
Mart in -Lu the r -Un ivers i tä t  Ha l le -Wi t tenbe rg  
Natu rwissenschaf t l i che  Faku l tä t  I  -  B iowissenschaf ten  

Ins t i tu t  fü r  Pha rmaz ie

Structure-Based Design, Synthesis, and 
Biological Characterization of Potential 

Novel Anticancer Agents 
“Hunting for different targets in prevailing adults' and children's 

cancer types”  

DISSERTATION 

zur Erlangung des akademischen Grades  

Doctor rerum naturalium (Dr. rer. nat.)  

der Naturwissenschaftlichen Fakultät I Biowissenschaften 

der Martin-Luther-Universität Halle-Wittenberg 

Vorgelegt von 

Frau M.Sc. Nehal Hany Aly Elghazawy 



i 

Gutachter: 

1- Prof. Dr. Wolfgang Sippl, Halle 
2- Prof. Dr. Mike Schutkowski, Halle 
3- Assoc. Prof. Dr. Nermin Salah, Cairo 

Date of Defence:19 November 2024



ii 

Abstract 

Cancer represents a global health challenge, impacting millions annually, 

with mortality rates surpassing global pandemics. Its nature harnesses complexity 

in initiation, mechanism, progression, outcomes, and treatment. As cancer types 

vary in prevalence, our focus on breast cancer, most common in females, and 

neuroblastoma in infants, drives our pursuit to identify potential anticancer 

molecules. Our approach blends computational studies, chemical synthesis, 

biochemical assays, and cellular testing to identify these compounds. 

This work's initial focus is on PKMYT-1, a member of the WEE kinase family 

linked with various cancer types. Employing various in silico methods, we pursued 

novel diaminopyrimidines as PKMYT-1 inhibitors. Simultaneously, those 

diaminopyrimidines were synthesized and tested for their impact on PKMYT-1 

inhibition and anticancer activity against hepatoma and neuroblastoma cell lines. 

While promising, the PKMYT-1 inhibition and anticancer results didn't align. 

Computational studies suggested the possibility of the synthesized compounds 

favoring other kinases like WEE1 and Aurora kinases, suggesting alternative 

pathways. 

The second part of the work targets breast cancer, focusing on the Estrogen 

Receptor (ER) and MCF-7 cells representing ER+ breast cancer via multiple 

approaches. The first approach involves designing analogs of Tamoxifen, known 

for metabolism variations due to CYP2D6 polymorphism. Synthesized analogs 

displayed potent anticancer effects and confirmed ER binding, revealing 

alternative metabolic pathways. In the second approach, we explored isoeugenol 

and its derivatives' anticancer properties on MCF-7 cells, aiming for mechanistic 

validation and in vivo efficacy verification. Lastly, 5,7-dibromoquinoline derivatives 

with antiproliferative effects on MCF-7 cells were synthesized. To modify their 

physicochemical parameters, they were encapsulated in nanomicelles, which 

improved their solubility, cell penetration and ensured sustained release for 

potential therapy. 

These findings could be starting points for enhancing these compounds and 

validating their biological outcomes using in vivo models in future projects. 
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Kurzfassung 
Krebs ist ein globales Gesundheitsproblem, von dem jährlich Millionen Menschen 

betroffen sind und dessen Sterblichkeitsrate die von Pandemien übertrifft. Krebs 

ist von Natur aus sehr komplex, was seine Entstehung, seinen Mechanismus, sein 

Fortschreiten, seine Folgen und seine Behandlung angeht. Da es unterschiedliche 

Krebsarten gibt, konzentriert sich diese Arbeit auf Brustkrebs, der bei Frauen am 

häufigsten auftritt, und auf Neuroblastome bei Säuglingen. Unser Ansatz 

kombiniert computergestützte Studien, chemische Synthese, biochemische 

Assays und zelluläre Tests, um diese Verbindungen zu identifizieren. 

Der Schwerpunkt dieser Arbeit liegt zunächst auf PKMYT-1, einem Mitglied der 

WEE-Kinase-Familie, das mit verschiedenen Krebsarten in Verbindung gebracht 

wird. Mithilfe verschiedener In-silico-Methoden haben wir neue Diaminopyrimidine 

als PKMYT1-Inhibitoren untersucht. Gleichzeitig wurden diese Diaminopyrimidine 

synthetisiert um auch ihre Auswirkungen auf die PKMYT-1-Hemmung und ihre 

krebshemmende Wirkung gegen Hepatom- und Neuroblastom-Zelllinien zu testen. 

Obwohl die Ergebnisse vielversprechend waren, korrelierten die PKMYT-1-

Hemmung und die krebshemmende Wirkung zunächst nicht. Computergestützte 

Studien legten die Möglichkeit nahe, dass die synthetisierten Verbindungen 

andere Kinasen wie WEE1 und Aurora-Kinasen begünstigen, was auf alternative 

Wirkmechanismen hindeutet. 

Der zweite Teil der Arbeit zielt auf Brustkrebs ab und konzentriert sich auf den 

Östrogenrezeptor (ER) und MCF-7-Zellen, die ER+-Brustkrebs repräsentieren. 

Der erste Ansatz umfasst die Entwicklung von Tamoxifen-Analoga, die aufgrund 

des CYP2D6-Polymorphismus unterschiedlich verstoffwechselt werden. Die 

synthetisierten Analoga zeigten starke krebshemmende Wirkungen und 

bestätigten die ER-Bindung, was alternative Stoffwechselwege aufzeigte. Im 

zweiten Ansatz untersuchten wir die krebshemmenden Eigenschaften von 

Isoeugenol und seinen Derivaten auf MCF-7-Zellen mit dem Ziel der 

mechanistischen Validierung und der Überprüfung der in vivo-Wirksamkeit. 

Schließlich wurden 5,7-Dibromchinolinderivate mit antiproliferativer Wirkung auf 

MCF-7-Zellen synthetisiert. Um ihre physikochemischen Parameter zu verändern, 
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wurden sie in Nanomikroben eingekapselt, wodurch ihre Löslichkeit und 

Zellpenetration verbessert und eine nachhaltige Freisetzung für eine potenzielle 

Therapie gewährleistet wurde. 

Diese Erkenntnisse könnten Ausgangspunkt für die Verbesserung dieser 

Verbindungen und die Validierung ihrer biologischen Ergebnisse anhand von In-

vivo-Modellen in künftigen Projekten sein. 

 

Schlüsselwörter: Krebs, WEE-Kinasen, PKMYT-1, Diaminopyrimidine, 

Neuroblastom, Krebsbekämpfung, molekulares Docking, computergestütztes 

Wirkstoffdesign, Brustkrebs, Östrogenrezeptor, Tamoxifen, MCF-7-Zellen, 

Isoeugenol. 
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1.1. Cancer 

Cancer represents an escalating global public health challenge, standing 

among the leading causes of mortality worldwide. As per GLOBOCAN 2020, the 

number of new cancer cases diagnosed in 2020 was 19.3 million, and almost 10.0 

million died due to cancer. GLOBOCAN predicts that the number of cancer cases 

will increase to 28.4 million in 2040 [1, 2]. While cancer pathophysiology may be 

multifactorial, at its core lies the abnormal growth and spread of cells as an 

outcome of genetic mutations that disrupt the delicate balance between cell 

division and regulation. These mutated cells, which should be detected and 

eliminated through immune surveillance, manage to evade the body's natural 

regulatory mechanisms. Consequently, they form tumors and interfere with normal 

bodily functions, contributing to the diverse spectrum of conditions encompassed 

within the broader category of cancer [3, 4]. Tumors can be classified in various 

ways, with one standard approach organizing them based on the tissue of origin 

or anatomical location. For instance, some tumors are associated with specific 

organs, such as breast cancer, lung cancer, prostate cancer, etc. Others, like 

neuroblastoma, osteosarcoma, and leukemia, are categorized by their originating 

tissues [5, 6]. The heterogeneity across cancer types necessitates tailored 

approaches to diagnosis, treatment, and management, considering factors such 

as growth patterns and responses to therapy. Therefore, cancer research 

advancements have revolutionized detection and treatment paradigms [7-9].  

1.2. Neuroblastoma 

1.2.1.    Epidemiology and Classification  

Neuroblastoma (NB) stands as the most prevalent and life-threatening 

tumor occurring in infancy, contributing to around  8-10% of all childhood cancer 

cases and 15% of childhood cancer-related fatalities. It is typically a tumor of early 

childhood, where the median age for diagnosis is 18 months, and more than 90% 

of all neuroblastoma cases are diagnosed before 10 years of age  [10-12]. The 

annual incidence of NB in the United States is approximately 650 cases, i.e., 10.2 

per million children (65 per million infants), with little change (0.4%) over time [13].  



3 
 

Given the heterogeneous nature of neuroblastoma, establishing a 

classification system for prognosis and tailored treatment is imperative. Over 

recent decades, the neuroblastoma risk classification system has integrated 

numerous clinical and biological factors. To address the challenge of non-uniform 

risk grouping, the International Neuroblastoma Risk Group (INRG) classification 

emerged as a solution. This classification introduced a novel staging system based 

on image-defined risk factors inherent to the original tumor. Subsequently, a 

refined risk stratification system was developed, identifying key predictive factors 

such as INRG stage, patient age, histologic category, degree of differentiation, 

MYCN status, 11q aberration, and tumor cell ploidy. Utilizing these parameters, 17 

distinct cohorts were defined and categorized into very low, low, intermediate, or 

high-risk groups [14, 15].  

1.2.2. Pathophysiology 

Neuroblastoma's tumorigenesis originates from disrupted development in 

sympatho-adrenergic precursors of the neural crest. While no prevalent genetic or 

epigenetic abnormality explains most NB cases, specific structural genomic 

changes like MYCN amplification, anaplastic lymphoma kinase (ALK) activating 

mutations, 1p36 deletion, or 17q gain are linked to tumorigenesis and reduced 

survival [16-20]. 

1.2.3. Management 

The treatment spectrum for neuroblastoma varies widely based on the 

patient's risk status, ranging from observation alone to cytoreductive surgery, either 

with or without low-intensity chemotherapy for low-risk disease, to intensive 

multimodal therapies for high-risk disease. Recently, the identification of 

neuroblastoma biology drivers has introduced disease-directed therapies targeting 

specific oncogenic factors. These targeted therapy options include addressing 

genetic aberrations, disrupted signaling molecules, immunology-based 

approaches, radiopharmaceutical targeting of norepinephrine and somatostatin 

receptors, regulating epigenetic factors, and concentrating on Bcl-2 family 
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proteins. Notably, cancer immunotherapy emerged as an effective strategy with 

reduced toxicity compared to genotoxic therapies [21-23]. 

Understanding the genetics of neuroblastoma is crucial, facilitating tailored 

medical approaches aligned with each patient's genetic predisposition. Moreover, 

continuous efforts must continue uncovering novel signaling pathways pivotal in 

NB's development and resistance to treatment, presenting potential avenues for 

therapy.  

 

1.3. Breast cancer 

1.3.1. Epidemiology and classification 

Breast Cancer (BC) ranks as the most prevalent diagnosed cancer type and 

remains one of the leading causes of mortality among female cancer patients. In 

2020, a distressing 2.3 million cases of female breast cancer were reported 

worldwide, with approximately 685,000 women losing their lives to this disease. 

Disturbingly, projections reveal an alarming surge in the burden of breast cancer, 

with estimations suggesting that by 2040, the global count of new cases will 

escalate to over 3 million, accompanied by a staggering 1 million fatalities. While 

breast cancer is a typical malignancy in women, it is noteworthy that nearly 1% of 

all breast cancer cases are observed in males (MBC), accentuating the 

susceptibility of male breast tissue to carcinogenic transformation [24-26]. 

Breast cancer is a multi-faceted and diverse disease characterized by 

various biological features, clinical presentations, pathological features, 

therapeutic responses, and outcomes. Over recent decades, the rise in breast 

cancer incidence has been influenced by a myriad of risk factors, encompassing 

demographic, hormonal, hereditary, behavioral, and environmental aspects [27-

31]. Accordingly, breast cancer is sometimes defined as a collection of different 

diseases that affect the same anatomical origin and originate from the terminal 

duct lobular units of the breast, modifying the normal glands into cancer. 

Over the years, clinical practice has embraced various classifications of 

breast cancer, considering its histology, grading, tumor size, nodal status, and 

distant metastasis staging, all of which aid in making informed oncologic decisions 
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[32]. However, a molecular classification system based on the expression of 

estrogen receptor (ER), progesterone receptor (PR), and human epidermal growth 

factor receptor 2 (HER2/neu) has emerged as particularly significant in terms of 

prognosis and prediction [33]. Consequently, this combined histological and 

molecular approach has identified five intrinsic subtypes of breast cancer: luminal 

A, luminal B, normal breast-like, HER2-enriched, and basal-like (Figure 1) [34, 35]. 

This classification has subsequently steered breast cancer clinical management 

towards more biology-centered strategies. From another perspective, breast 

cancer can also be categorized into hormone receptor-positive breast cancers, 

expressing ER and/or PR, whereas triple-negative breast cancer (TNBC) lacks ER, 

PR, or HER2 expression, providing an additional perspective on classifying this 

complex disease (Figure 1). 

 

Figure 1: Classifications of Breast Cancer (created by Biorender.com) 

1.3.2. Pathophysiology 

Unfortunately, the complexity of breast cancer's heterogeneity has posed 

challenges in pinpointing the precise mechanisms of its initiation. The 

pathophysiology of breast cancer is believed to be a multifactorial and intricate 

process shaped by an interplay of genetic, hormonal, and environmental factors 

[36, 37]. While some risk factors are considered modifiable, like physical activity, 

alcohol consumption, smoking, drugs, and chemical exposure, other factors, such 
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as genetic mutations, family history, age, race, and sex, remain beyond our control 

[38, 39].  

1.3.3.  Management 

Successful breast cancer management relies on a timely and accurate 

diagnosis and a well-organized, multi-approached treatment plan. Surgery, 

radiotherapy, and chemotherapy have remained the mainstay approaches in 

breast cancer treatment for nearly eight decades. While these approaches tend to 

focus on eradicating residual cancer tissues, preventing disease recurrence is 

equally crucial. In recent years, targeted therapy has emerged as a prominent 

focus in oncology research, particularly in the context of breast cancer. Targeted 

therapies specifically combat the drivers of the disease, which may include 

molecular abnormalities, tumor cells responsible for cancer development, or 

specific targets implicated in the pathogenicity of breast cancer. By directing 

attention to these precise targets, targeted therapies offer a promising avenue for 

more personalized and effective treatment strategies [40, 41].  

1.4. Relevance of the investigated protein targets 

In the following sections,  this work delves into the detailed descriptions of 

the protein targets under investigation, shedding light on their physiological roles, 

implications in breast cancer, and comprehensive discussions on their associated 

significant inhibitors. 

1.4.1. WEE1 and PKMYT-1 kinases 

1.4.1.1. Mitotic cell cycle 

The cell cycle is an orchestrated series of events aiming to reproduce two 

daughter cells and duplicate the genomic DNA. The cell cycle progression is 

divided into four major phases: gap 1 (G1), DNA synthesis (S), gap 2 (G2), and 

mitosis (M). The G1 phase is the growth phase, where the cells produce more 

proteins, amplify the organelles, and grow in size [42]. Subsequently, the 

chromosome starts replication where the DNA amount is doubled in the S phase; 

then, the cell is prepared for mitosis by protein/lipid synthesis and cell growth in 
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the G2 phase. In another scenario, after the G1 phase, the cell decides not to go 

through with the cell division but to a quiescent G0 state. While G0, G1, S, and G2 

are called interphase, the M phase comprises mitosis, where the cell’s nucleus 

divides, followed by cytokinesis (Figure 2)  [43-45]. For a smooth transition 

between the different phases, each phase must ensure the proper completion of 

the preceding one to prevent any accumulation or propagation of genetic errors 

during cell division. Therefore, there are three major cell cycle checkpoints: The 

G1/S checkpoint (restriction checkpoint), the G2/M DNA damage checkpoint, and 

the spindle assembly checkpoint (SAC) [46-48]. 

Progression of the cell cycle is mediated by cyclin-dependent kinases 

(Cdks) and their regulatory cyclin subunits. CDKs are a family of serine-threonine 

kinases that direct cell division through the phosphorylation of target proteins in 

the cell cycle. While there are almost 20 different members of the CDK family, only 

CDK1, CDK2, CDK4, and CDK6 play a specific role in regulating cell cycle 

transitions (Figure 2). For example, CDK1 (also known as cdc2) is a key regulator 

of the G2/M transition and is responsible for initiating mitosis. CDK4 and CDK6 

play a role in the cell cycle's progression from G1 to S phase [49]. Activation of the 

CDKs is mediated through binding to the regulatory cyclin protein. Cyclins are 

proteins produced cyclically, with their levels peaking at specific stages of the cell 

cycle. Cyclins bind to the catalytic subunit of CDKs, leading to their activation, 

followed by the progression of the cell cycle. At different stages of the cell cycle, 

different CDK-Cyclin complex combinations become in charge. For instance, cyclin 

D binds to CDK4 and CDK6, leading to the regulation of the G1/S transition, and 

cyclin B binds to CDK1, leading to the regulation of the G2/M transition [50, 51]. 
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Figure 2: Eukaryote cell cycle 

1.4.1.2. Physiological role WEE kinases in the cell cycle 

WEE kinase is a family of protein kinases, which in humans, it constitutes 

three members, namely PKMYT-1 (membrane-associated tyrosine- and threonine-

specific cdc2-inhibitory kinase) and two WEE1 kinases (WEE1, WEE1B). Although 

these kinases share similar sequences, they differ in localization, temporal 

expression, and regulation [52]. For instance, both WEE1 and WEE1B are known 

for their predominant nuclear localization as well as their ability to inactivate CDK1 

via phosphorylation; still, WEE1B is considered an early expressed kinase that is 

replaced later by WEE1, which is more abundant in zygotes, after fertilization [53]. 

Therefore, only WEE1 and PKMYT-1 are known to be essential parts of the cell 

cycle progression, as follows. CDK1 is initially in an inactive state, maintained by 

the phosphorylation of two specific amino acids, threonine 14 and tyrosine 15, until 

the completion of DNA replication in the S phase. If DNA damage is detected, cells 

undergo arrest in the G2 phase, halting the progression to mitosis. In humans, both 

WEE1 and PKMYT-1 are responsible for the phosphorylation of CDK1. WEE1 

specifically phosphorylates tyrosine 15, while PKMYT-1 can target both threonine 

14 and tyrosine 15 residues. PKMYT-1 plays a critical role in preventing cell entry 

into the M-phase not only by maintaining the inactivity of CDK1-cyclin B complexes 

but also by hindering their translocation into the nucleus. This is achieved by 
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stabilizing the assembly of both Golgi and endoplasmic reticulum structures in 

mammalian cells [54-59].  

1.4.1.3. WEE Kinases and Cancer  

Given that uncontrolled proliferation is a characteristic hallmark of cancer 

cells, it is reasonable to hypothesize that alterations in cell cycle checkpoints could 

contribute to an increased risk of cancer. In normal cells, recurrent defects in DNA 

that occur during replication are repaired at the G1/S checkpoint, preventing 

defective cells from entering mitosis. Additionally, the negative regulation of both 

WEE1 and PKMYT-1 is counteracted by CDC25 phosphatase, which removes the 

phosphorylation from the CDK1-cyclin B complex (Figure 3). This delicate balance 

between the WEE1/PKMYT-1 and CDC25 activity levels ultimately determines 

whether a cell progresses into mitosis or undergoes cell cycle arrest. Any 

disruptions in this balance could potentially lead to uncontrolled cell division and 

cancer development [56, 59, 60]. 

On the contrary, tumor cells are known to have abrogated G1/S checkpoint 

due to the mutation of the p53 suppressor gene, resulting in increased DNA 

damage at the G2 checkpoint compared to normal cells [61-64]. Along with the line 

of reasoning, cancer cells have become highly reliant on G2/M phase regulators, 

which play a critical role in deciding whether to allow G2/M arrest for DNA repair 

or undergo premature mitosis, ultimately leading to a phenomenon known as 

“Mitotic catastrophe“ in cancer cells. This fate-determining step is tightly controlled 

by WEE1 and PKMYT-1, given their inhibitory effect on CDK1. In conclusion, the 

role of G2/M checkpoint regulators such as WEE1 and PKMYT-1 tends to be more 

vital for tumor cells than normal cells [65-67]. 
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Figure 3: Cell cycle control,  DNA damage checkpoint(modified from Aarts et al. [68]) Reproduced with 

permission from Nick Turner, Current Opinion in Pharmacology; published by Elsevier, 2013 

Further studies that have been interested in correlating the genetic 

expression of both WEE1 and PKMYT-1 with different types of tumors found that 

the prevalence of mutations in WEE1 and PKMYT-1 genes among cancer patients 

is relatively low, with an overall mutation frequency of 1.2% and 0.2% respectively. 

While missense mutations cluster near the WEE1 kinase domain, PKMYT-1 

mutations scatter throughout its sequence. The functional consequences of these 

mutations are not well understood, but transcript expression tends to be higher in 

mutated cases, indicating an oncogenic role [69]. On another note, elevated 

PKMYT-1 levels are linked to tumor progression, aggressive disease, and 

metastasis induction in various tumors, including hepatocellular carcinoma, colon 

cancer, non-small-cell lung cancer (NSCLS), and gastric cancers [70-73].  Finally, 

it is worth mentioning that the expression of WEE1 and PKMYT-1 is associated 

with activating specific cellular pathways in different cancer subtypes. For instance, 

WEE1 regulates melanoma cells' p38/MAPK pathway and regulates epithelial-

mesenchymal transition (EMT) through beta-catenin/TCF signaling in 

hepatocellular carcinoma and colorectal cancers [72, 74]. PKMYT-1 controls the 

Notch pathway in NSCLC and stabilizes MYCN protein in neuroblastic tumors. In 

esophageal squamous cell carcinoma, PKMYT-1 is associated with and regulates 

the AKT/mTOR pathway [75, 76]. These findings suggest that WEE1 and    
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PKMYT-1 fulfill broader roles beyond DNA damage response, making them 

potential therapeutic targets. 

1.4.1.4. WEE1 and PKMYT-1 Inhibition 

1.4.1.4.1. Designing WEE and PKMY1 Inhibitors 

As mentioned earlier, most human cancer cells are known to have defective 

G1 checkpoints due to p53 cancer-related mutations; therefore, there is a 

noticeable increase in the damaged DNA that reaches the G2 checkpoints 

compared to normal cells [62, 77]. With that in mind, selective targeting of the G2 

checkpoint has emerged as a promising strategy to sensitize cancer cells while 

sparing normal cells from harmful side effects. Abrogation of the G2 checkpoint 

forces cells with unrepaired DNA damage into premature mitosis, leading to mitotic 

catastrophe and apoptosis when the extent of damage exceeds a certain bearing 

threshold [78-80]. Normal cells and cancer cells with an intact G1 checkpoint 

arrest, especially those with functional p53 signaling, demonstrate reduced 

reliance on the G2 checkpoint and lower sensitivity to G2 checkpoint abrogation 

[81]. This stream of research has highlighted the concept of “cell cycle 

G2 checkpoint abrogation” as a tactic for developing cancer cell-specific 

medicines. In 1995, original attempts to use caffeine to disrupt the G2 checkpoint 

against G1-defective cancer cells were reported; however, the non-specificity of 

caffeine towards the G2 checkpoint has led to ambiguous results [82-84]. Further 

studies have eventually come with a list of possible G2 abrogators such as 

inhibitors of CHK1 (Staurosporin, UCN-01, Go6976, SB-218078, ICP-1, 

LY2606368,  and CEP-3891), both CHK1 and CHK2 (TAT-S216A and 

debromohymenialdisine), CHK2 (CEP-6367), and PP2A (okadaic acid and 

fostriecin), as well as the unknown checkpoint inhibitors 13-hydroxy-15-ozoapathin 

and the isogranulatimides [67, 78]. We herein focus on WEE1 and PKMYT-1 

inhibitors since they are the main target compounds for our work.  

It is essential to comprehend the structure of these kinases to develop 

potent and selective inhibitors targeting WEE1 and PKMYT-1. Upon structural 

analysis, it was observed that both WEE1 kinase and PKMYT-1 exhibit a similar 

architecture to other characterized kinase structures, featuring two lobes 
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connected by a hinge region. Moreover, the kinase's catalytic domain, which is 

highly conservative, is situated between two terminal lobes; the N-terminal and C-

terminal lobes. The N-terminal lobe comprises five standard β-sheets and one α-

helix, the α-C-helix surrounding the ATP-binding cleft. Within the N-terminal lobe 

exists a flexible Glycine-rich loop (P-loop or G-loop) that forms the upper surface 

of the ATP-binding pocket, where it alters conformations depending on the catalytic 

state and bound ligand. On the other hand, the C-terminal domain is a combination 

of α-helices and encompasses the activation loop. The catalytic cleft which also 

lies in the C-terminal domain is divided into a front cleft involving the ATP-binding 

pocket and a back cleft containing crucial residues for kinase regulation such as 

Asp 233 in PKMYT-1 and Asp426 in WEE1. Finally, the conserved Asp-Phe-Gly 

(DFG motif; WEE1: Asp463, Leu464, Gly465; PKMYT-1: Asp251, Phe252, 

Gly253), located at the beginning of the activation loop, plays a role in regulating 

the activity state of kinases and is situated within the catalytic segment ( Figure 4) 

[85].  

 

 

 



13 
 

 

Figure 4: Superposition of crystal structures from the Protein Data Bank (PDB) of WEE1 (PDB ID: 1X8B) 
and PKMYT-1 (PDB ID: 3P1A). The protein ribbon is colored as following: N-Terminus: gold; C-Terminus: 

magenta; hinge region: dark green; activation loop: cyan; P--loop: yellow; PKMYT-1 residues: white; WEE1 
residues: green 

 

1.4.1.4.2. WEE1 Inhibitors 

The work aimed to develop WEE1 inhibitors has surpassed that directed 

toward PKMYT-1 inhibitors. Recently, Du et al. provided a comprehensive 

summary of the structural types, structure-activity relationships (SARs), and 

binding modes of WEE1 inhibitors reported in scientific journals. His systemic 

analysis classified WEE1 inhibitors into five different chemical classes: 

pyridopyrimidines, pyrazolopyrimidinones, pyrrolocarbazoles, pyrimidine-based 

tricyclic molecules, and vanillates (Figure 5)  [86]. Although hundreds of 

compounds have been reported to have inhibitory activity against WEE1 kinase, 

Adavosertib (AZD1775) is the only WEE1 inhibitor that has undergone more than 

fifty clinical trials to test its future as a potential anticancer therapy [87, 88]. Notably, 

Avosertib has proven active as a single therapy and in combination with others 

against various types of solid tumors such as neuroblastoma [89]. 
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Figure 5: Most promising WEE1 inhibitors under investigation  classified based on their chemical structures 

[86] 

1.4.1.4.3. PKMYT-1 inhibitors 

The discovery of PKMYT-1 dates back to 1995, but it was not until 2010 

that the first crystal structure of this kinase was reported [56]. In the realm of 

PKMYT-1 inhibition, Zhu et al. achieved a significant milestone by successfully co-

crystallizing a limited set of nine inhibitors, all demonstrating notable activity. 

Among these, certain drugs have emerged as noteworthy contenders, including 

Dasatinib and Bosutinib, both classified as tyrosine kinase inhibitors, exhibiting 

IC50 values of 130 nM and 350 nM, respectively. Furthermore, a group of 

pyridopyrimidine derivatives, namely PD0166285 (IC50 = 7.2 nM), PD173952, 

PD173955, and PD180970, have shown promising inhibitory effects (Figure 6).  

However, it is essential to mention that certain compounds, such as Pelitinib, 

Saracatinib, and Tyrphostin AG14784, exhibit relatively weaker inhibitory 

properties [90]. As a result, the abundance and potency of PKMYT-1 inhibitors 

appear to be more limited and challenging when compared to inhibitors targeting 

other kinases. This observation becomes particularly evident when considering the 
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selectivity score provided by Davis et al., which stands at a meager 0.0417 at an 

inhibitor concentration of 3 µM. These findings accentuate the need for further 

research and development to improve the selectivity and efficacy of PKMYT-1 

inhibitors, which could potentially lead to more effective and targeted therapeutic 

interventions for various diseases [91]. 

 

 

Figure 6:  Chemical structures of selected PKMYT-1 inhibitor 

 

To identify new PKMYT-1 inhibitor scaffolds and to expand the number of 

available inhibitors, Platzer et al. were the first to screen a compound library 

comprising 800 compounds against PKMYT-1. Through screening sets of protein 
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kinase inhibitor (PKIS) I and II published by GlaxoSmithKline, ten compounds were 

identified as new PKMYT-1 inhibitors with binding IC50 values in a nanomolar and 

low micromolar range ( 

Table 1). Those results were obtained and validated via multiple assays, 

including fluorescence polarization (FP) binding assay, FP immunoblot activity 

assay (FPIA), and functional assays measuring the phosphorylation status [92]. 

The identified inhibitors would be categorized as members of three new chemical 

scaffolds of PKMYT-1 inhibitors, encompassing aza-stilbenes, 4-amino-quinolines, 

and aminopyrimidines as summarized in Figure 7.  

 

Figure 7: Structures of the ten PKMYT-1 inhibitors derived from Screening GSK PKIs and PKIIs 

 

Table 1: Inhibition Profile of PKMYT-1 

Compound IC50 [nM] FPIA Ki  [nM] FPIA 
IC50  [nM] FP 

binding assay 

Ki [nM] FP 

binding assay 

Bosutinib 133 ± 9 12.7 ± −0.4 704 (10) 304 (10) 
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Dasatinib 6 ± 1 0.5 ± 0.06 202 (10) 73 (10) 

MK-1775 4940 ± 112 470 ± 14 1340 ± 26 600.9 ± 3 

PD-166285 8 ± 1 0.8 ± 0.08 31.1 (10) 2.0 (10) 

PD-173952 24 ± 3 2.3 ± 0.2 55 (16) 8.1 (16) 

PD-180970 109 ± 32 10.4 ± 0.4 2700 (16) 13 500 (16) 

Saracatinib 418 ± 54 39.8 ± 1 10 000 (16) 5200 (16) 

Tyrphostin AG1478 19 600 ± 715 1870 ± 98 55 000 (10) 26 200 (10) 

GSK-625137A 57 990 ± 1218 5520 ± 126 11 430 ± 778 5810 ± 96 

GSK-312879A 7560 ± 298 720.2 ± 25 18 880 ± 546 14 740 ± 497 

GSK-1576028A 270 ± 41 25.68 ± 0.9 352 ± 13 179.9 ± 2 

GSK-3206866A 543 ± 68 51.73 ± 2 9430 ± 296 6150 ± 134 

GSK-1558669A 340 ± 22 32.4 ± 1 787 ± 19 461.9 ± 10 

GSK-1520489A 115 ± 11 10.94 ± 0.5 151 ± 4 104.3 ± 1 

GW 559768X 177 ± 14 16.85 ± 0.4 775 ± 29 588.0 ± 51 

GW 494601A 706 ± 26 67.19 ± 0.7 332 ± 6 200.9 ± 5 

GW 782612X 509 ± 37 48.47 ± 0.6 2440 ± 187 1600 ± 113 

GW 435821X 14 510 ± 597 1380 ± 78 876 ± 31 521.5 ± 17 

Recently, Szychowski et al. reported the discovery of the first potent, 

selective, and orally bioavailable PKMYT-1 inhibitor, RP-6306. The journey 

towards the development of RP-630 commenced with a focused screen of 560 

known kinase inhibitors via FP assay, where the non-specific ephrin inhibitor 1 

(Figure 8)  emerged as a potential lead structure. Guided by insights from multiple 

co-crystal structures, a systematic optimization process ensued, focusing on key 

properties such as PKMYT-1 cell-based potency, kinase selectivity, and ADME 

characteristics. This intensive optimization effort ultimately led to the successful 

creation of RP-6306, an orally bioavailable compound that exhibits remarkable 

selectivity for PKMYT-1. 

Preclinical studies have attested to the favorable pharmacokinetic 

profile of RP-6306 in various species, instilling confidence in its potential 

therapeutic value. Notably, the compound demonstrated efficacy in a mouse 

xenograft model, further bolstering its prospects as a promising treatment 

candidate. Excitingly, RP-6306 represents a groundbreaking advancement, 

emerging as the first-in-class clinical candidate for the selective inhibition of 

PKMYT-1. As it ventures into phase 1 clinical trials (NCT04855656), scientists are 

now primed to research deeper into the pharmacological role of PKMYT-1 in the 

context of treating genetically-selected solid tumors. The clinical evaluation seeks 
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to unravel the compound's therapeutic potential and assess its safety and efficacy 

in human subjects, ultimately contributing to novel and effective treatment 

strategies for solid tumors. Exploring RP-6306's therapeutic efficacy marks a 

significant step forward in the quest for innovative solutions to combat challenging 

PKMYT-1-mediated malignancies [93].  

 

 

Figure 8: Rationale of design of RP-6306 
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1.4.2. Estrogen Receptor 

1.4.2.1. Characterization and Physiological Role of Estrogen Receptor 

Estrogen is a steroid hormone synthesized from cholesterol and is regarded 

as the key hormone that regulates the female reproductive organs. Its primary 

production occurs within the ovaries of females; however, the action of aromatase 

enzymes on androgens allows its secretion in both genders from diverse sites like 

adipose tissue, bone, heart, skin, and the brain. Estrogen manifests in various 

forms within the body, contingent upon the maturity stage of females. These 

distinct forms encompass estrone (E1), prevalent in postmenopausal women; 

estradiol (E2), the most potent variant prevailing among premenopausal women; 

estriol (E3), characterized as the least potent among estrogenic compounds, 

predominantly excreted in the urine of all women, with escalated levels during 

pregnancy; and estetrol (E4), abundant during pregnancy, contributing significantly 

to hormonal equilibrium in expectant mothers [94, 95].  

The groundbreaking revelation of Estrogen Receptor (ER) by Elwood 

Jensen in 1958 stands as a crucial moment in the field of endocrinology, 

representing the first-ever identification of a hormone receptor. Cellular ERs that 

orchestrate estrogen functions are categorized into either the nuclear receptor 

family, consisting of Estrogen Receptor alpha (ER α) and Estrogen Receptor beta 

(ER β), or the membrane estrogen receptors (mERs), notably G protein-coupled 

estrogen receptor 1 (GPER1) [96-98]. 

As integral components of the nuclear hormone receptor superfamily, the 

architecture of estrogen receptors ERα and ERβ encompasses a range of 

structural and functional domains with substantial structural overlap across various 

regions [99]. Those domains are the N-Terminal A/B domain (NTD), DNA binding 

domain (DBD; C-domain), hinge region (D-domain), ligand-binding domain (LBD; 

E-domain), and an additional fifth domain exclusively existent in  ERs: the C-

terminal domain (F-domain) (Figure 9). The NTD encodes a hormone-

independent transcriptional activation function 1 (AF1), enabling interactions with 

transcription factors. In contrast, the DBD, anchored by two zinc-binding motifs and 

a dimerization interface, engages with the DNA estrogen response element (ERE) 
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while coordinating co-activator recruitment. The D domain confers flexibility to the 

receptor, bridging the DBD and LBD. Conversely, the LBD embodies the 

transcriptional activation factor 2 (AF-2) that serves as the recognition and binding 

site for ligands and acts synergistically with AF1 to attain maximum transcriptional 

activity (Figure 9). This domain governs the chaperonin proteins' engagement, 

such as heat shock protein 90 (HSP90), facilitating specific ERE interactions. 

Comprising 12α-helices H1-H12, the LBD's H12, in tandem with amino acid 

residues in H3, H4, and H5, coordinates in forming the ligand-dependent AF-2 site. 

Finally, the F domain encompasses 42 amino acids essential for promoting gene 

transcription in the ligand's presence and contributes to receptor dimerization. 

While the DBD and LBD carry 96 and 60% of homology between ERα and ERβ, 

both NTD, D-domain, and F-domain are divergent. It is worth mentioning that each 

ligand induces a specific conformational change to the ER, affecting the events 

followed after binding, including the release of inhibitory HSPs, dimerization of the 

receptor, recruitment of co-regulators either co-activators or co-repressors and 

recruitment of transcription factors [100-105].  

 

Figure 9:Estrogen Receptor Domain Structure Landscape 

1.4.2.2. Estrogen receptor signaling pathway: 

Estrogen receptor (ER) dependent gene transcription is a complex network 

that involves diverse activation and signaling pathways. While the interaction of 

estrogen with different ER isoforms, Erα, Erβ, and GPER1, can initiate a ligand-

dependant pathway, the ligand-independent pathway is another recognized 

mechanism for ER gene expression [106, 107]. First, the ligand-dependent 

signaling mechanisms start with the estrogen binding to ER that undergoes a 

conformational change to recruit various co-regulators to stimulate the 

transcription of ER-target genes. The ligand-dependent mechanism can fall into 

direct genomic/classical, indirect genomic/non-classical, and non-genomic 

activation mechanisms. During the classical activation, Estrogen penetrates the 
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plasma membrane to bind to cytoplasmic ER, which undergoes conformational 

transformation by either homodimerization or heterodimerization. Then, ER dimers 

translocate into the nucleus and interface with EREs on DNA to initiate gene 

transcription [104, 108, 109]. Alternatively, in indirect genomic/non-classical 

pathways, ERs govern gene transcription of ERE-lacking genes by engaging in an 

indirect DNA binding process. This form of ER binding is mediated by diverse co-

factors (such as SP-1, AP-1, and NF-κB) that stimulate gene transcription by 

interacting with DNA [110, 111]. Finally, the non-genomic involves binding of 

Estrogen to membrane-associated ERs, upon which various protein kinase 

cascades such as RAS/RAF/MEK1/2 and ERK1/2,PI3K/Akt/mTOR are triggered 

(Figure 10). Then, those kinases phosphorylate transcription factors such as Elk-

1, CREB, CCAAT-enhancer-binding protein beta (C/EBPβ), and the NF-κB 

complex, which function in gene expression. Notably, protein kinases, including 

MAPKs, can also phosphorylate ERs, implying that the non-genomic actions of 

estrogens could encompass self-regulation of receptor expression. In conclusion, 

ERs can effectively influence gene transcription by triggering non-genomic and 

genomic pathways through various DNA response elements beyond direct ERE 

binding [112-115].  

The second mechanism of estrogen signaling is the ligand-independent 

pathway, which revolves around ER activation without Estrogen or any other ligand 

presence. Instead, phosphorylation of specific serine residues on the receptor is 

mediated by extracellular cues like epidermal growth factor, insulin-like growth 

factor, cytokines, neurotransmitters, and cell cycle regulators. Eventually, 

subsequent signaling pathways, such as PI3K and Ras/Raf/MEK/ERK, are 

activated [116-118].  
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Figure 10: Ligand-dependent and ligand-independent mechanism of estrogen receptor signaling  [119] 

 

1.4.2.3.  Estrogen Receptor and Breast Cancer 

Estrogen receptors (ERs) play a pivotal role in normal mammary 

development as they operate as ligand-activated transcription factors to govern 

the expression of critical genes for breast tissue differentiation. Unfortunately, a 

growing body of evidence derived from epidemiological investigations, animal 

experimentation, and laboratory studies accentuated the involvement of 

endogenous estrogens in the complex process of breast carcinogenesis. Initial 

indications of hormonal influence on breast cancer emerged from the observed 

decrease in breast cancer risks following bilateral removal of ovaries. In addition, 

prolonged lifetime exposure of breast tissue to estrogen in specific conditions, such 

as early menarche, late menopause, and late-age childbirth, is considered an 

established risk factor for breast cancer [120-122]. Along with this line of 

reasoning, an estimated 70% of breast cancer cases exhibit a hormone-dependent 

nature where estrogen binding to dysregulated ER triggers uncontrolled cell 

proliferation, evasion of apoptosis, and angiogenesis, classifying them as ER-

positive (ER+) [123-125]. Significantly, ERα emerges as the prevailing endocrine 

receptor in the breast, wielding a substantial impact on estrogen-driven breast 

https://www.frontiersin.org/files/Articles/599586/fendo-12-599586-HTML-r3/image_m/fendo-12-599586-g002.jpg
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cancer. It holds the leading culprit role in approximately 65% of breast cancer 

cases, not solely owing to its upregulated expression and aberrant cell cycle but 

also in the context of diverse sequence variations. In particular, single-nucleotide 

polymorphisms (SNPs) within the ERα gene have been associated with elevated 

or reduced susceptibility to breast cancer [126, 127]. Since ER+ breast cancers 

rely heavily on estrogen-driven pathways, adopting strategies that modulate ERα 

activity has revolutionized breast cancer treatment by effectively restraining the 

growth of ER+ tumor cells [125, 128].  

1.4.2.4. Estrogen receptor ligands for breast cancer treatment 

 ER-targeted therapy for breast cancer is a concept that was first 

reported by Beatson back in 1896. Currently, the therapeutic landscape holds a 

diverse array of established modalities whose objective is to inhibit the estrogen-

mediated signals that fuel cancer growth. These include selective estrogen 

receptor modulators (SERMs) such as tamoxifen, raloxifene, and toremifene, 

selective estrogen receptor down-regulators (SERDs), aromatase inhibitors like 

anastrozole, letrozole, and exemestane, and cyclin-dependent kinases 4 and 6 

inhibitors [129, 130]. 

1.4.2.4.1. Selective Estrogen Receptor Modulators: 

 Selective estrogen receptor modulators (SERMs) represent a 

prominent class of compounds meticulously designed for targeted therapies 

against various estrogen-related conditions, with a significant focus on breast 

cancer. With an extensive usage history spanning nearly five decades, SERMs 

have evolved into a form of hormone replacement therapy characterized by their 

controversial functionality as agonists and antagonists in different body organs. 

This elaborate interplay serves to optimize the benefit-to-risk ratio, a crucial 

consideration when tailoring breast cancer therapeutic interventions with optimum 

outcomes [100, 101, 131, 132]. SERMs, classified according to their 

developmental stages, encompass compounds segmented into three generations: 

first-generation like tamoxifen (1), second-generation as raloxifene (2), and third-

generation featuring bazedoxifene (3), lasofoxifene (4), and ospemifene (5) 
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(Figure 11). Chemically speaking, these SERMs groups into two families, the non-

steroidal compounds known as triphenylethylenes and the benzothiophenes, all of 

which hold characteristic features tailored for ER binding. Emerging SERM 

members, like naphthylenes, benzopyrans, and indoles, have been spanning both 

preclinical and clinical evaluations [133]. 

 

Figure 11: Structures of selected SERMs 

1.4.2.4.2. Tamoxifen  

Tamoxifen (TAM) stands as a groundbreaking medication and the first 

approved SERM for addressing hormone-dependent breast cancer. The journey 

of tamoxifen traces its origins back to the 1960s when it was first explored as a 

potential contraceptive. Nevertheless, the remarkable discovery that tamoxifen 

could stimulate ovulation and influence ER signaling marked the beginning of a 

new era in breast cancer therapy. Serving as a pioneering SERM endorsed for 

treating metastatic breast cancer, TAM showcases a paradoxical nature, acting as 

an agonist in the liver, uterus, and bone while concurrently exerting an antagonistic 

influence in breast tissue, perturbing the ERα signaling pathway [134-139]. This 

versatile and economically viable drug has been established as a gold standard in 

breast cancer treatment across all disease stages. Furthermore, TAM has 

revolutionized the landscape of adjuvant breast cancer trials, yielding impressive 

results such as a substantial 40–50% reduction in breast cancer recurrence among 
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early-stage breast cancer patients. These outcomes have raised interest in 

exploring TAM's potential for disease prevention among women without prior 

breast cancer history. This pursuit led to phase III breast cancer prevention trials, 

featuring TAM's effectiveness in women at elevated risk of developing breast 

cancer. Cumulatively, these studies highlight TAM's ability to limit overall breast 

cancer incidence by 16 to 49% and particularly ER+ breast cancer incidence by 

31 to 69%, presenting a promising avenue for both the prevention and treatment 

of breast cancer [101, 140-144]. However, alongside the concern for the survival 

and proliferation of TAM-tolerant cells introducing TAM resistance, TAM therapy 

brings along adverse effects, including hot flashes, elevated risk of endometrial 

cancer, and, in rare cases, liver abnormalities [40, 145, 146]. 

1.4.2.4.3. Metabolism of Tamoxifen: 

Tamoxifen has been recognized as a prodrug that needs to be transformed 

into more active forms through metabolism within the body. Pharmacological 

investigations into TAM metabolism have unveiled its transformation into three 

potent active metabolites: 1) 4-hydroxytamoxifen (4OHTAM) (6); 2) N-

desmethyltamoxifen (7); and 3) 4-hydroxy-N-desmethyltamoxifen, also recognized 

as endoxifen (8) (Figure 12). These metabolites have a greater affinity to ERα and 

a much higher antiestrogenic potency in breast cancer cells than the parent drug. 

They are generated through the catalysis by hepatic CYP2D6 and CYP3A4/3A5 

enzymes, which first induce hydroxylation followed by N-demethylation of 

tamoxifen. It is worth noting that patients harboring variant forms of the CYP2D6 

gene experience limited therapeutic gains from tamoxifen administration or even 

encounter relapses due to troubled TAM metabolism to its antiestrogenic actives 

[147-152]. 

. 
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Figure 12: Tamoxifen metabolism to its active metabolites 

1.4.2.4.4. Tamoxifen mechanism of action: 

The effectiveness of TAM relies on the generation of clinically active 

metabolites, 4-OHTAM and endoxifen. The distinction between these metabolites 

and E2 encompasses not only their binding modes but also the orientation of 

specific domains and the subsequent recruitment of downstream regulators. When 

E2 binds to ER, H12 in the LBD is aligned precisely against helices 3, 5/6, and 11, 

effectively sealing the ligand binding pocket in a lid-like fashion. This arrangement 

enables particular amino acids within the AF-2 region to interact with coactivators, 

initiating the transcriptional activation of target genes. In contrast, the binding of 

TAM to ER shifts the positioning of H12, blocking the coactivator recognition site 

and thus impeding AF-2-mediated transcription, resulting in TAM's antagonistic 

impact (as depicted in Figure 13). However, TAM's estrogen-like effects are believed 

to stem from its relatively short side chain, which exposes Asp351 (D351) for 

interaction with AF-1, thereby leading to the expression of agonistic genes [153-

156].  

 



27 
 

  

Figure 13: E2 (A) vs. 4-OHTAM (B) complex with helix 12 and exposure to D351  [157] 

1.4.2.4.5. Tamoxifen Structure-Activity Relationship 

The effectiveness of both 4-OHTAM and endoxifen can be attributed to 

specific pharmacophoric elements that play a significant role in their binding to the 

ER, influencing both agonistic and antagonistic properties. These essential 

pharmacophores include: 

• Stilbene skeleton: The core structure of TAM shares a resemblance with that 

of the E2 molecule, with two aromatic rings arranged in a manner that they are 

separated by 1-3 atoms, facilitating their optimal fit within the binding pocket 

(Figure 14). 

 

Figure 14: Stilbene skeleton 

• Phenolic group: The inclusion of at least one phenolic group is generally 

pivotal for achieving high-affinity binding to the ER. This phenolic hydroxyl 

(OH) group plays a crucial role in establishing a significant contact point 

between the ligand and the receptor, particularly interacting with amino acids 

Glu 353 and Arg 394 (illustrated in Figure 15). 

• 4-Substituted phenyl Group: Notably, 4-hydroxytamoxifen features an 

alkylaminoethoxy side chain attached to the phenyl group located between the 

two phenyl rings of the core structure. This side chain plays a crucial role in 

assuming an antagonistic conformation by displacing H12 of the ER [152, 153, 

158]. 
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The pharmacophoric features of tamoxifen provide valuable insights and 

guidelines for designing new tamoxifen analogues with improved properties. 

These features can be harnessed to create compounds that retain the beneficial 

aspects of tamoxifen while addressing its limitations.  

 

 

Figure 15: Hydroxytamoxifen interactions in the ER PDB ID ( 3ERT ) 

1.4.2.4.6. CYP2D6 enzyme  

Human Cytochrome P450 (CYP) enzymes are heme-containing enzymes 

located in the inner membrane of mitochondria or the endoplasmic reticulum of 

cells. These enzymes play a fundamental role in the oxidative, perioxidative, and 

reductive transformation of diverse molecules. The human genome encompasses 

57 CYP genes grouped into 18 families and 44 subfamilies according to sequence 

similarities. Notably, CYP2D6 is a prominent member of the CYP enzyme family 

II, which constitutes one-third of all CYPs and is one of the largest and best-studied  

isoenzyme families. The CYP2D6 isoform, recognized as debrisoquine 

hydroxylase, is a vital metabolizing enzyme predominantly expressed in the liver. 

Its significance arises from its pivotal role in human drug metabolism since it is 

responsible for the clearance of  approximately 25% of drugs that are in current 

clinical use, including antiarrhythmic, antidepressants, antipsychotics, β-blockers, 

analgesics, and tamoxifen, among others [159-162]. 
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Genetic polymorphisms in the CYP2D6 gene contribute to the highly 

variable enzymatic activity of CYP2D6. The CYP2D6 gene is located on 

chromosome 22q13.1, and approximately 100 variant alleles have been identified. 

Single nucleotide polymorphisms (SNPs) within this gene can lead to the 

production of inactive or reduced-activity enzymes. Noticed variability in the 

enzymatic activity of CYP2D6 has provided distinct CYP2D6 phenotypes, 

encompassing poor (PM), intermediate (IM), extensive (EM), and ultrarapid (UM) 

metabolizers. Those classes vary in the number of defective alleles where PM 

individuals carry a single defective allele, IM individuals carry two defective alleles, 

and EM individuals possess two alleles with regular enzyme activity. On the other 

hand, UM individuals harbor duplicated or multi-duplicated gene copies of the 

same allele [163-165]. From another perspective, there is a versatility in the 

prevalence of certain alleles over others among different ethnic groups. For 

instance, CYP2D64 is common in whites (about 25% frequency), CYP2D617 in 

blacks (about 25% frequency), and CYP2D6*10 in Asians (about 15% frequency). 

Aside from genetic influences, other factors, such as the use of CYP2D6 inhibitors 

such as antipsychotic drugs, selective serotonin reuptake inhibitors (SSRIs), and 

some cardiac medications, can impact the enzyme's activity [166-172]. Given the 

crucial role of CYP2D6 in tamoxifen metabolism, variations in its expression or 

activity have prompted concerns about the efficacy of tamoxifen therapy. 

Regrettably, the reduced enzymatic function of CYP2D6 contributes to the wide-

ranging differences in the concentrations of tamoxifen metabolites, thus 

influencing its overall efficacy. This pronounced variability features the necessity 

for personalized treatment strategies to ensure optimal therapeutic outcomes, 

particularly for women harboring these genetic variations. 

 

 

 

  



30 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

2. Aim of the work 
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As discussed in the introduction, cancer represents an escalating global 

public health challenge due to its versatile types, high prevalence, and mortality 

rates. The disease's complicated pathophysiology, driven by various biological 

features and risk factors, emphasizes the need for innovative approaches to tackle 

its complexity. Conventional methods, like surgery, radiotherapy, and 

chemotherapy, have been mainstays in different tumors cancer management, 

targeting cancerous tissues while aiming to prevent a recurrence. However, recent 

advancements have shifted towards targeted therapy, a promising approach that 

specifically targets the underlying drivers of cancer, such as receptors and kinases, 

some of which were the highlight of our work. In our work, we focused on two types 

of widespread cancers: neuroblastoma, which is the most prevalent cancer in 

children, and breast cancer, which is the most popular cancer type in women. The 

design of the projects deals with targets that have been reported to have a relation 

with these cancers; therefore, the search for inhibitors for these targets is the main 

objective of this work.  

The first target discussed in our work is PKMYT-1, a less-studied member 

in the kinases family. Despite being overshadowed by other contributors, emerging 

research highlights the significant role of PKMYT-1 in cancer progression and 

prognosis. These findings shed light on the potential importance of PKMYT-1 as a 

promising target for cancer research and therapy. Therefore, we aimed to identify 

novel PKMYT-1 inhibitors using a combination of in silico and in vitro screening 

methods. The computational approach involved structural analysis, molecular 

docking, binding free energy calculations, and quantitative structure-activity 

relationship (QSAR) models. Based on the derived computational models, several 

derivatives were synthesized and tested in vitro on PKMYT-1. The study 

successfully identified novel inhibitors with significant activity in the sub-

micromolar range, providing a foundation for further investigating PKMYT-1 as a 

potential target for cancer therapy. 

The second target in our work was the Estrogen Receptor (ER) which has 

long been recognized as a key player in the development and progression of 

breast cancer. Since 80% of breast cancers express ERs, designing ER 
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antagonists that cause estrogen deprivation seems like the most logical approach 

for their treatment. So, our work on targeting ER has been divided into three 

concepts, all proposing new chemical structures, either targeting MCF-7 cells (an 

important representative of ER+ breast cancer / Luminal A subtype) or targeting 

ER. The work design always considered dodging major drawbacks witnessed with 

similar /approved inhibitors.  

The first concept focuses on the design and synthesis of chemical 

derivatives of Tamoxifen (TAM), a widely used selective estrogen receptor 

modulator (SERM) that has been a mainstay in breast cancer treatment for years. 

TAM undergoes metabolism to 4-hydroxytamoxifen and endoxifen, which exhibit 

higher affinity and potency in breast cancer cells than the parent drug. However, 

genetic polymorphisms in CYP2D6, the enzyme responsible for tamoxifen 

metabolism, result in variable enzymatic activity and clinical outcomes among 

women. To address this issue, our tamoxifen analogs were designed to have 

similar pharmacophoric features but different metabolic activation pathways, 

ensuring consistent clinical benefits for all patients. These analogs were evaluated 

for their antiproliferative effects on MCF-7 cell lines and their binding affinity 

towards ER. Highly potent candidates were selected for further metabolic assays. 

The second concept was to explore the therapeutic potential of isoeugenol 

in breast cancer treatment. Inspired by the novel trend of exploring the effect of 

natural and semi-synthetic active ingredients in aggressive diseases,  the study 

aims to bridge a knowledge gap by investigating the anticancer properties of 

isoeugenol, a positional isomer of eugenol. Through chemical synthesis and 

structural validation, novel isoeugenol derivatives were generated and tested on 

MCF-7 cell lines. The study also investigates into the mechanistic aspects, 

evaluating the ability of the most active compound to induce apoptosis and 

abrogate the cell cycle. In vivo studies are conducted using the most promising 

compound on SEC-bearing mice to validate its pharmacological efficacy at the 

preclinical level. This research aims to contribute valuable insights into the 

potential of isoeugenol derivatives as a novel therapeutic strategy in breast cancer 

management. 
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The final concept was developing a series of novel compounds based on 

the 5,7-dibromoquinoline scaffold backbone. The design strategy adopted for the 

new series was to test how altering the compounds’ 

conformational/physicochemical parameters affects the antiproliferative effect 

toward MCF-7 cells. This work has also explored the role of overcoming 

pharmacokinetic obstacles such as poor solubility and limited bioavailability for the 

most active compounds. Since further structural modifications may alter the 

desired activity of the compounds, those compounds were incorporated into 

pluronic nanomicelles to enhance their aqueous solubility and, consequently, their 

cancer cell penetrability, allowing their sustained release. 
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3. Results  
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3.1.  Computer-aided design, synthesis, and biological 

characterization of novel inhibitors for PKMYT-1.  

 

Abdulkarim Najjar , Charlott Platzer , Anton Lufta, Chris Alexander Aßmann , 

Nehal H. Elghazawy , Frank Erdmann , Wolfgang Sippla, Matthias Schmidt 

 

Eur. J. Med. Chem. 2019, 161, 479-492. Doi:10.1016/j.ejmech.2018.10.050 

 

 

Abstract 

In the current work, we applied computational methods to analyze the 

membrane-associated inhibitory kinase PKMYT-1 and small molecule 

inhibitors. PKMYT-1 regulates the cell cycle at G2/M transition and 

phosphorylates Thr14 and Tyr15 in the Cdk1-cyclin B complex. A combination 

of in silico and in vitro screening was applied to identify novel PKMYT-1 

inhibitors. The computational approach combined structural analysis, 

molecular docking, binding free energy calculations, and quantitative structure 

activity relationship (QSAR) models. In addition, a computational fragment 

growing approach was applied to a set of previously identified 

diaminopyrimidines. Based on the derived computational models, several 

derivatives were synthesized and tested in vitro on PKMYT-1. Novel inhibitors 

active in the sub-micromolar range were identified which provide the basis for 

further characterization of PKMYT-1 as putative target for cancer therapy. 
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a b s t r a c t

In the current work, we applied computational methods to analyze the membrane-associated inhibitory
kinase PKMYT1 and small molecule inhibitors. PKMYT1 regulates the cell cycle at G2/M transition and
phosphorylates Thr14 and Tyr15 in the Cdk1-cyclin B complex. A combination of in silico and in vitro
screening was applied to identify novel PKMYT1 inhibitors. The computational approach combined
structural analysis, molecular docking, binding free energy calculations, and quantitative structure
eactivity relationship (QSAR) models. In addition, a computational fragment growing approach was
applied to a set of previously identified diaminopyrimidines. Based on the derived computational
models, several derivatives were synthesized and tested in vitro on PKMYT1. Novel inhibitors active in
the sub-micromolar range were identified which provide the basis for further characterization of
PKMYT1 as putative target for cancer therapy.

© 2018 Elsevier Masson SAS. All rights reserved.

1. Introduction

The membrane-associated inhibitory kinase PKMYT1 belongs to
the Wee1-kinase family and regulates the cell cycle at G2/M tran-
sition [1]. PKMYT1 plays a major role in the inactivation of the
second checkpoint G2 through its inhibitory phosphorylation of
cyclin-dependent kinase (Cdk1) [1,2]. Functional PKMYT1 kinase
phosphorylates Thr14 in the Cdk1-cyclin B complex following a
phosphorylation of Tyr15 by Wee1 kinase. This double phosphor-
ylation of Cdk1 leads to a disassociation between cyclin B and Cdk1
and consequently deactivates its function [3]. As a result, the cell
cycle is restricted until DNA damage is repaired [2]. Many cancer
cells lack a functional p53 signaling, which abrogates the G1
checkpoint, resulting in increased DNA damage at the G2 check-
point compared to normal cells [4]. Thus, cancer cells rely more on
the G2 checkpoint than normal cells [5]. A new strategy for cancer
treatments is to keep the cell in the cell cycle with unrepaired DNA
damage in premature mitosis. The abrogation of the G2 checkpoint
can be induced by pharmacological manipulation, resulting in

mitotic catastrophe with a high level of unrepaired DNA damage
and immediately causes apoptotic or non-apoptotic cell death [6,7].
Several PKMYT1 inhibitors including the known tyrosine kinase
inhibitors dasatinib and bosutinib [8], the pyridopyrimidine de-
rivatives PD-0166285 [9], PD-173952 [10], PD-173955 [8] and PD-
180970 [9] have been identified by applying different approaches.
Examples of the most active compounds from each chemotype are
given in Fig. 1. In addition we recently screened the GSK kinase
inhibitors sets (PKIS sets I and II) [11e13] and identified novel
PKMYT1 inhibitors belonging to different chemical classes [13].

Until recently, only one crystal structure of PKMYT1 in the apo
form was available. In a previous study we applied ligand docking
and QM/MM based binding free energy (BFE) calculations to
virtually screen several compound databases and identified active
inhibitors [10]. However, we recognized that the derived hits were
either highly similar to already known PKMYT1 inhibitors or
showed only weak inhibitory activity. To overcome the limitations
of the previously developed models and inhibitors, we were
interested in developing novel computational models with
increased accuracy. For this purpose we included in the current
work eight new crystal structures of PKMYT1 that were released
very recently by Zhu et al. [14]. The new PKMYT1 structures were* Corresponding author.
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Contents lists available at ScienceDirect

European Journal of Medicinal Chemistry

journal homepage: http: / /www.elsevier .com/locate/ejmech

https://doi.org/10.1016/j.ejmech.2018.10.050
0223-5234/© 2018 Elsevier Masson SAS. All rights reserved.

European Journal of Medicinal Chemistry 161 (2019) 479e492



resolved in the active form and in complex with known kinase
inhibitors and thus represent more suitable starting points for
generating computational models for inhibitor design.

In addition, we extended the ligand data set for establishing
computational models for activity prediction. We considered all
known PKMYT1 inhibitors including the ones that we identified
from the GSK kinase inhibitors sets. (Supplementary data: Fig. 1S
and Table 1S). Based on docking and BFE derived models, we
then applied a fragment growing approach to guide the structural
optimization. The most promising compounds were subsequently
synthesized and their inhibitory activity on PKMYT1 was tested
[15]. As a result, a set of novel diaminopyrimidines could be iden-
tified which should serve as valuable tools to further analyze the
potential role of PKMYT1 inhibitors in cancer therapy.

2. Results and discussions

2.1. Structural analysis and site map of the PKMYT1 binding pocket

Totally, nine crystal structures of PKMYT1 kinase are available in
the protein Data Bank (PDB), eight of which were resolved in holo
form (PDB IDs: 5VCV, 5VCW, 5VCX, 5VCY, 5VCZ, 5VD0, 5VD1, and
5VD3) and one structure in apo form (PDB ID: 3P1A) [14,16]. Two
structures (PDB IDs: 5VCX and 5VD3) were co-crystallized with
saracatinib in different phosphorylation states of the cloned
PKMYT1, where saracatinib was found to display an identical
conformation.

The ATP-binding pocket of PKMYT1 and other kinases is
generally divided into a back pocket behind the gatekeeper
(PKMYT1: Thr187), a front pocket within the solvent-accessible
area, an adenine region close to the hinge region, a ribose-
binding pocket and a phosphate binding region [16,17]. The indi-
vidual pockets are constructed by several amino acids which
interact with ATP or other ligands occupying the pockets. Moreover,

the surrounding amino acids and the accessibility of each pocket to
the solvent impart distinct properties for the individual sub-
pockets. The back-pocket in PKMYT1 is characterized as a hydro-
phobic pocket due to the surrounding hydrophobic amino acids:
Val171, Leu185, Val124, and Lys139 (Fig. 2). In addition, the back-
pocket shows a limited accessibility to hydrophilic amino acids in
the aC helix (His161 and Glu157). Meanwhile, the front-pocket is
located in a solvent-accessible area and is surrounded by Leu116,
Gly191 and Pro192 (Fig. 2). The adenine region is located close to

Fig. 1. Examples of active PKMYT1 inhibitors: pyridopyrimidine derivative PD-0166285, diaminopyrimidine derivative GSK1520489A, aminoquinoline derivative (GW559768X),
stilbene derivative GW435821X, pyridine derivative GSK625137A, aminopyrimidine derivative GSK312879A, saracatinib and dasatinib [13].

Fig. 2. Scheme of the ATP-binding pocket of PKMYT1. The backbone of the PKMYT1
key residues is colored blue, whereas the locations of the remaining key residues was
estimated and depicted in cycles. Colored spheres illustrate: Solvent-accessible area
(yellow), ribose-binding pocket (red), phosphate region (blue), adenine region (beige),
back pocket (green). (For interpretation of the references to color in this figure legend,
the reader is referred to the Web version of this article.)

A. Najjar et al. / European Journal of Medicinal Chemistry 161 (2019) 479e492480



the hinge region to allow the embedded ligand/ATP to form
conserved hydrogen bonds with the hinge region residues. The
general characteristics of the sugar pocket and phosphate region
are solvent-accessible and hydrophilic. The phosphate region is
surrounded at the bottom by Asp251 of the DFG motif and at the
top Tyr121 in the P-loop.

Analysis of protein-ligand interaction of PKMYT1 inhibitors
(exemplified by MK-1775 in PKMYT1, Fig. 3) showed that the
common interaction patterns include: a conserved hydrogen bond
with the backbone of the hinge region residue Cys190, a p-p
stacking interaction with the side chain of Phe240, targeting the
back hydrophobic pocket by a substituted phenyl or a small
chemical group, in addition to polar and van der Waals interactions
with the front pocket residues e.g. Leu116, Pro191 and Gln196 [13].
The polar interactions with the phosphate and sugar regions resi-
dues e.g. Asp251 and Tyr121were also observed in several in-
hibitors [13].

2.2. Binding free energy calculations

We found in our previous work that the docking program GOLD
was performing well in redocking studies. GOLD gave the best re-
sults for all included inhibitors when the PKYMT1 structure bound
to pelitinib (PDB ID: 5VCW) was taken for ligand docking [13].
Therefore, we docked all inhibitors under study into this protein
conformation and used the derived poses to find a correlation be-
tween the computed and experimental affinities [13]. As training
set we used 19 PKYMT1 inhibitors (whole data set shown in
Supplementary data, Figure S1, Table S1) identified by us and the
experimentally determined inhibitory activity from the activity
assay (FPIA) and the binding assay (FPBA), respectively. Firstly, we
investigated a correlation between the experimentally determined
activities and several docking scores. Therefore, the obtained
docking solutions were re-scored using implemented scoring
functions in GOLD and Glide. Low correlation coefficients were
observed using scoring function (R2 values ranged between 0.35
and 0.38, Supplementary data, Table S2) in agreement with our
previous study [10]. Further studies were performed to predict the
affinities of the ligands using different BFE calculation methods
(MM-PB/SA and MM-GB/SA, as well as hybrid QM/MM methods).
Rescoring was performed using either a single frame after short
minimization or considering ten snapshots from short molecular

dynamics (MD) simulations (100 ps). The solvation free energy was
calculated using Poison Boltzmann (MM-PB/SA) and different
models of the Generalized Born approach (MM(QM/MM)-GB/SA).
These GB models were implemented in AMBERTools12 as GBHCT

(igb¼ 1), GBOC1 (igb¼ 2), GBOC2 (igb¼ 5) and IGB8 (igb¼ 8)
[18e23]. The QM region of the QM/MM hybrid mechanics was
firstly applied for the ligand only and later for the ligand and
selected residues from the hinge region, the P-loop, the hydro-
phobic pocket and DFG motif of PKMYT1, surrounding the ligand.
Two models for QM were used: Parameterized Model number 3
(PM3) and Austin Model 1 (AM1) [24]. The performance of the
binding free energy methods was evaluated by computing the
correlation coefficients between the biological activity (Ki values)
and the enthalpy score (DH). The results are summarized in
Table S3 (see Supplementary data).

The best correlation coefficient for the training set was 0.68
(RMSE was 0.59 kcalmol�1) by applying the Poison Boltzmann (PB)
solvation model (MM-PB/SA) and using 10 snapshots from a short
MD simulation (Fig. 4, Supplementary data, Table S3). The leave-one-
out cross-validated q2 was 0.60, and the RMSE 0.59 kcalmol�1. Using
only one frame after minimization the model showed slightly
weaker correlation (R2¼ 0.62, RMSE¼ 0.65 kcalmol�1 and cross-
validated q2¼ 0.51). Using the GB solvation models resulted in
poor correlation coefficients in all applied settings. Also the hybrid
QM/MM-GB/SA models failed to correctly predict the experimental
activity (Supplementary data, Table S3).

Fig. 3. Binding mode of MK-1775 (orange) in the PKMYT1 pocket (white sticks, PDB ID:
5VD0). Hydrogen bonds are shown as green dashed lines. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of
this article.)

Fig. 4. Correlation plots between calculated pKi (Model QSAR_1A from Eq. (1) and
MM-PB/SA) and observed pKi for the training set.
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2.3. QSAR models

Table 1 displays DH values using (MM-PB/SA method) for the
inhibitors under study. MM-PB/SA gave the lowest (favourable)
value for PD-0166285 among the inhibitors�49.80 kcal mol�1 with
very low Z-score (Z score¼ 0.58). Meanwhile, for weakly active
compounds e.g. tyrphostin and GSK3206866A unfavourable values
were obtained (�24.12 and �27.17 kcalmol�1, respectively). Thus,
the applied MM-PB/SA model is able to accurately identify the high
and weakly active compounds. The comparison between pyr-
idopyrimidine derivatives (PD-series) emphasizes the latter
observation. Furthermore, Z-scores for all inhibitors were less than
2 with the exception of saracatinib (Z-score of 2.11).

Based on the MM-PB/SA-derived model, which showed a sig-
nificant correlation with the experimentally determined data,
further improvement of this correlation was analyzed by including
two-dimensional (2D) molecular descriptors. The available 2D
molecular descriptors implemented in Molecular Operation Envi-
ronment System (MOE; Chemical Computing Group Inc., Montreal,
QC, Canada) were tested. As a result, incorporating the 2D
descriptor PEOE_VSA-4 improved the correlation and increased R2

of the MM-PB/SA model to 0.77 and cross-validated q2 to 0.70
(RMSE decreased to 0.50 and 0.58 kcalmol�1, respectively) (Fig. 4).
PEOE_VSA-4 indicates electro-negative parts of an approximated
accessible van der Waals surface area (in Å2) [25]. The following
equation (Eq. (1)) shows the generated QSAR model (named
QSAR_1A) that includes two descriptors (MM-PB/SA enthalpy score
DH and PEOE_VSA-4) to predict Ki values of PKMYT1 inhibitors.

QSAR_1A: Pred_Ki ¼ �0.11803* (MM-PB/SA) �0.03631*
(PEOE_VSA-4) þ2.81241 (1)

2.4. Computational fragment growing using the diaminopyrimidine
scaffold

In order to design novel inhibitors for PKMYT1, two different
approaches were employed in the current work. The hybrid
approach, fragment growing and single point modification, was
used to design diphenyldiaminopyrimidine derivatives. In the
previous work, the conserved interactions and the relevant

interactions of the PKMYT1 binding site have been discussed [13].
In the current work we used this information and the derived BFE/
QSAR models to optimize selected hits.

First, ligand efficiency (LE) and ligand lipophilicity efficiency
(LLE) were calculated for the starting fragments (Fig. 5). LLE does
not take into account the size of the ligand, therefore, it can be used
in the optimization process for the diaminopyrimidine series
(LLE¼ 1.41) in order to improve the potency without solely
increasing the lipophilicity [26e28]. The diphenyldiaminopyr-
imidine scaffold was substituted to improve the potency from a
predicted Ki value of 33.25 mM for the starting fragment to design
selective compounds with predicted Ki in the nanomolar range. The
visualization of the putative binding mode, structural analysis of
the PKMYT1 binding site, and structure-activity relationship study
of the diaminopyrimidine derivatives revealed that three vectors
on the diaminopyrimidine scaffold could be expanded to target the
adjacent pockets (Fig. 5). Based on the derived QSAR_1Amodel, the
biological activities of the designed compounds were predicted.

Modifications interacting at the front-pocket/solvent-
accessible area: First, the diaminopyrimidine core was expanded
at the front-pocket following a single point modification approach
in order to boost the affinity by providing polar substituents based

Table 1
Experimentally determined Ki (nM) from the binding assay (Ki(FPBA)) and predicted pKi

using the derived MM-PB/SA (10 frames of MD simulation) and the QSAR_1A model.

Name Ki (FPBA) pKi (FPBA) MM-PB/SA Predicted pKi Z-Score

MM-PB/SA QSAR_1A

Bosutinib 304 6.52 �33.09 6.40 6.72 0.21
Dasatinib 73 7.14 �37.50 6.91 6.82 0.38
GSK1520489A 104.3 6.98 �35.25 6.65 6.55 0.56
GSK1558669A 461.9 6.34 �30.83 6.13 6.03 0.35
GSK1576028A 179.9 6.74 �30.12 6.05 5.94 1.18
GSK312879A 14740 4.83 �25.76 5.54 4.57 1.19
GSK3206866A 6150 5.21 �27.17 5.70 6.02 0.83
GSK625137A 5810 5.24 �17.64 4.58 4.90 1.10
GW435821X 521.5 6.28 �31.74 6.24 6.56 0.08
GW494601A 200.9 6.70 �29.93 6.03 6.35 1.13
GW559768X 588 6.23 �25.15 5.46 5.78 1.29
GW782612X 1600 5.80 �28.35 5.84 5.74 0.07
MK-1775 600 6.22 �34.11 6.51 6.21 0.50
PD-0166285 2 8.70 �49.80 8.35 8.48 0.58
PD-173952 8.1 8.09 �44.45 7.73 7.85 0.62
PD-173955 44 7.36 �39.42 7.14 7.25 0.37
PD-180970 1350 5.87 �38.04 6.97 6.66 1.87
Saracatinib 5200 5.28 �34.28 6.53 6.44 2.11
Tyrphostin 26200 4.58 �24.12 5.34 5.24 1.29

Fig. 5. Diphenyldiaminopyrimidine scaffold and three possible vectors to start a
fragment growing process. (MW: molecular weight; Pred_Ki: predicted affinity using
the QSAR model; HAN: heavy atoms number; LE: ligand efficiency; LLE: ligand lip-
ophilicity efficiency). Blue spheres refer to hydrophilic pockets and the green sphere to
hydrophobic pocket. (For interpretation of the references to color in this figure legend,
the reader is referred to the Web version of this article.)
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on other known active compounds. The added group should form
interactions as planned with Leu116, Pro192 and Gln196. Mor-
pholine, piperazine or sulfone groups were suggested to occupy the
front-pocket and to interact with Leu116 and Gln196 (Fig. 6). Based
on the structure of known active compounds, it was known that a
morpholine moiety has the ability to enhance the affinity more
than methylpiperazine and sulfone groups. Adding a morpholine
ring improved the predicted potency of the new derivatives (Pre-
d_Ki¼ 2.13 mM), while the LE was maintained near the original
value of 0.31 and LLE was increased to 3.12. Meanwhile, the
methylpiperazine group was predicted to improve the potency
(Pred_Ki ¼ 6.48 mM, LE¼ 0.27, LLE¼ 2.68). A similar observation
was found through using methyl sulfone, which was predicted to
improve the ligand metrics and the potency (Pred_Ki ¼ 2.43 mM,
LE¼ 0.33, LLE¼ 3.35). The enhanced potency could be explained by
the interactions with Gln196, Pro192 and Leu116 (Fig. 6).

Targeting the hydrophobic back-pocket: The structure-
activity relationship study shows the importance of the back hy-
drophobic pocket for the PKMYT1 inhibitory activity. Therefore, the
same approach was established to target the back-pocket by adding
a phenyl amide that mimic the highly active PKMYT1 inhibitors
(PD-series and dasatinib, Supplementary; Figure S1). The amide
group serves as a linker to reach that pocket. This expansion led to
an improvement in the predicted potency (Pred_Ki ¼ 1.30 mM) with
respect the starting fragment. However, this led to a reduction of
the LE/LLE values (LE¼ 0.29, LLE¼ 1.08), respectively (Fig. 7,
Table 2).

The residues at the hydrophobic back-pocket, which are located
on the aC helix of PKMYT1, were targeted to improve the activity of
the designed compounds. Since the remaining place is quite small
after attaching a phenyl ring, small substituents e.g. hydroxyl, or
halogens on the phenyl ring were tested. Themain residues that are
targeted here are Glu157 and Glu251. The hydroxyl groups at p- or
m-position were predicted to cause an increase of the ligand af-
finity. The m-position for the hydroxyl group was preferred
compared to the p-position (Pred_Ki ¼ 0.22 mM and Pred_Ki ¼
0.51 mM, respectively; Table 2). Thus, an additional small group, e.g.
hydroxyl has shown the ability to strongly boost the potency.

A good improvement of the predicted potency was obtained by
using primary amine or methyl group attached at the position R0
(Fig. 7 and Table 3). The chloro substituent was predicted to
improve the activity but it also increased the lipophilicity (LLE value
0.98, Table 3). Meanwhile, a fluoro group did not show a significant

increase in the predicted activity. Using more bulky substituents at
position R0 gave worse predicted affinities (data not shown).

Modification of residues interacting in the ribose and phos-
phates pocket: The polar interactions nearby the DFG-motif
notably contribute to the inhibitory activity. The most favourable
substituent was predicted to be a methyl amide group, which
showed the ability to improve the predicted activity and the LE and
LLE values (Pred_Ki ¼ 2.77 mM, LE¼ 0.32, LLE¼ 3.20; Table 4 and
Fig. 8). Moreover, a hydroxyl group was predicted to improve the
potency as much as the amide group. However, the methyl amide
group was useful to decrease the lipophilicity resulting in
increasing the LLE value (Table 4, Fig. 8).

2.5. Optimization of the derived hits for PKMYT1

The obtained results of the fragment-based growing approach
on the diaminopyrimidine scaffold helped to select useful sub-
stituents to optimize the compounds. All synthesized compounds
were first tested in vitro and IC50 values were determined (Table 5).
Since our QSAR model is based on Ki values, we used the Cheng-
Prusoff equation [29] to calculate the corresponding IC50 values
for the identified actives based on the predicted Ki values.

Synthesis of the diaminopyrimidine derivatives was realized
according to a protocol previously reported for the synthesis of
potential aurora kinase-inhibitors [30] and an adapted protocol for
microwave synthesis conditions [31]. Fig. 9 shows the general
synthetic scheme. The two step synthesis started with the reaction
of the respective 5-substituted-2,4-dichloropyrimidine derivatives
1 with the respective aniline derivatives 2 (substituted R2-5) in
ethanol in the presence of DIPEA to quench the released HCl. In the
second synthesis step, the obtained intermediates, which were
used without further purification, were reacted with morpholino-
aniline 4 using HCl as catalyst in 1-butanol. Purification of the
final compounds was performed via preparative HPLC.

Based on our in silico results, we predicted that a morpholine
moiety is most suitable to address the front-pocket. Meanwhile,
various substituents at the phenyl group occupying the ribose/
phosphate-binding pocket were assessed, which encompassed
chloro, hydroxyl, and methyl amide groups at different positions.

First, a compound was synthesized to check whether the back-
pocket is able to accommodate large groups. A benzyloxy moiety
at position R1 was chosen to target the back-pocket, while using a
3-hydroxy-4-methylphenyl group and a morpholine ring to target

Fig. 6. Extension site of the diaminopyrimidine scaffold at the front pocket/solvent-accessible area of PKMYT1 and the putative binding mode of the attached morpholine derivative
(orange). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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the ribose/phosphate- and front-pocket, respectively. Therefore,
compound 5awas synthesized and biologically tested, where it did
not show any activity against PKMYT1 (displacement percentage
less than 10%, Table 5). We hypothesized, that the back-pocket
might not to be suitable to accommodate large groups. Hence, the
analogous compound 5l, which contains a methoxy group instead
of the benzyloxymoiety, was synthesized and tested. It noteworthy,
that compound 5l showed a high displacement percentage 100%.
We thus decided to only use small hydrophobic groups at position
R1 of the pyrimidine ring to target the back-pocket.

The chosen substitutions at position R1 tried to mimic those

found in active compounds and included chloro, bromo, methyl,
methoxy and methylsulfanyl substituents. Methyl amide was pro-
posed for position R2, whereas a hydroxyl group was introduced at
position R3. Position R4 was substituted by either methoxy or
methyl groups. Finally, a chloro substituent was used at position R5.
So, novel hits presented in Table 5 were synthesized and biologi-
cally evaluated.

The first set of compounds was substituted at position R1 by
several small groups and position R3 by a hydroxyl group, whereas
the remaining positions at the pyrimidine were unsubstituted. As a
result, five compounds containing chloro, bromo, methyl, methyl-
sulfanyl, methoxy groups (compounds 5f, 5h, 5b, 5d, and 5k) were
biologically evaluated at 20 mM in order to determine the
displacement percentage and assess their activities. Their
displacement percentages ranged from 21.11% till 100% (Table 5).
One exception is derivative 5b, containing a methyl group at the
position R1, which could not displace ATP in PKMYT1 showing a
displacement percentage less than 10% (Table 5).

The substituents at position R5 were evaluated: derivatives 5e
and 5g contain a chloro substituent at position R5 and a hydroxyl or
methyl group at position R3, whereas position R1 contains either
chloro or methylsulfanyl moieties (Table 5). Compounds 5f, and 5d,
containing chloro andmethylsulfanyl groups at R1 position, showed
high displacement percentages 75% and 100%, respectively. It was
observed that the chloro group at position R5 has a negative impact
on the activity, where compound 5g showed a significant loss of
activity (the displacement percentage is less than 10%). Compound
5e is also very weakly active (the displacement percentage is 13%)
(Table 5). This can be due to the interfering of the substituent e.g.
chloro at position R5 with the molecular surfaces of Gln196 and
Leu116 (Fig. 8). Thus, position R5 cannot be substituted due to the
restricted space available nearby.

The importance of position R4 was evaluated by using different
small groups, which led in most cases to an enhancement of the
inhibitory activity. Compound 5l, which contains an additional
methyl group at R4 compared to compound 5k, showed a compa-
rable activity (100% displacement compared to 5k). Meanwhile,
using a methoxy at R4 had a negative impact e.g. 5m showing a
displacement of 39.67% (Table 5).

Further, compound 6 containing a methyl group as part of thi-
olane ring, was employed to assess the influence of a methylene
group at position R0 (Fig. 10). Compared to 5d the modified com-
pound 6 showed loss of activity exhibiting a displacement per-
centage less than 10%. This confirms the negative impact of

Fig. 7. Suggested modifications on the diaminopyrimidine scaffold and the predicted binding mode of a compound with benzyloxy group interacting at the back-pocket of PKMYT1.
Position R0 contains a hydrogen.

Table 2
Substitutions at the phenyl occupied the hydrophobic back-pocket.

R-Group Pred_Ki (mM) LE LLE

DAP 33.25 0.31 1.41
Benzyloxy H 1.30 0.29 1.08
Benzyloxy o-OH 0.34 0.31 1.97
Benzyloxy m-OH 0.22 0.32 2.13
Benzyloxy p-OH 0.51 0.31 1.80
Benzyloxy o-Cl 7.02 0.25 �0.25
Benzyloxy o-F 23.61 0.22 �0.33

Table 3
Substitutions at position R0 of the pyrimidine of diaminopyrimidine.

R0 Pred_Ki (mM) LE LLE

Diaminopyrimidine 33.25 0.31 1.41
CH3 17.71 0.32 1.39
Cl 8.42 0.34 0.98
F 13.73 0.32 1.2
NH2 8.42 0.34 2.24

Table 4
Substitutions at the phenyl of diphenyldiaminopyrimidine located in the ribose and
phosphates pocket.

R-Group Pred_Ki (mM) LE LLE

Diaminopyrimidine 33.25 0.31 1.41
CONH2 4.73 0.32 3.32
CONHCH3 2.77 0.32 3.20
OH 6.36 0.35 2.44
OCH3 6.79 0.33 2.15
CH2OH 11.4 0.32 2.4
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introducing a second substituent at position R0 of the pyrimidine
ring.

The IC50 values of the compounds, which showed high dis-
placements, were measured using both an activity (FPIA) and
binding (FPBA) assay. The tested compounds showed an inhibitory
activity in the low-micromolar and sub-micromolar range (Table 5).
Thenwe tested whether the BFE and the derived QSARmodel were
able to predict the biological activities. Both models did not show a
significant ability to predict the affinities of the novel compounds.
However, some of the compounds predicted to be highly active (e.g.
5l and 5n) were experimentally confirmed to be sub-micromolar
inhibitors of PKMYT1. Furthermore, both models predicted the
negative impact of the chloro group at position R5, where the

predicted pIC50 was decreased compared to their parent molecules
(5d and 5e: predicted pIC50¼ 5.99 and 5.16, 5f and 5g: 5.79 and
5.13, respectively, Table 5). Generally, the MM-PBSA model over-
estimated the affinity of the novel compounds compared to QSAR
model 1A.

In order to evaluate the predicted binding mode of the dia-
minopyrimidines (e.g. compound 5l), we searched for analogues
that have been co-crystallized with other kinases. Thus, the data-
base of ligands deposited in the PDB was screened using Swisssi-
milarity [32]. This resulted in 23 similar compounds showing a
similarity score between 0.56 and 0.79. We found that dia-
minopyrimidine derivatives are found as inhibitors of the following
kinases: Aurora A [33], Ephb4 [34], EGFR [35] and CDK2 [36]. A

Fig. 8. Suggested modification site on diaminopyrimidine scaffold and the putative binding mode of the added methyl-amide group (purple) at the ribose and phosphates binding
pocket of PKMYT1. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Table 5
Novel diaminopyrimidine derivatives and their activities against PKMYT1.

Name R1 R2 R3 R4 R5 Predicted pIC50 Displacement [%] @ 20 mM pIC50 FPBA pIC50 FPIA

MM-PB/SA QSAR1A

5a benzyloxy H OH CH3 H 6.97 6.89 <10 n.t. n.t.
5b CH3 H OH H H 5.63 5.44 <10 n.t. n.t.
5c CH3 H OH H Cl 5.30 5.21 <10 n.t. n.t.
5d SCH3 H OH H H 6.07 5.99 100 5.22 5.81
5e SCH3 H CH3 H Cl 5.25 5.16 13 n.t. n.t.
5f Cl H OH H H 5.87 5.79 75 5.22 6.21
5g Cl H OH H Cl 5.22 5.13 <10 n.t. n.t.
5h Br H OH H H 5.93 5.85 21.1 n.t. n.t.
5i Br H OH CH3 H 6.18 6.01 26.7 n.t. n.t.
5j Br H OH OCH3 H 6.28 6.20 27.0 n.t. n.t.
5k OCH3 H OH H H 6.24 6.19 74.8 n.t. n.t.
5l OCH3 H OH CH3 H 6.38 6.30 100 5.03 6.51
5m OCH3 H OH OCH3 H 5.68 5.60 39.7 n.t. n.t.
5n OCH3 CONHCH3 H H H 5.92 5.84 100 5.20 6.02
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series of diaminopyrimidine analogues have been co-crystallized
with Aurora A kinase (PDB IDs 3UNZ, 3UO5, 3UO6, 3UOD, 3UOH,
3UOJ, 3UOK, 3UOL, 3UP2, 3UP7, 4DEB, 4DED, 4DEE) [37,38]. In
addition, other analogues were co-crystallized with CDK2 (PDB IDs
3UNJ, 3UNK [33,37] and 1H08 [36]) and EGFR (PDB ID 5UWD [35]).
In Aurora A, the diaminopyrimidine compounds show the same
binding mode as predicted for PKMYT1. This binding mode is
characterized by a horseshoe shape conformation and two
hydrogen bonds to the hinge region of the ATP pocket, whereas the
phenyl ring occupies the ATP-ribose binding site (Fig. 11A). Mean-
while, diaminopyrimidine compounds display two distinct con-
formations co-crystallized with CDK2; a horseshoe shape (PDB ID
1H08 [36]) and a conformation (PDB ID 3UNJ [33]) where the
phenyl ring flips towards the back-pocket (Fig. 11B). Also the ana-
logues co-crystallized with EGFR (PDB ID 5UWD [35]) show a
horseshoe shape binding mode at the ATP pocket.

The diaminopyrimidine derivatives containing a substituent on
the pyrimidine at position R1 show in the X-ray structures a
horseshoe shape binding mode. The diaminopyrimidine analogue
co-crystalized with CDK2 (PDB ID 1H08 [36]) contains a bromo
group at position R1 and shows the horseshoe-shape binding mode
(Fig. 12). A second example is the crystal structure of EGFR (PDB ID
5UWD [35]), which contains an analogue with a trifluoromethyl
attached at position R1 (Fig. 12). Thus, substituting R1 with e.g.
halogens, methoxy or sulfur are only found in the horseshoe shape
binding mode, which was also predicted for compound 5l that
contains a methoxy group at position R1.

The binding mode of compound 5l displays the conserved
hydrogen bonds with the hinge region residue Cys190 [13], which
are critical for the inhibitory activity of the ATP-competitive in-
hibitors. The interactions with Tyr121 and Asp251 in addition with
the P-loop residue Gly117 (Fig. 11C) might be the reason for the
increase in potency as proposed by the computational fragment
growing approach. The methyl group at R4 of compound 5l forms
additional interactions with the P-loop residues, thus, it showed
higher activity than compound 5k (Table 5). In contrast, a methoxy
group at R4 (5m) decreases the activity, which might be due the
steric hindrance with the P-loop residues. Substitution at position
R5 by a chloro group decreases the activity of the diaminopyr-
imidine compounds 5e and 5g. This is due to the interference of the
chloro group with Asn196 and Leu116, which is predicted to be
unfavourable. Compound 5n containing a methyl amide at the
position R2 showed decreased activity compared to 5l. This shows
the importance of the interactions with the P-loop residues to boost
the inhibitory activity. Substituting R1 using small groups (methoxy
group in case of 5l) has a big impact on the inhibitory activity of the
diaminopyrimidine derivatives. The substitution is favouring a
horse shoe shape binding conformation that fits into the ATP-
binding pocket of PKMYT1 (Fig. 11C). On the other hand, using
more bulky groups (benzyloxy group in 5a) results in loss of
inhibitory activity due to the limited space in the back-pocket.
Furthermore, a combination of the methyl group at R1 and the
hydroxyl group at R3 might destroy the bioactive conformation
(horse shoe shape), thus, compound 5b and 5c lose their activities
(Table 5). The methylsulfanyl and methoxy groups of compounds
5d and 5l fit perfectly in the PKYMT1 back-pocket and interact with
the gatekeeper Thr187. We found also that adding a second sub-
stituent on the pyrimidine ring e.g. compound 6 decreases the ac-
tivity dramatically.

3. Conclusion

In the current study, we generated several computational
models in order to predict the biological activity of novel PKMYT1
inhibitors. We extended our previously developed models by
including novel X-ray structures of PKMYT1 and by increasing the
ligand data set. We observed a good reproduction of the binding
mode of recently reported PKMYT1 inhibitors. However, the
docking and scoring failed to correctly predict the affinity of the
ligands, where only a weak correlation was obtained between
computed and experimental affinities. We were able to show that
binding free energy calculations (especially the MM-PB/SA solva-
tion model) were better to predict the activities of the compounds.
Moreover, including 2D molecular descriptors based on the partial
charges of the ligands slightly improved the quality of the

Fig. 9. Scheme of synthesis of novel diaminopyrimidine derivatives as PKMYT1 inhibitors (conditions a: EtOH/DIPEA/50min at 150 �C microwave; b: 1-BuOH/1M HCl/20min at
160 �C microwave).

Fig. 10. Chemical structure of a further synthesized diaminopyrimidine derivative.
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prediction. The applied fragment growing allowed to design a first
set of diaminopyrimidine derivatives, which are active in the sub-
micromolar range (e.g. compound 5l). As a consequence, we were
able to generate several active analogues and to assess first
structure-activity relationships of the diaminopyrimidine de-
rivatives. The derived results provide now the basis for further
chemical modifications to design more potent PKMYT1 inhibitors.

4. Materials and methods

4.1. Molecular docking

4.1.1. Preparation of the inhibitors databases
The inhibitors dataset was prepared using the LigPrepmodule in

Schr€odinger (LigPrep, Schr€odinger, LLC, New York, NY, 2017-1). The
preparation involved 3D protonation at pH¼ 7.4 using Epik module
[39,40], minimization using the integrated Optimized Potentials for

Fig. 11. A) Superimposition of the ATP binding pocket of PKMYT1 (PDB ID 5VCW [14], colored cyan and labeled in black) and aurora A kinase (PDB ID 4DEA [38]). B) Superimposition
of PKYMT1 and CDK2 kinase (PDB ID 3UNJ [33]), colored white and labeled in blue. The co-crystallized diaminopyrimidine analogue is colored pink in Aurora A (A) and violet in
CDK2 (B). C) Binding mode of compound 5l (yellow) within the PKMYT1 binding pocket (cyan colored residues). (For interpretation of the references to color in this figure legend,
the reader is referred to the Web version of this article.)

Fig. 12. Co-crystallized diaminopyrimidine derivatives in CDK2 (A PDB ID 1H08 [36]; B: PDB ID 3UNJ [33]) and EGFR (C: PDB ID 5UWD [35]).
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Liquid Simulations (OPLS_2005) force field [41] and generation of
ten low energy conformations per ligand. Further preparation
comprised conformer generation with OMEGA in OpenEye Scien-
tific Software [42], where a maximum of twenty conformers for
each compound were generated.

4.1.2. Preparation of PKMYT1 X-ray structures
Nine crystal structures of PKMYT1 are stored in the Protein Data

Bank (PBD; www.rcsb.org) [43] (PDB IDs: 3P1A (no associated
citation), 5VCV, 5VCW, 5VCX, 5VCY, 5VCZ, 5VD0, 5VD1 and 5VD3)
[14]. In our previous work, we found that the structure of PKMYT1
co-crystalized with Pelitinib (PDB ID: 5VCW) was able to re-
produce and predict the binding mode of native and non-native
ligands [13]. Thus, it was used in the current work to dock the
newly designed compounds. Preparation module in Molecular
Operation Environment System (MOE) (Chemical Computing
Group Inc., Montreal, QC, Canada) was used for preparing the
PKMYT1 structures. The process encompassed 3D protonation,
followed by energy minimization employing Amber10: Extended
Huckel Theory (EHT) force field implemented inMOE [23,44] with a
tethering (0.5) Å and a gradient of 0.1 kcalmol�1 Å�2 for all atoms
during the minimization.

4.1.3. Molecular docking
The inhibitors were docked into the prepared PKMYT1 struc-

tures using GOLD v5.2 [45]. The co-crystallized ligand (Pelitinib)
within the PKMYT1 structures was defined as a center of the
binding site. One hydrogen bond formed with the backbone-NH of
Cys190 was used as hydrogen bond constraints. In addition, one
conserved water molecule, which forms awater bridgewith His161
and Glu157, was considered during the docking procedure.
Generally, ten poses were generated for each docked ligand. Other
docking options were kept as default. The obtained top-ranked
docking poses were subjected to re-scoring by different docking
scores implemented GOLD and Glide (Schr€odinger 2017u1)
[46e48].

4.2. Molecular dynamics (MD) simulations

Molecular dynamics (MD) simulations were performed prior the
calculation of the binding free energy. MD simulations were carried
out using AMBER 12 [24] and employing AMBER03 force field
[49e51]. Antechamber module was used to generate parameters
for atom type and AM1-BCC [52] atomic charges for each ligand in
general AMBER force field GAFF [53]. The preparation of the
protein-ligand complexes was performed using LEaP module in
AMBER. Water model TIP3BOX was used to solvate the system
(protein-ligand complex and ions) in a box size of 10 Å [54] and
counter ions were add to neutralize the system. Several steps were
performed to prepare the system for MD simulations, starting with
two consecutive steps of energy minimization. Firstly, minimiza-
tion was carried out for water and ion molecules while keeping the
ligand-protein complexes restrained to their initial coordinates
with a force constant of 500 kcalmol�1. Å�2. The procedure helped
to reduce unreal van der Waals interactions with the surrounding
solvent molecules and rearrange of the inserted water and ions
molecules. In this step 2000 iterations (beginning with 1000
steepest descent and followed by 1000 conjugate gradient) were
performed. The second minimization step was applied for the
whole system through 10000 iterations (first 5000 steepest
descent and then 5000 conjugate gradients). The next step involved
heating. The temperature was equilibrated from 0 to 300 K and
occurred gradually over a timescale 2 fs of 100 ps to avoid problems
with the hot solvent cold solute. Langevin dynamics was set for
temperature control using a collision frequency of 1 ps�1 during the

temperature equilibration [55]. The cutoff force constant of the
restrained system was set at 10 kcalmol�1 Å�2. The output co-
ordinates after the heatingwere inserted in a pressure equilibration
routine. The third stepwas called density, whichwas used to set the
constant pressure periodic boundary. The constant pressure peri-
odic boundarywas converted from 1 bar to 2 bar during 100 pswith
a timescale of 2 fs at 300 K for the temperature and applying the
same cutoff of force constant at 10 kcalmol�1 Å�2. During the MD
simulation, a cutoff of 10 Å for non-bonded atoms was applied
using Particle Mesh Ewald methods [56]. Moreover, all simulation
were run using SHAKE to constrain hydrogen bonds [57]. Finally,
100 ps MD simulation was performed.

4.3. Binding free energy (BFE) calculations

The binding free energy calculations were performed for the
putative binding modes described in the previous work [13].
AMBERTools12 [24] and MOE (Chemical Computing Group Inc.,
Montreal, QC, Canada) were used to calculate the binding free en-
ergies. The calculationwas first carried out using one snapshot after
a short energy minimization of the whole system in explicit water.
Later, ten snapshots (frames) of ligand-protein complexes fromMD
simulation were considered for calculating the binding free energy.
Different theories were applied using Generalized Born (GB)
[58,59] and Poison Boltzmann (PB) solvation models [60]. The
molecular mechanics (MM) and quantum mechanics/molecular
mechanics (QM/MM) hybrid were considered too [61,62]. The QM
region of the QM/MM hybrid mechanics was firstly applied for the
ligand only and later for the ligand and selected residues from the
PKMYT1 binding pocket, surrounding the ligand (In total 10 resi-
dues were considered: Leu116, Lys139, His161, Val171, Leu185,
Thr187, Leu189, Cys190, Gln196, Asp251). Twomodels for QMwere
used: Parameterized Model number 3 (PM3) and Austin Model 1
(AM1) [24]. Finally, the binding free energy calculation of MM-
PB(GB)/SA and MM/QM-GB/SA models were computed using
MMPBSA. py [63] module in AMBERTools12 [64e69]. In addition,
the implemented MM-GB/SA model in MOE was used to estimate
the binding free energy.

The computed affinity of a ligand to a protein can be estimated
by differences between the free energy of complex and the sum of
the free energies of ligand and protein separately, eq. (2) [70]:

DGbinding¼Gprotein/ligand e (Gprotein þ Gligand) (2)

The absolute free energy for each part can be computed as a sum
of the gas-phase free energy EMM plus the changing of the free
energy because of solvation DGsolvation and the entropic contribu-
tions -TDS, eq. (3) [71]:

Gmolecule¼ EMM þ DGsolvation e TDS (3)

The conformational entropy value -TDS was not considered.
Thus, the change of enthalpy (DH) was considered to calculate the
binding free energy and it will indicate to the binding free energy,
eq. (4).

DH¼ EMM þ DGsolvation (4)

4.4. Fragment-based drug design

Fragment-based drug design (FBDD) shows a high ability to
sample the chemical space rather than other techniques [72].
Fragments are defined by Astex through ‘rule-of-3’ [73]. Fragment
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growing approach provides useful tools for the hit and lead opti-
mization, which aims to build additional interactions with the
adjacent pockets [74,75]. Twometrics, namely ligand efficiency (LE)
and ligand lipophilicity efficiency (LLE), are available to aid in the
fragment hit selection and optimization. The ligand efficiency (LE)
is used to rank fragments and to monitor the progress of optimi-
zation, whereas ligand lipophilic efficiency (LLE) is a metric used to
monitor the lipophilicity with respect to in vitro potency of a
molecule [26,27,76]. Moreover, the ligand lipophilicity efficiency
does not consider the size of the ligand. During the optimization
studies, the goal is to improve potency without increasing lip-
ophilicity. However, the ideal values of LLE are located in the range
of 5e7 or greater [28,77,78]. The following equations were used to
estimate the ligand efficiency and ligand lipophilicity efficiency:

LE¼ 1.4(-logKi)/HAC, HAC is heavy atoms count.
LLE¼ pKi e cLogP, cLogP was calculated using MOE.

4.5. Biological screening of the compound collection

Aside from kinase inhibitors, all chemicals used were purchased
from Sigma (Schnelldorf, Germany) unless stated otherwise. PD-
0166285 was from Santa Cruz Biotechnology (Santa Cruz, CA,
USA), PD-173952 and PD-180970 from Sigma (Schnelldorf, Ger-
many) and MK-1775 from Selleckchem (Houston, TX, USA). All
other tested kinase inhibitors were purchased from LC Laboratories
(Woburn, MA, USA). The GSK published kinase inhibitor set (PKIS) I
and II was kindly provided by Glaxo Smith Kline LCC (Research
Triangle Park, NC USA). The monoclonal p-Tyr P-100 antibody was
from Cell Signaling (#9411, Danvers, MA, USA).

PKMYT1 full-length (FL) and PKMYT1 kinase domain (KD) were
expressed and purified as described before [79]. (6-FAM)KI(pY)VV
was from IKFZ (Leipzig, Germany). EFS247-259 and pYeEFS247-
259 were synthesized via solid-phase peptide synthesis on Fmoc-
Rink MBHA as basically described in the work of Rohe et al. [80]
following a standard Fmoc/tBu based strategy. Processing and pu-
rification was performed as described in Rohe et al.

To test the activities of the compounds as PKMYT1 inhibitors,
the synthesized compounds were screened with a fluorescence
anisotropy-based binding assay, using the PKMYT1 domain (KD)
and a fluorescently labeled ATP-competitive compound [15]. The
initial screening was performed at 20 mM inhibitor concentration as
triple measurement of each compound. Dasatinib (10 mM)was used
as inhibitory control and 1% DMSO as vehicle control. Compounds
with a tracer displacement >60% were retested at 20 mM and 5 mM
concentrations in triple measurement. The IC50 and Ki values were
determined for confirmed hits using the FP binding assay. To
confirm the inhibitory activities of the hit compounds, we further
used the newly developed activity assay (FPIA) [81], and deter-
mined the IC50 and Ki values for PKMYT1 (FL) inhibition. Similar to
the FP-binding assay, 10 mM dasatinib and 1% DMSO were used as
controls.

The data processingwas performed as described before. Because
the FP does not behave additively, anisotropy (r) was calculated
according to Rohe et al. [79,80]. The Dr was calculated as the dif-
ference between r of positive control (PKMYT1 reaction) and
negative control (reactionwithout PKMYT1). Data is represented as
means± SEM. Kinetics, binding and inhibition curves as well as
linear and nonlinear regression were generated using GraphPad
Prism 5 (GraphPad Software, Inc., La Jolla, CA, USA).

4.6. Synthesis and characterization of novel compounds

General: All materials and reagents were purchased from

SigmaeAldrich Co. Ltd., abcr GmbH, ChemPUR Feinchemikalien
und Forschungsbedarf GmbH, and Carbolution Chemicals. All sol-
vents were analytically pure and dried before use. Synthesis was
carried out under microwave conditions using Monowave 450
(Anton Paar, Graz, Austria). Thin-layer chromatography (TLC) was
carried out on aluminum sheets coated with silica gel 60 F254
(Merck, Darmstadt, Germany). Purification of the final compounds
was carried out with preparative HPLC (Shimadzu, Kyoto, Japan; LC-
10AD, SIL-HAT auto sampler). Therefore a 7,8� 300mm XTerra RP-
18 column (7 mM), Waters (Milford, MA, USA) with a UV-Vis-
detector SPD-M10A VP PDA was used. Separation was achieved
with a gradient of MeOH/H2O (starting at 95% H2O going to 5%
H2O). Final compounds were confirmed to be of >95% purity based
on HPLC. Purity was measured by UV absorbance at 254 nm. HPLC
instrumentation consisted of an XTerra RP18 column (3.5mm
3.9_100mm; Waters, Milford, MA, USA) two LC-10AD pumps, an
SPD-M10AVP PDAdetector, and an SIL-HTauto sampler all from the
manufacturer Shimadzu (Kyoto, Japan). The mobile phase was in all
cases a gradient of MeOH/H2O (starting at 95% H2O going to 5%
H2O). Mass spectrometry analyses were performed with a Finnigan
MAT 710C (Thermo Separation Products, San Jose, CA, USA) for ESI-
MS spectra, and with a LTQ (linear ion trap)-Orbitrap XL hybrid
mass spectrometer (Thermo Fisher Scientific, Bremen, Germany)
for HRMS-ESI (high-resolution mass spectrometry) spectra. For
HRMS analyses, the signal for the isotopes with the highest prev-
alence was given and calculated for 35Cl and 79Br. 1H NMR spectra
were taken on a Varian Gemini 2000 and a Varian Inova 500 using
CDCl3 and [D6] DMSO as solvents. Chemical shifts (d, ppm) are
referenced to the residual solvent signals.

General procedure for the conversion of the 2,4-
dichloropyrimidine derivatives 1 with corresponding aniline de-
rivatives 2:

The 2,4-dichloropyrimidine derivative 1 was dissolved in EtOH
and 1.1 equiv. of the aniline derivative 2 and 1.1 equiv. of DIPEA
were added. The reactionwas carried out for 50min at 150 �C under
microwave conditions. The reaction mixture was diluted with ethyl
acetate and washed with water. The organic phase was evaporated
and the crude intermediatewas used for the following reaction step
without purification.

General procedure for conversion of the 2-chloro-4-
anilinopyrimidine derivatives 3 with 4-morpholinoaniline 4:

The crude 2-chloro-4-anilinopyrimidine derivative 3 was dis-
solved in 1-BuOH and 1.1 equiv. of 4-morpholinoaniline 4 and
1.1equiv. of 1M HCl were added. The reaction was carried out for
20min at 160 �C undermicrowave conditions. The reactionmixture
was diluted with ethyl acetate and washed with 1M aqueous
NaOH. The mixture was evaporated and purified with preparative
HPLC.

4.6.1. 5-{5-Benzyloxy-2-[4-(1-morpholinyl)phenyl]
aminopyrimidin-4-yl}amino-2-methylphenol (5a)

1H NMR (400MHz, DMSO) d 10.08 (d, J¼ 6.0 Hz,1H,eNH), 10.02
(d, J¼ 9.7 Hz, 1H, eNH), 9.43 (s, 1H, eOH), 7.62 (s, 1H, AreH), 7.54
(d, J¼ 7.1 Hz, 2H, AreH), 7.41 (dd, J¼ 7.0, 5.5 Hz, 2H, AreH), 7.36
(dd, J¼ 6.2, 3.8 Hz, 1H, AreH), 7.24 (d, J¼ 9.0 Hz, 2H, AreH), 7.03 (d,
J¼ 8.2 Hz, 1H, AreH), 6.95e6.92 (m, 1H, AreH), 6.90 (d, J¼ 1.7 Hz,
1H, AreH), 6.86 (d, J¼ 9.0 Hz, 2H, AreH), 5.20 (s, 2H, AreCH2e),
3.74e3.71 (m, 4H, eOCH2), 3.08e3.03 (m, 4H, eNCH2), 2.09 (d,
J¼ 17.8 Hz, 3H, eCH3). HRMS-ESI m/z [MþH]þ calcd for
C28H30N5O3

þ: 484.5697, found: 484.5688.

4.6.2. 3-{5-Methyl-2-[4-(1-morpholinyl)phenyl]aminopyrimidin-
4-yl}aminophenol (5b)

1H NMR (400MHz, DMSO) d 9.90 (s, 1H,eNH), 9.51 (s, 1H,eNH),
8.30 (s, 1H, eOH), 7.72 (s, 1H, AreH), 7.36e6.43 (m, 8H, AreH),
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3.85e3.63 (m, 4H, eOCH2), 3.24e2.91 (m, 4H, eNCH2), 2.12 (m, 3H,
eCH3). HRMS-ESI m/z [MþH]þ calcd for C21H24N5O2

þ: 378.4478,
found: 378.4486.

4.6.3. 4-Chloro-3-{5-methyl-2-[4-(1-morpholinyl)phenyl]
aminopyrimidin-4-yl}aminophenol (5c)

1H NMR (400MHz, CDCl3) d 8.03 (s, 1H, eNH), 7.40e7.14 (m, 5H,
eNH,eOH, AreH), 6.99 (s, 1H, AreH), 6.75 (d, J¼ 9.0 Hz, 2H, AreH),
6.61 (d, J¼ 2.6 Hz, 1H, AreH), 6.51 (dd, J¼ 8.6, 2.6 Hz, 1H, AreH),
3.99e3.66 (m, 4H, eOCH2), 3.19e2.93 (m, 4H, eNH2), 2.17 (m, 3H,
eCH3). HRMS-ESI m/z [MþH]þ calcd for C21H22ClN5O2

þ: 411.8846,
found: 411.8856.

4.6.4. 3-{5-Methylthio-2-[4-(1-morpholinyl)phenyl]
aminopyrimidin-4-yl}aminophenol (5d)

1H NMR (400MHz, DMSO) d 9.30 (s, 1H, eNHe), 9.08 (s, 1H,
eNHe), 8.41 (s, 1H, eOH), 8.14 (s, 1H, AreH), 7.51 (d, J¼ 9.1 Hz, 2H,
AreH), 7.22e6.97 (m, 3H, AreH), 6.80 (d, J¼ 9.1 Hz, 2H, AreH),
6.55e6.46 (m,1H, AreH), 3.86e3.57 (m, 4H,eOCH2), 3.12e2.83 (m,
4H, eNCH2), 2.28 (d, J¼ 21.2 Hz, 3H, eSCH3). HRMS-ESI m/z
[MþH]þ calcd for C21H24N5O2Sþ: 410.5138, found: 410.5129.

4.6.5. N4-(2-Chloro-5-methylphenyl)-5-(methylthio)-N2-[4-(1-
morpholinyl)phenyl)pyrimidine-2,4-diamine (5e)

1H NMR (400MHz, CDCl3) d 8.72 (s, 1H, eNH), 8.27 (s, 1H, eNH),
8.22 (s, 1H, AreH), 7.45e7.39 (m, 2H, AreH), 7.32e7.26 (m, 2H,
AreH), 6.93e6.80 (m, 3H, AreH), 3.91e3.82 (m, 4H, eOCH2),
3.17e3.02 (m, 4H, eNH2), 2.35 (d, J¼ 17.5 Hz, 3H, eCH3), 2.28 (d,
J¼ 13.9 Hz, 3H, eSCH3). HRMS-ESI m/z [MþH]þ calcd for
C23H27N6O2Sþ: 451.5657, found: 451.5668.

4.6.6. 3-{5-Chloro-2-[4-(1-morpholinyl)phenyl]aminopyrimidin-4-
yl}aminophenol (5f)

1H NMR (400MHz, DMSO) d 9.32 (s,1H,eNH), 9.02 (s,1H,eNH),
8.56 (s, 1H, eOH), 8.04 (s, 1H, AreH), 7.47 (d, J¼ 9.0 Hz, 2H, AreH),
7.09 (d, J¼ 5.1 Hz, 2H, AreH), 7.01 (s, 1H, AreH), 6.77 (d, J¼ 9.0 Hz,
2H, AreH), 6.59e6.46 (m, 1H, AreH), 3.84e3.56 (m, 4H, eOCH2),
3.06e2.85 (m, 3H, eNH2). HRMS-ESI m/z [MþH]þ calcd for
C20H21ClN5O2

þ: 398.8659, found: 398.8650.

4.6.7. 4-Chloro-3-{5-chloro-2-[4-(1-morpholinyl)phenyl]
aminopyrimidin-4-yl}aminophenol (5g)

1H NMR (400MHz, CDCl3) d 10.95 (s, 2H; eNH), 8.19 (s, 1H,
eOH), 7.37 (m, 4H, AreH), 7.16 (d, J¼ 9.1 Hz, 2H, AreH), 6.61 (d,
J¼ 2.6 Hz, 1H, AreH), 6.49 (dd, J¼ 8.6, 2.7 Hz, 1H, AreH), 4.11e4.00
(m, 4H, eOCH2), 3.47e3.34 (m, 4H, eNH2). HRMS-ESI m/z [MþH]þ

calcd for C20H20Cl2N5O2
þ: 433.3107, found: 433.3115.

4.6.8. 3-{5-Bromo-2-[4-(1-morpholinyl)phenyl]aminopyrimidin-4-
yl}aminophenol (5h)

1H NMR (400MHz, DMSO) d 9.07 (s, 1H, eNHe), 8.50 (s, 1H,
eNHe), 8.29 (s, 1H, eOH), 8.12 (s, 1H, AreH), 7.46 (d, J¼ 9.1 Hz, 2H,
AreH), 7.12e7.02 (m, 3H, AreH), 6.77 (d, J¼ 9.0 Hz, 2H, AreH), 6.54
(d, J¼ 8.0 Hz, 1H, AreH), 3.76e3.66 (m, 4H, eOCH2), 3.03e2.92 (m,
4H, eNCH2). HRMS-ESI m/z [MþH]þ calcd for C20H21BrN5O2

þ:
443.3172, found: 443.3165.

4.6.9. 5-{5-Bromo-2-[4-(1-morpholinyl)phenyl]aminopyrimidin-4-
yl}amino-2-methylphenol (5i)

1H NMR (400MHz, DMSO) d 9.52 (s,1H,eNH), 8.93 (s,1H,eNH),
8.17 (s, 1H, eOH), 7.40e7.33 (m, 2H, AreH), 7.08e6.91 (m, 2H,
AreH), 6.89e6.77 (m, 4H, AreH), 3.73 (s, 4H,eOCH3), 3.11e3.00 (m,
4H, eNCH3), 2.11 (d, J¼ 12.6 Hz, 3H, eCH3). HRMS-ESI m/z [MþH]þ

calcd for C21H23BrN5O2
þ: 457.3438, found: 457.3445.

4.6.10. 5-{5-Bromo-2-[4-(1-morpholinyl)phenyl]aminopyrimidin-
4-yl}amino-2-methoxyphenol (5j)

1H NMR (400MHz, DMSO) d 8.96 (s, J¼ 7.8 Hz, 2H, eNH), 8.28
(d, J¼ 6.9 Hz, 1H, eOH), 8.07 (s, 1H, AreH), 7.43 (d, J¼ 9.0 Hz, 2H,
AreH), 6.96 (d, J¼ 2.1 Hz, 1H, AreH), 6.92e6.85 (m, 2H, AreH), 6.74
(d, J¼ 9.0 Hz, 2H, AreH), 3.77 (s, 3H, eOCH3), 3.73e3.67 (m, 4H,
eOCH2), 3.01e2.93 (m, 4H, eNCH2). HRMS-ESI m/z [MþH]þ calcd
for C21H23BrN5O3

þ: 473.3432, found: 473.3442.

4.6.11. 3-{5-Methoxy-2-[4-(1-morpholinyl)phenyl]
aminopyrimidin-4-yl}aminophenol (5k)

1H NMR (400MHz, DMSO) d 10.14 (s, 1H, eNHe), 10.03 (s,
1H,eNHe), 9.63e9.35 (m, 1H, eOH), 7.60 (s, 1H, AreH), 7.28 (d,
J¼ 9.0 Hz, 2H, AreH), 7.16e7.08 (m, 2H, AreH), 7.03 (d, J¼ 1.9 Hz,
1H, AreH), 6.91 (d, J¼ 9.0 Hz, 2H, AreH), 6.63 (dt, J¼ 6.8, 2.4 Hz,1H,
AreH), 3.87 (d, J¼ 4.8 Hz, 3H, eOCH3), 3.72 (dd, J¼ 15.4, 10.5 Hz,
4H, eOCH2e), 3.13e2.98 (m, 4H, eNCH2e). HRMS-ESI m/z [MþH]þ

calcd for C21H24N5O3
þ: 394.4472, found: 394.4465.

4.6.12. 5-{5-Methoxy-2-[4-(1-morpholinyl)phenyl]
aminopyrimidin-4-yl}amino-2-methylphenol (5l)

1H NMR (400MHz, DMSO) d 9.08 (s, 1H, eNHe), 8.49 (s, 1H,
eNHe), 8.36 (d, J¼ 48.9 Hz, 2H, eOH), 7.73 (s, 1H, AreH), 7.53 (d,
J¼ 7.6 Hz, 2H, AreH), 7.21e7.14 (m, 1H, AreH), 7.11 (s, 1H), AreH,
6.94 (d, J¼ 8.1 Hz, 1H, AreH), 6.79 (d, J¼ 7.2 Hz, 2H, AreH), 3.78 (d,
J¼ 19.4 Hz, 3H, eOCH3), 3.71 (d, J¼ 4.3 Hz, 4H, eOCH2e), 2.97 (s,
4H,eNeCH2e), 2.08 (s, 3H,eCH3). HRMS-ESIm/z [MþH]þ calcd for
C22H26N5O3

þ: 408.4737, found: 408.4746.

4.6.13. 5-{5-Methoxy-2-[4-(1-morpholinyl)phenyl]
aminopyrimidin-4-yl}amino-2-methoxyphenol (5m)

1H NMR (400MHz, DMSO) d 8.81 (s, 1H, eNHe), 8.51 (s, 1H,
eNHe), 8.36 (s, 1H, eOH), 7.71 (s, 1H, AreH), 7.53 (d, J¼ 8.9 Hz, 2H,
AreH), 7.17 (dt, J¼ 8.6, 2.4 Hz, 2H, AreH), 6.81 (dd, J¼ 10.9, 8.9 Hz,
3H, AreH), 3.80 (s, 3H, eOCH3), 3.74 (s, 3H, eOCH3), 3.73e3.67 (m,
4H,eOCH2e), 3.00e2.94 (m, 4H, eNCH2e). HRMS-ESI m/z [MþH]þ

calcd for C22H26N5O4
þ: 424.4731, found: 424.4739.

4.6.14. 2-{6-Methoxy-2-[4-(1-morpholinyl)phenyl]
aminopyrimidin-4-yl}amino-N-methylbenzamide (5n)

1H NMR (400MHz, DMSO) d 12.32 (s, 1H,eCONHe), 10.15 (s, 1H,
eNHe), 8.82 (d, J¼ 4.5 Hz, 1H, eNHe), 8.58 (d, J¼ 8.3 Hz, 1H,eOH),
7.78 (dd, J¼ 7.9, 1.4 Hz, 1H, AreH), 7.69 (s, 1H, AreH), 7.42 (t,
J¼ 7.8 Hz, 1H, AreH), 7.30 (t, J¼ 8.8 Hz, 2H, AreH), 7.25e7.20 (m,
1H, AreH), 6.99 (t, J¼ 9.5 Hz, 2H, AreH), 3.88 (d, J¼ 14.7 Hz, 3H,
eOCH3), 3.78e3.73 (m, 4H, eOCH2e), 3.13 (dd, J¼ 10.6, 5.8 Hz, 4H,
eNCH2e), 2.79 (d, J¼ 4.5 Hz, 3H, eNCH3). HRMS-ESI m/z [MþH]þ

calcd for C23H27N6O3
þ: 435.4991, found: 435.4983.

4.6.15. 3-{2-[(4-(1-Morpholinyl)phenyl)amino]thieno[3,2-d]
pyrimidin-4-yl}aminophenol (6)

1H NMR (400MHz, DMSO) d 9.31 (s, 1H, eNH), 9.23 (s, 1H), 8.77
(s,1H,eNH), 8.00 (dd, J¼ 7.0, 3.9 Hz,1H,eOH), 7.63 (d, J¼ 9.0 Hz, 2H,
eSCH¼CHe), 7.28 (d, J¼ 8.0 Hz,1H, AreH), 7.16e7.07 (m, 3H, AreH),
6.83 (d, J¼ 9.1 Hz, 2H, AreH), 6.51 (dd, J¼ 8.0, 1.5Hz, 1H, AreH),
3.75e3.69 (m, 4H,eOCH2), 3.05e2.96 (m, 4H,eNCH2). HRMS-ESIm/
z [MþH]þ calcd for C22H22N5O2Sþ: 420.5086, found: 420.5073.
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Abstract 

In order to develop novel inhibitors against the membrane-associated 

inhibitory kinase PKMYT-1, a series of diamiopyrimidines with a variety of 

substituents at positions 2 and 4 were synthesized. After purification and structure 

elucidation of the synthesized compounds, they were tested for their anticancer 

activity towards different cancer cell lines, including hepatoma, and neuroblastoma 

cell lines. Some of the compounds showed good antiproliferative activity toward 

those cell lines. In vitro studies of the compounds have extended to analyze their 

ability to bind and inhibit PKMYT-1, where half of the synthesized compounds have 

shown remarkable binding and inhibitory activity towards PKMYT-1. Since there is 

no direct correlation between the compounds’ anticancer activity and PKMYT-1 

inhibition, docking studies were performed on several related kinases that are 

overexpressed in the cancer cell lines studied.  The docking results indicate that 

the aminopyrimidines that are most active in the cancer cell lines have a higher 

preference for the WEE1 and Aurora kinases. Further in vitro studies need to be 

performed to confirm the results of the present study. 
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1. Introduction: 

The cell cycle is an orchestrated series of events in which the cell 

undergoes to duplicate the genomic DNA, amplify the organelles, grow in size, and 

produce daughter cells. It is divided into four major phases: gap 1 (G1), DNA 

synthesis (S), gap 2 (G2), and Mitosis (M) [42-45]. Throughout the cell cycle, three 

significant checkpoints ensure the smooth transition between different phases, 

namely G1/S checkpoint (restriction checkpoint), the G2/M DNA damage 

checkpoint, and the spindle assembly checkpoint (SAC) [46-48]. The WEE kinase 

family holds prominence among the families of kinases involved in the cell cycle, 

comprising two significant members: WEE1 and PKMYT-1. While both kinases 

share similar biological functions, they diverge in cellular localization. WEE1 

primarily resides within the nucleus, phosphorylating Tyr15 of its natural substrate, 

cyclin-dependent kinase 1 (Cdk1). In contrast, PKMYT-1 is membrane-associated, 

specifically located in the endoplasmic reticulum, and possesses the unique 

capability to dual-specifically phosphorylate Thr14 and Tyr15 of Cdk1. These 

phosphorylation events are pivotal in inhibiting the Cdk1/cyclin B-complex, a 

critical determinant in the cellular decision to enter the M phase. [54-59] 

When it comes to DNA repair, a significant number of cancer cells rely 

heavily on the G2 checkpoint, primarily due to a malfunctioning G1 checkpoint 

mechanism often attributed to p53 mutations. This dependency on the G2 

checkpoint makes cancer cells particularly susceptible to interventions targeting 

this stage, such as WEE1 and PKMYT-1 inhibition. This strategic approach aims 

to selectively induce harm to cancer cells while preserving the integrity of 

noncancerous cells. Although hundreds of compounds have been reported to have 

inhibitory activity against WEE1 kinase, Adavosertib (AZD1775) is the only WEE1 

inhibitor that has undergone more than fifty clinical trials to test its future as a 

potential anticancer therapy [87, 88]. Conversely, pursuing PKMYT-1 as a 
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therapeutic target has proven to be significantly more challenging than WEE1. This 

complexity arises from the membrane-associated nature of PKMYT-1, which 

interferes with its handling for assay purposes. Intensifying this challenge is the 

absence of a reference compound for conducting in vitro studies specifically 

designed to target PKMYT-1. To overcome such hurdles, Platzer et al. screened a 

compound library comprising 800 compounds against PKMYT-1. Utilizing the 

protein kinase inhibitor sets (PKIS) I and II originally developed by 

GlaxoSmithKline, this screening effort led to the discovery of ten novel PKMYT-1 

inhibitors characterized by their binding IC50 values within the nanomolar and low 

micromolar range, as depicted in Figure 16. Those results were obtained and 

validated via multiple assays, including fluorescence polarization (FP) binding 

assay, FP immunoblot activity assay (FPIA), and functional assays measuring the 

phosphorylation status, all developed before in our group [85, 92, 173]. These 

newly identified compounds are categorized under three distinct chemical 

scaffolds of PKMYT-1 inhibitors, including aza-stilbenes, 4-amino-quinolines, and 

aminopyrimidines [92]. Those PKMYT-1 inhibitors along with other reported [90] 

have been used by our group to come up with computational models used for 

PKMYT-1 activity prediction. Guided by those models,  we used a fragment-

growing strategy to identify a novel set of diaminopyrimidines, which hold promise 

as potential valuable PKMYT-1 inhibitors in cancer therapy [174]. In continuation 

of our work, we here report the synthesis of novel diaminopyrimidines where the 

approach of single-point modification was adopted. The synthetic protocol ensured 

that the added substituents were able to extend the structure in the corresponding 

pockets within the ATP-binding pocket of PKMYT-1. All the compounds were 

designed in a way to ensure the presence of all important interactions with the 

essential amino acids in the PKMYT-1 binding pocket. Further molecular docking 

study was performed in order to visualize the interactions between the proposed 

ligands and the binding pocket. Finally, those compounds were tested against 

various cancer cell lines to test their activity as anticancer agents.  
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Figure 16: Structures for ten PKMYT-1 inhibitors derived from Screening GSK PKIs and PKIIs 

 

2. Results and Discussion: 

2.1. Chemistry: 

The synthetic route followed for the preparation of the target compounds is 

depicted in Schemes 1, 2, and 3. 

First, for the synthesis of compounds 3a-f, the starting material 2,4-

dichloropyrimidine-5-carbonitrile (1) was stirred with 5-amino-2-methylphenol in 

ethanol with the presence of Na2CO3 in an ice bath to obtain 2-chloro-4-((3-

hydroxy-4-methylphenyl)amino)pyrimidine-5-carbonitrile (2). After the evaporation 

of ethanol, the residue of intermediate (2) was transferred to the subsequent 

reaction without further purification. Then, Intermediate 2 was allowed to reflux 

overnight in butanol with the corresponding aniline in the presence of 1M HCL to 
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obtain compounds 3a-f.  On the other hand, stirring of (1) with  2-amino-N-

methylbenzamide  in iPrOH at a temperature of -20 °C in the presence of DIPEA 

yielded intermediate 4 which was then allowed to react with 4-morpholinoaniline to 

yield compound 5. Finally, Scheme 1 has shown the conversion of compound 1 to 

intermediate 6 through its reaction with N-(2-aminophenyl)acetamide through a 2-

hour reaction in iPrOH and in the presence of DIPEA. Intermediate 6 was also 

allowed to react with 4-morpholinoaniline to give compound 7.  

 

Scheme 1: synthesis of the target compounds 3a-f, 5 and 7 

 

In Scheme 2, all compounds 10a-e were synthesized via a two-step reaction.  The 

first step included the conversion of 2,4-dichloro-5-(methylthio)pyrimidine (8) to 

intermediate (9) through an overnight reaction with 2-methyl-5-aminophenol in 

ethanol and in the presence of Na2CO3. The conditions of the second step varied 

based on the subsequent used aniline. For example, during the synthesis of 

compounds 10 a,b, an overnight reflux reaction in the presence of DIPEA and 
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using iPrOH as solvent was able to convert the intermediate 5-((2-chloro-5-

(methylthio)pyrimidin-4-yl)amino)-2-methylphenol (9) to its corresponding final 

compounds. On the contrary, compounds 10c-e were synthesized via microwave 

conditions.  

 

 

Scheme2. Synthesis of the target compounds 10a-e 

 

Finally, Scheme 3 illustrates the synthesis of compounds 13a-e , where 5-((2-

chloro-5-methoxypyrimidin-4-yl)amino)-2-methylphenol 12 were obtained via 

reaction of 2,4-dichloro-5-thiomethylpyrimidine (11) and  5-amino-2-methylphenol. 

Without further purification, intermediate 12 was converted to the final compounds 

13a-f by reacting under microwave conditions.  
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Scheme 3. Synthesis of the target compounds 13a-f 

 

 

2.2. Biological evaluation: 

2.2.1. Cellular assay 

To evaluate the antiproliferative properties of the synthesized compounds a 

cell viability assay was performed. In this assay, several cancer cell lines, including 

hepatoma cancer cells (Huh7) and neuroblastoma cell lines (BE(2)-C and NBL-S) 

were tested. The obtained results show a promising anticancer effect for some of 

the synthesized compounds. For instance, in the series of compounds 3a-3f, 

compounds 3a and 3f were the only two compounds to show high inhibitory activity 

against the cancer cell lines. Compound 3a has given EC50 values in the 

submicromolar range of 0.428 µM, 0.227 µM, and 0.296 µM for the cell lines Huh7, 

BE(2)-C, and NBL-S, respectively. On the other hand, Compound 3f was 

considered slightly less active towards the three cell lines with EC50 values towards 

Huh7, BE(2)-C, and NBL-S of 1.185 µM, 0.433 µM and 0.323 µM respectively. 

Unfortunately, the other two series of synthesized compounds, 10a-e and 13a-13f, 

didn’t show any remarkable activity against Huh7 cell lines. It is planned to be 

tested for their antiproliferative effect against both neuroblastoma cell lines BE(2)-

C and NBL-S (Table 1).   

Concerning compound 5, it has shown promising activity as it is considered 

the second most potent compound against the neuroblastoma cell lines with EC50 

values of  0.129 µM and 0.156 µM against BE(2)-C, and NBL-S, respectively. 

Compound 7 was considered the most interesting compound in the series of 

synthesized compounds since it showed an EC50  in the submicromolar range of 
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0.722 µM against Huh7 cell lines. Most importantly, compound 7’s activity towards 

the neuroblastoma cells was remarkable since it falls in the nanomolar range with 

EC50 values of 16.5 nM and 17.9 nM against BE(2)-C, and NBL-S, respectively.  

 

Table 1: EC50s of all the synthesized compounds against various cancer cell lines: Huh7, BE(2)-C, NBL-S, 

and MCF-7.   

  ND: Not Determined 

Compound 
Huh7 EC50 

(µM) 

BE(2)-C EC50 

(µM) 

NBL-S EC50 

(µM) 

3a 0.428 0.227 0.296 

3b ND > 0.1 ND 

3c ND > 0.1 ND 

3d ND ND ND 

3e ND > 0.1 ND 

3f 1.185 0.433 0.323 

5 ND 0.129 0.156 

7 0.722 0.0165 0.0179 

10a ND > 0.1 ND 

10b ND > 0.1 ND 

10c ND > 1.0 ND 

10d ND > 0.1 ND 

10e ND > 1.0 ND 

13a ND > 0.1 ND 

13b ND > 0.1 ND 

13c ND > 0.1 ND 

13d ND ND ND 

13e ND > 0.1 ND 

13f ND 4.53 ND 

 
2.2.2. Kinases Binding Assay 

Preliminary testing for the ability of the synthesized compounds to bind to 

the PKMYT-1 was performed to explore the possible mechanism of action through 

which the compounds show their anticancer activity. Accordingly, all the 

compounds were tested at two concentrations of 20 µM and 5 µM. Out of all 19 

compounds,  only nine compounds show more than 40% binding displacement at 

20 µM. Those compoinds are in a decending order: 13a, 13b, 13f, 10b, 13c ,10a, 

13d, 7 and 3b. These compounds have been retested at 5 µM where only 13a, 
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13b, 13c, 13d, 10b, and  3b have shown more than 25% displacement 

percentages. (Table 2) 

Table 2: Percentage inhibition of the synthesized compounds’ binding at 20 µM and 5 µM 

ND: Not Determined 

Compound % Inhibition @ 20 µM % Inhibition @ 5 µM 

3a 27.9 <25 

3b 42.5 35.2 

3c ND ND 

3d ND ND 

3e ND ND 

3f <25 <25 

5 <25 <25 

7 43.4 <25 

10a 50.2 <25 

10b 71.8 26.5 

10c ND ND 

10d ND ND 

10e ND ND 

13a >95 87.5 

13b >95 75.7 

13c 70.8 54.0 

13d 48.1 52.4 

13e <25 <25 

13f >95 80.3 
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2.2.3. Kinase Inhibitory Activity Assay: 

All the compounds that have shown a displacement percentage of more 

than 20% in the binding assay were chosen to be tested for their activity assays, 

where only 8 out of 9 compounds have shown activity displacement of more than 

25% at 20 µM . However, there has not been a direct correlation between binding 

and activity assay results. For example, compounds 3b, 7, 10a, and 10b have 

shown binding displacement of 42.5%, 43.4%,  50.2%, and 71.8%, respectively; 

still, all have shown the highest percentage inhibition between 73.8 % and 94.2 %. 

Retesting those compounds at 5 µM, has shown their activity to exceed 40%, 

which can be a promising indication for the IC50s for those compounds. The rest of 

the compounds 3a, 10b, 13a, 13c, 13d, 13f  were less active but with higher 

percentage inhibition than the cutoff value of 25% for both concentrations of 20 µM 

and 5 µM (Table 3).   

 

Table 3: Percentage inhibition of the synthesized compounds’ activity binding at 20 µM and 5 µM. 

ND: Not Determined 

Compound % Inhibition @ 20 µM % Inhibition @ 5 µM 

3a 61.1 62.3 

3b 89.0 50.8 

3c ND ND 

3d ND ND 

3e ND ND 

3f ND ND 

5 ND ND 

7 73.8 41.0 

10a 75.1 72.6 

10b 50.1 38.3 

10c ND ND 

10d ND ND 

10e ND ND 

10f ND ND 
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13a 48.0 25.5 

13b 94.2 86.6 

13c 47.4 37.4 

13d 64.7 52.7 

13e ND ND 

  13f <25 <25 

 

2.3. Docking studies: 

The most active PKMYT-1 inhibiting compounds were docked into the available 

crystal structure of PKMYT-1 to study their key interactions. The binding mode 

involves two essential hydrogen-bonds between the aminoyprimidine fragment 

and the hinge region of the kinase (hydrogen-bond to the NH backbone group of 

Cys190 and CO backbone group of Gly189). 13a, 13b, and 13f all have a methoxy 

group on the pyrimidine ring, forming van-der-Waals interactions with the 

gatekeeper residue Thr189 (Figure 17). The 3-hydroxy,4-methylphenyl ring, also 

present in all three most active inhibitors, forms a hydrogen-bond to Lys139 and 

the conserved water molecule in PKMYT-1. 13a shows another hydrogen-bond 

between the morpholine oxygen and Lys125 (Figure 17A). Interestingly the 

compounds most active in the cancer cell lines (3a, 5, 7), all with a cyano 

substitutent at the pyrimidine ring, showed less favorable docking scores. This 

might be due to a weaker interaction between the cyano group and the gatekeeper 

residue Thr189.  

Since the docking results on PKMYT-1 showed no agreement with the cellular 

results on the cancer cells, the compounds were also docked into the related 

kinases WEE1 and Aurora A kinase. In the case of the most active compounds in 

the cancer cells, a more favorable docking score on WEE1 was observed than on 

PKMYT-1. In WEE1, the binding mode again shows the classical hydrogen bond 

pattern to the hinge region (NH backbone Cys379 and CO backbone Asn380 

(Figure 18). The reason for the better docking scores could be the hydrogen-bond 

network of the cyano group of 3a, 5, and 7 with the gatekeeper residue Asn376 

and the conserved water molecule, which is not possible with PKMYT-1 due to the 
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different gatekeeper residue (Thr187). 3a and 7 make a further hydrogen bond to 

Lys328 with their polar substitutens of the terminal phenyl ring, whereas the phenyl 

ring of all actives makes van-der-Waals interactions with the Lys328 side chain. 

In the docking results for Aurora A Kinase, more favorable docking scores were 

obtained compared to that of PKMYT-1. The aminopyrimidine ring of the most 

active compounds (3a, 5 and 7) is involved in two hydrogen bonds with the hinge 

backbone (CO Pro214, NH Ala213), and the cyano group shows a hydrogen-bond 

to Lys162 (Figure 19). Moreover, additional hydrogen bonds are made by the polar 

substituents of the terminal phenyl ring. For instance, the phenol group of 3a 

donates a further hydrogen bond to the backbone CO of Glu260, whereas the 

carbonyl groups of 5 and 7 undergo hydrogen bonds with Lys162 and Lys141. The 

amide nitrogen atom is involved in a further hydrogen bond with the backbone CO 

of Glu260, as observed for 5 and 7. All three most active compounds from the 

cancer cell testing possess a morpholine ring in the para position of the aniline ring 

that can make hydrogen bonds to Arg220 (or alternatively to Arg137).  
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Figure 17: Docking results of the three most potent inhibitors found for PKMYT-1 (PDB ID 5VD1). A) 13a 
(colored green), B) 13b (colored magenta), and C) 13f (colored cyan). Hydrogen-bonds are shown as green 
colored dashed lines. Only the residues of the binding pocket are shown for clarity. 
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Figure 18: . Docking results of the three most potent inhibitors from the cancer cell testing for WEE1 (PDB ID 
5Y5V). A) 3a (colored orange), B) 5 (colored green), and C) 7 (colored cyan). Hydrogen-bonds are shown as 
green colored dashed lines. Only the residues of the binding pocket are shown for clarity. 
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Figure 19: Docking results of the three most potent inhibitors from the cancer cell testing for Aurora A kinase 
(PDB ID 4DEB). A) 3a (colored orange), B) 5 (colored green), and C) 7 (colored cyan). Hydrogen-bonds are 

shown as green colored dashed lines. Only the residues of the binding pocket are shown for clarity. 
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3. Conclusion: 

The aminopyrimidines developed in the current study could be modified to 

potent kinase inhibitors for PKMYT-1 by appropriate substitutions. This was 

achieved primarily through a terminal 3-methyl,4-hydroxphenyl ring. The solvent-

exposed side of the compounds tolerated more changes in the case of PKMYT-1. 

Interestingly, cellular testing in neuroblastoma cells resulted in extremely potent 

inhibitors, i.e. 3a, 5 and 7. Analysis of the docking results showed that this is 

probably not due to potent PKMYT-1 inhibition. Docking studies on the closely 

related WEE1 and Aurora A kinases showed a better interaction and more formed 

hydrogen-bonds than in the case of PKMYT-1 binding. Experimental confirmation 

by in vitro testing is still pending and will demonstrate the accuracy of the in silico 

data. In summary, we have developed a novel class of kinase inhibitors with high 

potency in neuroblastoma cells that represent promising compounds for future 

biological studies.  
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4. Experimental Section: 

4.1. Chemistry:  

General  

All materials and reagents were purchased from Sigma Aldrich Co. Ltd., abcr 

GmbH, ChemPUR Feinchemikalien und Forschungsbedarf GmbH, and 

Carbolution Chemicals. All solvents were analytically pure and dried before use. 

Microwave reactions were carried out using Monowave 450 (Anton Paar, Graz, 

Austria). Thin-layer chromatography (TLC) was carried out on aluminum sheets 

coated with silica gel 60 F254 (Merck, Darmstadt, Germany).  Final compounds 

were confirmed to be of >95% purity based on HPLC. Purity was measured by UV 

absorbance at 254 nm. HPLC instrumentation consisted of an XTerra RP18 

column (3.5mm 3.9_100 mm; Waters, Milford, MA, USA) two LC-10AD pumps, an 

SPD-M10AVP PDA detector, and an SIL-HT auto sampler all from the 

manufacturer Shimadzu (Kyoto, Japan). The mobile phase was in all cases a 

gradient of MeOH/H2O (starting at 95% H2O going to 5% H2O). High resolution 

Mass spectrometry analyses were performed with a LTQ (linear ion trap)-Orbitrap 

XL hybrid mass spectrometer (Thermo Fisher Scientific, Bremen, Germany) for 

obtaining HRMS-ESI (high-resolution mass spectrometry) spectra. For HRMS 

analyses, the signal for the isotopes with the highest prevalence was given and 

calculated for 35Cl and 79Br.  1H NMR and 13C spectra were taken on a Varian 

Gemini 2000 and a Varian Inova 500 using [D6] DMSO as solvent. Chemical shifts 

(d, ppm) are referenced to the residual solvent signals. 

4.2. Synthetic Procedure: 

4.2.1. Procedure for synthesis 2: 

The 2,4-dichloropyrimidine derivative 1 was dissolved in EtOH and 1.1 

equiv. of 5-amino-2-methylphenol and 1.5 equiv. of Na2CO3 were added. The 

reaction was carried out for 30 minutes in an ice bath after which the reaction was 

stopped by the addition of water and dilution with ethyl acetate. The organic phase 

was evaporated, and the crude intermediate was used for the following reaction 

step without purification. 
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4.2.2. Procedure for synthesis of 4 

The 2,4-dichloropyrimidine derivative 1 was dissolved in iPrOH and 1.1 

equiv. of 2-amino-N-methylbenzamide and 1.1 equiv. of DIPEA were added. The 

reaction was carried out for 30 minutes in -20°C after which the reaction was 

stopped by the addition of water and dilution with ethyl acetate. The organic phase 

was evaporated and the crude intermediate was used for the following reaction 

step without purification. 

4.2.3.  Procedure for synthesis of 6 

The 2,4-dichloropyrimidine derivative 1 was dissolved in iPrOH and 1.1 

equiv. of N-(2-aminophenyl)acetamide and 1.1 equiv. of DIPEA were added. The 

reaction was carried out for 2h at rt after which the reaction was stopped by the 

addition of water and dilution with ethyl acetate. The organic phase was 

evaporated and the crude intermediate was used for the following reaction step 

without purification 

4.2.4. Procedure for synthesis of 9 

The 2,4-dichloropyrimidine derivative 8 was dissolved in EtOH and 1.1 

equiv. of 5-amino-2-methylphenol and 1.5 equiv. of Na2CO3 were added. The 

reaction was allowed to stir overnight at room temperature, after which it was 

stopped by the addition of water and dilution with ethyl acetate. The organic phase 

was evaporated and the crude intermediate was used for the following reaction 

step without purification. 

4.2.5. Procedure for synthesis of 12 

The 2,4-dichloropyrimidine derivative 11 was dissolved in butanol and 1.1 

equiv. of 5-amino-2-methylphenol  and 1.1 equiv. of DIPEA were added. The 

reaction was left to reflux overnight. After cooling,  the reaction was stopped by the 

addition of water and dilution with ethyl acetate. The organic phase was 

evaporated, and the crude intermediate was used for the following reaction step 

without purification.  
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4.2.6. General procedure for synthesis of 3a-f: 

The crude of 2-chloro-4-((3-hydroxy-4-methylphenyl)amino)pyrimidine-5-

carbonitrile 2 was dissolved in butanol and 1.1 Equiv. of corresponding aniline and 

1 equiv. of 1M HCl were added. The reaction was left to reflux overnight. After 

cooling, the reaction mixture was poured on water and extracted using 

ethylacetate. After evaporation of the organic solvent, the crude was suspended in 

iPrOH, which was later filtered, and the precipitate was allowed to dry to give the 

final compounds 3a-f. 

4-((3-hydroxy-4-methylphenyl)amino)-2-((4-morpholinophenyl)amino) pyrimidine-

5-carbonitrile (3a)  

Grey powder (15% yield).  1H NMR (400 MHz, DMSO-d6) δ 9.69 (s, 1H), 9.30 (s, 

2H), 8.41 (d, J = 3.7 Hz, 1H), 7.50 – 7.42 (m, 2H), 7.04 – 6.99 (m, 1H), 6.90 – 6.81 

(m, 2H), 6.81 – 6.68 (m, 2H), 3.76 – 3.71 (m, 4H), 3.05 – 2.97 (m, 4H), 2.13 (s, 

3H); 13C NMR (101 MHz, DMSO-d6) δ 162.38, 159.71, 155.15, 154.98, 146.79, 

136.41, 131.43, 129.93, 124.85, 118.46, 116.89, 115.20, 114.96, 111.55, 107.42, 

66.09, 49.02, 15.62. HRMS calcd for C22H22N6O2[M+H]+ 403.1882, found 

403.1868. 

4-(3-hydroxy-4-methylphenylamino)-2-(3-morpholinophenylamino)pyrimidine-5-

carbonitrile (3b) White powder (28.2% yield). 1H NMR (400 MHz, DMSO-d6) δ 9.67 

(s, 1H), 9.31 (s, 1H), 9.28 (s, 1H), 8.46 (s, 1H), 7.25 – 7.18 (m, 1H), 7.15 – 7.07 

(m, 1H), 7.05 – 6.94 (m, 2H), 6.92 – 6.80 (m, 2H), 6.62 – 6.52 (m, 1H), 3.71 – 3.55 

(m, 4H), 2.95 – 2.76 (m, 4H), 2.11 (s, 3H). HRMS calcd for C22H22N6O2 [M+H]+ 

403.1882, found, 403.1888. 

2-((4-ethoxyphenyl)amino)-4-((3-hydroxy-4-methylphenyl)amino)pyrimidine-5-

carbonitrile (3c)    White powder (55% yield) 1H NMR (400 MHz, DMSO-d6) δ 9.73 

(s, 1H), 9.30 (s, 2H), 8.41 (s, 1H), 7.52 – 7.46 (m, 2H), 7.04 – 7.00 (m, 1H), 6.91 – 

6.82 (m, 2H), 6.78 – 6.64 (m, 2H), 3.95 (q, J = 7.0 Hz, 2H), 2.13 (s, 3H), 1.30 (t, J 

= 7.0 Hz, 3H). HRMS calcd for C20H19N5O2 [M+H]+  362.1617, found 362.1611. 
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2-((3-ethoxyphenyl)amino)-4-((3-hydroxy-4-methylphenyl)amino)pyrimidine-5-

carbonitrile (3d)  White powder (7% yield) 1H NMR (400 MHz, DMSO-d6) δ 9.90 (s, 

1H), 9.46 (s, 1H), 8.50 (s, 1H), 7.30 – 7.24 (m, 1H), 7.21 – 7.17 (m, 1H), 7.07 – 

6.99 (m, 2H), 6.98 – 6.79 (m, 3H), 6.56 – 6.50 (m, 1H), 3.87 – 3.72 (m, 2H), 2.12 

(s, 3H), 1.26 (t, J = 7.0 Hz, 3H). HRMS calcd for C20H19N5O2  [M+H]+  362.1617 , 

found 362.1613. 

2-((4-acetylphenyl)amino)-4-((3-hydroxy-4-methylphenyl)amino)pyrimidine-5-

carbonitrile  (3e) White powder (25% yield). 1H NMR (400 MHz, DMSO-d6) δ 10.32 

(s, 1H), 9.57 (s, 1H), 8.55 (s, 1H), 7.82 – 7.70 (m, 4H), 7.16 – 7.03 (m, 2H), 7.00 – 

6.88 (m, 1H), 6.86 – 6.78 (m, 1H), 2.49 (s, 3H), 2.16 (s, 3H). HRMS calcd for 

C20H17N5O2 [M+H]+: 360.1460 , found 360.1455 . 

4-((3-hydroxy-4-methylphenyl)amino)-2-((4-(methylsulfonyl)phenyl) 

amino)pyrimidine-5-carbonitrile (3f) White powder (16.7 % yield). 1H NMR (400 

MHz, DMSO-d6) δ 10.37 (s, 1H), 10.06 – 9.72 (m, 1H), 9.62 (s, 1H), 8.56 (s, 1H), 

7.91 – 7.83 (m, 2H), 7.71 – 7.60 (m, 2H), 7.08 (d, J = 8.0 Hz, 1H), 7.00 (s, 1H), 

6.84 – 6.79 (m, 1H), 3.12 (s, 3H), 2.16 (s, 3H); 13C NMR (101 MHz, DMSO-d6) δ 

162.42, 160.38, 158.95, 155.40, 144.00, 136.10, 133.38, 130.08, 127.66, 127.48, 

121.12, 119.21, 116.15, 115.46, 111.58, 43.95, 15.64.; HRMS calcd for 

C19H17N5O3S [M+H] +: 396.1130, found 396.1115. 

4.2.7. General procedure for synthesis of 5, 7 

The crude 2-chloro-4-anilinopyrimidine derivatives 4 and 6 were dissolved 

in iPrOH and 1.1Equiv. of corresponding aniline and 1.1 equiv. of DIPEA were 

added. The reaction allowed to reflux overnight where the products 5 and 7 were 

obtained, respectively as white precipitate that was filtered off and allowed to dry.  

2-((5-cyano-2-((4-morpholinophenyl) amino) pyrimidin-4-yl) amino)-N-methyl 

benzamide (5) White powder (17.2 % yield). 1H NMR (400 MHz, DMSO-d6) δ 11.30 

(s, 1H), 9.49 (s, 1H), 8.69 – 8.62 (m, 1H), 8.47 (s, 1H), 8.40 – 8.31 (m, 1H), 7.65 

(dd, J = 7.9, 1.6 Hz, 1H), 7.40 – 7.30 (m, 2H), 7.29 – 7.21 (m, 1H), 7.04 (td, J = 

7.6, 1.2 Hz, 1H), 7.00 – 6.94 (m, 2H), 3.81 – 3.73 (m, 4H), 3.18 – 3.09 (m, 4H), 

2.78 (d, J = 4.5 Hz, 3H); 13C NMR (101 MHz, DMSO-d6) δ 168.80, 162.63, 160.43, 
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159.00, 148.70, 139.13, 131.28, 129.35, 127.81, 125.68, 121.46, 120.40, 120.22, 

116.43, 114.87, 82.10, 66.10, 48.69, 26.21. HRMS calcd for C23H23N7O2 [M+H]+ 

430.1976, found 430.1991. 

N-(2-((5-cyano-2-((4-morpholinophenyl)amino)pyrimidin-4-yl)amino) 

phenyl)acetamide (7) White powder (71% yield). 1H NMR (500 MHz, DMSO-d6) δ 

9.84 (s, 1H), 9.75 (s, 1H), 8.82 – 8.64 (m, 1H), 8.44 (s, 1H), 7.68 – 7.49 (m, 2H), 

7.44 – 7.31 (m, 2H), 7.30 – 7.17 (m, 2H), 6.84 – 6.62 (m, 2H), 3.76 – 3.67 (m, 4H), 

3.06 – 2.93 (m, 4H), 2.08 (s, 3H); 13C NMR (126 MHz, DMSO-d6) δ 169.27, 161.92, 

159.31, 146.74, 132.41, 131.36, 130.25, 128.01, 125.94, 124.87, 124.01, 120.83, 

120.72, 116.53, 115.12, 82.67, 66.09, 48.98, 23.28. HRMS calcd for C23H23N7O2  

[M+H] +: 430.1991, found 430.1983. 

 

4.2.8. General procedure for synthesis of 10a, b: 

The crude 5-((2-chloro-5-(methylthio)pyrimidin-4-yl)amino)-2-methylphenol 9 was 

dissolved in iPrOH and 1.1 Equiv. of corresponding aniline and 1 equiv. of DIPEA 

were added. The reaction was left to reflux overnight. After cooling the reaction 

mixture was filtered and the precipitate was washed with iPrOH and allowed to dry 

to give the final compounds 10a, b. 

2-methyl-5-(5-(methylthio)-2-(4-morpholinophenylamino)pyrimidin-4-

ylamino)phenol (10a)          Brown powder (30% yield).  1H NMR (400 MHz, DMSO-

d6) δ 9.19 (s, 1H), 9.00 (s, 1H), 8.39 (s, 1H), 8.13 (s, 1H), 7.57 – 7.45 (m, 2H), 7.09 

– 6.93 (m, 3H), 6.84 – 6.74 (m, 2H), 3.78 – 3.69 (m, 4H), 3.06 – 2.95 (m, 4H), 2.27 

(s, 3H), 2.13 (s, 3H); 13C NMR (101 MHz, DMSO-d6) δ 161.80, 160.53, 159.32, 

155.11, 145.95, 137.32, 132.89, 129.92, 120.43, 119.48, 115.47, 114.08, 110.19, 

102.04, 66.15, 49.32, 19.44, 15.60. HRMS calcd for C22H25N5O2S [M+H]+ 

424.1807 , found 424.1802 . 

2-methyl-5-(5-(methylthio)-2-(3-morpholinophenylamino) pyrimidin-4-

ylamino)phenol (10b)     Brownish white powder ( 71.4% yield). 1H NMR (400 MHz, 

DMSO-d6) δ 10.59 (s, 1H), 9.76 (s, 1H), 9.51 (s, 1H), 8.25 (s, 1H), 7.14 – 7.01 (m, 

3H), 6.97 – 6.85 (m, 3H), 6.72 (dd, J = 8.4, 2.4 Hz, 1H), 3.66 (d, J = 9.6 Hz, 4H), 
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2.90 (t, J = 4.8 Hz, 4H), 2.38 (s, 3H), 2.14 (s, 3H). 13C NMR (101 MHz, DMSO-d6) 

δ 160.86, 155.35, 151.89, 151.33, 148.46, 137.75, 135.23, 130.08, 129.22, 

121.95, 115.56, 112.12, 111.62, 111.50, 107.31, 105.03, 65.92, 48.29, 18.56, 

15.69. HRMS calcd for C22H25N5O2S [M+H]+ 424.1807, found 424.1811. 

4.2.9. General procedure for synthesis of 10c-e: 

The crude 5-((2-chloro-5-(methylthio)pyrimidin-4-yl)amino)-2-methylphenol 9 was 

dissolved in iPrOH and 1.1 Equiv. of corresponding aniline and 1 equiv. of conc. 

HCl were added. The reaction was carried out for 20 to 60 min based on the aniline 

derivative at 170oC under microwave conditions. After cooling the reaction mixture 

was filtered and the precipitate was washed with iPrOH and allowed to dry to give 

the final compounds 10c-e 

5-((2-((4-ethoxyphenyl)amino)-5-(methylthio)pyrimidin-4-yl)amino)-2-

methylphenol (10c)                White powder (17% yield) 1H NMR (400 MHz, DMSO-

d6) δ 9.20 (s, 1H), 9.05 (s, 1H), 8.41 (s, 1H), 8.13 (s, 1H), 7.57 – 7.49 (m, 2H), 7.01 

(s, 2H), 6.98 – 6.87 (m, 1H), 6.77 – 6.69 (m, 2H), 3.95 (q, J = 7.0 Hz, 2H), 2.27 (s, 

3H), 2.13 (s, 3H), 1.30 (t, J = 7.0 Hz, 3H). HRMS calcd for C20H22N4O2S  [M+H]+    

383.1541 , found  383.1539 . 

5-((2-((3-ethoxyphenyl)amino)-5-(methylthio)pyrimidin-4-yl)amino)-2-

methylphenol (10d)                 White powder ( 6% yield). 1H NMR (400 MHz, DMSO-

d6) δ 10.48 (s, 1H), 9.71 (s, 1H), 9.48 (s, 1H), 8.24 (s, 1H), 7.14 – 7.09 (m, 2H), 

7.09 – 7.04 (m, 1H), 7.03 – 6.99 (m, 1H), 6.93 – 6.88 (m, 2H), 6.63 (dd, J = 8.3, 

2.5, 0.9 Hz, 1H), 3.79 (q, J = 6.9 Hz, 2H), 2.38 (s, 3H), 2.14 (s, 3H), 1.27 (t, J = 6.9 

Hz, 3H). HRMS calcd for C20H22N4O2S [M+H]+ 383.1541 , found  383.1536 . 

1-(4-((4-((3-hydroxy-4-methylphenyl)amino)-5-(methylthio)pyrimidin-2-

yl)amino)phenyl)ethan-1-one (10e) White powder (55% yield). 1H NMR (400 MHz, 

DMSO-d6) δ 10.89 – 10.74 (m, 1H), 9.78 (s, 1H), 9.54 (s, 1H), 8.29 (s, 1H), 7.80 – 

7.73 (m, 2H), 7.66 – 7.59 (m, 2H), 7.17 – 7.10 (m, 1H), 6.96 (d, J = 2.0 Hz, 1H), 

6.84 (dd, J = 7.9, 2.1 Hz, 1H), 2.50 (s, 3H), 2.40 (s, 3H), 2.19 (s, 3H). HRMS calcd 

for C20H20N4O2S [M+H]+  381.13852 , found. 381.1376 
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4.2.10. General procedure for synthesis of 13a-f: 

The crude 5-((2-chloro-5-methoxypyrimidin-4-yl)amino)-2-methylphenol 12 

was dissolved in iPrOH and 1.1 Equiv. of corresponding aniline and 1 equiv. of 

conc. HCl were added. The reaction was carried out for 1 h at 170oC under 

microwave conditions. After cooling the reaction mixture was filtered and the 

precipitate was washed with iPrOH and allowed to dry to give the final compounds 

13a-f. 

5-((5-methoxy-2-((3-morpholinophenyl)amino)pyrimidin-4-yl)amino)-2-

methylphenol (13a)   Brownish powder ( 66% yield) 1H NMR (400 MHz, DMSO-d6) 

δ 9.11 (s, 1H), 8.58 (s, 1H), 8.45 (s, 1H), 7.80 (s, 1H), 7.39 – 7.36 (m, 1H), 7.20 – 

7.14 (m, 2H), 7.10 (d, J = 2.1 Hz, 1H), 7.01 (t, J = 8.1 Hz, 1H), 6.97 – 6.93 (m, 1H), 

6.43 (ddd, J = 8.2, 2.4, 0.9 Hz, 1H), 3.83 (s, 3H), 3.69 – 3.64 (m, 4H), 2.98 – 2.92 

(m, 4H), 2.09 (s, 3H); 13C NMR (101 MHz, DMSO-d6) δ 155.32, 154.28, 151.61, 

148.83, 138.16, 135.03, 133.99, 130.08, 129.25, 121.60, 114.57, 111.63, 111.08, 

110.57, 106.90, 65.99, 57.04, 48.20, 15.67. HRMS calcd for C22H25N5O3 [M+H]+ 

408.2035 , found  408.2033.    

  5-((2-((4-ethoxyphenyl)amino)-5-methoxypyrimidin-4-yl)amino)-2-methylphenol 

(13b) Greenish white powder (57% yield). 1H NMR (400 MHz, DMSO-d6) δ 10.39 

(s, 1H), 10.02 (s, 1H), 9.63 (s, 1H), 7.76 (s, 1H), 7.40 – 7.31 (m, 2H), 7.17 (s, 1H), 

7.04 – 6.98 (m, 1H), 6.93 (dd, J = 8.1, 2.1 Hz, 1H), 6.86 – 6.78 (m, 2H), 3.98 (q, J 

= 6.9 Hz, 2H), 3.86 (s, 3H), 2.11 (s, 3H), 1.31 (t, J = 7.0 Hz, 3H); 13C NMR (101 

MHz, DMSO-d6) δ 155.42, 155.26, 154.52, 148.90, 134.94, 133.79, 129.95, 

129.71, 123.17, 121.74, 120.75, 114.73, 114.58, 110.86, 63.16, 57.04, 15.63, 

14.61. HRMS calcd for C20H22N4O3  [M+H]+ 367.1770 , found  367.1770 .       

5-((2-((3-ethoxyphenyl)amino)-5-methoxypyrimidin-4-yl)amino)-2-methylphenol 

(13c) Whitish yellow powder ( 28.1 % yield) 1H NMR (400 MHz, DMSO-d6)  δ 10.44 

(s, 1H), 10.15 (s, 1H), 9.50 (s, 1H), 7.78 (s, 1H), 7.16 (t, J = 8.2 Hz, 1H), 7.12 (t, J 

= 2.3 Hz, 1H), 7.06 – 6.98 (m, 3H), 6.96 (ddd, J = 8.1, 2.1, 0.9 Hz, 1H), 6.64 (ddd, 

J = 8.3, 2.5, 0.9 Hz, 1H), 3.88 (s, 3H), 3.84 – 3.78 (m, 2H), 2.13 (s, 3H), 1.27 (t, J 

= 6.9 Hz, 3H); 13C NMR (101 MHz, DMSO-d6) δ 159.00, 155.39, 154.45, 148.51, 
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138.48, 134.87, 134.02, 130.12, 129.60, 121.78, 121.12, 114.84, 112.47, 110.72, 

109.80, 106.38, 62.83, 57.04, 15.67, 14.60. HRMS calcd for C20H22N4O3 [M+H]+ 

367.1770 , found  367.1774  . 

1-(4-((4-((3-hydroxy-4-methylphenyl)amino)-5-methoxypyrimidin-2-

yl)amino)phenyl)ethenone (13d) Light brown powder( 21.5% yield). 1H NMR (400 

MHz, DMSO-d6) δ 10.75 (s, 1H), 10.19 (s, 1H), 9.54 (s, 1H), 7.86 (s, 1H), 7.83 – 

7.80 (m, 2H), 7.64 – 7.60 (m, 2H), 7.13 – 7.09 (m, 1H), 7.04 (d, J = 2.1 Hz, 1H), 

6.93 (dd, J = 8.0, 2.1 Hz, 1H), 3.90 (s, 3H), 2.51 (s, 3H), 2.17 (s, 3H); 13C NMR 

(101 MHz, DMSO-d6) δ 196.28, 155.45, 154.44, 148.35, 142.33, 142.32, 135.03, 

134.54, 131.40, 130.11, 129.29, 121.95, 118.74, 115.09, 111.18, 57.01, 26.35, 

15.67. HRMS calcd for C20H20N4O3 [M+Cl]-  399.1223 , found 399.1231. 

1-(3-((4-((3-hydroxy-4-methylphenyl)amino)-5-methoxypyrimidin-2-

yl)amino)phenyl)ethenone (13e) Greenish white powder ( 48.4% yield). 1H NMR 

(400 MHz, DMSO-d6) δ 10.56 (s, 1H), 10.15 (s, 1H), 9.46 (s, 1H), 7.90 (t, J = 1.9 

Hz, 1H), 7.82 – 7.77 (m, 2H), 7.67 (dt, J = 7.8, 1.3 Hz, 1H), 7.40 (t, J = 7.9 Hz, 1H), 

7.03 – 6.92 (m, 3H), 3.90 (s, 3H), 2.43 (s, 3H), 2.09 (d, J = 8.5 Hz, 3H); 13C NMR 

(101 MHz, dmso) δ 197.41, 155.29, 154.38, 148.66, 137.88, 137.42, 134.87, 

134.33, 129.95, 129.14, 125.27, 123.49, 121.81, 121.49, 120.07, 114.76, 110.74, 

57.07, 26.50, 15.62. HRMS calcd for C20H20N4O3 [M+H]+  365.1613 , found 

365.1608. 

5-((5-methoxy-2-((4-(methylsulfonyl)phenyl)amino)pyrimidin-4-yl)amino)-2-

methylphenol (13f). Brownish white powder (13.7% yield).  1H NMR (400 MHz, 

DMSO-d6) δ 10.91 (s, 1H), 10.24 (s, 1H), 9.56 (s, 1H), 7.87 (s, 1H), 7.77 – 7.70 

(m, 4H), 7.14 – 7.08 (m, 1H), 7.04 (d, J = 2.1 Hz, 1H), 6.91 (dd, J = 8.0, 2.1 Hz, 

1H), 3.91 (s, 3H), 3.15 (s, 3H), 2.16 (s, 3H).HRMS calcd for C19H20N4O4S [M+H]+  

401.1283, found 401.1282 . 

4.3. Biological evaluation: 

4.3.1. Cellular assay 

BE(2)-C (ATCC, CRL-2268) cells were cultured in a 1:1 mixture of DMEM/F12 (with 

HEPES, Gibco) and EMEM (ATCC); Huh7 and NBL-S (DSMZ, ACC-656) cells 
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were cultured in IMDM (Gibco) all supplemented with 10% FBS. Cells were grown 

at 37°C and 5% CO2. For determining the EC50 values 5 x 103 BE(2)-C, 1 x 104 

NBL-S or 1.25 x 104 Huh7 cells were seeded per well of a 96-well plate. A serial 

dilution of the drugs was performed and added to the cells at the indicated 

concentrations. DMSO served as control condition. After 72 h of treatment, an 

image was acquired using IncuCyte S3 (Sartorius). Confluence was determined 

using the IncuCyte software. Confluence values were normalized to DMSO control. 

Cell viability was determined 72 h upon drug exposure using CellTiter GLO 

(Promega) in a drug matrix screen. 

 

4.3.2. Kinases Binding Assay 

The FP binding assay with PKMYT-1 and data processing were performed 

exactly as previously described  [175]. 10 Serial dilutions starting from 20mM ATP 

were tested. Plates were read repeatedly within a time frame of 15 min to 4 h. In 

these experiments, ATP and fluorescent kinase tracer were premixed to prevent 

time-dependent discrimination. 

4.3.3. Kinase Activity Assay:  

To test the activities of the compounds as PKMYT-1 inhibitors, the 

synthesized compounds were screened with a fluorescence anisotropy-based 

binding assay, using the PKMYT-1 domain (KD) and a fluorescently labeled ATP-

competitive compound [175]. The initial screening was performed at 20 mM 

inhibitor concentration as a triple measurement of each compound. Dasatinib (10 

mM) was used as inhibitory control and 1% DMSO as vehicle control. Compounds 

were then retested at 20 mM and 5 mM concentrations in triple measurement. 

4.4. Computational Methods: 

Molecular docking 

The crystal structure of PKMYT-1  (PDB ID 5VD1), WEE1 (PDB ID 5V5Y), and 

Aurora A Kinase (PDB ID 4DEB) were downloaded from the Protein Data Bank. 

The protein structures were prepared using Protein Preparation Wizard by adding 

the hydrogen atoms and missing side chains in Schrödinger suite. [Schrödinger 
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Release 2021-1: Maestro, Protein Preparation Wizard, Prime, Epik, Ligprep, 

Confgen, Glide; Schrödinger LLC, New York, NY (USA), 2021.] Solvent molecules 

were removed. Tautomeric states and protonation states of the amino acids were 

adjusted with PROPKA tool at pH 7.0. OPLS3e force field was applied to minimize 

the complex to remove the steric clashes, bad contacts and unsuitable torsional 

angles. The inhibitor structures were prepared using the Ligprep tool by applying 

the OPLS3e force field. Subsequently, 64 conformers per ligand were generated 

using the Confgen tool with force filed minimization on output conformers. 

Molecular docking studies were performed in Glide from Schrödinger suite. Grid 

files were prepared with default settings by applying box-size as 15 Å * 15 Å * 15 

Å. Standard Precision (SP) mode with flexible ligand sampling and enhanced 

planarity of conjugated π groups were used for docking studies. The validation of 

the docking protocol was done by re-docking. The root mean square deviation 

(RMSD) value of the re-docked inhibitors from the three X-ray structures compared 

to the observed binding mode in the crystal structure were all below 1.0  Å. 
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Compound 3a 
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NE36pos #3-11 RT: 0.05-0.28 AV: 9 NL: 1.62E8
T: FTMS + p NSI Full ms [150.00-1500.00]
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Compound 3b 
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Compound 3c 
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T: FTMS + p NSI Full ms [150.00-2000.00]
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Compound 3d 
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NE65 #1-13 RT: 0.02-0.46 AV: 13 NL: 1.57E6
T: FTMS + p NSI Full ms [150.00-2000.00]
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Compound 3e 
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NE63 #1-13 RT: 0.02-0.46 AV: 13 NL: 1.61E5
T: FTMS + p NSI Full ms [150.00-2000.00]
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Compound 3f 
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NE43pos #3-12 RT: 0.05-0.31 AV: 10 NL: 9.04E7
T: FTMS + p NSI Full ms [150.00-1500.00]
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Compound 5 
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NE11pos #2-10 RT: 0.05-0.28 AV: 9 NL: 2.28E6
T: FTMS + p NSI Full ms [150.00-1500.00]
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Compound 7 
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NE61pos #3-11 RT: 0.06-0.29 AV: 9 NL: 1.35E8
T: FTMS + p NSI Full ms [150.00-1500.00]
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Compound 10a 
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NE15pos #3-10 RT: 0.07-0.27 AV: 8 NL: 2.13E8
T: FTMS + p NSI Full ms [150.00-1500.00]
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Compound 10b 
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NE59pos #2-10 RT: 0.05-0.28 AV: 9 NL: 3.47E8
T: FTMS + p NSI Full ms [150.00-1500.00]
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Compound 10c 
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NE66 #1-13 RT: 0.01-0.45 AV: 13 NL: 3.99E5
T: FTMS + p NSI Full ms [150.00-2000.00]
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Compound 10d 
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NE67 #1-12 RT: 0.02-0.42 AV: 12 NL: 1.53E6
T: FTMS + p NSI Full ms [150.00-2000.00]
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Compound 10e 
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T: FTMS + p NSI Full ms [150.00-2000.00]
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Compound 13a 
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Compound 13b 
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NE47pos #2-10 RT: 0.05-0.28 AV: 9 NL: 1.65E8
T: FTMS + p NSI Full ms [150.00-1500.00]
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Compound 

13c 

 



94 
 

 

 

  

NE49pos #2-10 RT: 0.05-0.28 AV: 9 NL: 8.66E7
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Compound 13d 
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Compound 13e 
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NE50pos #3-12 RT: 0.05-0.31 AV: 10 NL: 1.09E8
T: FTMS + p NSI Full ms [150.00-1500.00]
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T: FTMS + p NSI Full ms [150.00-2000.00]
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3.3. Design and synthesis of novel flexible ester-containing 

analogs of tamoxifen and their evaluation as anticancer 

agents 

 

Nehal H. Elghazawy, Mathias Engel, Rolf W. Hartmann, Mostafa M. 

Hamed, Nermin S. Ahmed & Ashraf H. Abadi 

 

Future Med. Chem. 2016, 8, 249-56. Doi: 10.4155/fmc.15.181 

 

Abstract 

Background: Tamoxifen (TAM) is metabolized to the more active 4-

hydroxytamoxifen by CYP2D6 enzyme. Due to the genetic polymorphisms in 

CYP2D6, clinical outcomes of TAM treatment vary. Novel flexible TAM analogs 

with altered activation pathway were synthesized and were tested for their 

antiproliferative action on MCF-7 cell lines and their binding affinity for ERα and 

ERβ.  

 

Results: All compounds showed better antiproliferative activity than TAM. 

Compound 3 showed 80-times more ERα binding than TAM, 900-times more 

selectivity toward ERα. Compound 3 was tested on the entire National Cancer 

Institute cancerous cell lines; results indicated a broad spectrum anticancer 

activity.  

 

Conclusion: The novel analogs were more potent than TAM with higher 

selectivity toward ERα and with potential metabolic stability toward CYP2D6. 
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Breast cancer is the second most common can-
cer in the world and, by far, the most frequent 
cancer among women with an estimated 1.67 
million new cancer cases diagnosed in 2012 
(25% of all cancers) [1,2]. Since almost 80% of 
breast cancer cases are hormone-dependent, 
estradiol acting via the estrogen receptor (ER) 
plays a major role in the growth and develop-
ment of (ER+) breast cancer. Endocrine ther-
apies have played an essential role in the treat-
ment of breast cancer and have improved the 
outcomes of postmenopausal women with 
all stages of the disease [3]. Selective estrogen 
receptor modulators (SERMs) are chemically 
diverse compounds that have been available 
for decades. Although they lack the steroid 
structure of estrogens, they possess a specific 
structure that allows them to bind to the 
ERs [4]. SERMs are known to exhibit partial 
agonist and antagonist  properties in different 
tissues and organs [5,6].

TAM was the first SERM to be utilized 
in the treatment of metastatic breast cancer. 

It is considered the most effective drug in 
ER-positive breast cancers. Moreover, it has 
shown to reduce the risk of recurrence and 
death when used as adjuvant therapy in early 
stage or in metastatic cancer [7].

TAM efficacy depends on the formation of 
clinically active metabolites 4-OH-TAM and 
endoxifen (Figure 1). These metabolites have 
a greater affinity to ER  and a much higher 
antiestrogenic potency in breast cancer cells 
compared with the parent drug.

The TAM metabolism is mediated via two 
main enzymes: CYP2D6 and CYP3A4 [8,9]. 
CYP2D6 is considered to have highly variable 
enzymatic activity; this variation has been 
attributed to genetic polymorphisms in the 
genes encoding the enzyme. Such polymor-
phisms can result in formation of inactive pro-
teins that lack enzymatic activity or may lead 
to an enzyme with reduced activity [10–13].

This study aims to synthesize new TAM 
analogs having the main pharmacophoric 
features of TAM, yet with potential differ-

Design and synthesis of novel flexible 
ester-containing analogs of tamoxifen and 
their evaluation as anticancer agents

Nehal H Elghazawy‡,1, 
Mathias Engel2, Rolf W 
Hartmann2, Mostafa M 
Hamed2, Nermin S Ahmed*,‡,1 
& Ashraf H Abadi1
1

 

 
*  

 
 

 
‡

For reprint orders, please contact reprints@future-science.com



Figure 1. Chemical structures of tamoxifen, hydroxytamoxifen and endoxifen.
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ent metabolic activating pathway. These novel analogs 
are designed to overcome the genetic polymorphism 
of the CYP2D6 enzyme, thus giving potential equal 
clinical benefits to all patients. This aim was achieved 
through blocking the site for metabolic para-hydrox-
ylation either by hydroxy group or by ester groups, 
namely acetate, butanoate or decanoate. Additionally, 
the compounds were designed to endorse flexibility to 
the rigid triphenylethylene backbone through intro-
duction of a benzylic methylene spacer between Ring 
A of TAM and the ethylene group, such modification 
is reported to increase selectivity toward ER  versus 
ER , the new analogs can further reveal the nature of 
estrogen receptors in terms of ligand flexibility toler-
ance. Since the alkylaminoethoxy side chain of Ring 
B of TAM has been reported to be a key player for 
the antagonistic action of SERMs [14,15]. The novel 
analogs are synthesized bearing a dimethylamino-
ethyloxy, pyrrolidinylethyloxy or piperidinylethyloxy 
side chains. The effect of cyclization, size of the cyclic 
structure and the effect of alteration of the basicity 
of nitrogen have all been extensively investigated. All 
novel TAM analogs were tested for their antiprolifera-
tive effect on MCF-7 cell lines as well as their binding 
affinity to ER . Compounds showing highest IC

50
 for 

MCF-7 cells inhibition as well as ER  binding were 
tested for the binding affinity to ER  and the differen-
tial selectivity between ER  and ER  was calculated 
(Table 1).

Results & discussion
Chemistry
Compounds 1 was synthesized using standard 
McMurry coupling reaction of 4,4 -dihydroxyben-
zophenone with 1-phenyl-2-butanone using titanium 
tetrachloride/zinc as catalyst to give the triphenyl eth-
ylene backbone in yield 87%. Compound 1 was con-
firmed from its spectral data where 1H-NMR showed a 
singlet at 3.45 ppm for the benzylic CH

2
, a multiplet at 

1.94 – 1.85 and a triplet at  0.87 for the CH
2
–CH

3
. 

The infrared spectra of compound 1 showed a broad 
band at 3321.8 cm-1 for the OH stretching. Moreover, 
the formation of the C = C has been confirmed by an 
absorption band at (1600–1660 cm-1) [16,17].

Compound 1 was then treated with the appropriate 
base hydrochloride salt in the presence of potassium 
carbonate to form monoalkylated and dialkylated ether 
derivatives. Products were purified using column chro-
matography to provide the monoalkylated derivative 
2–4 with yield 45%. The esterification of the monoal-
kylated compounds was then achieved via using com-
mercially available acid chlorides in a basic medium 
(Figure 2). The success of esterification reaction was 
detected by appearing of upfield multiplets integrating 
for the number of alkyl protons. The infrared spec-
trum of all final and esterified compounds showed a 
peak at 1750 cm-1 for (C = O) with a  disappearance of 
characteristic OH band.

Compounds 2–13 were obtained as 1:1 mixture of 
E/Z isomers. Attempts to isolate the E/Z isomers using 
column chromatography as well as prep HPLC were 
not successful. The E/Z isomeric ratio for the products 
was assigned using the relative peak heights in the 1H-
NMR spectrum where all compounds displayed two 
signals only for the benzylic methylene protons, signals 
appeared as singlet  3.52 and 3.54.

Except for the benzylic protons, all protons of both 
isomers appeared exactly the same chemical shift, yet 
integrate for double the number of protons of each pure 
isomer. Moreover, 13C-NMR confirmed the formation 
of isomers since most of the signals were duplicated. 
The duplication of signal has been previously reported 
by Bedford and Richardson [18].

Assessment of compounds’ activity against MCF-7 
cancer cell lines
For the inhibitory effect on MCF7 cell lines, all the 
compounds 2–13 have shown IC

50
 values that ranged 

from 2.54 to <0.25 M that is better than IC
50

 of 
TAM and 4-OH-TAM, this may be partially affiliated 
to the higher lipophilicity of the flexible analogs when 
compared with rigid TAM and 4-OH-TAM.

Compounds 5–13 bearing ester groups of different 
alkyl chains are hypothesized to undergo hydrolysis via 
esterases. MCF-7 cells have been reported to have car-
boxyl esterases activity, the enzyme is located entirely 
intracellularly and is not secreted by the MCF-7 
cells [19], the novel compounds exhibit variable lipo-
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philicity which in turn facilitates their uptake by the 
MCF-7 cells for hydrolysis. The different ester groups 
are expected to have different rates of hydrolysis in vivo.

Compound 13 with the most lipophilic decyl group 
did not show the highest growth inhibition effect, this 
may be attributed to the fact that esterases are intracel-
lular enzymes in the MCF-7 cell lines; no experimental 
data are available neither to quantify the exact amount 
of test compounds exposed to esterase effect, nor to 
determine its amount that was solubilized in the aque-
ous media during the in vitro assay. Since the IC

50
s of 

compounds 7, 11–13 were lower than their hydroxyl 
derivatives 2 and 4, thus the activity may be referred 
to the whole intact molecule rather than the hydroxyl 
precursor, nevertheless a mixed effect is also possible.

Regarding the nitrogenous side chain, it seems that 
incorporating the terminal nitrogen in a cyclized form 
provides higher potency, compounds 8–13 versus 5–7, 
increasing the basicity of the amino group seems to 
enhance the growth inhibition activity.

NCI assay results for compound 3
Compound 3 (NSC 783098) showed an IC

50
 <0.25 M 

on MCF7 cell line. The compound has been further 
tested for its in vitro antitumor activity against 60 
human tumor cell lines by the National Cancer Insti-
tute, three response parameters (GI

50
, TGI and LC

50
) 

were calculated for each cell line; most sensitive tumor 
cell lines were reported versus TAM (NSC-180973) as 
control (Table 2).

Compound 3 exhibited GI
50

 = 0.02 M on MCF-7 
human breast cancer cell lines, this value is 60-times 
higher than TAM GI

50
= 1.25 M, compound 3 was of 

broad spectrum activity with higher selectivity toward 
MCF-7. The only selectivity was for MCF-7 cells within 
the breast cancer cells subpanel. Compound 3 depicted 
antiproliferative activity on MDA-MB-231 (ER-) 
breast cancer cell line. The three measured parameters 
(GI

50
, TGI and LC

50
) indicated that compound 3 still 

exhibits an appreciable activity indicating their abil-
ity to induce ER-independent cell death. Compound 
3 still exhibits an appreciable activity indicating their 
ability to induce ER-independent cell death in a simi-
lar fashion to TAM; previous reports stated that TAM 
can potentially affect cellular functions by binding to 
calmodulin [20] or inhibiting protein kinase C [21,22], it 
has been studied for its ability to inhibit cell growth 
and induce apoptosis independently of the presence of 
ER. Moreover other targets have been identified that 
could account for its cytotoxicity, mainly through 
binding to microsomal antiestrogen binding site and 
inhibiting cholesterol esterification, this has been 
linked to TAM ability to induce breast cancer cell dif-
ferentiation, apoptosis and autophagy independently of 
the presence of ER [23–25].

Assessment of compounds’ estrogen receptor 
binding affinity
A competitive ER binding assay was carried out for 
the novel compounds. Ligand-binding affinity of the 

Table 1. IC50 of synthesized compounds on MCF-7 cells and binding to estrogen receptor.

Code

N

R IC50 ( M) MCF 
-7 cells

IC50 ( M) ER  IC50 ( M) ER  Selectivity 
ER  /ER  

2 -CH3, -CH3 ---- 2.12 0.00079 ND ND

3 Pyrrolidine ---- <0.25 0.00011 >0.09 >900

4 Piperidine ---- 2.51 0.00065 ND ND

5 -CH3, -CH3 -CH3 2.42 0.022 ND ND

6 -CH3, -CH3 -C3H7 2.54 0.036 ND ND

7 -CH3, -CH3 -C9H19 1.88 0.183 ND ND

8 Pyrrolidine -CH3 1.72 0.00910 0.14 15.38

9 Pyrrolidine -C3H7 1.60 0.036 ND ND

10 Pyrrolidine -C9H19 1.06 0.153 ND ND

11 Piperidine -CH3 0.83 0.0225 ND ND

12 Piperidine -C3H7 0.93 0.0236 ND ND

13 Piperidine -C9H19 2.26 0.117 ND ND

TAM  4.40 0.00808 0.18 22.2

OH-TAM  2.79 0.00058 0.1 172.4



Figure 2. Synthesis of flexible tamoxifen analogs.
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specified compounds for ER  is determined (Table 1). 
The three hydroxylated compounds 2–4 showed lower 
IC

50
 values than TAM (IC

50
 = 8 nM), and are nearly 

equipotent to 4-OH-TAM (IC
50

 = 0.5 nM) except for 
compound 3 with (IC

50
 = 0.1 nM), this indicates that 

introducing flexibility to the triphenylethylene scaf-
fold, together with a cyclic basic pyrolidine substitu-
ent have contributed to better ER  binding. Compar-
ing the three flexible analogs 2–4 reveals an essential 
role for the basic nitrogen, where compound 3 bearing 

Table 2. GI50/TGI/LC50 of compound 3 and tamoxifen versus some tumor cell lines ( M).

 Cpd SR† EKVX‡ HCT15§ SNB-75¶ LOX IMVI# SK-OV3†† A498‡‡ MCF7§§ MDA-MB-231§§ T-47D§§

GI50 3 1.35 1.44 1.50 1.30 1.60 1.70 1.20 0.02 3.90 1.20

 TAM 5.01 7.9 5.01 6.32 3.98 10 3.16 1.25 2.1 3.16

TGI 3 3.20 2.89 3.78 2.98 3.05 3.32 2.72 2.22 4.05 3.32

 TAM 79.4 19.95 10.00 12.58 7.94 15.84 6.30 6.31 12.59 10.00

LC50 3 7.54 5.78 6.26 6.79 5.76 6.34 5.85 6.13 7.79 8.80

 TAM 251 39.81 19.95 25.11 15.84 31.62 12.58 19.95 25.11 19.95

in vitro [26,27]
†

‡

§

¶

#

††

‡‡

§§



Figure 3. Overlay of compound 3 (red) on 4-OH-TAM 
(green).

Figure 4. Interactions of 4-OH-TAM and compound 3 with ER  ligand-binding domain.
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the most basic nitrogen in its pyrolidine ring has the 
highest binding affinity whereas compound 2 bear-
ing the least basic dimethylamino group has the low-
est affinity (IC

50
 = 0.7 nM), thus cyclization and a 

readily protonated basic nitrogen should allow better 
interaction with the ER, the results showed that for the 
hydroxylated analogs the base change does not have a 
dramatic effect on the binding affinity whereas it has a 
pronounced effect on growth inhibitory activity. Com-
pound 3 (most active hydroxylated analog) and com-
pound 8 (most active esterified analog) were tested for 
their binding affinity to ER ; both compounds showed 
better binding to the ER . Compound 3 showed 900-
times more binding affinity to ER  versus ER . All the 
ester containing compounds 5–13 have shown a lower 
binding affinity for the ER  than that of TAM and 
4-OH-TAM except for compounds 8 which was equi-
potent to TAM (IC

50
 = 9 nM). The less binding affinity 

can be interrelated to the lack of esterases in the in vitro 
binding assays leading to lack of formation of hydrox-
ylated analogs or endoxifen like structures. However, 
such lack does not affect the IC

50
s of MCF7 cells as 

shown above.

In silico study
The mode of binding of the novel compounds 3 and 
8 (highest ER  binding affinity) was investigated 
through a brief computational docking study using 
MOE.2009. The crystal structure used in the dock-

ing studies was obtained from the co-crystallization of 
ER  with 4-OH-TAM as found in the PDB database 
(PDB: 3ERT) [28]

The docked geometry for compound 3 showed that 
incorporation of the additional methylene group still 
allows the compounds to adopt the required arrange-
ment for binding in an established antiestrogenic mode; 
this is confirmed by a nearly complete overlap of the 
docked geometries for 3 and 4-OH-TAM (Figure 3). 
The only difference is obvious in the areas of the struc-
ture where the benzylic methylene is introduced. Aim-
ing to investigate the reason of higher affinity of flexible 
analog 3 compared with rigid 4-OH-TAM, the area 
accommodating the benzyl group was visually exam-



Figure 5. Interactions of compound 8 with ER  ligand-binding domain.
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ined, the extra methylene carbon has pushed the phenyl 
ring into a small lipophilic cavity maintained by Ile424 
and His524 , this pocket is previously reported by Lloyd 
et al [29]. The higher affinity of compound 3 indicated 
that the benzylic moiety is probably held in a more 
favorable position by this hydrophobic cleft (Figure 3).

To quantify the relative interactions for the com-
pounds, the 2D interactions with ligand 3, 8 were 
predicted, the residues depicted are those that have 
been previously reported to be crucial for the bind-
ing process: Asp351, Glu353, Arg394, His524 and Ile 
424 [30,31] (Figures 4 & 5).

Compound 3 interacts with ER  in a similar fash-
ion to OH-TAM, where two H-bonds are formed 
between the free phenolic hydroxy group (OH) and 
the two amino acids residues Arg394 and Glu353 of 
the binding pocket as acceptor and donor, respec-
tively. Moreover, the basic amino group of pyrolidine 
is protonated creating a cationic which augments the 
binding with Asp 351 (anionic carboxylate site) on the 
estrogen receptors. The SERM profiles have been pre-
viously ascribed to the charge neutralization between 
the basic amine of SERMs and the negatively charged 
residue Asp351 in the ligand-binding domain [32]. 
This has been correlated to the distances measured 
between O 351 and Nlig. in the crystal structures. The 

distances of 3.8Å are found in 4-OHT complex in 
3ERT, whereas compounds 3 and 8 showed a distance 
of 3.17 Å and 2.97 Å, respectively.

Compound 8 showed that the acetate group is 
involved in two hydrogen bonds acceptor interac-
tions with ER , in other words, the carbonyl group 
picked up similar interactions to OH-TAM but of 
semidifferent natures (Figure 4).

The interactions of the esterified compound 8 ( IC
50

 
= 9 nM) showed that only direct H-bond was formed 
between the oxygen of carbonyl group and amino acid 
Arg394 while an indirect H-bond via water (H

2
O) 

molecule was formed with Glu353 . These findings 
can explain the high binding affinity of compound 8 
to the ER . This confirms that the esterification on 
the para-position did not lead to loss of any essential 
interactions although of partial altered nature.

Conclusion
In an attempt to synthesize compounds that have a 
different activation pathway than TAM to overcome 
the CYP2D6 enzyme genetic polymorphism, 12 novel 
compounds were synthesized. These compounds have 
showed better antiproliferative effect than TAM on 
MCF-7 cells. Moreover, the novel flexible analogs have 
shown better activity as well as higher selectivity toward 
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ER  receptors, providing a promising future for novel 
flexible TPE derivatives. Further metabolic studies are 
required to determine the exact rate of metabolism of 
the novel compounds and their potential metabolism 
compared with TAM. Pharmacokinetics–pharmaco-
dynamics modeling are planned to study the effect of 
changes of the length of the ester alkyl groups.

Future perspective
Still today TAM and raloxifene are only two SERMs 
approved for reducing (ER) positive breast cancer 
risk in USA and still only a few women eligible for 
the drugs are using them. The new era of personalized 
medicine will attract much interest from the pharma-
ceutical and medical sector to our work; our research 
group is currently working on drug metabolism and 
pharmacokinetics model for those analogs to confirm 
their success as SERMs for individuals with CYP2D6 
inactive alleles. Preliminary results indicate the pos-
sibility of preparing long acting analogs with superior 
pharmacokinetic properties to existing SERMs. In 
this study, an attempt to overcome CYP2D6 polymor-

phism through designing compounds with alternative 
metabolic pathway has been addressed. Success in 
synthesizing compounds with higher antiproliferative 
effect than TAM needs to be followed by metabolic 
studies to determine the exact rate of metabolism of the 
novel compound under the study conditions. Further 
in vivo testing for these compounds is planned.
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Executive summary

Twelve novel compounds have been synthesized in an attempt to overcome the CYP2D6 enzyme genetic 
polymorphism via having different metabolic pathway
Flexibility added to the TAM backbone resulted in compounds with better antiproliferative effect than TAM 
on MCF-7 cell lines as well as higher selectivity toward ER  receptors.
Further metabolic studies and pharmacokinetics–pharmacodynamics modeling are required to have full idea 
about the novel compounds’ properties.
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Abstract 

Tamoxifen (TAM) is a widely used drug in the prophylaxis and treatment 

of breast cancer. TAM is metabolized to the more active 4-hydroxytamoxifen (4-

OH-TAM) and endoxifen by cytochrome P450 (CYP) mainly CYP2D6 and 

CYP3A4 enzymes. Due to the genetic polymorphisms in CYP2D6 genes, high 

variation in the clinical outcomes of TAM treatment is observed among women 

of different populations. To address this issue, novel TAM analogues with 

possible altered activation pathways were synthesized. These analogues were 

tested for their antiproliferative action on MCF-7 breast cancer cell lines as well 

as their binding affinity for estrogen receptor (ER) ER-a and ER-b receptors. 

These entire novel compounds showed better antiproliferative activity than did 

TAM on the MCF-7 cells. Moreover, compound 10 exhibited a half maximal 

growth inhibition (GI50) that was 1000 times more potent than that of TAM (GI50 

< 0.005 mM vs 1.58 mM, respectively). Along with a broad spectrum activity on 

various cancer cell lines, all the TAM analogues showed considerable activity on 

the ER-negative breast cancer cell line. For further study, compound 10 was 

incubated in human liver microsomes (HLM), human hepatocytes (hHEP) and 

CYP2D6 supersomes. The active hydroxyl metabolite was detected after 

incubation in HLM and hHEP, implicating the involvement of other enzymes in its 

metabolism. These results prove that this novel series of TAM analogues might 

provide improved clinical outcomes for poor 2D6 metabolizers. 
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a b s t r a c t

Tamoxifen (TAM) is a widely used drug in the prophylaxis and treatment of breast cancer. TAM is
metabolized to the more active 4-hydroxytamoxifen (4-OH-TAM) and endoxifen by cytochrome P450
(CYP) mainly CYP2D6 and CYP3A4 enzymes. Due to the genetic polymorphisms in CYP2D6 genes, high
variation in the clinical outcomes of TAM treatment is observed among women of different populations.
To address this issue, novel TAM analogues with possible altered activation pathways were synthesized.
These analogues were tested for their antiproliferative action on MCF-7 breast cancer cell lines as well as
their binding affinity for estrogen receptor (ER) ER-a and ER-b receptors. These entire novel compounds
showed better antiproliferative activity than did TAM on the MCF-7 cells. Moreover, compound 10
exhibited a half maximal growth inhibition (GI50) that was 1000 times more potent than that of TAM
(GI50 < 0.005 mM vs 1.58 mM, respectively). Along with a broad spectrum activity on various cancer cell
lines, all the TAM analogues showed considerable activity on the ER-negative breast cancer cell line. For
further study, compound 10 was incubated in human liver microsomes (HLM), human hepatocytes
(hHEP) and CYP2D6 supersomes. The active hydroxyl metabolite was detected after incubation in HLM
and hHEP, implicating the involvement of other enzymes in its metabolism. These results prove that this
novel series of TAM analogues might provide improved clinical outcomes for poor 2D6 metabolizers.

© 2016 Elsevier Masson SAS. All rights reserved.

1. Introduction

Breast cancer is considered to be the most common cancer
among womenworldwide, with 1.7 millionwomen diagnosed with
the disease in 2012 [1]. The majority of breast cancer cases (almost
80%) are classified as hormone-dependent cancer, since estrogen,
acting via estrogen receptoralpha (ER-a) or estrogen receptor beta
(ER-b), is the major inducer of the development and growth of the
tumor. These are also called ER-positive breast cancers. The

remaining cases are not induced by estrogen and are classified as
hormone-independent, or ER-negative, cancers. Since the growth
of hormone-dependent cancer cells can be down-regulated by the
oppositely active hormones, several endocrine therapies that limit
the actions of estrogen have been developed over the past years.
These endocrine therapies have played an important part in
treating and improving the outcomes of postmenopausal women
with all stages of the disease [2]. Selective estrogen receptor
modulators (SERMs) have also been studied for their anti-cancer
activity. These are chemically diverse compounds that lack the
steroidal structure of estrogens yet can bind to ERs [3]. In addition,
SERMs exhibit partial agonist and antagonist properties in different
tissues and organs [4,5].

Tamoxifen (TAM) was the first SERM to be utilized in the
treatment of metastatic breast cancer and is considered to be
among the most effective drug in treating ER-positive breast can-
cers, either alone or better in combination with aromatase in-
hibitors. Moreover, the drug reduces the risk of recurrence and

Abbreviations: TAM, Tamoxifen; 4-OH-TAM, 4-hydroxytamoxifen; CYP, Cyto-
chrome P450; ER, Estrogen receptor; GI50, Half Maximal growth inhibition; HLM,
Human microsomal enzymes; hHEP, Human hepatocytes; SERM, Selective estrogen
receptor modulator; TPE, Triphenyl ethylenes; IC50, Half maximal inhibitory con-
centration; TGI, Total growth inhibition; LC50, half maximal lethal concentration;
PDB, Protein data bank; UGT, Uridine 50-diphospho-glucuronosyltransferase; SULT,
Sulfotransferase.
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death when used as adjuvant therapy in early stage or in metastatic
cancer [6]. The efficacy of TAM is derived from its two clinically
active metabolites, 4-hydroxytamoxifen (4-OH-TAM) and endox-
ifen, both of which have a greater affinity towards ER-a and a much
higher antiestrogenic potency in breast cancer cells than does the
parent drug (Fig. 1).

TAM metabolism and activation to the more active endoxifen is
mediated mainly via cytochrome P450 (CYP) enzymes, specifically
the CYP2D6 and CYP3A4 isoforms. Other non CYP as UGT and SULT
genes are contributing to the clearance of TAM. All these enzymes
are polymorphic with many well-characterized variants [7].
CYP2D6 is known to have highly variable enzymatic activity as a
result of polymorphisms in the genes that encode the enzyme. Such
genetic polymorphisms can lead to the formation of proteins that
lack enzymatic activity or to enzymes with reduced activity [5,8].

The aim of this study was to synthesize new TAM analogues that
maintain the main pharmacophoric features of TAM yet are
metabolized via a metabolic pathway that does not involve the
CYP2D6 enzyme, thus avoiding the genetic polymorphisms of this
enzyme and giving more equal clinical benefits to patients. During
the course of this work, several structural modifications to TAM
were investigated, including substitution of a methyl in place of an
ethyl group on the triphenylethylene (TPE) backbone. The effects of
such a change on binding affinity to ER-a receptors, growth inhi-
bition of MCF-7 cancerous cell line and selectivity were investi-
gated. In addition, the effect of blocking the metabolic para-
hydroxylation on ring C was studied by placing a hydroxyl group or
an ester group, namely acetate, butanoate or decanoate. Further-
more, the dimethylaminoethoxy side chain at ring B of TAM that
plays a crucial role in TAM antagonistic action [9] was modified to a
pyrrolidinylethoxy or a piperidinylethoxy group. The effect of
cyclization, size of the cyclic structure and alteration of the basicity
of nitrogenwere all extensively investigated (Fig. 2). The novel TAM
analogues were prepared as depicted in (Scheme 1).

Compounds 1 was synthesized using standard McMurry
coupling reaction of 4,40- dihydroxybenzophenone with aceto-
phenone using titanium tetrachloride/zinc as catalyst to give the
triphenyl ethylene backbone in yield 87% [10,11].

Compound 1 was then treated with the appropriate base hy-
drochloride salt in the presence of potassium carbonate to form
monoalkylated and dialkylated ether derivatives. Products were
purified using column chromatography to provide the mono-
alkylated derivative 2e4 with yield 45%. The esterification of the
monoalkylated compounds was then achieved via using commer-
cially available acid chlorides in a basic medium. Compounds 2e13
were obtained as 1:1 mixture of E/Z isomers. Attempts to isolate the
E/Z isomers using column chromatography as well as preparative
HPLC were not successful.

13C NMR confirmed the formation of isomers since most of the
signals were duplicated. Such duplication of signal has been pre-
viously reported by Bedford and Richardson [12].

2. Results and discussion

All novel TAM analogues were tested for their antiproliferative
effect on MCF-7 cell lines and for their binding affinity to ER-a.
Compound 8, the esterified analogue with the highest ER-a binding
affinity (half maximal inhibitor concentration [IC50] ¼ 0.0077 mM),
and compound 3, its hydroxyl congener (IC50 ¼ 0.0008 mM), were
additionally tested for their binding affinity to ER-b. The differential
selectivities between ER-a and ER-b were calculated for these two
compounds (Table 1).

All of the novel TAM analogues, including the hydroxyl-
containing molecules (compounds 2e4) and ester-containing
molecules (compounds 5e13), showed IC50 values in the range of
(<1e3.17 mM) on MCF-7 cell lines, which is lower than the IC50 of
TAM (4.40 mM). These results confirmed that placing a hydroxyl or
an ester group at position 4 of TAM enhances activity of the com-
pounds. Compound 2 (IC50¼ 1.48 mM) achieved twice the activity of
4-OH-TAM with only one structural difference: a methyl rather
than an ethyl group on the TPE backbone. This modification did not
have a consistent effect on all analogues, indicating that TPE can
tolerate a range of alkyl spacers. A more pronounced effect was
observedwhen a basic nitrogenwas incorporated into themolecule
in a cyclic pyrolidine ring, as seen in compound 3 (IC50 < 1 mM).

Introduction of an ester group at position 4 of ring C increased
the growth inhibition potency of almost all compounds. Analogues
bearing a decanoate ester (compounds 7, 10 and 13) were the most
active of the ester-bearing compounds, indicating a correlation
between lipophilicity and growth inhibition that may be attributed
to an improved cellular uptake. Carboxyl esterases are located
entirely intracellular in MCF-7 cells,and, therefore, the conversion
of the lipophilic esterified analogues to the more potent hydroxyl
analogues may be facilitated by a successful uptake of the com-
pounds [13]. We cannot, however, exclude the possibility that the
improved activity is a combined effect coming from both the ester
analogues and their hydroxyl metabolites.

In addition, incorporation of a cyclic nitrogen moiety on ring B
provides a better inhibitory profile than acyclic nitrogen. Com-
pounds 5, 8 and 11 all contain an acetate at ring B, but the addition
of a pyrrolidine or piperidine in compounds 8 and 11, respectively,
resulted in lower IC50 values against MCF-7 (2.60 and 2.46 mM for
compounds 8 and 11, respectively, vs. 2.74 mM for compound 5). A
similar pattern is seen for the butanoate -bearing analogues when
compounds 9 and 12, which contain a pyrrolidine or a piperidine,
respectively, are compared to compound 6 (1.20 and 2.42 mM vs.
3.17 mM, respectively).

Compounds 3 and 10 (NSC-783093, NSC-783094) were selected
by the National Cancer Institute (NCI) for further testing for in vitro
antitumor activity against 60 human tumor cell lines. The (GI50),
total growth inhibition (TGI) and half maximal lethal concentration
(LC50) were measured for each cell line (see Supplemental
Information). The GI50values of these two compounds on the

Fig. 1. Chemical structures of tamoxifen, hydroxytamoxifen and endoxifen.
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most sensitive tumor cell lines are shown in comparison with TAM
(NSC-180973) as the control in Table 2. For theMCF-7 human breast
cancer cell line, compounds 3 and 10 had GI50values of less than
0.01 mM and less than 0.005 mM, respectively. These values repre-
sent an activity between 100 and 1000 times higher than that for
TAM (GI50¼ 1.58 mM), indicating that compounds 3 and 10 exhibit a
high selectivity for MCF-7 cells and that they act mainly via an ER
antagonistic mechanism. Interestingly, compound 3 showed to be
more active than TAM on most cell lines tested.

The appreciable activity displayed by compounds 3 and 10 on
the ER-negative breast cancer cell line MDA-MB-468 indicates that

these compounds have the ability to induce ER-independent cell
death in a fashion similar to TAM. Previous reports stated that TAM
potentially affects cellular functions by binding to calmodulin [14]
or by inhibiting protein kinase C [15,16], and for this reason TAM
has been studied for inhibition of cell growth and induction of
apoptosis independently of ER. Other targets that could account for
the cytotoxicity of TAM have been identified. TAM can bind to
microsomal antiestrogen binding sites (AEBS), thus inhibiting
cholesterol esterification. This mechanism has been linked toTAM's
ability to induce breast cancer cell differentiation, apoptosis and
autophagy independently of ER [17e19].

Fig. 2. Structural modifications of novel tamoxifen analogues.

Scheme 1. Synthesis of the tamoxifen analogues (compounds 1e13).
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Additionally, compound 10was evaluated for in-vitrometabolite
identification by incubation in CYP2D6 supersomes with and
without the presence of NADPH, HLM or hHEP. A hydroxylated
metabolite (M1) was observed in all incubation conditions, and a

glucuronidated metabolite (M2) was seen after 3 h incubation in
hHEP (Table 3).

A competitive ER binding assay was carried out for all the novel
compounds, and the IC50 values are listed in Table 1. A comparison
of the ER binding affinities of the three hydroxylated analogues
(compounds 2e4) reveals the influence of the basic nitrogen;
compounds 3 and 4 contain a highly basic nitrogen in the pyroli-
dine and piperidine rings, respectively, and are nearly 10-fold more
active than compound 2 and TAM (IC50 ¼ 0.0008 and 0.0004 vs
0.0013 and 0.008 mM, respectively). Compound 2 contains the least
basic nitrogen (the dimethylamine moiety) among this group of
compounds and also has the lowest affinity. Cyclization and effi-
cient protonation of the basic nitrogen probably allow for better
positioning and, hence, a better antiestrogenic mode of interaction
with ER.

Compounds 3 and 4 are equipotent to 4-OH-TAM
(IC50 ¼ 0.0005 mM), whereas compound 2 showed a 10-fold
decrease in binding affinity compared to 4-OH-TAM. This differ-
ence in potency can be attributed to the presence of an ethyl group
in 4-OH-TAM as opposed to a methyl group on the TPE backbone of
compound 2. Further investigations are needed to understand the
effect of an alkyl spacer on binding affinity in these compounds.

The esterified molecule, compound 8 (ER-a IC50 ¼ 0.0077 mM),
and its hydroxylated derivative, compound 3 (ER-a
IC50 ¼ 0.0008 mM), we retested for binding affinity to ER-b. Both
compounds exhibited a higher selectivity to ER-a than to ER-b.
Except for compound 8, which was more potent than TAM
(IC50 ¼ 0.008 mM), the ester containing compounds 5e13 exhibited
a lower binding affinity to ER-a than did TAM and 4-OH-TAM. The
decreased binding affinity might be due to a lack of esterases in the
in vitro binding assays, leading to minimal formation of active hy-
droxylated analogues and resulting in a lack of essential in-
teractions between phenolic OH and Arg394 and Glu353 residues.

Compound 10 (GI50 < 0.005 mM) was incubated in CYP2D6
supersomes in the presence of NADPH, HLM or hHep, and the
resultant metabolites were characterized using LC-UV/MS. A hy-
drolyzed product was observed at t ¼ 0 under all incubation con-
ditions. To investigate the nature of this degradation product, the
compound was subjected to a preparative HPLC run. Two peaks
were integrated and were determined to represent the E and Z
isomers of each compound (see Supplemental Information). The
pure compound was incubated again and the degradation product
still appeared at t ¼ 0, indicating that hydrolysis was probably due

Table 1
Antiproliferative effect of TAM analogues in MCF-7 cells and binding affinities to ER-a and ER-b

Cpd Rb R0 IC50 (mM)a ER-a/ER-b selectivity ratio

MCF -7 ER-a ER-b

2 e(CH3)2 eH eCH3 1.48 0.0013 ND ND
3 pyrrolidine eH eCH3 <1 0.0008 0.04 44.9:1
4 piperidine eH eCH3 1.24 0.0004 ND ND
5 e(CH3)2 eCOCH3 eCH3 2.74 0.0220 ND ND
6 e(CH3)2 eCOC3H7 eCH3 3.17 0.0345 ND ND
7 e(CH3)2 eCOC9H19 eCH3 1.12 0.0319 ND ND
8 pyrrolidine eCOCH3 eCH3 2.60 0.0077 0.26 37.14:1
9 pyrrolidine eCOC3H7 eCH3 1.20 0.0271 ND ND
10 pyrrolidine eCOC9H19 eCH3 <1 0.0484 ND ND
11 piperidine eCOCH3 eCH3 2.46 0.0124 ND ND
12 piperidine eCOC3H7 eCH3 2.42 0.0333 ND ND
13 piperidine eCOC9H19 eCH3 1.52 0.0810 ND ND
TAM e(CH3)2 e eC2H5 4.40 0.0080 0.18 22.2:1
4-OH-TAM e(CH3)2 eOH eC2H5 2.79 0.0005 0.10 172.4:1

a Values are an average of at least three experiments for each concentration for MCF-7 cells, ER-a and ER-b.
b The R and R0 sites are located as shown in Fig. 2. 4-OH-TAM, 4-hydroxytamoxifen; ER, estrogen receptor; MCF-7, estrogen receptor alpha positive breast cancer cell line;

ND, not determined; TAM, tamoxifen.

Table 2
GI50 of TAM, compound 3 and compound 10 over a panel of human tumor cell lines.

Cell lines GI50 (mM)

Compound 3 Compound 10 TAM

MOLT-4 2.94 8.61 2.5
EKVX 2.46 6.92 6.3
HCT15 1.81 6.69 3.16
SNB-75 3.07 6.55 5.01
MDA-MB-435 1.88 7.47 3.16
SK-OV3 3.25 7.36 10
UO-31 1.87 6.72 6.3
MCF-7 <0.01 <0.005 1.58
MDA-MB-468 1.84 7.26 1.99
T-47D 0.71 ND 2.50

Data obtained from NCI's in vitro disease-oriented human tumor cell screen (see
Refs. [25] and [26]for details). EKVX, non-small lung cancer cell line; GI50 ¼ half
maximal growth inhibition; HCT15, colon cancer cell line; MCF-7, estrogen receptor
alpha positive breast cancer cell line; MDA-MB-435, melanoma cell line; MDA-MB-
468, estrogen receptor negative breast cancer cell line; MOLT-4, leukemia cell line;
SNB-75, central nervous system cancer cell line; SK-OV3, ovarian cancer cell line;
TAM, tamoxifen; T-47D, estrogen receptor alpha positive breast cancer cell line; UO-
31, renal cancer cell line.

Table 3
Relative abundances of compound 10, its hydroxyl metabolite (M1) and glucuronide
metabolite (M2) under incubation conditions.

Peak area Relative
abundance (%)

Cpd 10 M1 M2 Cpd 10 M1 M2

HLM 0 h eNADPH 5.9 � 107 1.3 � 107 ND 82 18 ND
3 h eNADPH 3.4 � 107 4.1 � 107 ND 54 46 ND
3 h þ NADPH 2.5 � 107 4.3 � 107 ND 63 37 ND

2D6 0 h eNADPH 4.5 � 106 6.2 � 107 ND 93 7 ND
3 h eNADPH 2.0 � 107 5.6 � 107 ND 74 26 ND
3 h þ NADPH 7.4 � 107 6.5 � 107 ND 90 10 ND

hHEP 0 h e 8.1 � 106 2.0 � 107 1.1 � 105 29 71 <1%
3 h e 7.0 � 106 3.3 � 106 9.2 � 106 36 17 47

CYP2D6, cytochrome P450 2D6; hHEP, human hepatocytes; HLM, human liver mi-
crosomes, ND, not detected.
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to the experimental conditions.
After incubation of compound 10 for 3 h in either CYP2D6

supersomes in the absence of NADPH or HLM, an increase in the
concentration of the hydroxyl metabolite (M1) was observed,
implicating the involvement of non-CYP enzymes in the formation
of the active hydroxyl metabolite (Table 3, Fig. 3). After 3 h

incubation of compound 10 in hHEP, a decrease in the relative peak
area of M1 was observed, accompanied by the formation of the
glucuronide (M2), a common phase II metabolite (Table 3, Fig. 4).
These results indicate the successful design and synthesis of TAM
analogues that undergo significant non-CYP mediated hydrolysis.
The molecular ion peak of compound 10 was recognized at 554.36;
the hydroxyl metabolite at 400.022 and the glucouronide metab-
olite at 576.26 (supporting information).

To develop a deeper insight into the mode of binding of these
novel compounds, a brief computational docking study using
MOE.2009 was undertaken for compounds 3, 4 and 8, the most
potent of the hydroxylated and esterified analogues. The crystal
structure used in the docking studies was obtained from the co-
crystallization of ER-a with 4-OH-TAM as found in the protein
data bank (PDB: 3ERT) [20].

The docked geometries of compounds 3 and 4were compared to
the experimental binding mode for 4-OH-TAM, showing that the
presence of a methyl group (instead of an ethyl group) on the TPE
backbone still allows the compounds to adopt the required
arrangement for binding in an established antiestrogenic mode.
This is confirmed by a nearly complete overlap of the docked ge-
ometries for both 3 and 4 when overlaid over that of 4-OH-TAM
(Fig. 5a).

Examination of the 2D interactions of compounds 3, 4 and 8
with ER-a clearly shows that the incorporated residues are
consistent with those that were previously reported to be crucial
for binding, namely Asp351, Glu 353, Arg 394, His 524 and Il 424
[21e23]. Compounds 3 and 4 interact with ER-a in a similar fashion
as does 4-OH-TAM; two hydrogen-bonds form between the free
phenolic hydroxyl moiety of the compounds and the two amino
acids residues, Arg394 and Glu353, of the binding pocket (Figs. 6
and 7).

SERM profiles have been previously ascribed to charge
neutralization between the basic amine of a SERM and the nega-
tively charged residue Asp351 (an anionic carboxylate site) in the
ligand binding domain (LBD) of the ER [24]. Since the basic amino
group on the pyrolidine and piperidine on compounds 3 and 4,
respectively, is protonated, a cation is created that strengthens the
binding between these compounds and Asp 351. Moreover, the
extent of charge neutralization can be correlated to the distance
measured between Od351 of Asp 351 and Nlig. of the compound in

Fig. 3. Extracted ion chromatogram of compound 10 after incubation in HLM
orCYP2D6 supersomes, both with and without NADPH. The analysis was conducted
using liquid chromatography coupled to ultraviolet and mass spectrometry.

Fig. 4. Extracted ion chromatogram of compound 10 after incubation in hHEP. The analysis was conducted using liquid chromatography coupled to ultraviolet and mass
spectrometry.
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Fig. 5. a) The docking geometry of compound 3 (red) overlaid with that of 4-OH-TAM (green) in the estrogen receptor-a ligand binding domain. b) The docking geometry of
compound4 (yellow) overlaid with that of 4-OH-TAM (green) in the estrogen receptor-a ligand binding domain. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)

Fig. 6. 2D interactions of 4-hydroxytamoxifen (red) and compound 3 (green) in the estrogen receptor-a ligand binding domain. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

N.S. Ahmed et al. / European Journal of Medicinal Chemistry 112 (2016) 171e179176



the crystal structures. A distance of 3.8 Å was measured for the 4-
OH-TAM complex in 3ERT, whereas compounds 3 and 4 showed
distances of 4.01 Å and 4.60 Å, respectively. The small difference
between the distances measured for compounds 3 and 4 and the
distance for 4-OH-TAM indicates that the TAM analogues can
possibly attain an antiestrogenic activity comparable to that of 4-
OH-TAM.

The interactions of the esterified compound 8
(IC50 ¼ 0.0077 mM) showed a single direct hydrogen-bond between
the oxygen of the carbonyl group and amino acid Arg394. An in-
direct hydrogen-bond via a water molecule was also formed with
Glu353. Compound 8, which contains an acetate ester group at
position 4 and a pyrrolidine ring at position 40, exhibited in-
teractions with ER-a similar to those of 4-OH-TAM. The high
binding affinity of compound 8 to ER-a can be attributed to these
interactions. These results confirm that neither the replacement of
the ethyl moiety with a methyl group nor the esterification on the
para position leads to loss of any essential interactions.

The phenyl group of compound 8 was accommodated in the
small lipophilic cavity maintained by His524 and Ile424, indicating
an improved fit in the receptor (Figs. 8 and 9). Additionally, the
distance between Od351 of Asp351 and Nlig. of compound 8 is
3.62 Å, which is a smaller distance than that seen with 4-OH-TAM.
These observations indicate that the introduced acetate group
pushed the ligand closer to Asp351, possibly leading to a better anti
estrogenetic effect.

Fig. 7. 2D interactions of 4-hydroxytamoxifen (red) and compound 4 (green) in the estrogen receptor-a ligand binding domain. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

Fig. 8. Compound 8 overlaid with 4-hydroxytamoxifenin the estrogen receptor-a
ligand binding domain.
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3. Conclusion

We designed and synthesized a series of TAM analogues that are
metabolized via activation pathways that do not involve the
CYP2D6 enzyme, thus avoiding the variability in response caused
by genetic polymorphism of this enzyme. All these novel com-
pounds have a better antiproliferative effect on MCF-7 cells than
does TAM. Moreover, these novel, rigid analogues show improved
activity and high selectivity towards ER-a receptors compared to
TAM. It is worth to mention that for compounds 3, 8 and TAM, the
ratio of binding to ERa/ERb is proportional to their IC50 on MCF-
7 cell lines, this is in agreement with studies suggesting that ER-b
may oppose the actions of estrogen receptor alpha (ER-a) in cancer
cells [27]. A simple metabolite identification experiment proved
that these novel esterified analogues can act as stable, long-acting,
non-CYP2D6 mediated SERMs.

Acknowledgements

The authors are deeply grateful to the authority of the National
Cancer Institute, USA, for the antitumor screening. This project was
supported financially by the Science and Technology Development
Fund (STDF), Egypt, Grant No: 5386.

The authors are deeply grateful to Dr. Bianca Liederer, Dr. Peter
Fan and Ms. Teresa Mulder, Drug Metabolism & Pharmacokinetics,

Genentech, South San Francisco, CA for their support in the
metabolite ID study.

Appendix A. Supplementary data

Supplementary data related to this article can be found at http://
dx.doi.org/10.1016/j.ejmech.2016.02.026.

References

[1] J. Ferlay, I. Soerjomataram, M. Ervik, R. Dikshit, S. Eser, C. Mathers, M. Rebelo,
D.M. Parkin, D. Forman, F. Bray, GLOBOCAN 1 (2012).

[2] S.R. Johnston, Clin. Cancer Res. 16 (2010) 1979e1987.
[3] S. Palacios, Menopause Int. 13 (2007) 27e34.
[4] A. Manni, M.F. Verderame, Selective Estrogen Receptor Modulators, Research

and Clinical Applications, 2002.
[5] A.J. Ellis, V.M. Hendrick, R. Williams, B.S. Komm, Expert Opin. Drug Saf. 14

(2015) 921e934.
[6] B. Fisher, J.P. Costantino, D.L. Wickerham, R.S. Cecchini, W.M. Cronin,

A. Robidoux, T.B. Bevers, M.T. Kavanah, J.N. Atkins, R.G. Margolese,
C.D. Runowicz, J.M. James, L.G. Ford, N. Wolmark, J. Natl. Cancer Inst. 97 (2005)
1652e1662.

[7] Z. Desta, B.A. Ward, N.V. Soukhova, D.A. Flockhart, J. Pharmacol. Exp. Ther. 310
(2004) 1062e1075.

[8] I.G. Shah, C. Breslin, K. Wittayanarakul, S. Mackay, Open Conf. Proc. J. 1 (2010)
103e108.

[9] P.Y. Maximov, C.B. Myers, R.F. Curpan, J.S. Lewis-Wambi, V.C. Jordan, J. Med.
Chem. 53 (2010) 3273e3283.

[10] S. Gauthier, J. Mailhot, F. Labrie, J. Org. Chem. 61 (1996) 3890e3893.

Fig. 9. 2D interactions of 4-hydroxytamoxifen (red) and compound 8 (green) in the estrogen receptor-a ligand binding domain. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

N.S. Ahmed et al. / European Journal of Medicinal Chemistry 112 (2016) 171e179178



[11] W. Lv, J. Liu, D. Lu, D.A. Flockhart, M. Cushman, J. Med. Chem. 56 (2013)
4611e4618.

[12] G. Bedford, D. Richardson, Nature 733 (1966) 734.
[13] J. Katz, M. Levitz, S.S. Kadner, T.H.J. Steroid, Biochem. Mol. Biol. 38 (1991)

17e26.
[14] H.Y. Lam, Biochem. Biophys. Res. Commun. 118 (1984) 27e32.
[15] C.A. O'Brian, N.E. Ward, B.W. Anderson, J. Natl. Cancer Inst. 80 (1988)

1628e1633.
[16] K. Horgan, E. Cooke, M.B. Hallett, R.E. Mansel, Biochem. Pharmacol. 35 (1986)

4463e4465.
[17] P. de Medina, M.R. Paillasse, G. Segala, F. Khallouki, S. Brillouet, F. Dalenc,

F. Courbon, M. Record, M. Poirot, S. Silvente-Poirot, Chem. Phys. Lipids 164
(2011) 432e437.

[18] S. Silvente-Poirot, M. Poirot, Cancer. Sci. 343 (2014) 1445e1446.
[19] M. Poirot, S. Silvente-Poirot, R.R. Weichselbaum, Curr. Opin. Pharmacol. 12

(2012) 683e689.
[20] A.K. Shiau, D. Barstad, P.M. Loria, L. Cheng, P.J. Kushner, D.A. Agard,

G.L. Greene, Cell 95 (1998) 927e937.
[21] T.A. Grese, S. Cho, D.R. Finley, A.G. Godfrey, C.D. Jones, C.W. Lugar 3rd,

M.J. Martin, K. Matsumoto, L.D. Pennington, M.A. Winter, M.D. Adrian,
H.W. Cole, D.E. Magee, D.L. Phillips, E.R. Rowley, L.L. Short, A.L. Glasebrook,
H.U. Bryant, J. Med. Chem. 40 (1997) 146e167.

[22] J. MacGregor Schafer, H. Liu, D.J. Bentrem, J.W. Zapf, V.C. Jordan, Cancer Res. 60
(2000) 5097e5105.

[23] W. Li, X. Li, S. Sun, J. Liang, R. Wang, S. Wang, Mol. Simul. (2013) 228e233.
[24] H. Liu, W.C. Park, D.J. Bentrem, K.P. McKian, L. Reyes Ade, J.A. Loweth,

J.M. Schafer, J.W. Zapf, V.C. Jordan, J. Biol. Chem. 277 (2002) 9189e9198.
[25] M.R. Grever, S.A. Schepartz, B.A. Chabner, Semin. Oncol. 19 (1992) 622e638.
[26] A. Monks, D. Scudiero, P. Skehan, R. Shoemaker, K. Paull, D. Vistica, C. Hose,

J. Langley, P. Cronise, A. Vaigro-Wolff, et al., J. Natl. Cancer Inst. 83 (1991)
757e766.

[27] M. Madeira, A. Mattar, A.F. Logullo, F.A. Soares, L.H. Gebrim, BMC Cancer 13
(2013) 425e436.

N.S. Ahmed et al. / European Journal of Medicinal Chemistry 112 (2016) 171e179 179



103 
 

3.5.  Control of ER-positive breast cancer by ERalpha 

expression inhibition, apoptosis induction, cell cycle 

arrest using semi-synthetic isoeugenol derivatives.  
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Abstract 

 New semi-synthetic effective and safe anticancer agents isoeugenol 

derivatives were synthesized, characterized, and screened for their cytotoxic 

activity against MCF-7. Moreover, their selective cytotoxicity was assessed 

against MCF-10A. Three derivatives, 2, 8 and 10 were significantly more active 

than the reference drug 5-FU  with IC50 values of 6.59, 8.07 and 9.63 and 30.93 

μM, respectively. Also interestingly, these derivatives demonstrated some degree 

of selectivity to cancer cells over normal cells. Furthermore, derivative 2 was 

subjected  to other in vitro experiments against MCF-7 where it inhibited colony 

formation by 87.5% and lowered ERα concentration to 395.7 pg/mL compared to 

1129 pg/mL in untreated control cells. In continuation of the investigation, the 

apoptotic activity of compound 2, was assessed where it significantly enhanced 

total apoptotic cell death by 9.16-fold (18.70% compared to 1.64% for the 

untreated MCF-7 control cells) and arrested the cell cycle at the G2/M phase. 

Furthermore, the molecular mechanism of apoptotic activity was investigated at 

both the gene (RT-PCR) and protein (western plotting) levels where upregulation 

of pro-apoptotic and down regulation of anti-apoptotic genes was detected. 

Additionally, compound 2 treatment enhanced the antioxidant (GSH, CAT, SOD) 

activities. Finally, in vivo experiments verified the effective anticancer activity of 

compound 2 through inhibition of tumor proliferation by 47.6% compared to 22.9% 

for 5-FU and amelioration of the hematological, biochemical, and 

histopathological examinations near normal. In effect, compound 2 can be viewed 

as a promising semi-synthetic derivative of isoeugenol with some degree of 

selectivity for management of breast cancer through apoptotic induction and ERα 

downregulation. 
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3.6. Preparation and nanoformulation of new quinolone 

scaffold-based anticancer agents: Enhancing solubility 

for better cellular delivery.  

 

Nehal H. Elghazawy, Amr Hefnawy, Nada K. Sedky, Ibrahim M. El-

Sherbiny, Reem K. Arafa 

 

Eur. J. Pharm. Sci. 2017, 105, 203-211. Doi: 10.1016/j.ejps.2017.05.036 

 

Abstract 

A new series of 5,7-dibromoquinoline scaffold-based derivatives with varied 

flexibility substituents at position 8 of the ring system has been synthesized as 

potential anticancer agents. The new compounds were evaluated for their in vitro 

antiproliferative activity versus the human breast cancer cell lines MCF-7 and 

MDA-MB231. Generally, both cell lines were responsive to the cytotoxic effect of 

the synthesized analogues. Compounds 4a, 5c and 7b were chosen for 

nanoformulation studies to assess the effect of enhancing their solubility profile on 

their cytotoxic ability. Indeed, the pluronic nanomicelles of the three formulated 

derivatives showed an observable significant increase in their cytotoxic efficacy 

demonstrating a positive impact of the used nanoformulations on the delivery of 

the active compounds to their cellular biological targets. 
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A B S T R A C T

A new series of 5,7-dibromoquinoline scaffold-based derivatives with varied flexibility substituents at position 8
of the ring system has been synthesized as potential anticancer agents. The new compounds were evaluated for
their in vitro antiproliferative activity versus the human breast cancer cell lines MCF-7 and MDA-MB231.
Generally, both cell lines were responsive to the cytotoxic effect of the synthesized analogues. Compounds 4a, 5c
and 7b were chosen for nanoformulation studies to assess the effect of enhancing their solubility profile on their
cytotoxic ability. Indeed, the pluronic nanomicelles of the three formulated derivatives showed an observable
significant increase in their cytotoxic efficacy demonstrating a positive impact of the used nanoformulations on
the delivery of the active compounds to their cellular biological targets.

1. Introduction

Cancer is identified by the American cancer society as a group of
diseases characterized by the uncontrolled growth and spread of
abnormal cells (Society, 2016). The ability of these abnormal cells to
outgrow their normal boundaries leads to cancer invasiveness and
metastasis (Anand et al., 2008; Moscow and Cowan, 2007; Thun, 2007).
Statistics showed an estimate of 14.1 million cancer cases and 8.2
cancer deaths worldwide in 2012. These numbers are expected to reach
about 21.7 million new cancer cases and 13.0 million cancer deaths by
year 2030 (Society, 2016). That terrifying rapid increase in cancer
incidence and mortality rates has put researchers in a constant advent
to develop new chemical moieties to work as anticancer agents. On the
other hand, rapid emergence of the resistance to currently clinically
used chemotherapeutic anticancer agents calls for exploration of new
chemotypes.

Among the promising widely investigated chemical classes stands
the quinolone-based nucleus (Solomon and Lee, 2011) that is found in
many biologically active natural as well as synthetic molecules (Yan
et al., 2013). Interestingly, the quinoline ring system is also known to
be one of the most prominent scaffolds in the field of designing novel
active anticancer agents where decorations on various positions around
the quinoline ring would pave a way to modify the pharmacokinetic as
well as the pharmacodynamic properties of the designed derivatives

(Jasinski et al., 2008; Jasinski et al., 2011; Wang et al., 2011). This new
dimension of quinoline development in anticancer drug development
was added by the advent of Camptothecin in 1966 (Wall et al., 1966)
and its synthetic analogs like Topotecan, Irinotecan and Exatecan
(Fig. 1). The anticancer potential of several of these derivatives has
been proven on various cancer cell lines (Bawa et al., 2010). Currently
reported are many quinolone-based anticancer agents possessing di-
verse mechanisms of action like topoisomerase inhibition, telomerase
inhibition, Hsp90 inhibition (Afzal et al., 2015), tubulin inhibition
(Alqasoumi et al., 2009), free radical regulation and increasing the
activity of superoxide dismutase (Rashad et al., 2010). Also, explored
was the ability of quinoline derivatives to induce cytotoxicity through
carbonic anhydrase inhibition (Ghorab et al., 2010), cMet kinase
inhibition (Wang et al., 2011), VEGFR inhibition (Ghorab et al.,
2011), increase in the protein expression of Bad, Bax and decrease in
Bcl-2, and PARP with consequent cell death (Tseng et al., 2011), and
down regulation or alteration of gap junction intercellular communica-
tion activities (Heiniger et al., 2010).

In line with our previous attempts to explore new quinoline
derivatives (Arafa et al., 2013), we herein report a series of novel
compounds based on the 5,7-dibromoquinoline scaffold backbone.

The design strategy adopted for the new series was to introduce
various groups at position 8 of the quinoline nucleus. Those groups
were varied with respect to their conformational/physicochemical
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parameters being altered between flexible and rigid, hydrophilic and
hydrophobic as well as hydrogen bond donating and/or accepting
characters. The antiproliferative biological effect of all the synthesized
compounds were assessed against MDA-MB231 and MCF-7 human
breast cancer cell lines.

As is the case with drug development, the use of compounds with
promising bioactivity may be hindered by other factors rather than the
activity itself. This may include pharmacokinetic factors as poor
solubility, limited bioavailability and lack of stability or difficulties in
formulating the bioactive compound into a suitable dosage form for
delivery. Overcoming these obstacles via further structural modifica-
tions is not a preferred approach as it may affect the desired activity or
selectivity of the compound. A more simple way is to incorporate the
compound into a suitable carrier system that maintains the desired
bioactivity of the compound and at the same time evades the afore-
mentioned drawbacks. In this study, three of the synthesized com-
pounds among those showing the most promising anticancer activity
were incorporated into pluronic nanomicelles to enhance their aqueous
solubility, and consequently their cancer cell penetrability as well as
allowing their sustained release.

Pluronic polymers or poloxamers are a class of non-ionic block
copolymers that consist of a central hydrophobic poly(propylene
glycol) block conjugated from both sides with hydrophilic poly(ethy-
lene glycol) blocks (Israelachvili, 1997). Pluronics are present in the
molecular state at concentrations and temperatures below their critical
micelle concentration and temperature, respectively. At higher con-
centrations or temperatures, pluronic chains aggregate forming micelles
that are arranged to minimize the interactions between the aqueous
environment and the hydrophobic poly(propylene glycol) portion of the
copolymer. The use of pluronic nanomicelles for loading of hydro-
phobic drugs has been reported in several studies. These drugs include,
for instance, naproxen (Yardimci et al., 2005), indomethacin (Sharma
and Bhatia, 2004), ibuprofen (Foster et al., 2009), aspirin (Basak and
Bandyopadhyay, 2013), and silymarin (El-Far et al., 2016).

2. Experimental

2.1. Chemistry

Melting points were measured employing in an open capillary

method with a DMP100 melting point device and are uncorrected. IR
spectra were recorded on Thermo Scientific™ Nicolet™ iS™10 FT-IR
spectrometer. 1H NMR and 13C NMR spectra were obtained using
Brucker high performance digital FT-NMR Spectrometer Avance III
400 MHz using TMS as an internal standard. Elemental analyses and
Mass spectra were carried out at the Microanalytical center, Faculty of
Pharmacy, Al-Azhar University, Egypt and are within± 0.4 of the
calculated values. All chemical and solvents were purchased from
Sigma Aldrich and used as provided. Compounds 2 and 3 were prepared
according to the reported methods (Mosmann, 1983; Scudiero et al.,
1988).

2.1.1. General Method for Preparation of N′-(substituted)benzylidene-2-
(5,7-dibromoquinolin-8-yloxy)acetohydrazides (4a,b)

A suspension of the hydrazide 3 (0.5 g, 1.33 mmol) in absolute
ethanol (20 mL) was treated with the appropriate aromatic aldehyde
(1.59 mmol) in the presence of a catalytic amount of glacial acetic acid
(1 mL) and the reaction mixture was refluxed for 5 h. After half an hour
of reflux, 3 dissolved completely and within 1 h a new precipitate of the
Schiff's base started forming. After completion of reflux, the reaction
mixture was poured onto ice/water and the formed precipitate was
collected by filtration, washed, dried and recrystallized from DMF/H2O.

2.1.1.1. 2-((5,7-Dibromoquinolin-8-yl)oxy)-N′-(4-
Hydroxybenzylidene)Acetohydrazide (4a). Yield: 81%; m.p. 245–248 °C.
IR (cm−1): 3304 (OH), 3200 (NH), 3060 (CH aromatic), 1666 (C = O).
1H NMR (300 MHz, DMSO-d6): δ 12.09 (s, 1H), 9.93 (s, 1H), 9.13 (dd,
J = 8.6, 1.2 Hz, 1H), 8.56 (dd, J = 8.6, 1.2 Hz, 1H), 8.27 (s, 1H), 7.86
(s, 1H), 7.84–7.79 (m, 1H), 7.62 (d, J = 8.5 Hz, 2H), 6.86 (d,
J = 8.5 Hz, 2H), 4.97 (s, 2H). 13C NMR (75 MHz, DMSO-d6): δ 168.5,
163.8, 159.4, 151.2, 148.1, 143.8, 136.0, 133.2, 128.9, 127.3, 125.0,
123.2, 116.2, 115.6, 108.8, 72.7. MS m/z: 476.87 (M+). Anal. Calcd.
for C18H13Br2O3 (476.93): C, 45.12; H, 2.73; N, 8.77. Found: 45.43; H,
2.45; N, 8.57.

2.1.1.2. 2-((5,7-Dibromoquinolin-8-yl)oxy)-N′-(4-nitrobenzylidene)
acetohydrazide (4b). Yield: 93%; m.p. 258–260 °C. IR (cm−1): 3171
(NH), 3060 (CH aromatic), 2973 (CH aliphatic), 1689 (C = O). 1H NMR
(300 MHz, DMSO-d6): δ 12.57 (s, 1H), 9.16 (s, 1H), 8.60 (s, 1H), 8.55
(dd, J = 8.5, 3.9 Hz, 1H), 8.32 (s, 1H), 8.19 (d, J = 6.2 Hz, 2H), 7.85

Fig. 1. Structures of some quinoline-based anticancer compounds.
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(dd, J = 8.5, 3.9 Hz, 1H), 7.80 (d, J = 8.6 Hz, 2H), 5.05 (s, 2H). MS m/
z: 508.40 (M+). Anal. Calcd. for C18H12Br2N4O4 (508.13): C, 42.55; H,
2.38; N, 11.03. Found: C, 42.94; H, 2.19; N, 10.67.

2.1.2. General Method for Preparation of 2-(5,7-dibromoquinolin-8-
yloxy)-N′-(1-(Substituted)phenylethylidene)acetohydrazides (5a,b)

The same method employed for synthesis of derivatives 4a,b was
adopted for preparation of the quinolines 5a,b but replacing aromatic
aldehydes with the appropriate substituted aromatic acetophenone.

2.1.2.1. 2-((5,7-Dibromoquinolin-8-yl)oxy)-N′-(1-(4-nitrophenyl)
ethylidene) acetohydrazide (5a). Yield, 40%; m.p. 259–261 °C. IR
(cm−1): 33,087 (OH), 3226 (NH), 3036 (CH aromatic), 2924 (CH
aliphatic), 1678 (C = O). 1H NMR (400 MHz, DMSO-d6): δ 11.19 (s,
1H), 9.74 (s, 1H), 8.99 (dd, J = 4.3, 1.5 Hz, 1H), 8.53–8.47 (m, 1H),
8.19 (s, 1H), 7.74 (dd, J = 8.6, 4.3 Hz, 1H), 7.40 (d, J = 8.4 Hz, 2H),
6.75 (d, J = 8.4 Hz, 2H), 4.93 (s, 2H), 2.34 (s, 3H). 13C NMR (100 MHz,
DMSO-d6) δ 169.92, 164.47, 159.36, 152.30, 152.00, 148.80, 142.86,
136.58, 133.70, 128.50, 127.94, 124.28, 116.85, 115.56, 115.49,
73.47, 14.18. MS m/z: 492.94 (M+). Anal. Calcd. for C19H15Br2N3O3

(493.15): C, 46.27; H, 3.07; N, 8.52. Found: C, 46.18; H, 2.88; N 8.48.

2.1.2.2. 2-((5,7-Dibromoquinolin-8-yl)oxy)-N′-(1-(4-nitrophenyl)
ethylidene) acetohydrazide (5b). Yield: 92%; m.p. 238–240 °C. IR
(cm−1): 3184 (NH), 3079 (CH aromatic), 2929 (CH aliphatic), 1702
(C = O). 1H NMR (400 MHz, DMSO-d6): δ 11.04 (s, 1H), 9.00 (s, 1H),
8.62 (d, J = 7.8 Hz, 1H), 8.53 (d, J = 7.8 Hz, 1H), 8.18 (d, J = 9.4 Hz,
2H), 7.89 (d, J = 9.1 Hz, 2H), 7.80 (m, 1H), 5.70 (s, 2H), 2.33 (s, 3H).
MS m/z: 522.46 (M+). Anal. Calcd. for C19H14Br2N4O4 (522.15): C,
43.71; H, 2.70; N, 10.73. Found: C, 44.03; H, 2.67; N, 11.06.

2.1.3. General Method for Preparation of the Amino Arylidene Derivatives
(4c and 5c)

To a suspension of the nitro compounds 4b or 5b (0.01 mol) in
EtOH (10 mL), Fe powder (0.03 mol) and CaCl2 (0.01 mol) were added.
The resulting suspension was allowed to reflux for 3 h. Progress of the
reaction was monitored by TLC. After completion of the reaction it was
filtered and the filtrate was washed with ethyl acetate (3 × 20 mL). The
organic extract was washed with H2O (3 × 10 mL) and dried over
anhydrous Na2SO4. The organic phase was then evaporated to dryness
under vacuum to obtain products 4c and 5c.

2.1.3.1. N′-(4-Aminobenzylidene)-2-((5,7-dibromoquinolin-8-yl)oxy)
acetohydrazide (4c). Yield, 66%; m.p. 223–225 °C. IR (cm−1): 3380
(NH), 3190 (NH), 2999 (CH aliphatic), 1684 (C]O). 1H NMR
(300 MHz, DMSO-d6): δ 12.56 (s, 1H), 11.78 (s, 1H), 9.14 (m, 1H),
8.96 (s, 1H), 8.56 (d, J = 9.4 Hz, 2H), 8.25 (d, J = 10.0 Hz, 2H), 7.43
(d, J = 8.2 Hz, 1H), 6.60 (d, J = 8.1 Hz, 1H), 5.63 (s, 2H), 5.03 (s, 2H).
MS m/z: 478.84 (M+). Anal. Calcd. for C18H14Br2N4O2 (478.14): C,
45.22; H, 2.95; N, 11.72. Found: C, 45.47; H, 2.98; N, 11.97.

2.1.3.2. N′-(1-(4-Aminophenyl)ethylidene)-2-((5,7-dibromoquinolin-8-yl)
oxy)aceto-hydrazide (5c). Yield, 89%; m.p. 215–217 °C. IR (cm−1):
3412 (NH), 3327 (NH), 3181 (CH aromatic), 1705 (C]O). 1H NMR
(400 MHz, DMSO-d6): δ 11.16 (s, 1H), 10.44 (s, 2H), 9.00 (d,
J = 9.4 Hz, 1H), 8.51 (d, J = 9.4 Hz, 1H), 8.4–8.1 (m, 1H), 7.65 (d,
J = 7.8 Hz, 2H), 7.35 (s, 1H), 6.54 (d, J = 7.8 Hz, 2H), 4.98 (s, 2H),
2.36 (s, 3H). 13C NMR (100 MHz, DMSO-d6): δ 170.6, 164.1, 154.5,
152.0, 151.0, 142.8, 136.1, 133.7, 128.1, 127.6, 125.3, 124.3, 123.8,
116.8, 113.6, 73.5, 13.9. MS m/z: 492.18 (M+). Anal. Calcd. for
C19H16Br2N4O2 (492.16): C, 46.37; H, 3.28; N, 11.38. Found: C,
46.48; H, 3.31; N, 11.62.

2.1.4. General Method for Preparation of 2-(2-(5,7-dibromoquinolin-8-
yloxy)acetyl)-N-phenylhydrazinecarboxamides 6a,b

A suspension of the key intermediate hydrazide 3 (0.37 g, 1 mmol)

in dioxane (20 mL) was treated with the appropriate phenylisocyanate
(1.5 mmol) and heated under reflux. After 1 h of reflux the hydrazide
dissolved and a new precipitate started forming. Reflux was maintained
for 8 h after which the reaction mixture was filtered while hot, the
residue was washed with hot ethanol (70%, 3 × 5 mL) and dried to
afford the target compounds 6a or 6b.

2.1.4.1. N-(4-Chlorophenyl)-2-(2-((5,7-dibromoquinolin-8-yl)oxy)acetyl)
hydrazine-carboxamide (6a). Yield: 94%; m.p. 248–250 °C. IR (cm−1):
3325 (NH), 3306 (NH), 3204 (NH), 3010 (CH aromatic), 1723 (C = O),
1697 (C = O). 1H NMR (300 MHz, DMSO-d6): δ 10.64 (s, 1H), 9.04 (d,
J = 8.5, 1H), 8.89 (s, 1H), 8.54 (d, J = 8.5, 1H), 8.33 (s, 1H), 8.25 (s,
1H), 7.80 (m, 1H), 7.49–7.42 (d, J = 9.01 Hz, 2H), 7.34–7.25 (d,
J = 5.96 Hz, 2H), 5.0 (s, 2H). MS m/z: 528.8 (M+). Anal. Calcd. for
C18H13Br2ClN4O3 (528.89): C, 40.90; H, 2.48; N, 10.60. Found: C,
41.24; H, 2.54; N, 10.79.

2.1.4.2. 2-(2-((5,7-Dibromoquinolin-8-yl)oxy)acetyl)-N-(4-
(trifluoromethyl)phenyl)-hydrazinecarboxamide (6b). Yield, 45%; m.p.
235–237 °C. 235–237. IR (cm−1): 3305 (NH), 3280 (NH), 3040 (CH
aromatic), 2910 (CH aliphatic), 1712 (C = O). 1H NMR (400 MHz,
DMSO-d6): δ 10.62 (s, 1H), 9.13 (s, 1H), 8.98 (dd, J = 4.2, 1.5 Hz, 1H),
8.48 (dd, J = 8.6, 1.6 Hz, 1H), 8.40 (s, 1H), 8.20 (s, 1H), 7.75 (dd,
J = 8.6, 4.2 Hz, 1H), 7.60 (d, J = 8.7 Hz, 2H), 7.55 (d, J = 8.7 Hz,
2H), 4.92 (s, 2H). 13C NMR (100 MHz, DMSO-d6): δ 167.11, 153.86,
152.12, 151.85, 143.40, 142.90, 136.40, 133.67, 127.88, 126.54,
124.19, 118.30, 116.66, 116.10, 72.95, 61.02, 14.87. MS m/z: 562.50
(M+). Anal. Calcd. for C19H13Br2F3N4O3 (562.13): C, 40.60; H, 2.33; N,
9.97. Found: C, 40.57; H, 2.19; N, 9.72.

2.1.5. General method for preparation of 5-((5,7-dibromoquinolin-8-
yloxy)methyl)-4-phenyl-4H-1,2,4-triazol-3-(thiol)ol 7a,b

The hydrazinecarboxamides were refluxed in ethanol (15 mL) in the
presence of sodium ethoxide (1.5 mmol) for 5 h. The reaction mixture
was then cooled and extracted using ethyl acetate (20 mL × 3). The
combined organic phase extract was washed with water (20 mL × 3)
and dried over anhydrous Na2SO4. Evaporating the organic solvent
under vacuum afforded the corresponding quinolinyltriazole derivative
7a or 7b.

2.1.5.1. 4-(4-Chlorophenyl)-5-(((5,7-dibromoquinolin-8-yl)oxy)methyl)-
4H-1,2,4-triazol-3-ol (7a). Yield: 70%; m.p. 208–210 °C. IR (cm−1):
3350 (OH), 3081(CH aromatic). 1H NMR (400 MHz, DMSO-d6): δ 9.19
(s, 1H), 8.63 (d, J = 8.5 Hz, 1H), 8.53 (s, 1H), 8.46 (d, J= 8.6 Hz, 1H),
7.88 (dd, J= 8.6, 4.3 Hz, 1H), 7.45 (d, J = 9.2 Hz, 2H), 7.31 (d,
J = 8.9 Hz, 2H), 4.58 (s, 2H). MS m/z: 510.98 (M+). Anal. Calcd. for
C18H11Br2ClN4O2 (510.57): C, 42.34; H, 2.17; N, 10.97. Found: C,
42.59; H, 2.12; N, 11.34.

2.1.5.2. 5-(((5,7-Dibromoquinolin-8-yl)oxy)methyl)-4-(4-
(trifluoromethyl)phenyl)-4H-1,2,4-triazol-3-ol (7b). Yield, 20%; m.p.
99–101 °C. IR (cm−1): 3305 (OH), 3040 (CH aromatic), 2929 (CH
aliphatic). 1H NMR (400 MHz, DMSO-d6): δ 10.54 (s, 1H), 8.36 (s, 1H),
8.21–8.14 (m, 1H), 7.77 (d, J = 8.1 Hz, 2H), 7.71–7.66 (m, 1H), 7.55
(d, J = 8.1 Hz, 2H), 7.50–7.43 (m, 1H), 4.14 (s, 2H). MS m/z: 544.14
(M+). Anal. Calcd. for C19H11Br2F3N4O2 (544.12): C, 41.94; H, 2.04; N,
10.30. Found: C, 42.19; H, 2.03; N, 10.56.

2.2. Nanoformulations

2.2.1. Materials
Poly(ethylene glycol)-block-poly(propylene glycol)-block-poly(ethy-

lene glycol) (Pluronic F108) was purchased from Aldrich (Germany).
Acetone and all other solvents were of analytical grade and used as
received. Water used was ultrapure (Type 1 water) obtained using
Direct-Q® UV.

N.H. Elghazawy et al.



2.2.2. Experimental
2.2.2.1. Assessment of Solubility for Selected Compounds. The selected
compounds were practically assessed for their solubility in aqueous
environment. 10 mg of each compound were dispersed in 1 mL of
double distilled H2O and incubated overnight on the orbital shaker at
ambient temperature. Undissolved particles were then separated by
centrifuge for 30 min at 10,000 rpm. The supernatant was analyzed
using UV–Vis spectrometer to determine the concentration of dissolved
substance. Samples were prepared as triplicates and the values were
taken as average of three measurements.

The partition coefficients (Log P) of the compounds were also
evaluated experimentally by partitioning of 5 mg of each compound
between 25 mL of octanol and equal volume of aqueous medium. The
organic layer was then separated in a separating funnel dried and
dissolved in excess known volume of DMSO to measure the concentra-
tion using UV–Vis spectrophotometric analysis.

2.2.2.2. Preparation of Bioactive Compounds-Loaded Pluronic
Nanomicelles. The nanomicelles were prepared using
nanoprecipitation method. Briefly, 100 mg of pluronic F108 was
dissolved in mixture of 4.75 mL acetone and 0.25 ml distilled water.
Afterwards, the bioactive compound (4a, 5c or 7b) was dissolved or
dispersed in pluronic solution via probe sonication at 40 KW for 5 min.
The resulting solution or suspension was then added dropwise to 12 mL
of distilled water, and the solvent was evaporated to obtain dry
bioactive compounds-loaded nanomicelles.

2.2.2.3. Determination of the Particle Size and Charge of the Formed
Nanomicelles. Size and charge of the developed plain and loaded
nanomicelles were measured using dynamic light scattering zeta sizer
(DLS, Malvern Instruments Ltd., UK). Measurements were done by
dispersion of 100 μL of the formed nanomicelles suspensions in 10 mL
of deionized water at λ = 480 nm and a refractive index of 1.363. The
samples were measured in triplicates using automatic mode to
determine the proper number of runs of each sample. Transmission
electron microscope (TEM, JEOL, JEM-1230, Tokyo, Japan) was also
used to confirm the size of the particles and to determine their shape,
and the measurements were performed at an accelerating voltage of
200 kV.

2.2.2.4. In-Vitro Enzymatic Degradation Study. In-vitro enzymatic
degradation study of the prepared nanomicelles was carried out in
presence of lysozyme in phosphate buffer saline (PBS) (1.5 mg/mL PBS
at pH 7.4). An initial weight (W0) of the nanomicelles (10–15 mg) was
transferred to a microcentrifuge tube, and incubated with 1 mL of
lysozyme solution at 37 °C in a shaking incubator at 130 rpm (VWR®
incubating orbital shaker, VWR International, Brisbane, CA, USA) for
60 min. Afterwards, samples were centrifuged for 3 min at 14000 rpm.
Then, the final weight of the particles (Wt) was determined after
discarding the supernatant. A fresh lysozyme solution (1 mL) was
added to the pluronic nanomicelles. At certain time intervals, the
steps of centrifugation and weighing were repeated, and the final
weight (Wt) of the particles at these intervals was determined. The
percent weight remaining (Wr%) of the particles due to degradation
was calculated according to the following equation:

⎛
⎝⎜

⎞
⎠⎟W W W

W
(%) = 100 − ( − ) × 100r

0 t

0

whereW0 andWt are the initial weight of particles, and after incubation
with lysozyme for a certain time, t, respectively.

2.2.2.5. Determination of Loading Efficiency and Release Profiles of the
Bioactive Compounds. The loading efficiency and release profiles of the
selected three bioactive compounds were determined
spectrophotometrically (UV–Vis Spectrophotometer, Evolution 600-

ThermoScientific, USA). UV–Vis spectra of the compounds were first
obtained to determine their maximum absorption wavelengths to be
used further for getting their calibration curves and release profiles. The
release profiles were obtained via monitoring the diffusion of the free
bioactive compounds rather than the carrier nanomicelles through a
semipermeable membrane. A two compartment system separated by a
semipermeable dialysis membrane of a cutoff 12,000 MW was used.
The inner compartment contained the bioactive compound-loaded
nanomicelles dispersed in 0.5 mL of DMSO while the outer receiving
compartment contained 10 mL of phosphate buffer (pH 7.4). At
predetermined time intervals, 1 mL of the external medium was
withdrawn for spectrophotometric analysis, and replaced with buffer
to maintain constant volume. The concentration of the bioactive
compounds released at different time intervals were assessed by
UV–Vis analysis.

2.3. Antiproliferative Screening

2.3.1. Effect on Cancer Cell Lines
2.3.1.1. Cell Culture. Human breast adenocarcinoma cell lines (MDA-
MB-231 and MCF-7) were originally purchased from American type
culture collection (ATCC, Wesel, Germany) and grown in the tissue
culture lab of the Egyptian company for production of vaccines, sera
and drugs (Vacsera, Giza, Egypt). The cells were transferred to our
laboratory and MDA-MB-231 were maintained in Dulbecco Modified
Eagle's medium (DMEM) while MCF-7 were maintained in Roswell Park
Memorial Institute medium (RPMI1640) both are supplemented with
100 mg/mL of streptomycin, 100 units/mL of penicillin and 10% of
heat-inactivated fetal bovine serum (Invitrogen, Carlsbad, CA) in a
humidified, 5% (v/v) CO2 atmosphere at 37 °C.

2.3.1.2. Cytotoxicity Assay by 3-[4,5-dimethylthiazole-2-yl]-2,5-
diphenyltetrazolium bromide (MTT). Exponentially growing cells were
trypsinized, counted and seeded at the appropriate densities
(5000 cells/0.33 cm2 well) into 96-well microtiter plates. Cells were
incubated in a humidified atmosphere at 37 °C for 24 h. Then, cells
were exposed to different compounds at the desired concentrations,
(0.1, 1, 10, 100 & 1000 μM) for 72 h. At the end of the treatment period,
media were removed; cells were incubated with 200 μL of 5% MTT
solution/well (Sigma Aldrich, MO) and allowed to metabolize the dye
into a colored-insoluble formazan complex for 2 h. Medium was
discarded from the wells and the formazan crystals were dissolved in
200 μL/well acidified isopropanol for 30 min, covered with aluminum
foil and with continuous shaking using a MaxQ 2000 plate shaker
(ThermoFisher Scientific Inc., MI) at room temperature. Absorbance
was measured at 570 nm using a SpectraMax plus Microplate Reader
(Molecular Devices, CA). The cell viability was expressed relative to the
untreated control cells (Mosmann, 1983; Scudiero et al., 1988).

2.3.2. Effect on Normal Cells
2.3.2.1. Cell Culture. Proliferating fibroblast cells obtained from the
skin of a healthy rat were cultured as a monolayer in a humidified
atmosphere at 37 °C under 5% CO2 environment in Dulbecco's modified
Eagle's medium DMEM media (Lonza, Switzerland; 12-707F)
supplemented with 10% fetal bovine serum (Analysis, 10270106), 1%
antibiotic–antimycotic (Lonza, Switzerland; 17- 745E), and L-glutamine
(Lonza, Switzerland; 17-605E) under standard culture conditions
(Doyle and Griffiths, 1998). Media was changed every 2 days. Cells
were trypsinized upon reaching 70–75% confluency using Trypsin-
EDTA (Life technologies; 25200-056).

2.3.2.2. Cell Viability Assay. Cell viability was determined using a
modified MTT assay. The tested compounds were each dissolved in
Dimethyl Sulfoxide to form a stock of 2 mM concentration. 30,000 cells
were plated in 24-well plate with 497.5 μL medium per well. After 24 h,
2.5 μL of the investigated drug was added to each of the three wells
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containing cells to form a final volume of 500 μL with a final teat agent
concentration of 10 μM per well. While, three other wells containing
the same amount of cells were left untreated with the addition of only
equivalent amount (2.5 μL) of Dimethyl Sulfoxide and these cells were
considered the control group. Furthermore, to avoid any
misinterpretation with the colorimetric MTT assay, the tested agents
were added to three wells containing medium alone as a blank. On the
next day, 80 μL of 5 mg/mL MTT was added to each well, and plates
were incubated for 3 h. Finally, the growth medium was removed
carefully and 600 μL of solubilizing solution (Dimethyl Sulfoxide) was
added followed by 15 min shaking using the orbital shaker. Absorption
readings were performed at 500 nm using Floustar BMG Lab Tech. The
equation used in calculating the percentage viability was as follows;

Avg. Abs. of drug treated cells Avg. Abs of blank
Avg. Abs. of non−treated cells Avg. Abs. of blank

X− .
−

100

3. Results and Discussion

3.1. Chemistry

The synthesis pathway that has been used for preparing the target
compounds is shown in Scheme 1. The key synthetic intermediate in
this work, 2-(5,7-dibromo quinolin-8-yloxy)acetohydrazide 3, was
prepared from the starting material 5,7-dibromo-8-hydroxyquinoline
1 in two steps. Starting material 1 was allowed to react with ethyl
chloroacetate in absolute ethanol in the presence of anhydrous K2CO3

giving ethyl 2-(5,7-dibromoquinolin-8-yloxy)acetate 2. Afterwards, a
solution of 2 in absolute ethanol was treated with hydrazine hydrate in
the presence of glacial acetic acid as a catalyst giving hydrazide 3 that is
considered the key intermediate for the synthesis of the target
quinolines. (Scheme 1). Preparation of N′-(substituted) benzylidene-2-
(5,7-dibromoquinolin-8-yloxy)acetohydrazide Schiff's bases 4a, 4b
started with treating a solution of 3 in ethanol with the appropriate
aromatic aldehyde and allowing them to reflux for 5 h. Afterwards,
compound 4c has been obtained through the reduction of Fe/CaCl2
catalyzed of the nitro group of 4b. Similarly, 2-(5,7-dibromoquinolin-8-
yloxy)-N′-(1-phenylethylidene) acetohydrazides 5a–c have been pre-
pared using same conditions to prepare analogues 4 but using the
appropriate acetophenones instead of the aldehydes. Finally com-
pounds 6a,b were synthesized from reaction of intermediate 3 with
substituted phenylisocyanates and refluxing for 8 h. Finally, reflux of
the hyrazinocarboxamides 6a& 6b in sodium ethoxide yielded the
corresponding quinolinyltriazole derivatives 7a& 7b through affecting
the side chain cyclization.

3.1.1. Physiochemical Properties Exploration
The synthesized compounds' partition coefficients (Log P) and their

water solubility (Log S) have been calculated using Molinspiration
property engine and ChemDraw Pro 14.0, respectively (Table 1). By
comparing the benzylidenes (4a–c) to their corresponding phenylethy-
lidene bioisosteres (5a–c), the solubility of the latter derivatives
demonstrated a reduction in their water solubility influenced by the
presence of the extra methyl group, however, no significant change has
been noticed in their Log P values. On the other hand, reduction of the
nitro group in compounds 4b (log P = 4.79, log S = −6.63) and 5b
(log P = 4.70, log S = −6.79) to furnish their amino counterparts 4c
(log P = 3.90, log S =−6.11) and 5c (log P = 3.82, log S = −6.26)
respectively, lead to an increases in the solubility of the resulting
compounds. This effect can be explained in terms of the higher
potential of the amino group containing derivatives to make H-bonds
with the surrounding water molecules thus enhancing their solubility.

To discover the role of the cyclization step on the compounds'
lipophilicity and solubility; compounds 6a (log P= 4.64, log
S = −6.67) and 7a (log P = 5.03, log S = −7.98) were compared
to their respective cyclized analogues 6b (log P = 4.86, log

S = −7.00) and 7b (log P= 5.25, log S = −8.29). Apparently,
cyclization causes an observable increase in lipophilicity and decrease
in solubility. Also, compounds bearing a CF3 substituted phenyl
represented by 7a,b showed higher lipophilicity than those having a
Cl group in the same position as exemplified by 6a,b. Finally, it seems
that introduction of a strong electron withdrawing group as CF3 at the
para position of the phenyl ring side chain of 7b (log S = −8.29)
decreases the solubility compared to substitution with a weaker
electron withdrawing group as Cl in 7a (log S =−7.98). Such an
observation may be attributed to the electronic effect of the electron
withdrawing groups on the OH group of the triazole ring reducing its
ability to be involved in H-bonds with surrounding water molecules
thus decreasing the compound's water solubility.

3.2. Nanoformulation

Three of the synthesized compounds with the most promising
anticancer activity were evaluated for possible methods to enhance
their physicochemical properties. Practical assessment of the solubility
showed that the selected compounds were practically insoluble
(< 0.1 mg/1 mL, full data not shown) which conforms to the calculated
log S values for the compounds. This demonstrated the need to enhance
this poor solubility of the compounds which was performed through
incorporation into an appropriate nanocarrier system. Pluronic nano-
micelles were developed to encapsulate the selected compounds elicit-
ing the most promising anticancer activity from the synthesized series
of compounds. Compounds-loaded nanomicelles were prepared using
the nanoprecipitation technique through a modified procedure as
illustrated in Scheme 2. This preparation technique is ultimate for
entrapment of hydrophobic moieties such as bioactive compounds
under investigation. Besides, the entrapment of these water-insoluble
compounds into nano-sized polymeric particles would improve their
dissolution, and consequently their bioavailability. This role played by
nanoformulation is apparent from Fig. 2 which shows the aqueous
suspension of the compounds (Fig. 2a) as compared to that of their
corresponding nano-formulated forms (Fig. 2b). As apparent from the
figure, the very limited solubility of the synthesized compounds in
water has been improved significantly upon nanoformulation. Besides,
the nanoencapsulation of the compounds led to a stable colloidal
dispersion with strong color, indicating their homogenous distribution
in aqueous medium at a significantly higher concentration. This in
consequence will improve the extent of their in vivo bioavailability and
absorption.

3.2.1. Particle Size and Zeta Potential
The size of the formed compounds-loaded nanomicelles was found

to be in the range from 416.1 ± 4.2 nm to 818.2 ± 117 nm as
compared to 161 ± 31 nm for the plain nanomicelles (Table 1). As
apparent also from the Table, the loaded particles showed a wide range
of zeta potential ranging from −12.3 ± 0.75 to 2.1 ± 0.25 mV while
the compounds-free pluronic nanomicelles demonstrated a zeta poten-
tial of −15.7 ± 1 mV. It can be noted that the compound 5c with an
aromatic amino groups yielded neutral nanomicelles or nanomicelles of
weakly positive charge. Transmission electron microscopy (TEM) was
also used to confirm the successful formation of pluronic nanomicelles
(Fig. 3), and the TEM micrographs also revealed an agreement in
particle size with that measured by DLS. Although the size of the
particles is relatively larger than the conventional definition of nano-
systems (< 100 nm), the particles have demonstrated good efficiency
in improving the physicochemical properties of the loaded bioactive
compounds including the ability to form stable homogenous solutions
that are more suitable for delivery as well as sustained release of the
drugs for> 3 days. It is worth mentioning that the developed nano-
carriers still fit into the size range reported by many previous studies
indicating that for polymeric nanoparticles, the systems can maintain
their nano characteristics and desired properties for sizes up to
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1000 nm including enhancement of solubility, stability, dispersion and
ability to control the delivery of active agents. (Bhatia, 2016; Nahar
et al., 2006). However, it should be mentioned here that such large size
nanoparticles will not provide the potential to the encapsulated active
substances to be passively targeted to cancerous tissues, via the EPR
effect.

3.2.2. In-Vitro Biodegradation Study
An in-vitro enzymatic biodegradation study of the developed

pluronic nanomicelles was performed in PBS (pH 7.4) in presence of
lysozyme as shown in Fig. 4. The weight loss (%) of the nanomicelles as

Scheme 1. Synthesis of the quinolone scaffold-based derivatives 4–7.

Table 1
Size and charge of the prepared formulations as measured using DLS.

Formula Loaded compound Size (nm) Charge (mV) EE%

F0 None (Plain) 161 ± 31 −15.7 ± 1 –
F1 4a 818.2 ± 117 −8.28 ± 0.18 82.4%
F2 5c 461.3 ± 95.6 2.1 ± 0.25 86.1%
F3 7b 416.1 ± 4.2 −12.3 ± 0.75 78.6%
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a function of time was determined and taken as a measure of the
biodegradation. As apparent from the figure, the polymeric micelles
attained a higher degradation rates in presence of lysozyme. For
example, the percentage of remaining weights of the nanomicelles
was only 18.4% after 2 days.

3.2.3. Entrapment Efficiency and In-Vitro Cumulative Release Studies
The entrapment efficiency and the release profiles of the loaded

bioactive compounds from the developed nanomicelles were studied
using UV–Vis spectrophotometry (Table 1). The first step was to
determine the wavelength of maximum absorption specific for each of
the three investigated compounds. It was found that all of the three
compounds had a maximum absorption in the UV range between 258
and 320 nm. This can be explained by the fact that all of the three
synthesized compounds have high degree of conjugation having at least
three aromatic rings with double bonds in between. As can be noted
from Table 1, the entrapment efficiency (EE%) of the bioactive
compounds was found to be in the range from 78.6 to 86.1%.

Formulations that allow sustained release of bioactive compounds
are considered more advantageous compared to the instant release ones
with regards to improving patient compliance and maintaining more
uniform blood drug concentration avoiding fluctuations that may cause
reduced therapeutic efficiency or undesired toxic effects.

The cumulative release profiles of the loaded bioactive compounds
from the carrier nanomicelles at 37 °C in PBS of pH 7.4 are shown in
Fig. 4. As can be noted from the figure, the compounds 5c and 7b (F2

Scheme 2. A schematic illustration of the preparation of pluronic nanomicelles loaded with the selected bioactive compounds.

(b)

(i)        (ii)     (iii)(i)    (ii)     (iii) 

(a)

Fig. 2. (a) Lack of homogeneity, insolubility and instability of the aqueous suspensions of the free bioactive compounds [4a (i), 5c (ii) and 7b (iii)] as compared to (b) their corresponding
nanomicelles formulations.

Fig. 3. Transmission electron micrograph of the developed plain pluronic nanomicelles.
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and F3, respectively) showed an initial burst release of about 30% in the
first hour as compared to 4a (F1) which attained an initial release of
about 16%. Afterwards, the percent of the bioactive compounds
released increased gradually with time to show sustained release
profiles.

3.3. Antiproliferative Screening

3.3.1. Free Compounds
The antiproliferative activity of all the synthesized final 5,7-

dibromo-8-substituted quinolines was evaluated in vitro against two
human breast cancer cell lines MCF-7 and MDA-MB231. Compounds
were evaluated in triplicates for their percent proliferation inhibition,
followed by determination of their IC50 values (Table 2). Cytotoxicity
data demonstrated that the tested compounds have been active on both
cell lines except for compound 5c that was inactive on MDA-MB231 yet
showing good activity on MCF-7 with IC50 12.9 μM. Moreover, with the
exception of 4a, all compounds showed better activity towards MCF-7
breast cancer cell lines rather than MDA-MB231 proposing the possible
selectivity of these novel analogues towards the MCF-7 cells. This
observation is currently under investigation in an attempt to uncover
the underlying molecular basis of biological action of these chemo-
types.

SAR exploration showed that generally the N′-benzylideneacetohy-
drazide derivatives (4a–c) seem to have higher activity when compared

to their N′-phenylethylidene acetohydrazides bioisosteric counterparts
(5a–c) on both MCF-7 and MDA-MB231 cell lines.

Moreover, the N-phenylhydrazine(thio)carboxamides 6a,b and their
rigid cyclic 4-phenyl-4H-1,2,4-triazol-3-(thiol)ol analogues 7a,b have
shown activity towards both MCF-7 and MDA-MB231 cell lines with
significant higher activity of the cyclic analogues. This can be explained
by the higher lipophilicity introduced through cyclization that may
contribute to the cell membrane penetration and/or better conforma-
tional orientation for biotarget binding. Consequently, it came to
expectations that among the four compounds 6a,b and 7a,b, derivative
7b (4-(trifluoromethyl)phenyl)-4H-1,2,4-triazol-3-ol) exhibited the best
activity towards both MCF-7 and MDA-MB231 cell lines with IC50 of
6.2 μM and 13.5 μM, respectively.

Regarding the antiproliferative efficacy against MCF-7 cell lines, 5
out of 10 compounds (4a, 4c, 5a, 5c, 7a and 7b) have shown IC50

values< 20 μM. These compounds bear either an OH or NH2 group in
their side chains indicating the significance of these groups as being
hydrophilic, hydrogen bond donating/accepting and electron donating
behaviors on their pharmacokinetic/pharmacodynamics behavior.

Finally, with respect to the antiproliferative efficacy against the
tested breast cancer cell line MDA-MB231, compounds 4a, 5a, 7a and
7b have shown IC50 values 5.95 μM, 34.7 μM, 26.9 μM and 13.5 μM,
respectively. Interestingly, all these derivatives possess an OH group on
their cyclic side chain (phenyl in 4a and 5a or triazole in 7a and 7b).
This observation indicates a potentially important role of the OH group
for cytotoxicity towards the MDA-MB231 cell lines.

3.3.2. Loaded Pluronic Nanomicelles
The bioactive compounds-loaded nanomicelles showed a higher

activity for compounds 4a, 7b against both tested cell lines and an
enhanced activity of 5c against MDA-MDB231 cells as compared to the
cytotoxicity of the corresponding free compounds (Table 2). While
cytotoxicity of the tested compounds showed a 1.27 to 2.48 fold
increase in MCF-7 cell lines, a 1.4 to> 5.4 fold enhancement of
cytotoxicity was observed against MDA-MB231. This can be attributed
to the improved dispersion of the nano form of these compounds in
aqueous medium as compared to the poor water solubility of the
corresponding free unloaded forms. However, more studies need to be
performed to understand the lack of effectiveness of nanomicelles of
compound 5c against MCF-7 cells.

3.3.3. Cytotoxicity Assay
All the synthesized compounds were tested for their cytotoxic effect

against normal rat skin fibroblast. The cells shave shown high viability
percentage (86.8–122.2% viability, Table 2) for all compounds at a

Fig. 4. Degradation pattern of the pluronic nanomicelles, and the release profiles of the
synthesized bioactive compounds from the nanomicelles.

Table 2
LogP values, LogS and antiproliferative effect against MCF-7 and MDA-MB231 breast cancer cell lines and cytotoxic effect against rat skin fibroblast cells of the synthesized quinoline
derivatives and their loaded nanoparticles.

Compound code Calc. LogP Exp. Log P LogS Rat skin fibroblasts MCF-7*
(IC50, μM)

MDA-MDB231*
(IC50, μM)

% viability Free compound Loaded nanoparticles Free compound Loaded nanoparticles

4a 4.36 4.54 −6.11 86.8 11 8.6 5.95 4
4b 4.79 NT** −6.63 122.2 45.7 NT 436.5 NT
4c 3.90 NT −6.11 94.5 9 NT 60.3 NT
5a 4.26 NT −6.25 91.3 19.5 NT 34.7 NT
5b 4.70 NT −6.79 107.4 195 NT 490 NT
5c 3.82 3.61 −6.26 115.8 12.9 143 > 1000 184
6a 4.64 NT −6.67 102.1 57.5 NT 95.5 NT
6b 4.86 NT −7.00 97.0 45.7 NT 426.6 NT
7a 5.03 NT −7.98 93.4 17.4 NT 26.9 NT
7b 5.25 4.82 −8.29 92.6 6.2 2.5 13.5 2.5
DOX −1.34 NT −3.15 NT 1.2 NT 0.4 NT

*IC50 values are the average of 3 independent runs.
**NT = not tested.
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single dose (10 μM) exposure to the test agents. Obtained results
indicate that these chemotypes are not toxic eliciting a good safety
profile for normal cells under the adopted experimental conditions.

4. Conclusion

This study presents the synthesis of 10 new quinoline derivatives.
These compounds were tested against 2 breast cancer cell lines MCF-7
and MDA-MB231. Results have shown that compounds bearing a
hydroxyl-containing side chains or cyclic side chain have the best
activity for both cell lines. Consequently, compound 7b demonstrated
the best cytotoxicity towards MCF-7 cell line with IC50 of 6.2 μM. Safety
profile of the compounds was assessed through evaluating their toxicity
against rat skin fibroblasts where they demonstrated good safety profile
under the adopted experimental conditions.

The study involves also the incorporation of three of the synthesized
compounds among those showing the most promising anticancer
activity into pluronic nanomicelles to enhance their aqueous solubility,
and consequently their cancer cell penetrability as well as allowing
their sustained release. Indeed and as expected, there was an observable
significant increase in the cytotoxicity of the nanoformulated com-
pounds. Interestingly, compound 7b also showed the best activity upon
its loading in the nanomicelles introducing it as a promising compound
in terms of bioactivity as well as delivery. The choice of the pluronic
polymer was made based on a tendency to keep the formulation process
as simple as possible in addition to the well-established safety profile of
the polymer as an FDA approved ingredient. Additionally, pluronic was
shown to overcome some drug resistance mechanism by inhibition of
efflux transporters. (Diniz et al., 2015; Geller, 2012; Liu et al., 2012).

To conclude, the results obtained through this research activity
demonstrate that the cytotoxicity of quinolone scaffold-based small
molecules can be modulated by structural manipulation of the physi-
cochemical properties of the functional groups decorating the quino-
lone nucleus. On the other hand, fine-tuning of activity can be achieved
by enhancing the solubility profile of the designed compounds to
augment their delivery to their cellular biological targets through
adopting nanoformulation strategies.
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4.1. Identification of  novel inhibitors for PKMYT-1 

This part will briefly discuss the results obtained in studies 3.1 and 3.2. 

These studies focused on studying the ATP pocket of PKMYT-1 and its inhibitors' 

binding interactions. Using computational, synthetic, and biological evaluations, 

we managed to introduce novel potent PKMYT-1 inhibitors.

Our previous published work on PKMYT-1 inhibitors was the first reported 

attempt to screen a chemical compound dataset against the PKMYT-1. Upon 

screening 800 known kinase inhibitors from the kinase inhibitor data sets I and II 

from GSK against PKMYT-1, several hits were identified as nanomolar inhibitors. 

Out of the ten compounds showing promising PKMYT-1 inhibition, three novel 

scaffolds emerged: azastilbenes, 4-aminoquinolines, and aminopyrimidines , thus 

providing new scaffolds used to develop novel selective PKMYT-1 inhibitors [85, 

92]. 

For identifying new PKMYT-1 inhibitors, we first elucidated the proposed 

binding mechanism via exploration of the PKMYT-1 ATP binding pocket and 

molecular docking of all identified PKMYT-1 inhibitors against PKMYT-1 crystal 

structure (PDB ID: 5VCW) (Figure 20). Despite their chemical diversity, all the 

inhibitors formed a hydrogen bond with the backbone of conserved hinge region 

residue Csy190, akin to ATP. Furthermore, substituted phenyl or small chemical 

groups introduced π-π aromatic interactions with the side chain of Phe240, 

targeting the hydrophobic back-pocket. In addition, more interactions were 

observed with the front-pocket residues such as Leu116, Pro191, and Gln196. 

Finally, polar interactions with Asp251 and Tyr121 were commonly observed in 

most PKMYT-1 inhibitors.   
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Figure 20: Scheme of the ATP-binding pocket of PKMYT-1 The backbone of the PKMYT-1 key 

residues is colored blue.  Solvent-accessible area: (yellow sphere), ribose-binding pocket (red sphere), 
phosphate region (blue sphere), adenine region (beige sphere), back pocket (green sphere). 

After determining the anticipated interactions in designing new PKMYT-1 

kinases, we focused on introducing diaminopyrimidine derivatives since aza-

stilbenes and aminoquinolines have limited structural synthetic variabilities.  

Starting with the diaminopyrimide scaffold, we implemented fragment growing 

methodology since the Fragment-based drug design (FBDD) technique is known 

for its efficacy in exploring diverse chemical spaces compared to other methods 

[176]. Keeping the default interactions of PKMYT-1 inhibitors in mind, the 

fragment-growing approach can guarantee the presence of those interactions with 

nearby pockets in hits and lead optimization [177, 178]. As for the 

diaminopyrimidine scaffold, extensions were selected to interact with the front-

pocket, hydrophobic back-pocket, and ribose and phosphatase pockets of the 

kinase (Figure 21). All proposed structures have to be evaluated using previously 

derived computational calculations models, including binding free energy, QSAR 

models, Ligand efficiency (LE) and ligand lipophilicity efficiency (LLE) all of which 

serve as metrics for fragment hit selection and optimization. The output candidates 

from those tests were then selected for synthesis and biologically evaluated 

against PKMYT-1. 
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Figure 21: Diphenyldiaminopyrimidine scaffold and three possible vectors to start a fragment 
growing process 

Synthesis of the diaminopyrimidine derivatives was realized in a two-step 

scheme where it started with the reaction of the respective 5-substituted-2,4-

dichloropyrimidine derivatives with the selected aniline derivatives followed by the 

reaction of the intermediate with morpholinoaniline which has been proposed as 

the best moiety to address the front pocket. Among all the synthesized 

compounds, 5d and 5k showed 75% displacement at 20 µM while 5l and 5n have 

shown 100% displacement. The IC50 values of the compounds were in the low-

micromolar and sub-micromolar when measured using fluorescence polarization 

immunoblot activity assay activity (FPIA) and fluorescence polarization binding 

(FPBA) assays (Figure 22). While docking and scoring methods had limitations in 

predicting the activity of new PKMYT-1 inhibitors, binding free energy calculations 

showed better predictive capabilities. In a nutshell, fragment growing led to the 

generation of multiple active diaminopyrimidine- derived PKMYT-1 inhibitors and 

allowed the assessment of initial structure-activity relationships for them. The 

obtained results serve as a foundation for future chemical modifications aimed at 

designing more potent PKMYT-1 inhibitors. 
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Figure 22: The most promising synthesized PKMYT-1 inhibitors 

Considering all the results in study 3.1, a new series of diaminopyrimidines 

were designed and synthesized in study 3.2. All the new compounds have been 

tested for their potential PKMYT-1 inhibition as well as their anticancer activities. 

These compounds have been divided into 3 main groups based on the substituent 

at position 5, which varies between CN in compounds 3a-f, 5 and 7, S-CH3 in 

compounds 10a-e and OCH3 in compounds 13a-e. The rest of the structural 

variation of the compounds were in positions of 2 and 5 of the diaminopyridine ring. 

Similarly to compounds reported in section 3.1, the new compounds were 

synthesized through a two-step reaction where the respective 5-substituted-2,4-

dichloropyrimidine derivatives were allowed to react with corresponding aniline 

derivatives in each step. Due to variations in the introduced anilines, the reaction 

conditions have varied in terms of time, temperature, and catalysts used.  

Following the synthesis of the compounds, all the compounds have been 

tested for their antiproliferative activity against three cancer cell lines, namely 

hepatoma cancer cells (Huh7), as well as neuroblastoma cell lines (BE(2)-C and 

NBL-S). Some synthesized compounds exhibited promising anticancer effects. 

Among these, compounds 3a and 3f from the series 3a-3f demonstrated high 

inhibitory activity. Compound 3a exhibited potent inhibition against the cell lines 

Huh7, BE(2)-C, and NBL-S, with EC50 values in the submicromolar range of 0.428 
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µM, 0.227 µM, and 0.296 µM, respectively. Conversely, compound 3f displayed 

slightly lower activity against these cell lines with EC50 values of 1.185 µM, 0.433 

µM, and 0.323 µM against Huh7, BE(2)-C, and NBL-S, respectively. Unfortunately, 

the other synthesized compound series, 10a-e and 13a-13f, did not demonstrate 

significant activity against Huh7 cell lines. Compound 5 showed promising activity, 

ranking as the second most potent compound against neuroblastoma cell lines 

BE(2)-C and NBL-S with EC50 values of 0.129 µM and 0.156 µM, respectively. 

However, compound 7 emerged as the most compelling of the synthesized 

compounds. It demonstrated remarkable potency against both Huh7 and 

neuroblastoma cells, with particularly striking activity against the neuroblastoma 

cell lines falling within the nanomolar range with EC50 values of 0.722 µM against 

Huh7 and 16.5 nM and 17.9 nM against BE(2)-C and NBL-S, respectively. 

Subsequently, all the compounds were tested for their binding and activity 

towards PKMYT-1 to discover if their anticancer activity is accredited to PKMYT-1 

inhibition. Binding assays have shown that only 13a, 13b, 13f, 10b, 13c ,10a, 13d, 

7, and 3b were able to show more than 40% binding displacement at 20 µM. 

Retesting those compounds at  5 µM have shown that only 13a, 13b, 13c, 13d, 

10b, and  3b show more than 25% displacement percentages. Following the 

PKMYT-1 activity assays, no direct correlation was found between the binding and 

activity assay results. For instance, while compounds 3b, 7, 10a, and 10b have 

the highest percentage inhibition for PKMYT-1, their binding displacement didn’t 

exceed 72 %  at 20 µM.  

Finally, a docking study was performed in order to understand the key 

interactions between the most active compounds and PKMYT-1. The general 

binding mode to PKMYT-1 involves two essential hydrogen bonds between the 

aminoyprimidine fragment and the hinge region of the kinase (hydrogen bond to 

the NH backbone group of Cys190 and CO backbone group of Gly189). Still, the 

most active compounds in cancer cell lines 3a, 5, 7 have shown less favorable 

docking scores. This could be explained by the weak interaction between the 

cyano group at position 5 of the diaminopyriidine ring and the gatekeeper residue 

Thr189. In contrast, less active methoxy derivatives 13a, 13b, and 13f manage to 
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form van-der-Waals interactions with the gatekeeper residue Thr189 along with a 

hydrogen-bond to Lys139 and the conserved water molecule in PKMYT-1. Also, 

13a shows another hydrogen bond between the morpholine oxygen and Lys125 

(Figure 17). With the observed disagreement between cellular assay and docking 

study, the most active compounds were docked against WEE1 kinase and Aurora 

A kinase.  

For the WEE1 docking results, the most active compounds show more favorable 

binding formig classical hydrogen bond to the hinge region (NH backbone Cys379 

and CO backbone Asn380). Additionally, the cyano groups 3a, 5, and 7  show  

hydrogen bond interaction with the gatekeeper residue Asn376 and the conserved 

water molecule, which was not possible with PKMYT-1. While all the active 

compounds form van-der-Waals interactions with the Lys328 side chain, 

compounds 3a and 7 make a further hydrogen bond to Lys328 with their polar 

substituents of the terminal phenyl ring (Figure 18). Similarly, docking results for 

Aurora A Kinase revealed more favorable docking scores than for PKMYT-1. 

Compounds 3a, 5, and 7 were involved in two hydrogen bonds with the hinge 

backbone (CO Pro214, NH Ala213) via their aminopyrimidine ring and a hydrogen 

bond to Lys162 with their cyano group (Figure 19).  Also, polar substituents on the 

terminal phenyl ring allowed for more H-bonds like that between the phenol group 

of 3a and the backbone CO of Glu260 and between the carbonyl groups of 5 and 

7 and  Lys162 and Lys141. Notably, all three most active compounds from the 

cancer cell testing possess a morpholine ring in para position of the aniline ring 

that can make hydrogen bonds to Arg220 (or alternatively to Arg137) 
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4.2. Identification of novel tamoxifen analogs 

This part will briefly discuss the results obtained in studies 3.3 and 3.4. 

These studies focused on designing novel tamoxifen derivatives intended to have 

an alternative metabolic pathway independent of the CYP2D6 enzyme.  

Considering the effect of CYP2D polymorphism in the manifestation of the 

effect of tamoxifen in breast cancer patients, our objective was to design 

compounds that bear the main pharmacophoric features of tamoxifen while 

adopting an alternative metabolic pathway, thus giving potential equal clinical 

benefits to all patients. To this end, all synthesized tamoxifen analogues were 

decorated with an ester group at the para position of Ring C in order to block the 

metabolic site of CYP2D6 enzyme. While CYP2D6 typically hydroxylate this 

position in TAM metabolites, our derivatives were strategically designed to be 

metabolically activated through esterase enzymes, which exhibit a consistent 

enzymatic behavior across populations. As the alkylaminoethoxy side chain of 

Ring B of TAM has been established as a key determinant for the antagonistic 

properties of SERMs, our novel analogues were thoughtfully crafted to feature 

dimethylaminoethyloxy, pyrrolidinylethyloxy, or piperidinylethyloxy side chains. 

This investigation explored the effects of cyclization, the size of the cyclic structure, 

and the influence of modifying the basicity of nitrogen of the side chain on 

compounds’ activities (Figure 23). In study 3.3, all analogues were designed to 

endorse flexibility to the rigid triphenylethylene backbone by introducing a benzylic 

methylene spacer between Ring A of TAM. This flexibility is reported to increase 

selectivity toward ERα versus ERβ. On the contrary, in compounds in study 3.4 a 

substitution of the ethyl group on the triphenylethylene backbone by a methyl group 

was attempted. After testing the antiproliferative effect of the synthesized 

compounds on MCF-7 cell line as well as their binding affinity to ERα, compounds 

showing the highest IC50 were tested for the binding affinity to ERβ and their 

differential selectivity between ERα and ERβ was calculated.  
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Figure 23: Design strategy of TAM derivatives 

In study 3.3, the synthesized flexible TAM analogues were tested against MCF-

7 cell line, where they managed to have a remarkable antiproliferative effect even 

better than that of TAM and 4-OHTAM. Compound 3 specifically has managed to 

have IC50 < 0.25µM which is more potent than both TAM and 4-OHTAM, which 

exhibited IC50 of 4.4 and 2.79, respectively. Further investigations regarding the 

binding of compound 3 to the ERα have shown IC50 0.1 nM, which is more potent 

than 4OHTAM (showed IC50 0.5 nM) (Figure 24). These results indicated that 

introducing flexibility to the triphenylethylene scaffold, together with a cyclic basic 

pyrolidine substituent have contributed to better ERα binding. Additionally, 

compound 3 has shown 900 times selectivity towards ERα vs. Erβ.  

Figure 24: Most active compound in flexible TAM analogues (Compound 3) 

In silico analysis of the binding mode of compound 3 in the binding pocket 

of ERα has been studied and compared to that of 4-OHTAM. The docked geometry 
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for compound 3 showed that incorporation of the additional methylene group still 

allows the compounds to adopt the required arrangement for binding in an 

established antiestrogenic mode; this is confirmed by a nearly complete overlap of 

the docked geometries for compound  3 and 4-OHTAM (Figure 25A). This overlay 

has permitted interactions with the essential aminoacids such as Glu353 and 

Arg394 (Figure 25B). 

 

 

Figure 25: Overlay of compound 3 (Red) on 4-OHTAM (Green) 

A 

B 
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In study 3.4, all of the novel TAM analogues, including the hydroxyl-

containing and ester-containing molecules, showed IC50 values in the range of (<1 

µM -3.17 µM) on MCF-7 cell lines, which is lower than the IC50 of TAM (4.40 µM). 

Compounds 3 and 10 (both of MCF-7 IC50; <1) were selected by the National 

Cancer Institute (NCI) for further testing for in vitro antitumor activity against 60 

human tumor cell lines. The obtained GI50 has shown noticeable specific activity 

towards MCF-7 cells rather than other cancer cell lines, indicating that they act 

mainly via an ER antagonistic mechanism. For the MCF-7 cell line, compounds 3 

and 10 had GI50 values of less than 0.01 µM and less than 0.005 µM, respectively. 

These values represent an activity between 100 and 1000 times higher than that 

for TAM (GI501.58 µM) (Figure 26). In the ER binding assay, compound 3  (IC50 

0.0008 µM) was found to be nearly 10-fold more active than TAM (IC50 0.008 µM); 

however, compound 10 (IC50 0.048 µM) was not consistent with its MCF-7 IC50

values. 

Figure 26: Compound 3 and Compound 10 structures and IC50 values 

Docking studies for compound 3 have provided extra evidence on the 

biological results where there has been a nearly complete overlap of the docked 

geometries of compound 3 and 4-OHTAM. This overlap has proven that the 

presence of a methyl group (instead of an ethyl group) on the triphenylethylene 

backbone still allows the compounds to adopt the required arrangement for binding 

in an established antiestrogenic mode. Also, investigating the interaction mode of 

compound 3 showed that it binds to ERα in a similar fashion as does 4-OHTAM; 

two hydrogen bonds between the free phenolic hydroxyl moiety of the compounds 
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and the two amino acids residues, Arg394 and Glu353, of the binding pocket 

(Figure 27). 

 

 

Figure 27: Overlay of compound 3 (Red) on 4-OHTAM (Green) 

A 

B 
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Finally, an in-depth metabolic investigation was conducted on compound 

10  to elucidate the influence of CYP2D6 on its metabolic pathways where it was 

incubated in CYP2D6 supersomes in the presence of NADPH, HLM or hHep, and 

the resultant metabolites were characterized using LC-UV/MS. Remarkably, the 

identified metabolites were observed to be independent of CYP2D enzyme activity, 

suggesting the contribution of non-CYP enzymes in the formation of the active 

hydroxyl metabolite of compound 10. These findings highlight our endeavor's 

success in designing and synthesizing TAM analogues that undergo significant 

non-CYP mediated hydrolysis (Figure 28). 

 

Figure 28: Extracted ion chromatogram of compound 10 after incubation in HL or CYP2D6 supersomes, both 
with and without NADPH. The analysis was conducted using liquid chromatography coupled to ultraviolet and 
mass spectrometry. 
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4.3. Identification of semi-synthetic isoeugenol derivatives  

This part will briefly discuss the results obtained in study 3.5. In this study, 

we focused on synthesizing novel isoeugenol analogues, which were tested 

against ER+ breast cancer cells. Additional mechanistic, antioxidant, and in vivo 

studies were conducted to provide more evidence for the observed 

pharmacological efficacy.  

Recently, the spotlight has turned toward natural-derived compounds for 

their potential role in breast cancer therapy, offering a safe and effective alternative 

to existing treatments and/or providing potential synergism [179]. Among the 

studied phytochemicals, eugenol and isoeugenol have demonstrated enhanced 

anticancer activity [180-183], encouraging us to utilize isoeugenol as a lead 

compound for further optimization to promote its antitumor activity.  

Following the synthesis of diverse isoeugenol derivatives, those 

compounds were screened against both ER+ breast cancer cell line (MCF-7) and 

normal breast cell line (MCF-10A). Compounds 2, 8, and 10 have managed to 

exert higher potency when compared to the isoeugenol as well as the reference 

compound 5-Fluorouracil (5-FU), a chemotherapeutic agent in the treatment 

regimen for breast cancer [184, 185] (Figure 29).  

 

Figure 29: Most active compounds 2,8,10 and their IC50s against MCF-7 and MCF-10A cells 

Additionally, MCF-7 cells treated with compound 2, the most active 

compound, have grown fewer and smaller colonies in a concentration-dependent 

manner. Cell cycle analysis showed that compound 2 induced the arrest of the cell 

cycle phases G2/M and Pre-G1 and blocked the progression of the MCF-7 cells.  

By focusing on the effect of compound 2 treatment on ERα, it turned out 

that treated MCF-7 cells have lower expression levels of ERα as well as 
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downregulation of ERα proteins when compared to untreated control cells, 

indicating the interference of isoeugenol derivatives with ERα expression, which 

may account for the observed cytotoxic activity of compound 2 (Figure 30). 

  

Figure 30: Downregulation of ER genes (A) and proteins(B) in case of Compound 2 treated cells vs control 

Further investigations into compound 2’s cytotoxic and apoptotic inducing 

activity against ER+ breast cancer have identified possible combined antioxidant, 

antiproliferative, and pro-apoptotic effects, as summarized in (Figure 31). Finally, 

in vivo results in SEC-bearing mice supported the encouraging in vitro therapeutic 

potential that compound 2 has as an antitumor agent.  

 

Figure 31: Summary of mixed mechanisms of action of Compound 2 

A B 
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4.4. Identification of novel quinoline derivatives and their 

nanoformulations  

This part will briefly discuss the results obtained in study  3.6. In this study, we 

focused on synthesizing several quinoline derivatives, testing them as anti-breast 

cancer agents and improving their solubility via nanoformulations.  

Given that quinoline-based compounds have demonstrated remarkable 

potential in the field of anticancer research [186, 187], we herein adopted the 

development of new derivatives with potential anti-breast cancer activity. First, we 

set a design strategy that aimed at using the quinoline core as the main nucleus; 

then, we started to introduce different groups at position 8 of the nucleus (Figure 

32). The introduced substituents have been explicitly chosen to vary in their 

conformational/physicochemical parameters. Their alterations spanned between 

flexible and rigid, hydrophilic and hydrophobic, as well as hydrogen bond donating 

and/or accepting characters. 

 

Figure 32: Design strategy for quinoline-based derivatives 

Afterward, all the synthesized final 5,7-dibromo-8-substituted quinolines were 

evaluated for their antiproliferative activity towards two human breast cancer cell 

lines MCF-7 and MDA-MB231. Most of the synthesized compounds have shown 

better activity on MCF-7 (Luminal A subtype) rather than MDA-MB231 (TNBC 

subtype), proposing a possible role of hormone receptors such as ER and PR in 

the witnessed activity (Figure 33).  
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Figure 33: Most active compound of the 5,7-dibromquinoline derivatives. 

After the success of obtaining some scaffolds with observed anti-breast cancer 

activity, improving their solubility for better drug delivery was another objective to 

be addressed. It is well-known that some pharmacokinetic factors can hinder the 

drug development process, namely poor solubility, limited bioavailability, and 

difficulties in dosage form formulation. In our study, we tested the effect of 

incorporating synthesized compounds in pluronic nanomicelles. Assessment of the 

solubility of the selected compounds showed that they were practically insoluble 

(< 0.1 mg/1 mL); accordingly, preparation of compounds loaded nanoparticles 

(NP) act to enhance this poor solubility of the compounds, as seen in Figure 34. 

 

Figure 34: Free compounds vs their corresponding nanomicells formation (a) Lack of homogeneity, 
insolubility and instability of the aqueous suspensions of the free bioactive compounds [4a (i), 5c (ii) and 7b 

(iii)] as compared to (b) their corresponding nanomicelles formulations. 

Finally, the compounds-loaded nanomicelles for 4a, 5c and 7b showed 

higher activity against MCF-7 and MDA-MB231, an observation that can be 

attributed to the improved dispersion of the nano form of these compounds in an 

aqueous medium as compared to the poor water solubility of the corresponding 

free unloaded forms (Figure 35). It is worth mentioning that those formulations 

(i)           (ii)         

(iii) 

(i)           (ii)         

(iii)     

A B 
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have provided a sustained release of the bioactive compounds from the 

nanomicelles as seen in Figure 36. 

 

Figure 35: Free Form vs Loaded NP IC50s against MCF-7 and MDA-MB231 cells 

 

 

Figure 36: Degradation pattern of the pluronic nanomicelles, and the release profiles of the synthesized 

bioactive compounds from the nanomicelles. 
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5. General Conclusions 
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As the incidence of cancer has been increasing dramatically throughout the 

years, identifying new treatment options has always been one of the top research 

interests in different scientific fields. From a medicinal chemistry perspective, 

searching for active molecules that can target cancer cells is the main goal of 

research. Although many forms of cancer are known for their devastating 

prognosis, we herein have chosen to target two of the most prevailing types of 

cancer: neuroblastoma and breast cancer. We have adopted different methods, 

such as computational studies, chemical synthesis, biochemical assays, and 

cellular testing, to introduce new chemical compounds targeting these specific 

cancer types. 

The first part of the work has delved into investigating PKMYT-1's ATP 

pocket and its inhibitors' binding interactions. Previous screening of 800 known 

kinase inhibitors against PKMYT-1 has identified several chemically classified 

inhibitors into azastilbenes, 4-aminoquinolines, and aminopyrimidines. Based on 

the obtained results, compounds bearing the diaminopyrimidine scaffold were 

designed as potential PKMYT-1 inhibitors. Consequently, the promising 

candidates were synthesized, structurally optimized, and tested for their PKMYT-

1 inhibition and anticancer activity. The synthesized compounds have shown 

varying inhibition levels against different cancer cell lines; however, no direct 

correlation was found between PKMYT-1 binding and activity against cancer cells 

for most compounds. Further analysis through docking studies revealed insights 

into compound interactions with PKMYT-1, WEE1 kinase, and Aurora A kinase. 

The most active compounds displayed unique interactions with these kinases, 

indicating potential alternative pathways for their activity. Overall, this part has 

proposed some potential PKMYT-1 inhibitors and shed light on the complex 

interactions between these compounds and various kinases, providing valuable 

insights for the future development of targeted cancer therapies. 

The second part of the work dealt with breast cancer, which is known to be 

the most common cancer type among females worldwide. Given that about 80% 

of breast cancers manifest Estrogen receptors, developing ER antagonists to 

induce estrogen deprivation stands as a logical treatment strategy. Our approach 
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to targeting ER was structured around three distinct concepts, each introducing 

novel chemical compositions. These compounds were tailored to affect MCF-7 

cells, a significant model of ER+ breast cancer (Luminal A subtype), or to directly 

target the ER itself. Throughout our design process, we aimed to bypass the 

significant limitations observed in similar or approved inhibitors. 

The first approach focused on creating new TAM derivatives that aim to 

bypass the metabolic pathway reliant on the CYP2D6 enzyme. Therefore, our work 

has included designing compounds maintaining TAM’s main features while 

utilizing an alternative metabolic route. We modified tamoxifen analogues with 

structural variabilities that would promote alternative metabolic pathways while 

keeping the main pharmacophoric features of TAM. Some of the synthesized 

compounds have demonstrated significant antiproliferative effects on MCF-7 cells 

with noticeable activity and binding affinity to ERα. Additionally, the in silico 

analysis indicated the ability of those analogues to maintain the necessary binding 

arrangement for an antiestrogenic effect similar to 4-OHTAM. Finally, investigating 

the metabolic pathway of a representative compound showed an independent 

pathway of CYP2D6, indicating the involvement of non-CYP enzymes in its active 

hydroxyl metabolite formation. These findings highlighted the success in designing 

TAM analogues undergoing significant non-CYP mediated hydrolysis. 

With the increasing interest in natural compounds for breast cancer 

treatment, our secondary focus involved seeking potentially effective semi-

synthetic compounds against ER+ breast cancer cells. We investigated new 

derivatives of isoeugenol, evaluating their efficacy in combating these cancer cells. 

Some of these newly synthesized compounds demonstrated higher potency than 

both isoeugenol and 5-Fluorouracil, a common chemotherapy drug used in breast 

cancer treatment. Upon closer examination of the most active compound, it 

showed an ability to halt cell progression by inducing cell cycle arrest in G2/M and 

Pre-G1 phases. Further investigations revealed that these compounds might 

trigger cytotoxicity and apoptosis in ER+ breast cancer cells by combining 

antioxidant, antiproliferative, and pro-apoptotic effects. This data was reinforced 
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by observations of reduced ERα protein levels in treated MCF-7 cells and positive 

outcomes from in vivo experiments conducted on mice with SEC tumors. 

Our final approach aimed to develop quinoline derivatives as potential anti-

breast cancer agents and improve their solubility using nanoformulations. 

Leveraging the promising characteristics of quinoline-based compounds in cancer 

research, we created various derivatives by modifying the substituents of the 

quinoline core. These synthesized compounds exhibited potent activity against 

MCF-7 cells, indicating a possible impact of hormone receptors such as ER and 

PR on their effectiveness. Recognizing the crucial role of solubility in drug 

development, we endeavored to enhance solubility through pluronic nanomicelles. 

Initially, the synthesized compounds showed poor solubility, prompting the 

creation of compound-loaded nanoparticles to address this issue. Impressively, 

these loaded compounds in nanomicelles showed heightened activity against both 

MCF-7 and MDA-MB231 cells. This enhancement was likely due to the improved 

dispersion of the compounds in an aqueous environment facilitated by the 

nanomicelles, overcoming the low solubility of the free unloaded forms. 

Additionally, these formulations exhibited sustained release of the bioactive 

compounds from the nanomicelles 

The data presented across these studies illustrates the diverse approaches 

in medicinal chemistry for combating different types of cancers. Through innovative 

strategies involving molecular design, compound synthesis, and nanoformulation 

techniques, these investigations have explored the potential of novel compounds 

and derivatives in targeting specific cancer types, showcasing the multifaceted 

nature of research aiming to tackle the complexities of cancer treatment. These 

varied approaches feature the importance of targeted therapy comprehensive 

approaches to address the diversity in cancer types and facilitate the treatment.  
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