512

N-G-43

N-G-44

0.539

N-G-45

N-G-46

N-G-47

N-G-48

N-G-49
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Appendix E (continued)

Celkiine  [RPMI-8226 K562  [Hs683 [SF-539 [MDA-MHMCF7 |OVCAR-{IGROV-1]pC-3  [DU-145 [sN12C [SNB-75
Fullname  [Multiple myeloma Erythroleu Oligodend| Glioblastor| Breast adenocarcinorlOvarian a{Ovarian a{Prostate c|Prostate c[Renal car{Glioblastor cytoxicity on non-tumor
cell line when pa>0.5

Tissue  [Haematopoietic and lymphqHaematopBrain ~ |Brain  |Breast [Breast [Ovarium |Ovarium |Prostate |Prostate |Kidney [Nervous s
N-G1 no
N-G2 0.542 0.529 no
N-G3 no
N-G4 no
N-G5 no
N-G-6 no
N-G7 no
N-G8 no
N-G9 no
N-G-10 0.53 no
N-G-11 0.586 no
N-G-12 no
N-G-13 no
N-G-14 no
N-G-15 0.601 no
N-G-16 0.528 0.53 0.524 yes (on endothelium)
N-G-17 yes (on lung)
N-G-18 0.612 no
N-G-19 no
N-G-20 0.517 0.503 no
N-G-21 0.591 no
N-G-22 yes (on lung)
N-G-23 no
N-G-24 no
N-G-25 0.578 no
N-G-26 no
N-G-27 no
N-G-28 no
N-G-29 no
N-G-30 no
N-G-3L no
N-G-32 yes (on lung)
N-G-33 no
N-G-34 no
N-G-35 no
N-G-36 0.512 no
N-G-37 no
N-G-38 0.646 no
N-G-39 no
N-G-40 0.733 no
N-G-41 no
N-G-42 0.53 0.747 no
N-G-43 0.551 no
N-G-44 no
N-G-45 0.5%8 0.535 yes (on lung)
N-G-46 no
N-G-47 0.542 0529 no
N-G-48 yes (on lung)
N-G-49 no
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Appendix F

Organ Toxicity Tox21 Stress response pathways
Compound code Hepatotoxicity | Carcinogenicity Mutagenicity Cytotoxicity (MMP) p53

N-G-1 inactive(0.83) inactive(0.76) inactive(0.65) | inactive(0.88) inactive(0.59) | inactive(0.69)
N-G-2 inactive(0.51) inactive(0.61) inactive(0.96) | inactive(0.88) inactive(0.92) | inactive(0.93)
N-G-3 inactive(0.67) inactive(0.73) | inactive(0.83) |inactive(0.97) | inactive(0.90) inactive(0.98) | inactive(0.99)
N-G-4 inactive(0.52) inactive(0.60) | inactive(0.55) |inactive(0.98) | inactive(0.94) inactive(0.99) | inactive(1.0)
N-G-5 inactive(0.61) inactive(0.84) inactive(0.88) | inactive(0.88)
N-G-6 inactive(0.65) inactive(0.86) | inactive(0.89) | inactive(0.99) |inactive(0.99)
N-G-7 inactive(0.67) active(0.55) inactive(0.97) | inactive(0.85) inactive(0.97) |inactive(0.99)
N-G-8 inactive(0.69) inactive(0.70) | inactive(0.68) |inactive(0.92) | inactive(0.90) inactive(0.97) | inactive(0.99)
N-G-9 inactive(0.55) inactive(0.64) | inactive(0.97) |inactive(0.96) | inactive(0.93) inactive(0.93) | inactive(0.98)
N-G-10 inactive(0.52) inactive(0.57) | inactive(0.78) |inactive(0.99) | inactive(0.94) inactive(0.97) |inactive(0.99)
N-G-11 active(0.51) inactive(0.59) inactive(0.87) | inactive(0.91) inactive(0.96) | inactive(0.98)
N-G-12 inactive(0.72) inactive(0.59) inactive(0.71) | inactive(0.89) _M
N-G-13 inactive(0.65) inactive(0.54) | inactive(0.72) |inactive(0.83) | inactive(0.87) inactive(0.91) |inactive(0.98)
N-G-14 inactive(0.6) inactive(0.52) | inactive(0.95) |inactive(0.95) | inactive(0.92) inactive(0.95) | inactive(0.99)
N-G-15 inactive(0.72) inactive(0.74) active(0.67) inactive(0.75) inactive(0.68) | inactive(0.92)
N-G-16 inactive(0.73) inactive(0.68) inactive(0.86) | inactive(0.83) inavtive(0.53) | inactive(0.76)
N-G-17 inactive(0.78) inactive(0.61) inactive(0.72) | inactive(0.92) active(0.63) inactive(0.70)
N-G-18 inactive(0.87) inactive(0.64) | inactive(0.78) |inactive(0.88) | inactive(0.93) inactive(0.93) | inactive(0.98)
N-G-19 inactive(0.51) inactive(0.73) | inactive(0.90) |inactive(0.89) | inactive(0.89) inactive(0.93) | inactive(0.98)
N-G-20 inactive(0.55) inactive(0.61) | inactive(0.78) |inactive(0.95) | inactive(0.94) inactive(0.81) |inactive(0.99)
N-G-21 inactive(0.71) active(0.61) inactive(0.95) [inactive(0.98) | inactive(0.86) inactive(0.99) | inactive(1.0)
N-G-22 inactive(0.61) inactive(0.79) | inactive(0.94) |inactive(0.92) | inactive(0.91) inactive(0.95) | inactive(0.98)
N-G-23 inactive(0.66) inactive(0.61) active(0.59) [inactive(0.97) | inactive(0.88) inactive(0.98) | inactive(0.99)
N-G-24 inactive(0.61) inactive(0.82) inactive(0.79) | inactive(0.85)
N-G-25 active(0.50) inactive(0.63) inactive(0.85) | inactive(0.90) inactive(0.97) | inactive(0.98)
N-G-26 inactive(0.82) inactive(0.68) inactive(0.81) | inactive(0.93) inactive(0.92) | inactive(0.96)
N-G-27 inactive(0.63) inactive(0.57) | inactive(0.80) |inactive(0.75) | inactive(0.93) active(0.52) | inactive(0.89)
N-G-28 inactive(0.67) inactive(0.64) | inactive(0.99) |inactive(0.79) | inactive(0.86) inactive(0.88) | inactive(0.95)
N-G-29 inactive(0.64) inactive(0.63) | inactive(0.73) |inactive(0.72) | inactive(0.93) inactive(0.97) | inactive(0.96)
N-G-30 inactive(0.71) inactive(0.75) active(0.62) |active(0.53) inactive(0.80) inactive(0.69) | inactive(0.93)
N-G-31 inactive(0.87) inactive(0.70) | inactive(0.71) |inactive(0.80) | inactive(0.94) inactive(0.58) | inactive(0.80)
N-G-32 inactive(0.74) inactive(0.60) inactive(0.72) | inactive(0.94) active(0.55) [inactive(0.84)
N-G-33 inactive(0.71) active(0.53) inactive(0.82) [inactive(0.93) | inactive(0.88) inactive(0.98) | inactive(0.99)
N-G-34 active(0.52) inactive(0.70) | inactive(0.92) |inactive(0.95) | inactive(0.96) inactive(0.96) | inactive(0.99)
N-G-35 inactive(0.70) inactive(0.74) | inactive(0.94) |inactive(0.87) | inactive(0.94) inactive(0.91) | inactive(0.98)
N-G-36 inactive(0.55) inactive(0.62) | inactive(0.68) |inactive(0.96) | inactive(0.93) inactive(0.98) | inactive(1.0)
N-G-37 inactive(0.76) inactive(0.62) inactive(0.78) | inactive(0.88) inactive(0.92) | inactive(0.99)
N-G-38 inactive(0.62) inactive(0.57) inactive(0.61) | inactive(0.86) inactive(0.53)
N-G-39 inactive(0.72) inactive(0.68) inactive(0.94) | inactive(0.95) inactive(0.86)
N-G-40 inactive(0.58) inactive(0.69) inactive(0.69) | inactive(0.97) active(0.56)
N-G-41 inactive(0.70) inactive(0.71) | inactive(0.91) |inactive(0.75) | inactive(0.85) inactive(0.59)
N-G-42 inactive(0.94) inactive(0.79) active(0.52) [inactive(0.83) | inactive(0.92) inactive(0.94) | inactive(0.97)
N-G-43 inactive(0.55) inactive(0.72) | inactive(0.69) |inactive(0.87) | inactive(0.91) inactive(0.92) | inactive(0.98)
N-G-44 inactive(0.6) inactive(0.52) | inactive(0.95) |inactive(0.95) | inactive(0.92) inactive(0.95) | inactive(0.99)
N-G-45 inactive(0.68) active(0.64) inactive(0.91) [inactive(0.79) | inactive(0.88) inactive(0.96) | inactive(0.98)
N-G-46 inactive(0.55) inactive(0.64) | inactive(0.96) |inactive(0.96) | inactive(0.93) inactive(0.93) | inactive(0.98)
N-G-47 inactive(0.51) inactive(0.61) inactive(0.96) | inactive(0.88) inactive(0.92) | inactive(0.93)
N-G-48 active(0.50) inactive(0.80) | inactive(0.97) |inactive(0.93) | inactive(0.92) inactive(0.95) | inactive(0.97)
N-G-49 inactive(0.52) inactive(0.60) active(0.63) [inactive(0.98) | inactive(0.94) inactive(0.99) | inactive(1.0)
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Appendix G

Compound code Hepatotoxicity hERG | inhibitor hERG Il inhibitor
N-G-1 no no no
N-G-2 no no no
N-G3 no no no
N-G-4 no no no
N-G5 no no no
N-G-6 no no no
N-G7 yes no no
N-G8 no no no
N-G-9 no no yes
N-G-10 no no no
N-G-11 no no no
N-G-12 no no no
N-G-13 yes no no
N-G-14 no no no
N-G-15 no no yes
N-G-16 no no no
N-G-17 no no yes
N-G-18 no no no
N-G-19 yes no no
N-G-20 no no no
N-G-21 no no no
N-G-22 no no no
N-G-23 no no no
N-G-24 no no yes
N-G-25 no no no
N-G-26 no no no
N-G-27 no no yes
N-G-28 yes no no
N-G-29 no no no
N-G-30 no no yes
N-G-31 no no yes
N-G-32 no no no
N-G-33 yes no no
N-G-34 no no no
N-G-35 no no no
N-G-36 no no no
N-G-37 no no no
N-G-38 no no no
N-G-39 no no no
N-G-40 no no no
N-G-41 no no yes
N-G-42 no no no
N-G-43 yes no no
N-G-44 no no no
N-G-45 yes no no
N-G-46 no no no
N-G-47 no no no
N-G-48 no no no
N-G-49 no no no
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