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Abbreviations  

5-FU - 5-Fluorouracil 

A2AR - Adenosine A2A receptor 

A-549 - Adenocarcinomic human alveolar basal epithelial cells 

ABTS - 2,2'-Azino-bis(3-ethylbenzothiazoline-6-sulfonic acid 

AChE - Acetylcholinesterase 

Aib - 2-Aminoisobutyric acid 

AKT - Serine/Threonine-specific protein kinases/ Protein kinase B 

Ala - Alanine 

AlogP - Octanol-water partition coefficient 

AML - Acute Myeloid Leukemia 

APP - Amyloid Precursor Protein 

AR - Aldose Reductase 

ARDS - Acute Respiratory Distress Syndrome 

Arg - Arginine 

Asp - Aspartic acid 

ATP - Adenozyno-5′-trifosforan 

Aβ - Amyloid beta 

BACE1 - Beta-secretase 1 

BuChE - Butyrylcholinesterase 

Boc - Tert-butyloxycarbonyl protecting group 

BSA - Bovine Serum Albumin 

CSC - Cancer Stem Cells 

CYP51 - Sterol 14α-demethylase 

DABCO - 1,4-Diazabicyclo[2.2.2]octane 

DCM - Dichloromethane 

DCMT - 2,4-Dichloro-6-methoxy-1,3,5-triazine 

DHFR - Dihydrofolate reductase 

DILI - Drug-Induced Liver Injury 

DMF - Dimethylformamide 

DMSO - Dimethyl sulfoxide 

DMT/NMM/TosO- - 4-(Dimethoxy-s-triazin-2-yl)-4-methylmorpholinium Toluenesulfonate  

DNA - Deoxyribonucleic acid 
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DNMT - DNA Methyltransferase 

DPPH - 2,2-Diphenyl-1-picrylhydrazyl 

DTT - Dithiothreitol 

EDTA - Ethylenediaminetetraacetic acid 

EGFR - Epidermal Growth Factor Receptor 

FDA - Food and Drug Administration 

FiO2 - The fraction of inspired oxygen 

Fmoc - Fluorenylmethyloxycarbonyl protecting group 

G(0) - Resting phase 

G(1) - Growth 1 phase 

GPX4 - Glutathione peroxidase 4 

GSK-3 - Glycogen synthase kinase 3 

GyrA - Gyrase subunit A 

GyrB - Gyrase subunit B 

hA - Adenosine Receptor 

HCT116 - human colorectal carcinoma 

HepG-2 - human liver cancer cell line 

His - Histidine 

HIV - human immunodeficiency virus 

HT2 - 5-hydroxytryptamine receptors 

HT-22 - Mouse Hippocampal Neuronal Cell Line 

IC50 - The half maximal inhibitory concentration 

InhA - 2-Trans enoyl-acyl carrier protein reductase 

LBC3 - Glioblastoma multiforme tissue 

LN-18 - Human malignant glioma cell line 

LN-229 - Human brain glioblastoma cell line 

Lys - Lysine 

MCF-7 - Breast cancer cell line 

MDS - Myelodysplastic Syndrome 

MeCN - Acetonitrile 

MeSH - Medical Subject Headings 

MHB - Methylation Haplotype Block 

MIC - Minimum Inhibitory Concentration 

MLK3 - Mixed-Lineage Protein Kinase 3 
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MW - Microwave 

NBP - 4-(4-Nitrobenzyl)pyridine 

NBTI - Novel Bacterial Topoisomerase Inhibitors 

NMM - N-methylmorpholine 

OMe - Methoxy group 

OPRT - Orotate phosphoribosyltransferase 

OtBu - tetr-buthyloxy group 

PaCO2 - Partial Pressure of Carbon Dioxide 

PaO2 - Partial Pressure of Oxygen 

PBMC - Peripheral blood mononuclear cell line 

PC-3 - Human prostate cancer cell line 

PDB - Protein Data Bank 

Phe - Phenylalanine 

PI3K - Phosphoinositide 3-kinase 

PSA - Prostate-Specific Antigen 

Rf - Retention Factor 

ROS - Reactive Oxygen Species 

SaO2 - Arterial oxygen saturation 

SAR - Structure-Activity Relationship 

Ser - Serine 

SGK3 - Serine/threonine-protein kinase 

SH-SY5Y - Neuroblastoma cell line 

TBE - Tris/Borate/EDTA 

TCT - 2,4,6-Trichloro-1,3,5-triazine 

TEAC - Trolox Equivalent Antioxidant Capacity 

THF - Tetrahydrofuran 

TLC - Thin Layer Chromatography 

TOPO IV - Topoisomerase IV 

TosO- - Toluenesulfonyl group 

Tris - 2-Amino-2-(hydroxymethyl)-1,3-propanediol 

Trp - Tryptophan 

TrxR - Thioredoxin reductase 

TTC - Triphenyl Tetrazolium Chloride 

U-2932 - B-cell lymphoma  
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I. Introduction 

In organic chemistry, heteroatom rings are an integral part of the synthesis of larger 

structures. Maneuvering in the substituents allows to manipulate the physicochemical 

properties to obtain the desired properties. More importantly, combinatorial synthesis allows to 

obtain a wide spectrum of chemical compounds with an equally wide range of biological 

activities. One such representative is 1,3,5-triazine - a 6 membered aromatic ring with 

alternating carbon and nitrogen atoms, conventionally known as s-triazine. These names for 

editorial reasons will be used alternately in the text. According to ChemSpaider, there are about 

114 million chemical compounds in the results of its database, of which about 13,000 are 

currently used as drugs. This represents about 0.01% of the total population. Among these 

compounds, there are more than 113,000 s-triazine derivatives, 15 of which are approved as 

drugs and 60 in trials, according to DrugBank [1]. The basis for the synthesis most of the above 

is the commercially available 2,4,6-trichloro-1,3,5-triazine (TCT), which is ideally suited for 

the nucleophilic substitution of a chlorine atom. Each substitution of chlorine atoms increasing 

the activation energies of the next stage of the reaction according to Scheme 1 [2]. 

Scheme 1. Three stages of nucleophilic substitution of TCT. 

Among the known biological activities of s-triazine and its derivatives are such as 

antibacterial, fungicidal, antimalarial, anticancer, antiviral, antimicrobial, anti-inflammatory, 

and antitumor activities. In the following subsections, current examples of tested s-triazine 

derivatives showing therapeutic potential in three disciplines: cancer, microbiology and 

neurodegenerative diseases will be presented. 
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1.1. Approved and investigated drugs with s-triazine core 

1.1.1. Altretamine 

Altretamine (Scheme 2), an antineoplastic agent, is a small molecule with the same three 

dimethylamine substituents. There are many ways to receive it. Two methods are based on the 

trimerization of dimethyl cyanamide in the presence of bis(trimethylsilyl) methyllithium in 

hexane [3], another with N-methylformamide at elevated temperature and pressure [4]. 

However, the much simpler and highly efficient reactions include the substitution of TCT with 

dimethylamine in water at 180℃ [5] or with bis-(dimethylamino)methane at 120℃ [6].  

 

Scheme 2. Structure of Altretamine. 

Altretamine, also known as hexalene or hexamethylmelamine, was approved in 1990 by 

the U.S. FDA. The exact mechanism of the drug is unknown. It is recognized as an alkylating 

anticancer agent by MeSH [7]. It is used separately [8] in oral palliative treatment of ovarian 

cancer [9] and in recurrent ovarian cancer [10]. Altretamine exhibits low toxicity, its half-life 

ranges from 4.7 to 10.2 hours, during which time it is metabolized to hydroxylmelamine as the 

main active form and cytotoxic to cancer [8]. Metabolism occurs in the liver by oxidative 

N- demethylation. The DILIrank dataset describes Altretamine as ambiguous DILI-concern 

with adverse reactions [11]. In 2020 drug-induced liver injury severity and toxicity (DILIst) 

dataset classified Altretamine as not inducing liver injury [12]. 

Another form of cell death, such as apoptosis and necrosis, is ferroptosis. A metalo-

dependent process based on the metabolism of three components: iron, thiols and lipids [8]. 

The GPX4 enzyme has a preventive function against the negative effects of peroxide lipids 

inducing cell death. Altretamine turned out to be an inhibitor of GPX4 in an assay on U-2932 

cells [13]. 
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1.1.2. Decitabine 

Myelodysplastic syndromes (MDS) are a group of various diseases, the most notable 

feature of which is a reduced number of blood cells in the peripheral blood (red blood cells, 

white blood cells and/or platelets) due to their abnormal formation in the marrow [14]. The 

second disease is acute myeloid leukemia. AML are malignant neoplasms derived from bone 

marrow cells that have become independent of regulatory mechanisms and have the ability to 

multiply uncontrolled. These cells dominate the bone marrow and blood, and can form 

infiltrates in various organs and impair their function [15]. They are treated with Decitabine 

(Scheme 3), a pyrimidine nucleoside derivative, approved by the FDA for treatment in 2006. 

 

Scheme 3. Structure of Decitabine.  

The method to obtain the described drug is a two-step synthesis. The first step involves 

the preparation of the complex by reacting 1-chloro-2-deoxy-D-ribofuranose with cobalt (II) 

nitrate and 1,1'-bi-2-naphthol in N, N-dimethyl-formamide at 60℃ in an inert gas atmosphere. 

In the second step, the addition is carried out with 2-(trimethylsilylamino)-4-

(trimethylsilyloxy)-s-triazine in triethylamine at 40℃. During the last step, substitution takes 

place at the 4-position of the s-triazine ring, with removal of the trimethylsilyl groups. The 

reaction yield was reported to be 89% [16].  

Decitabine has DNA hipomethylating properties, due to its inhibition of DNA 

methyltransferase activity. The mechanism of action is based on the formation of irreversible 

covalent connection with DNA methyltransferase, which appears much more often in 

neoplastic cells that also replicate with an increased frequency. Capturing DNMT leads to 

hypomethylation, double strand damage, and cell death [17, 18]. 
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1.1.3. Oteracil 

Gastric cancer is the third most common malignant neoplasm in the world, with 

differences amongst geographic areas. The incidence of stomach cancer increases with age. 

A factor predisposing to the disease is infection with Helicobacter pylori, a diet low in 

antioxidants, smoking or genetic predisposition. Stomach cancer is usually diagnosed at an 

advanced stage. The disease begins with scanty, non-specific symptoms, such as abdominal 

pain or weight loss. Treatment of advanced gastric cancer begins with considering surgery, 

followed by chemotherapy or radiation therapy. The interest in the subject suggests combining 

new therapeutics with known anticancer drugs and direct administration to the peritoneum [19]. 

Teysuno has been available since 2011 in the European Union countries. The active substances 

in Teysuno are Tegafur, Gimeracil and Oteracil (Scheme 4). Teysuno is an anti-cancer 

medicine. It belongs to a group of cancer drugs called fluoropyrimidines and is used together 

with cisplatin, another cancer medicine, to treat advanced stomach cancer. It is also used to treat 

metastatic colorectal cancer (cancer of the colon and rectum that has spread to other parts of 

the body) in patients who, due to unacceptable side effects, cannot be further treated with other 

fluoropyrimidines. For this purpose, the drug can be used as monotherapy or in combination 

with anticancer drugs (oxaliplatin or irinotecan), including in combination with another drug, 

bevacizumab [20]. The role of Oteracil is to block OPRT involved in the production of 5-FU in 

the normal gastrointestinal mucosa and thereby stimulate the amount of 5-FU in healthy tissue. 

This translates into the possibility of using lower doses of the anti-cancer drug [21]. 

 

Scheme 4. Structure of Oteracil.  

Oteracil is the one which based on 1,3,5-triazine ring. The product is obtained with 95% 

efficiency during intramolecular cyclization. 2-Carbamido-2-oxoacetic acid, urea and 

p-toluenesulfonic acid in ethanol are used for the reaction. By mixing all ingredients at room 

temperature and heating to 50 ℃. Upon alkalization with potassium hydroxide, a product in the 

form of salt is precipitated from the solution [22].  
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1.1.4. Almitrine 

Almitrine (Scheme 5) is an organic chemical, a respiratory stimulant drug used to treat 

chronic obstructive pulmonary disease. Almitrine stimulates the peripheral chemoreceptors of 

the aorta and cervical glomerulus, as a result of which SaO2 and PaO2 increase, and PaCO2 is 

decreased [23]. The direct effect of stimulation of these receptors is the improvement of blood 

oxygenation, which is associated with improved alveolar ventilation and an increase in the 

ventilation-perfusion ratio [24]. At the recommended daily doses (50 or 100 mg), Almitrine 

does not affect the functional parameters of the lungs, i.e. respiratory capacity, respiratory rate, 

oxygen consumption. Moreover, it improves the condition of patients with hypoxemia [25]. In 

2012, Almitrine was withdrawn from use due to numerous reports of nerve damage to the hands 

and feet, as well as weight loss [26]. In 2019, as the race to find a way to save people suffering 

from COVID-19 and/or ARDS began, a bright light fell on Almitrine again. Accelerated 

attempts to stimulate and improve the breathing process began. The drug contributed to an 

increase in the PaO2/FiO2 ratio, however, patients required further and other rescue methods or 

they died. This could be due to the intervention of Almitrine in an excessively advanced stage 

of the disease [27]. The correct use of the therapeutic in the early stages of the disease will be 

considered [28]. 

 

Scheme 5. Structure of Almitrine. 

TCT is used to synthesize of Almitrine. In the first stage, there are two substitutions of 

the chlorine atom with an allylamino group in a slightly basic environment. The second step is 

a third chlorine substitution by 1-(bis(4-fluorophenyl)methyl)piperazine reagent in butan-1-ol 

by heating to reflux [29].  
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1.1.5. ZSTK474 

ZSTK474 (2-(2-difluoromethylbenzimidazol-1-yl)-4,6-dimorpholino-1,3,5-triazine) 

(Scheme 6) is organic compound belonging to benzimidazole derivatives. Orally available 

s- triazine derivative, an ATP-competitive inhibitor of phosphatidylinositol 3-kinase (PI3K) 

with potential anti-tumor activity. The PI3K inhibitor ZSTK474 inhibits all four PI3K isoforms 

(16, 44, 4.6 and 49 nM for PI3Kα, PI3Kβ, PI3Kδ and PI3Kγ, respectively) [30]. Inhibition of 

activation of the PI3K/AKT (or protein kinase B) signaling pathway results in inhibition of 

tumor cell growth and survival in susceptible tumor cell populations. Deregulated PI3K 

signaling may contribute to tumor resistance to various anticancer agents. This agent does not 

induce apoptosis, but rather induces a strong G(0)/G(1) arrest, which may contribute to its 

beneficial efficacy in cancer cells. ZSTK474 was tested in vivo in Athymic nude mice. Tumor 

reduction was noted with ZSTK474 treatment, as well as SGK3 activation and expansion of 

liver CSCs were observed during the experiment. Inhibition of proliferation contributing to the 

apoptosis of non-stem cells may be the cause of the anti-cancer effect of ZSTK474 [31,32]. 

 

Scheme 6. Structure of ZSTK474. 

In the first step, the synthesis of ZSTK474 took place in DCM and NaHCO3 at 0°C 

between TCT and morpholine in 1:2 molar ratio [33]. This stage occured almost completely. 

The product of the first part of the synthesis (6-chloro-2,4-dimorpholine-s-triazine) was mixed 

with 2-(difluoromethyl)-1H-benzo[d]imidazoles and potassium carbonate in DMSO. The 

mixture was stirred for 3 hours while heating to 130°C. The yield was equal 84% [34].   
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1.2. Anticancer s-triazine derivatives 

A review covering literature reports from the beginning of this century to 2016 

summarizes 106 different reports on the synthesis, anticancer activity and mechanisms of action 

of 1,3,5-triazine derivatives. Many of them have shown remarkable activity, and some of them 

have entered clinical trials [35].  

Other active derivatives are still being described. Park et al. designed and synthesized 

a triazine derivative 1 (Scheme 7) with an amine, chloromethoxyphenyl and p-hydroxyphenol 

groups The first substitution was made in THF at -15ºC. The amino group at room temperature 

was substituted successively. The last step was performed in the presence of 

(4-hydroxyphenyl)boronic acid and (triphenylphosphine) palladium in microwave (120ºC). The 

developed compound showed an ARs antagonistic and cytotoxic effect for lung cancer cells 

through increased expression of ROS and its accumulation in the mitochondrial membrane, 

which leads to the dysfunction of the mentioned organelle. Molecular modeling confirmed the 

antagonistic nature of the derivative towards hA1 and hA3 receptors [36].  

Another method of obtaining an s-triazine ring is intramolecular cyclization. The 

reaction of 2-phenyl-N-(thiazol-2-ylcarbamothioyl) acetamide with urea in DMF under the 

influence of MW at 130ºC resulted in the formation of a triazole ring as the desired product 2. 

The compound 2 (Scheme 7) showed antitumor properties against the lines HepG-2 

(IC50=29.75μM), PC-3 (IC50=17.90μM), MCF-7 (IC50=4.65μM), A-549 (IC50=7.43μM), 

PBMC (IC50=165μM) and these values are slightly greater than the reference compound 

erlotnib. Further in vitro and in silico studies showed a strong complexing potential against 

EGFRWT and EGFRT790M (IC50=0.22μM; IC50=0.18μM), the receptor responsible for the 

regulation of cell proliferation [37]. 

 

Scheme 7. Anticancer s-triazine derivatives 1 and 2. 

 



16 

 

Ng et al. used synthesized hybrid derivatives of 4,6-diamino-1,2-dihydro-1,3,5-triazine 

and chalcone for research on cancer cells. Among the 15 newly synthesized s-triazine 

derivatives, two with the strongest anti-cancer effect were distinguished: 3 and 4 (Scheme 8). 

Both acted cytotoxic against HCT116 (human colorectal carcinoma) (GI50=0.026µM; 

GI50=0.116µM) and MCF-7 (GI50=0.080µM; GI50=0.127µM) cancer cell lines. In addition, 

studies have shown strong in vitro inhibitory activities against recombinant human DHFR 

(IC50=0.0061µM; IC50=0.0026µM) and rat TrxR (IC50=4.6µM; IC50=5.9µM) enzymes [38]. 

 

Scheme 8. Anticancer 4,6-diamino-1,2-dihydro-s-triazine s-triazine derivatives 3 and 4. 

Detailed overview of the literature on synthesis and anticancer activity of 1,3,5-triazine 

derivatives under study after 2016 are presented in the review of Maliszewski D. and 

Drozdowska D. [39] (Annex 1). The study presented in this paper focuses on the inhibitory 

effects of the compounds against enzymes involved in tumorigenesis. In addition, the above 

work describes the current state of knowledge on the structure-activity relationship of various 

s-triazine derivatives. Conclusions are presented on how the introduction of new substituents 

and structure modification leads to the acquisition of activity that inhibits cell proliferation 

and/or induces apoptosis. 

1.3. Antimicrobial s-triazine derivatives 

Bacterial, viral and fungal infections are still a major problem, and antibiotic resistance, 

or the ability of microorganisms to resist the effects of a drug, is a threat to global health. Old 

antibiotics are quickly proving ineffective, and new antibiotics are still scarce, so triazine 

derivatives have great potential in this area of research. Most of biological active compounds 

are constructed of heterocyclic rings, e.g. pyrrole, imidazole, thiazole, pyrimidine and triazine. 

As latest research shown 1,3,5-triazine scaffold is constantly used to obtaining high potency 

bioactive derivatives. These compounds found application in fight against bacteria, fungi or 

tumor tissues. This trend is pushing scientists to expand the group of compounds and their 

applications. In the recent decades due to numerous antimicrobial resistant infections, modern 

medicine like cancer chemotherapy, invasive surgeries and organ transplantations deliveries 

can only be performed without the risk because of access to effective antimicrobial treatments. 

Approximately 35,000 deaths/year in United States and 33,000 deaths/year in Europe and were 
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induced by antibiotic resistant in Europe [40]. Eukaryotic DHFR is a great target in treatment 

cancer and also bacterial infections by blocking DNA precursor synthesis. 

Diamino-1,3,5-triazine and their family derivatives possess significant inhibitory potential 

regard to EcDHFR. NSC120927 is the best example of diamino-s-triazine chemical class 

(IC50=1.15 ± 0.37µM against Escherichia coli) [41].  

DNA gyrase is a subject of extensive studies as a target for antimicrobial agents, since 

it is present in bacteria, but is lacking in humans [42]. WHO published a list of priority 

pathogens for which new antibiotics are essential [43,44], including E. coli and S. Aureus, for 

which priority was established as critical and high, respectively. DNA gyrase is inhibited by 

fluoroquinolines, aminocoumarin and NBTI (Novel Bacterial Topoisomerase Inhibitors) 

antibiotics, as well as by simocyclinone, which is an antibiotic comprising of an aminocoumarin 

and a polyketide groups [45]. The fluoroquinolones are example of broad-spectrum 

antibacterial drugs targeting DNA-gyrase, but because of the increasing bacterial resistance to 

these agents, there is a need to seek new compounds and new modes of inhibition of this 

enzyme. Aminocoumarins are competitive inhibitors of DNA gyrase and act by binding into 

the ATP site within GyrB subunit [46]. Although simocyclinone has aminocoumarin moiety in 

its structure it does not inhibit the ATPase activity of DNA gyrase, but rather binds to the 

N-terminal domain of GyrA and prevents DNA binding [47]. The mechanism of inhibition by 

fluoroquinolones is that they stabilize the cleaved form of the DNA, preventing the relaxed 

form of DNA to religate [48]. Lastly, NBTIs have a similar mechanism of action to 

fluoroquinolones, although they are composed of the “left-hand side”– which intercalates the 

DNA strands and the “right-hand side”, which binds into the pocket in the center of the enzyme, 

between two GyrA subunits [49), (50]. 

Anup Masih et al. show antimicrobial potency using s-triazine derivative combined with 

dihydydropyrimidine scaffold. Antibacterial properties were showed against gram-positive, 

viz. Staphylococcus aureus, Bacillus subtilis, Bacillus cereus and three gram-negative bacterial 

strains viz. Pseudomonas aeruginosa, Escherichia coli and Proteus vulgaris using Minimum 

Inhibitory Concentration (MIC) test by 5 (Scheme 9). Results are in the range from 3 to 13 

µg/ml. Authors explain efficiency as inhibition of DNA gyrase supercoiling activity (IC50 = 

3.71 μg/ml). Another analog 6 (Scheme 9) show great antifungal properties against Candida 

albicans, Candida glabrata, Cryptococcus neoformans and Aspergillus niger (range of 

minimum inhibitory concentration from 1,25 to 5 μg/ml [51]. 
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Scheme 9. Antibacterial s-triazine derivatives 5 and 6. 

Younis et al. conducted the anti-bacterial research based on the thiazolo[3,2-

a][1,3,5]triazine moiety. The three-stage synthesis of the designed compound began with the 

preparation of a thiourea thiazole ring, which in the next stage is functionalized with furfural. 

The last step involves an amino group from aminoacetophenone, two formaldehyde molecules 

and a thiazole ring with a primary imine group, generating a triazine ring (DMF, 100°C, 6h). 

The obtained derivative contains substituents on the triazine ring nitrogen, which eliminates the 

effect of delocalized electrons. Antimicrobial activity was confirmed by studies on 

Mycobacterium tuberculosis lines differing in drug resistance (MIC values for drug sensitive 

strain 2.49 μM, multi-drug resistant strain 9.91 μM, extensively drug resistant strain 39.72 μM). 

Compound 7 (Scheme 10) inhibited 2-trans-enyl carrier protein reductase (InhA), reaching an 

IC50 value of 3.9 µM. Molecular docking confirmed the activity of this derivative against the 

tested enzyme. This triazine derivative proved to be not only an antitubercular but an 

antimicrobial potential drug in general, and with non-toxic properties against human cells [52].  

Patil et al. presented a group of 15 1,3,5-triazine derivatives synthesized in a one-step 

reaction by mixing 2-cyanoguanidine, potassium hydroxide and 4-cyanothiazole. Compound 8 

(Scheme 10) showed the best antibacterial (E. coli, K. pneumonia, A. Baumannii) and antifungal 

(C. Neoformans) properties at a concentration of 32 mg/mL. Molecular modeling showed the 

generation of hydrogen bonds between 8 and E. coli DNA gyrase [53].  

The new N2-(tetrazol-5-yl)-6-substituted-5,6-dihydro-1,3,5-triazine-2,4-diamines 

compounds were synthesized in a one-step multi-component reaction (5-amino-1,2,3,4-

tetrazoles, cyanamide and aromatic aldehydes). The derivative 9 (Scheme 10) turned out to be 

the most noteworthy, it obtained a strong inhibitory effect on DHFR (IC50=2.658 μg/ml), DNA 
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gyrase (IC50 = 7.536 μg/ml) and E. coli TOPO IV (IC50 = 1.629 μg/ml). Compound 9 stopped 

the growth of E. coli and P. aeruginosa with MIC values of 2.4∗10−18 and 7.12∗10−9 μg/ml, 

respectively. Additionally, it was observed an inhibitory effect on the CYP51 protein (IC50 = 

7.451 μg/ml), which explains its antifungal activity (C. albicans MIC = 1.475∗10−8 μg/ml) [54]. 

Patel et al. also demonstrated cytotoxic activity of s-triazine analog 10 (Scheme 10) on 

bacterial cell lines. The obtained MIC values were at the level of 6.25 - 12.5 μg/ml, and the 

inhibition zone was 25 - 28 mm. The microbiological properties were due to the presence of 

a strongly electronegative trifluromethyl group [55]. 

Gahrotri et al. presented derivatives containing a phenylthiazole group. The tests were 

carried out on gram negative (S. typhi, E. coli, and K. aerogenes) and gram positive (B. subtilis, 

B. cereus, and S. aureus) bacteria cell lines. The results showed that compounds 11, 12 and 13 

(Scheme 10) achieved excellent MIC values in the range of 4-8 µg/ml [56]. 

Desei et al. designed and synthesized fifteen s-triazine derivatives containing piperazine 

and benzenesulfamide moieties. Derivative 14 (Scheme 10) showed significant activity against 

P. aeruginosa (MIC=25 µg/ml). Research has shown that the electron withdrawing group at the 

phenyl group increased activity of investigated compounds [57]. 

Liu et al. presented and compared numerous examples of potential antimicrobial 

compounds. Their SAR analysis of substituents and biological properties confirmed the great 

potential of compounds with an s-triazine ring in the field of finding new drugs with 

antibacterial and antifungal activity [58]. 
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Scheme 10. Antimicrobial s-triazine derivatives 7-14. 

1.4. Antineurodegenerative s-triazine derivatives 

S-triazine derivatives have also proven to be active in the search for new therapeutics in 

Alzheimer's disease of the target. For example, derivative 15 (Scheme 11) obtained by 

combining N-methylcyclohexylamine and imidazole through the piperazine ring with 1,3,5-

triazine has been shown to be a potential inhibitor of Alzheimer's disease progression. The IC50 

value against acetylcholinesterase obtained by 15 (0.044 μM) was lower than that for donezepil 

(0.052 μM). At the same time, this compound had a low affinity for BuChE [59].  

Some studies also confirmed the therapeutic potential of s-triazine derivatives in others 

neurodegenerative diseases. One of the therapeutic targets in Parkinson's disease are A2A 

adenosine receptors (A2ARs), and their antagonists increase dopamine transmission. Masih et 

al. obtained compound 16 (Scheme 11) by 3-step nucleophilic substitution to TCT. The results 

of the radioligand binding assay of 16 confirmed its high potency to A2ARs (Ki=32.1 nM) and 

ten times weaker interaction with A1ARs (Ki=322.3 nM) [60]. 

Lolak et al. presented a bis-sulfonamide derivative of s-triazine 17 (Scheme 11) 

characterized by AChE inhibition (IC50=0.39 μM; Ki=0.33 μM) (61]. Compound 18 (Scheme 

11) with the ureido benzenesulfonamide moieties on the s-triazine ring showed Fe-complexing 
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(IC50=125.64 μM) and BuChE inhibiting activity equal 93.7 %, with simultaneous a low affinity 

for AChE. Additionally, 18 showed significant antioxidant capacity compared to the ABTS 

(IC50=13.16 μM) and DPPH (IC50=297.4 μM) assays [62]. In biological studies of s-triazine 

derivative 19 (Scheme 11) with an aromatic amine, Lorak et al. emphasized the significant 

inhibitory effect on AChE (96.3 %) [63]. The remaining properties were comparable to 18. 

Gonzalez et al. presented a s-triazine derivative with two heterocycle rings. Researches 

have shown that compounds 20 (Scheme 11) protects neuronal cells HT-22 from Aβ+Cu2+ 

induced death by copper chelation [64]. 

Maqbool et al. designed and synthesized derivative 20 (Scheme 11). Evaluation of 21 

found a very good inhibitory effect on AChE (IC50=0.08 μM) and BChE (IC50=2.01 μM). It is 

promising to reduce the lethal effect of H2O2 on the SH-SY5Y neuronal cells. The antioxidant 

properties are shown in the TEAC assay (IC50=3.46μM) [65]. 

 

Scheme 11. Antineurodegenerative s-triazine derivatives 15 -21. 

The compound 22 (N-(2-((4,6-dihydrazineyl-1,3,5-triazin-2-yl)amino)ethyl)-1-phenyl-

9H-pyrido[3,4-b]indole-3-carboxamide) (Scheme 12) adheres to β-carboline-1,3,5-triazine 

derivatives. Baréa et al. obtained 22 by reacting the prepared β-carboline intermediate with 1,3-
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dihydrazine-s-triazine in an alkaline environment at 0℃ in MeCN/THF. The trisubstituted-s-

triazine was converted into the hydrochloride salt. An in vitro study against AchE and BuChE 

indicated a special affinity for the second enzyme (demonstrated strong selective action against 

BuChe (C=10μM; 82.7% inhibition) compare to AChE (C=10μM; 7.6% inhibition)). An 

in silico study introducing 22 into the BuChE binding side confirmed a strong interaction at the 

site where butyrylthiocholine binds [66].  

Triazinon 23 (Scheme 12) showed well-balanced in vitro potency against two enzymes 

BACE-1 (IC50=18.03 μM) and GSK-3 (IC50=14.67 μM). The cellular research has confirmed 

the ability of the compound 23 to protect neuronal cells and neurogenic activity and the absence 

of neurotoxicity [67,68].  

 

Scheme 12. Antineurodegenerative s-triazine derivatives 22 and 23. 

1.5. Designing of innovative multitarget drugs 

In the world of science, the amount of developed chemicals is constantly growing. The 

increasing amount does not go hand in hand with the number of drugs being introduced. Most 

drugs on the market today target at a single biologic substance, like a protein or enzyme. In 

contrast, multi-target drugs hit several aims, which is often necessary to do in order to yield 

a therapeutic effect in complex diseases. While single-target drugs were once viewed as 

desirable largely because of the concern that “off-target” effects could have harmful 

consequences, multi-target drugs may actually possess a safer profile because of their ability to 

modify the outcome of a disease. While it’s true that multiple targets mean more chances for 

off-target effects, if the therapeutic benefit of a multi-target drug outweighs possible side effects 

that don’t ultimately influence the patient’s ability to return to a healthy state, then it’s likely 

worth the associated risk. Most diseases — cancer, those caused by chronic inflammation, and 

neurological and neurodegenerative diseases such as schizophrenia and Alzheimer’s disease — 

are often caused by multiple genetic and/or environmental factors. One drug taking aim at one 

target is unlikely to actually modify the outcome of these diseases due to the body’s 

compensatory mechanisms and redundant functions. Multi-target drugs hold promise for the 
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treatment of complex conditions that so far cannot be treated by single-target drugs. 

Unfortunately, multi-target drugs are often ignored because research to develop them is 

inherently more complex than it is for single-target drugs [69].  

University of Rochester Medical Center has been developing a compound called 

URMC-099, which is not a s-triazine derivative. It was originally synthesized as a small 

molecule therapy to reverse the neurological problems associated with HIV. It is supposed to 

do this by inhibiting enzymes called kinases (such as mixed lineage kinase type 3, or MLK3), 

which respond to inflammatory stressors inside and outside cells. These inflammatory signals 

arise after infection with viruses like HIV, the accumulation of disease-causing proteins like 

beta-amyloid, oxidative stress from diets high in fat and sugar, and many other insults. This 

destructive response to inflammation is present in most (if not all) organ systems, suggesting 

that a drug, which can restore the equilibrium between innate immune cells and target cells 

might be broadly applicable to a wide variety of diseases. URMC-099, through its influence on 

MLK3 and other kinases, restores the balance of signaling in both cell cultures and animal 

models of various diseases: Alzheimer’s disease, HIV-associated neurocognitive disorders, 

Parkinson’s disease, multiple sclerosis, perioperative cognitive disorders (formerly 

postoperative cognitive dysfunction), and nonalcoholic steatohepatitis [70–72]. 

Another multi-target drug candidate, ENMD-2076 from CASI Pharmaceuticals, has 

shown promise against some of the toughest-to-treat cancers, including ovarian, liver, and 

triple-negative breast cancer. ENMD-2076 has several mechanisms of action against processes 

that are essential for tumor growth and development, including the formation of new blood 

vessels (angiogenesis), cell proliferation, and the cell cycle [73,74]. 
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Ligand 1 and Ligand 2 activity: 

✓ Anti-microbial 

✓ Anti-HIV 

✓ HT2 antagonistic activity 

✓ Antioxidant 

✓ Anti-malarial 

✓ Anti-viral 

✓ Anti-cancer 

✓ Anti-Alzhimer's 

Ligand 3 actions: 

✓ Modulating chemical 

and physical properties 

✓ Polarity  

✓ Solubility  

✓ Number of acceptor 

/donor H-bonds atoms 

✓ Complexing potential to 

3rd target 

Scheme 13. Structure-activity realationship of three substituted s-triazne.  
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II. Aims and Scopes 

A consequence of the overuse and incorrect use of antibiotics and chemotherapeutic 

agents is the rapid spread of drug-resistant bacteria. This situation is a global problem that 

affects bacteria both in the community and in the hospital environment. This phenomenon is 

one of the most serious problems of modern medicine. The search for and synthesis of new 

compounds that act on bacteria is an urgent necessity of modern science.  

Neurodegenerative diseases, a set of diseases that damage neurons in the human brain, 

are a very significant problem. Such diseases as Alzheimer's and Parkinson's are still incurable, 

and the development of effective drugs would be a breakthrough in their treatment. Compounds 

designed on the basis of the s-triazine breast may prove to be very helpful in solving these 

global problems. 

Although advances in cancer biology have led to the development of targeted molecular 

therapies, chemotherapy remains the most important standard for treating many types of cancer. 

Chemotherapeutic agents such as cisplatin work by intercalating and cross-linking the DNA of 

rapidly dividing cancer cells to induce apoptosis. Chemotherapy has numerous side effects, 

creating a need for new drugs. This is where the need to obtain new chemical compounds 

appears. Candidates to cure cancer have to find to be a promising anti-cancer drug. It has to 

have interesting physical and chemical properties that can be targeted to specific molecules or 

cells using ligands. 

The theoretical introduction showed that s-triazine and its derivatives have a diverse 

profile of biological activity so wide application possibilities. Some compounds whose 

structure is based on the s-trazine ring, for example Altretamine and Almitrine, are already in 

use in the medical field [75]. 1,3,5-Triazine ring is present both in compounds with anti-

inflammatory, anti-cancer, antibacterial and inhibitory properties of neurodegenerative 

diseases. Among the many different newly synthesized compounds, several combinatorial 

libraries based on 1,3,5-triazine and peptide fragments were obtained, and compounds 

exhibiting high antimicrobial activity and low haemolytic activity were identified [76, 77]. 

In earlier studies conducted in the Department of Organic Chemistry, triazine 

derivatives with attached peptide fragments were shown to have anticancer activity. Good 

activity was observed against the glioblastoma LBC3, LN-18 and LN-229 cell lines [78] as well 

as DLD and Ht-29 human colon cancer cell lines [79]. Frączyk et al. presented the influence of 
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the type and number of substituents on the properties of s-triazine derivatives. The study 

compiled compounds containing one or two groups of 1-(2-chloroethyl)piperazine group as 

well as aromatic, primary and secondary amines and amino acids as substituents. The 

derivatives with the amino acids have shown promising results and this subgroup of derivatives 

is desirable to develop [80]. 

Taking into account the knowledge and previous studies, it was planned to synthesize  

a new group of 1,3,5-triazine derivatives. The aim of the planned research was to design and 

obtain new hybrid structures containing various substituents: dipeptide fragment and the 

structure responsible for the potential possibility of binding with the molecular target. It was 

foreseen to test the new derivatives for their effects on the growth and development of bacteria, 

yeast and fungi, as well as their inhibitory properties on the activity of cancer cells. Moreover, 

it was planned to test them to confirm their inhibitory activity on enzymes responsible for 

neurodegenerative processes in Alzheimer's disease. Theoretical calculations were aimed at 

verifying the strength of binding and stability of binding to selected enzymes. 

In summary, main aims and scopes of presented doctoral dissertation were as follows: 

I. Synthesis of new s-triazine derivatives. 

II. Spectral analysis. 

III. Microbiological study on selected cell strains of fungi and bacteria. 

IV. Investigation of the effect on E. coli and S. aureus DNA gyrases on the relaxation of 

plasmid DNA in the presence of selected compounds. 

V. Molecular docking. 

VI. Evaluation of anticancer properties. 

VII. Study of the new compounds interactions with AChE and BACE1 enzymes. 

  



27 

 

III. Materials and methods 

3.1. Synthesis 

General information  

Thin layer chromatography experiments (TLC) were carried out on silica gel (Merck; 

60 Å F254). Spots were located with UV light (254 and 366 nm) and 1% ethanolic 

4-(4-nitrobenzyl) pyridine (NBP). Analytical RP-HPLC was performed on a Waters 600S 

HPLC system (Waters 2489 UV/VIS detector, Waters 616 pump, Waters 717 plus autosampler, 

HPLC manager software from Chromax) using a Vydac C18 column (25 cm × 4.6 mm, 5 mm; 

Sigma). HPLC was performed with a gradient of 0.1% TFA in H2O (A) and 0.08% TFA in 

MeCN (B), at a flow rate of 1 ml/min with UV detection at 220 nm, tR in min.  

MS analysis was performed on an MS Bruker micrOTOFQIII. 

1H-NMR and 13C-NMR, spectra were recorded on a Bruker Avance DPX 250 (250 

MHz) spectrometer and Varian (300 MHz). Chemical shifts (ppm) were relative to TMS, used 

as an internal standard. Multiplicities are marked as s = singlet, d = doublet, t = triplet, q = 

quartet, qu = quintet, m=multiplet. 

General procedure of amino acids condensation 

Protected amino acid (2 mmol) and NMM (0.110 ml, 1 mmol) were added to 

a vigorously stirred solution of DMT/NMM/TosO- (0.826 g, 2 mmol) in CH2Cl2 (10 ml) cooled 

to 0°C. Stirring was continued until the condensing reagent disappeared (TLC analysis, staining 

with 0.5% solution of NBP) (1 h), after which HCl*Ala-OMe (0.278 g, 2 mmol) and NMM 

(0.220 ml, 2 mmol) were added. The mixture was stirred for an additional 2 h at 0 °C and left 

overnight at room temperature. The mixture was diluted with CH2Cl2 (10 ml), then the solution 

was washed successively with water, 0.5 M aqueous NaHSO4, water, 0.5 M aqueous NaHCO3 

and water again. The organic layer was dried with Na2SO4, filtered and concentrated to dryness. 

The residue was dried under a vacuum with P2O5 and KOH to constant weight, to obtain the 

neutral peptide. 
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General procedure of Fmoc group (Pga) deprotection 

A Fmoc-protected dipeptide solution (1 mmol) dissolved in DCM (5 ml) was cooled in 

a water-ice bath with vigorously stirring and a 25% piperidine solution in DCM (10 ml) was 

added. Stirring was continued for 15 min. The solution was then removed in a vacuum 

evaporator and MeOH (20 ml) was added to the residue. The solvent was removed again using 

a vacuum evaporator. Stirring was continued for 5 min. The solvent was removed using 

a vacuum evaporator. To the residue was added 10 ml of DCM and the solvent was removed 

again in a vacuum evaporator. This procedure was repeated three times more. The solid residue 

was dried under a vacuum to constant weight. The HCl*NH2-Lys(Boc)-AlaOMe, 

HCl*NH2-Asp(OtBu)-AlaOMe, HCl*NH2-Trp(Boc)-AlaOMe, HCl*NH2-Arg(NO2)-AlaOMe 

and HCl*NH2-Trp-AlaOMe were obtained in quantitative yield. The derivatives obtained were 

used in the subsequent reaction steps without additional purification procedures.  

General procedure of Boc group (Pgb) deprotection 

A solution of Boc-protected dipeptide derivative (1 mmol) dissolved in DCM (5 ml) 

was cooled in a water-ice bath with intensive stirring and a 4 M solution of HCl in 1,4-dioxane 

(5 ml) was added. Stirring was continued for 4 h, then 1,4-dioxane (10 ml) was added to the 

solution. This procedure was repeated three times more. The residue was dried in a vacuum 

desiccator to constant weight. The NH2-Ser(Bn)-AlaOMe, NH2-Aib-AlaOMe, and NH2-Ser-

AlaOMe were obtained in quantitative yield. The derivatives obtained were used immediately 

in subsequent reaction steps, without additional purification procedures. 

General procedure of synthesis of 3a-f from DCMT and dipeptides 

To vigorously stirred DCM (3 ml), dry NaHCO3 (0.42 g, 5 mmol) was added 

portionwise. The resulting suspension was cooled to 0 ° C without ceasing dynamic stirring. 

Then a solution of DCMT (0.270 g, 1.5 mmol) in DCM (3 ml) was added and a solution of the 

dipeptide (1.5 mmol) was added dropwise. The reaction was stopped at the disappearance of 

DCMT as monitored by TLC using a 0.5% NBP solution in ethanol. The reaction mixture was 

filtered, the filtrate was evaporated under reduced pressure and the obtained precipitate was 

dried with P2O5 and KOH to constant weight. 
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General procedure of synthesis of 2-[4-(2-chloroethyl)piperazin-1-yl]-4-methoxy-6-

(dipeptide)-s-triazines 4a-h  

To a vigorously stirred solution of 2-chloro-4-methoxy-6-(dipeptide)-s-triazine (3a-h) 

(1 mmol) in DCM (10 ml) cooled to 0°C in an ice-water bath was added DABCO (0.112 g, 

1mmol). Stirring at 0°C was continued until complete consumption of 3a-h, as shown by TLC 

analysis (Rf = 0.45, DCM; staining with 0.5% solution of NBP in ethanol). The cooling bath 

was removed and stirring was continued at room temperature until all salt was consumed, as 

shown by TLC analysis (Rf = 0.00, pure DCM, colored with 0.5% solution of NBP in ethanol). 

The solvent was removed by evaporation and the residue was dried under a vacuum with P2O5 

and KOH to constant. All steps of the synthesis are shown in Scheme 14. 

3.2. Antimicrobial activity 

3.2.1. Biological study on selected cell strains of fungi and bacteria 

Testing of the compounds to evaluate their antimicrobial activity was performed in the 

Department of Biology of Eskisehir Technical University (Turkey). The antimicrobial activities 

of compounds were performed by using MIC according to CLSI M27-A2 [81] for bacteria, 

CLSI M07-A10 [82] and CLSI M38-A20 for yeasts and filamentous fungi, respectively, 

together with some modifications. Tested microorganisms were some members of bacteria, 

yeast and filamentous fungi as Bacillus subtilis (NRS-744), Escherichia coli (ATCC-25922), 

Staphylococcus aureus (NRRL B-767), Candida albicans (ATCC-90028), Aspergillus flavus 

(NRRL-980), Aspergillus fumigatus (NRRL 163), Fusarium solani (NRRL-13414), 

Penicillium citrinum (NRRL 1841), respectively. Microbroth dilution susceptibility assay was 

used for antimicrobial evaluation of the compounds. Stock solutions of the samples were 

prepared in dimethyl sulfoxide (DMSO). Dilution series using sterile distilled water were 

prepared from 4 mg/ml to 0.0039 mg/ml in micro–test tubes that were transferred to 96-well 

microtiter plates. Overnight-grown bacteria and C. albicans suspensions in double-strength 

Mueller–Hinton broth were standardized to 108 CFU/ml by using McFarland No: 0.5 standard 

solutions and 105 cell/ml spore/ml suspension in 1% Tween 80 for yeasts in double-strength 

MHB and filamentous fungi in double-strength Potato Dextrose Broth, respectively. Then, 100 

µl of each microorganism suspension was added into the wells. The last well-chain without 

microorganism was used as a negative control. Sterile distilled water and the medium served as 

a positive growth control. After incubation for 24 h at 37°C for bacteria and yeasts, and for 

25°C at 72 h for filamentous fungi, minimum inhibitory concentration was detected by spraying 
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of 0.5% TTC (triphenyl tetrazolium chloride, Merck) aqueous solution for bacteria and yeasts, 

and by investigation of mycelia growing under a stereomicroscope for filamentous fungi. 

Streptomycin, Nystatin and Ketoconazole were used as control antibiotic agents. 

3.2.2. Relaxation assay of Escherichia coli and Staphylococcus aureus gyrases 

Kinetoplast DNA (kDNA) (0.20 µg) was incubated with 1 U of S. aureus gyrase 

(reaction mixtures for the gyrase supercoiling assays contained: 35 mM Tris-HCl (pH 7.5), 24 

mM KCl, 700 mM K-Glu, 4 mM MgCl2, 2 mM DTT, 1.8 mM spermidine, 1 mM ATP, 6.5% 

(w/v) glycerol and 0.1 mg/ml albumin) or 1 U of E. coli gyrase (reaction mixtures for the gyrase 

supercoiling assays contained: 40 mM Tris pH 7.5, 6 mM MgCl2, 10 mM DTT, 100 mM 

potassium glutamate, 50 mg/ml acetylated BSA, 1 mM ATP) in the absence or presence of 

varying concentrations of the test compounds and ciprofloxacin as positive control (100 and 

300 nM). Enzyme activity was detected by incubation for 45 min at 37°C in a total reaction 

volume of 10 μl and the reaction was terminated by addition of 2 µl of 10% SDS. The reaction 

mixture was subjected to electrophoresis (2 h, 110 V) through a 1.0% agarose gel in TBE buffer 

(90mM Tris-borate and 2 mM EDTA). The gels were stained for 30 min with EtBr solution 

(0.5 µg/ml). The DNA was visualized using 312 nm wavelength transilluminator and 

photographed under UV light. For the quantitative determination of topoisomerase activity, area 

representing supercoiled DNA, migrating as a single band at the bottom of gel was measured 

using InGenius gel documentation and analysis system (TK Biotech). The concentrations of the 

compounds that converted 50% of the supercoiled DNA (IC50 values) were determined by 

averaging the data from at least three experiments. 

3.2.3. Molecular docking to Escherichia coli and Staphylococcus aureus gyrases 

To gain better insight into the interactions of synthesized inhibitors with DNA gyrase 

we have conducted a molecular docking study with two receptor enzymes from E. coli (PDB: 

6RKW) and S. aureus (PDB: 7MVS). For the ligands, we decided to use three compounds, 

which showed the most potent inhibitory activity in experiment, namely 4c, 4d and 7b. Since 

inhibitors do not possess a common moiety characteristic for typical DNA Gyrase inhibitors, 

like fluoroquinolones, aminocoumarins or NBTI, we started our research with determining the 

binding site of our molecules. For this purpose, we performed the molecular docking 

calculations within the presumed area of inhibitor’s binding site. This area was chosen, so that 

it would include the binding sites of simocyclinone and NBTIs, which bind at the interface of 

the DNA duplex and GyrA subunit. Fluoroquinolones bind into the DNA and since our 
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inhibitors are analogous to the minor-groove binding agents such as netropsin or distamycin, 

the DNA duplex was also taken into the area of potential inhibitor binding site. The GyrB 

ATP/aminocoumarin binding site was also examined for potential binding modes. Unless 

specified otherwise, all results for both E. coli and S. Aureus DNA gyrase refer to the binding 

site at the GyrA subunit [83]. 

Molecular docking calculations require user to define the search space, which is 

explored to find the best possible ligand binding conformation. A too small search space may 

result in insufficient number of conformations. On the other hand, a grid-box that is too big 

may lead to excessive irrelevant binding poses. In each case the results may lack some of the 

binding modes with great affinity. Therefore, the definition of search space dimensions is not a 

straightforward task. Figure 3 shows the potential inhibitor binding area as a black rectangle. It 

has dimensions of 25 x 90 x 25 Å and is considered too large for a single docking calculation. 

Therefore, we divided this area into a series of overlapping grid-boxes. Starting from one end 

of the rectangle, we created a cube with dimensions of 25 x 25 x 25 Å. Then, we moved this 

cube by 5 Å along y axis of the rectangle. This was done until the putative binding area was 

divided into 14 identical overlapping grid-boxes. This scan was performed for each inhibitor as 

a ligand with both E. coli and S. aureus DNA gyrases as a receptor. After scanning the whole 

area, grid-box of smaller dimensions (20x20x20 Å) was placed in the location of binding mode 

with the lowest binding energy and molecular docking calculations were performed several 

times to further explore the search space of the binding site.  

There is a number of available bacterial DNA gyrase structures that can be found in the 

Protein Data Bank. Recently, the complete structure of E. coli DNA gyrase was elucidated using 

cryo-EM technique [49], providing a solid foundation for drug discovery. The structures of 

E. coli (PDB: 6RKW) as well as S. aureus (PDB: 7MVS) [84] DNA gyrases were obtained 

from Protein Data Bank. In each case the enzyme was prepared for calculations by removing 

water molecules and co-crystallized ligand as well as adding polar hydrogen atoms. The 

software used for molecular docking was AutoDock Vina v.1.2.0 [85]. The BIOVIA Discovery 

Studio software was used to search for residues and nucleotides involved in binding of the 

studied ligands. To validate our method, we used Blind Docking Server [86], available at: 

http://bio-hpc.eu/software/blind-docking-server/, which performs an exhaustive series of 

docking calculations across the whole protein surface. 
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Binding energies, inhibition constants and ligand efficiencies were calculated for each 

ligand enzyme complex. Binding energy is a value that represents affinity of a ligand binding 

to the receptor and is calculated using Autodock Vina scoring function. The inhibition constant 

(KI) was calculated from the binding energy (ΔG) using the formula: Ki = exp(ΔG/RT), where 

R is the universal gas constant (1.985 × 10−3 kcal mol−1 K−1) and T (298.15 K). Ligand 

efficiency is the binding energy ΔG divided by the number of non-hydrogen atoms [87]. 

3.3. Evaluation of anticancer properties 

3.3.1. MCF-7 and MDA-MB-231 cells 

Studies on cancer cells were done in cooperation with the Department of Pharmaceutical 

and Biopharmaceutical Analysis and the Department of Hematology Diagnostics of the Medical 

University of Bialystok. Stock cultures of human MCF-7 and MDA-MB-231 breast cancer cells 

(purchased from the American Type Culture Collection, Rockville, MD) were maintained in 

continuously exponential growth by weekly passage in Dulbecco’s Modified Eagle’s Medium 

(Sigma) supplemented with 10% FBS(Sigma), 50 μg/ml Streptomycin, 100 U/ml penicillin at 

37 0C in a humid atmosphere containing 5% CO2. Cells were cultivated in Costar flasks and 

subconfluently detached with 0.05% trypsin and 0.02% EDTA in a calcium-free phosphate 

buffered saline. The study was carried out using cells from passages 3 to 7, growing as 

monolayer in 6-well plates (Nunc) (5 x 105 cells per well and preincubated 24 hours without 

phenol red. 

3.3.2. Determination of apoptotic index and cell viability 

The compounds were dissolved in sterile water and used at concentrations of 1, 5, 10, 

50 and 100 μM. Microscopic observations of cell monolayers were performed with a Nikon 

Optiphot microscope. Wright-Giemsa staining was performed using the Fisher Leuko Stat Kit. 

Adherent MCF-7 cells grown in 6-well plates were stained after induction of apoptosis with 

a dye mixture (10 μM acridine orange and 10 μM ethidium bromide, prepared in phosphate 

buffered saline). At the end of each experimental time point, all of the media was removed and 

cells were harvested by incubation with 0.05% trypsin and 0.02% EDTA for 1 min and washed 

with the medium. Then, 250 μl of cell suspension was mixed with 10 μl of the dye mix and 200 

cells per sample were examined by fluorescence microscopy, according to the following 

criteria: 
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• viable cells with normal nuclei (a fine reticular pattern stained green in the nucleus and 

red-orange granules in the cytoplasm); 

• viable cells with apoptotic nuclei (green chromatin which is highly condensed or 

fragmented and uniformly stained by the acridine orange); 

• nonviable cells with normal nuclei (bright orange chromatin with organized structure); 

• nonviable cells with apoptotic nuclei (bright orange chromatin which is highly 

condensed or fragmented). 

3.3.3. Statistical analysis for anticancer evaluation 

The results were submitted to statistical analysis using the method using a function in Excel 

developed by Dr. Rajmund Stasiewicz of Bialystok University of Technology. The IC50 data 

are presented in Table 6. 

3.4. Investigation of antineurodegenerative properties 

3.4.1. Study of the interactions s-triazine derivatives with AChE enzyme 

The inhibitory activity of the target compounds on AChE was assessed using the 

spectroscopic method of Ellman et al. [88]. The Acetylcholinesterase Inhibitor Screening Kit 

(Catalog Number MAK324), Purified AChE (Catalog Number C3389), and Donepezil were 

purchased from Sigma Aldrich. Enzyme solutions were prepared by dissolving lyophilized 

powder in double-distilled water. The compounds were dissolved in DMSO and diluted using 

0.1 M KH2PO4/K2HPO4 phosphate buffer (pH 7.5) at room temperature to yield the 

corresponding test concentrations 1-100 mM. Measurements were done using a clear 96-well 

flat-bottom plate. The absorbance was read on an Infinite M200 fluorescence spectrophotometer 

(TECAN, Männedorf, Switzerland) (ex. 412 nm) in duplicate experiments with two control 

wells: (No Enzyme) well and one well containing AChE Reference Enzyme (No Inhibitor 

Control). The experimental procedures for AChE activity assays were performed according to 

the technical bulletins of the acetylcholinesterase activity assay kit (MAK324; Sigma-Aldrich). 

Purified AChE was prepared to a concentration of 400 units/l. A reaction mix for each well of 

reaction was prepared by mixing into a clean tube: 154 μl of Assay Buffer (Catalog Number 

MAK324A) 1 μl of Substrate (100mM, Catalog Number MAK324B) and 0.5 μl of DNTB 

(Catalog Number MAK324C). The reaction was initiated by the addition of 45 μl assay buffer, 

5 μl of the enzyme and the investigated compounds I-IX (5 μl) to the wells to obtain final 

concentrations of 1,10, 20, 50, and 100 mM. A positive control of Donepezil was used in the 
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same range of concentrations. The plate was incubated for 15 min. Then, the reaction mixture 

150 (μl) was added to each sample, the control (No Enzyme), and the No Inhibitor Control 

wells. The plate was tapped to mix. Absorbance was measured at 412 nm at 0 minutes and at 

10 minutes. Acetylcholinesterase activity was calculated as % inhibition. Results are reported 

as IC50. All samples were assayed in triplicate. 

3.4.2. Study of the interactions s-triazine derivatives with BACE1 enzyme 

The β-Secretase (BACE1) activity detection kit was purchased from Sigma Aldrich 

(Catalog number CS0010) and the assay was done according to the technical bulletins of the 

β-secretase activity assay kit [89]. The assay is based on a convenient method of fluorescence 

resonance energy transfer (FRET), in which florescence signal enhancement is observed after 

the substrate is cleaved by BACE1. Measurements were done using a 96-well flat-bottom plate 

for florescence assay. Stock solutions of all derivatives were prepared in DMSO. Each sample 

was further diluted in an assay buffer to prepare the appropriate concentrations of the test 

compounds I-IX (1, 10, 20, 50, and 100Mm). 20µl of BACE1 substrate was added to 1-10µl of 

each test compound in separate wells of a black 96-well microplate and mixed by gentle 

pipetting 10µl of BACE1 enzyme solution (dilute 10-fold with Fluorescent Assay Buffer 

(Catalog Number F8303) to~0.3 unit/µl) was added just before reading. Fluorescence was 

measured in “time zero,” immediately after adding the enzyme and after incubation (37°C; 2h). 

Finally, the fluorescence was read on an Infinite M200 fluorescence spectrophotometer 

(TECAN, Männedorf, Switzerland) (ex.320 nm; em.405nm) in triplicate experiments with 

a negative control (no enzyme) and a positive control (supplied enzyme activity). BACE1 

activity was calculated as IC50 (the mean half maximal inhibitory concentration of inhibition of 

BACE1 enzymatic activity were calculated as IC50 (µM)). 
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IV. Results 

4.1. Synthesis of s-triazine derivatives 

The synthesised compounds, obtained by the multi-step DCMT substitution method 

illustrated in Scheme 14, contained a dipeptide sequence include an Ala-OMe fragment 

substituent on the 1,3,5-triazine ring and a 2-chloroethylamine fragment attached through the 

piperazine ring. In the first step, the amino acid or dipeptides prepared in advance were used to 

substitute chlorine. The amino acid substrate solution was added dropwise to a solution of 

DCMT, sodium bicarbonate in DCM at zero temperature. The reaction was carried out until the 

DCMT was consumed. After the product (3a-3h, Table 1) was purified and dried, the next step 

was to react with DABCO in DCM. The mixture initially cooled to 0ºC was stirred until the 

starting materials were added. The reaction was then run at room temperature until the product 

of the first stage was consumed. The obtained products were purified, dried and weighed. The 

final compounds 4a-4h and analysis details are presented in Scheme 15 and Table 1. 

 

Scheme 15. Structures of s-triazine derivatives 4a-4h.  
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4.2. Antimicrobial activity 

The antimicrobial activity of all the compounds was tested in vitro on pathogenic 

bacteria, yeast, and filamentous fungi by using the microbroth dilution method and compared 

with 11 s-triazine derivatives (Table 2) descripted by Frączyk et al. [80], and also antibacterial 

(Streptomycin) and antifungal (Ketoconazole and Nystatin) drugs. Generally, the compounds 

were more effective against Candida albicans than other filamentous fungi and bacteria. The 

anticandidal activity of the compounds were found more successful with a lower dose than the 

tested standard antifungal antibiotics (250 µg/ml). Many of these antifungals have an important 

limitation to their spectrum of activity, pharmacokinetics, drug-drug interactions and unusual 

toxicities associated with long-term use [90, 91]. For these reasons, the compounds that we have 

synthesized and examined as new antibiotic candidates are very promising.  

Table 2. Structures of s-triazine derivatives presented by Frączyk et al. 

Structure Compound R Structure 

 

5a C6H5 

 

5b 4-CH3(C6H4) 

 

 

6a C6H5 

 

6b 4-CH3(C6H4) 

 

6c CH2C6H5 

 
6d n-C4H9  

6e morpholine 

 

6f piperidine 
 

7a AlaOMe 

 

7b PheOMe 

 

7c SerOMe 
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 In addition to the high anticandidal effects at a low dose, another important finding of 

our study is that the studied compounds show a broad-spectrum antimicrobial effect. Although 

some compounds required higher doses than standard antibiotics, compounds 4c, 4d and 7b 

exhibited the highest inhibitory activity on both bacteria and yeasts such as S. aureus, B. 

subtilis, M. luteus and C. albicans with MIC values between 7.81 – 62.5 µg/ml. Especially 7b 

and 4d showed antibacterial activity while using a lower dose in M. luteus than standard 

antibiotics (31.25 µg/ml) (Tables 3).  

Table 3. Antibacterial and antifungal activities of compounds (μg/ml) 

A: E. coli (ATCC-25922), B: S. aureus (NRRL B-767), C: B. subtilis (NRS-744), D: M. luteus 

(NRRL B-4375), E: A. fumigatus (NRRL 163), F: A. flavus (NRRL 980), G: F. solani (NRRL 13414), 

H: P. citrinum (NRRL 1841), I: C. albicans (ATCC 90028) 

Although compounds 5a and 5b showed poor antimicrobial activity, the main MIC 

values of these compounds were found to be 62.5 - 250 µg/ml for bacteria and 250 – 500 µg/ml 

for filamentous fungi. 5b exhibited anticandidal activity at a lower dose than standard 

antibiotics for C. albicans with a MIC value of 125 µg/ml (Tables 3). 

 Similarly, we found compound group 6 to be antimicrobial at concentrations between 

125-500 µg/ml, but 6b, 6d, and 6f showed anticandidal activity at a lower dose than 

ketoconazole and Nystatin at 125 µg/ml MIC (Tables 3). 

Antibacterial activities  Antifungal activities 

Compound A B C D E F G H I 

4a 250 500 250 250 250 250 500 250 250 

4b 250 250 250 250 250 250 500 250 125 

4c 125 125 62.5 62.5 250 250 500 250 62.5 

4d 125 62.5 31.25 15.62 250 250 500 250 15.62 

4e 250 250 250 250 250 250 500 250 250 

4f 250 500 500 250 250 500 250 250 125 

4g 250 500 250 250 250 250 500 250 250 

4h 250 500 500 250 500 250 250 250 250 

5a 250 250 250 125 250 250 500 250 250 

5b 250 250 125 62.5 250 250 500 250 125 

6a 250 250 250 250 250 250 500 250 250 

6b 250 250 250 125 250 250 250 250 125 

6c 250 250 250 250 250 250 250 250 250 

6d 250 125 125 125 250 250 500 250 125 

6e 500 500 500 500 250 250 250 250 500 

6f 250 250 250 125 250 250 500 250 125 

7a 500 500 250 250 250 250 500 250 250 

7b 500 62.5 31.25 7.81 250 250 500 250 7.81 

7c 250 250 250 250 250 250 500 250 250 

Streptomycin 15.625 31.25 7.81 31.25 - - - - - 

Ketoconazole - - - - 62.5 15.62 62.52 31.25 250 

Nystatin     3.90 3.90 3.90 1.95 250 
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Synthetic derivatives from 4c-4d and 7a-7c proved themselves to be more active against 

Gram-positive bacteria than Gram-negative. Compound 7b was the most active (highly 

effective) against Gram-positive bacilli, especially against M. luteus with an MIC value of 7.81, 

when the MIC of Streptomycin is 31.25 µg/ml. Derivatives 4c and 4d had similar activity to 7b 

against S. aureus and B. subtilis, but it was not more active than Streptomycin. Compounds 4a, 

4b, 4e, 4f, 4g and 4h antibacterial and antifungal activity were reached in concetration 125 – 

500 μg/ml range. 

Compounds 5a-5g showed an antifungal activity of average value 250 µg/ml. C. 

albicans turned out to be the most susceptible to compounds 5b (7.81 µg/ml), 5e (15.62 µg/ml) 

and 5g (62.5 µg/ml).  

DNA gyrases were an extremely useful research strategy for the potential antimicrobial 

drugs [34]. Ciprofloxacin blocked activity of S. aureus DNA and E. coli gyrases [92]. Figure 1 

and Figure 2 shows the results of electrophoresis analysis of the examined substances after 

staining with ethidium bromide. (Figure 1) demonstrates that at concentration of 100 and 300 

nM all of the s-triazine analogs (4c, 4a, 4d, 4e, 7b, 6f, 7b and 6c) have visible effect on the 

ability of S. aureus DNA gyrase to transform supercoiled kDNA into several topological forms 

of relaxed kDNA. In turn, substances 4c, 4d and 7b (100 nM) and 4a, 4d, 4e, 6f and 6c (300 

nM) inhibited E. coli gyrase action on supercoiled kDNA (Figure 2). Interesting is the fact, that 

demonstrated 1,3,5-triazine mono [4-(2-chloroethyl)piperazin-1-yl] are strong alkylating 

agents with the most of nucleophilic functional groups, that are typical for nucleic acids and 

proteins. Moreover, intensive structural modifications of compounds bearing triazine core 

diversified derivatives associated with anti-bacterial, anti-cancer or anti-inflammatory 

properties [93–95]. We observed a high potential of s-triazine derivatives containing in nitrogen 

mustard 6f (piperidine), dipeptide groups: 4c (Trp(Boc)-Ala-OMe), 4d (Asp(OtBu)-Ala-OMe), 

and 7b (Phe-OMe). Triazine analogues: 4a, 4e and 6c not inhibited E. coli gyrase at neither 

concentration. The mechanism of action of tested 1,3,5-triazine derivatives needs further 

studies.  
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Figure 1. Effect of S. aureus DNA gyrase on relaxation of kDNA in the presence of compounds 4c, 4a, 

4d, 4e, 7b, 6f, 7b and 6c **(lane IV-X 100 nM; lane XII-XVIII 300 nM). Lane I: Kinetoplast DNA 

(kDNA). * Lane II: K(-) Purified S. aureus DNA gyrase and kDNA. *Lane III and XI: K(+) Purified S. 

aureus DNA gyrase, kDNA and ciprofloxacin (100 nM and 300nM respectiviely). Rel DNA (relaxed 

DNA); SC (supercoiled DNA). 

 

Figure 2. Effect of E. coli DNA gyrase on relaxation of kDNA in the presence of compounds 4c, 4a, 4d, 

4e, 7b, 6f, 7b and 6c  **(lane IV-X 100 nM; lane XII-XVIII 300 nM). Lane I: Kinetoplast DNA (kDNA). 

*Lane II: K(-) Purified E.coli DNA gyrase and kDNA. *Lane III and XI: K(+) Purified  E.coli gyrase, 

kDNA and ciprofloxacin (100 nM and 300nM respectively). Rel DNA (relaxed DNA); SC (supercoiled 

DNA). 

We began our molecular docking studies by investigating the potential binding sites for 

our inhibitors. As mentioned in the methods section, we performed a scan of the whole DNA-

binding/cleavage domain to look for the potential binding sites. The theoretical experiment 

showed, that our inhibitors do not fit into typical binding sites reported in the literature [45,48–

50,58,84,96]. Instead, the binding modes from all investigated sites during the scan indicated, 

that the tested molecules have a strong preference for binding with DNA. It was found out, that 

all inhibitors show the highest affinity to the same site located at the minor groove of DNA, 

next to the simocyclinone binding site (Figure 3). This was the case for both E. coli and S. 

aureus DNA gyrase. We have also observed, that as it is with other inhibitors (Figure 3), our 

derivatives bind symmetrically into the suggested binding site in each GyrA subunits, showing 

the same binding energy and binding modes. Therefore, we only present results for one of the 

two identical binding sites. 

4c         4a        4d       4e        6f          7b         6c 4c         4a        4d       4e         6f         7b         6c 

4c         4a        4d         4e         6f         7b         6c K(+)     4c      4a          4d          4e          6f         7b        6c 
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Figure 3. Structure of E. coli DNA gyrase bound to a DNA duplex (PDB: 6RKW). a) Surface of the 

protein is colored according to the subunit of the enzyme, where magenta and green are GyrA subunits, 

whereas blue and yellow are GyrB subunits. Potential inhibitor binding area is marked with a black 

rectangle. b) Close-up of the potential inhibitor binding area with DNA duplex and residues involved in 

binding inhibitors of DNA gyrase. Other inhibitors are presented for comparison: red – moxifloxacin 

(PDB: 4Z2C); blue – simocyclinone D8 (PDB: 2Y3P); and aquamarine – gepotidacin (PDB: 6RKW). 

Inhibitors 4c, 4d and 7b are superimposed and colored brown. Residues that belong to the simocyclinone 

binding site are orange, residues in NBTI binding site are grey and residues involved in binding our 

inhibitors are green. 
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 To fully explore the activity of our inhibitors we conducted the molecular docking study 

at the ATP/aminocoumarin binding site within the GyrB subunit of DNA gyrase. In case of 

E. coli, the complete enzyme structure was available (PDB: 6RKW), but for the S. aureus the 

N-terminal domain of DNA gyrase GyrB (24 kDa) was obtained from Protein Data Bank (PDB: 

4URO) [90]. The grid-box with dimensions 20x20x20 Å was set at the ATP binding pocket. 

The resulting ATP side binding energies are: -7.8 kcal/mol for 7b, -7.7 kcal/mol for 4d and -

7.4 kcal/mol for 4c in case of E. coli and -7.3 kcal/mol for 7b, -6.0 kcal/mol for 4d and -7.1 

kcal/mol for 4c in case of S. aureus. However, they are significantly lower when compared to 

the binding energies at the DNA-binding/cleavage domain (Table 4). For that reason, we do not 

report details about the binding modes at the ATP binding site. 

Table 4. Binding energies, Inhibition Constants and Ligand Efficiencies of tested ligand-enzyme 

complexes. Inhibition Constants and Ligand Efficiencies were calculated based on the binding energies 

from AutoDock Vina scoring function. 

E. coli 

Molecule 
Binding Energy 

[kcal/mol] 

Inhibition 

Constant (μM) 

Ligand 

Efficiency 

7b -8.8 0.354 -0.29 

4d -8.8 0.354 -0.24 

4c -10.0 0.047 -0.22 

S. aureus 

Molecule 
Binding Energy 

[kcal/mol] 

Inhibition 

Constant (μM) 

Ligand 

Efficiency 

7b -9.2 0.180 -0.31 

4d -8.6 0.496 -0.24 

4c -10.2 0.033 -0.23 

Calculations were carried out with Blind Docking Server [86], available at: http://bio-

hpc.eu/software/blind-docking-server/ to find the binding site of our inhibitors for both 

bacterial DNA gyrases. This tool performs an exhaustive series of docking calculations across 

the whole protein surface in order to find the spots with the best binding affinities. However, 

only the 7b could be used molecule for the Blind Docking calculation, since it only allows small 

ligands with up to 12 degrees of freedom. The results showed, that this inhibitor had the highest 

affinity at the same location in both enzymes as in our study (Figure 4), which further validates 

our assumption about this binding site. Binding energies from Blind Docking Server are: -9.3 

kcal/mol for E. coli and -9.4 kcal/mol for S. aureus. These values are comparable to those in 

our study estimated by AutoDock Vina: - 8.8 kcal/mol for E. coli and -9.2 kcal/mol for 

S. aureus. 
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Figure 4. Superimposed binding modes of 7b estimated by AutoDock Vina (red) and the binding modes 

of 7b from Blind Docking Server (blue) within the putative binding site of a) E. coli (PDB: 6RKW) and 

b) S. aureus (PDB: 7MVS). 

Binding energies, inhibition constants and ligand efficiencies are presented in the Table 

4. It can be seen that the best binding energy in case of both E. coli and S. aureus is inhibitor 

4c. However, the value of ligand efficiency shows that the most promising derivative is 7b, 

followed by 4c and 4d. Ligand efficiency is a value that expresses the binding energy of 

a compound normalized by the compound's size, and is an important property to consider when 

assessing the quality of binding modes. Larger compounds tend to show greater binding energy 

due to the larger number of interactions they form in molecular docking experiment but may 

not necessarily be the most efficient inhibitors [45]. As with the binding energy, the smaller the 

value of ligand efficiency the more affinity it shows towards the receptor. Using the BIOVIA 

Discovery Studio software we managed to find interactions involved in forming DNA gyrase-

ligand complex. As can be seen in Figure 5, mainly hydrogen-bonds (H-bonds) were formed, 

although a few hydrophobic interactions as well as π- π interactions were observed. In most 

cases our inhibitors had a tendency to bind with nucleotides in the minor-groove of DNA but 

interactions with residues in GyrA subunit are also present. This is to be expected since our 

inhibitors are analogous to the minor-groove binding agents such as netropsin or distamycin. 

The details of H-bonds formed between our derivatives and receptors are presented in Table 5. 
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Figure 5. Interactions between inhibitors from this study and residues or nucleotides from molecular 

docking studies. Subfigures on the left-hand side (a), c) and e)) refer to ligands 7b, 4d and 4c bound to 

the S. aureus DNA gyrase (PDB: 7MVS). Subfigures on the right-hand side (b), d) and f)) refer to 

ligands 7b, 4d and 4c bound to the E. coli DNA gyrase (PDB: 6RKW). 
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Table 5. Residues and nucleotides involved in binding of 7b, 4d and 4c with the length of H-bonds. 

E. coli S. aureus 

No. Residue H-Bond Length [Å] No. Residue H-Bond Length [Å] 

7b 

DG10 2.33 

7b 

Gly-375 2.88 

DG10 2.73 Asn-383 2.73 

DC84 2.25 Gly-533 2.21 

Ser-172 2.68 

4d 

DG17 2.33 

Asn-181 2.77 DG17 3.07 

Gly-331 2.41 DG18 2.52 

4d 

DG9 2.38 DG18 2.70 

DG9 2.34 DG18 2.72 

DG10 3.00 Asn-383 2.75 

DG10 2.42 Gly-533 2.12 

DG82 2.54 Ser-531 2.51 

Asn-181 2.46 

4c 

DG17 3.01 

Gly-331 2.04 DG18 2.23 

4c 

DG10 2.63 DG18 2.89 

DG10 2.76 Asn-383 2.78 

DG10 2.84 Gln-468 1.91 

DG82 2.62 Asn-470 2.32 

DG82 2.97 Arg-473 2.80 

DC84 2.28 Arg-473 2.90 

Asn-181 2.47    

Asn-269 2.88    

Gly-331 2.57    

4.3. Anticancer activity. 

The results of in vitro studies on the MCF-7 and MDA-MB-231 breast cancer cell lines 

showed that all s-triazine derivatives 4a-4h exhibits antiproliferative activity. The activity was 

described by IC50 values ranging from 118.67 to 18.99 µM and from 169.46 to79.30 µM, 

respectively. These results indicate that all compounds exerted stronger inhibitory effects on 

MCF-7 breast cancer cell proliferation. Table 6 clearly present 4a as the strongest anti-tumor 

derivative with inhibition activity equals IC50 = 18.99 µM, which compared to the reference 

compound Chlorambucil (IC50 = 29.14 µM), obtained a lower value. Table 6 and 7 presents the 

results of the determination of the type of MCF-7 cells treated by new compounds (reading after 

24h). Compounds 4b-4h showed similar properties. 4f was the most effective. On the other 

hand, the compound 4h required the highest molar concentration to half-decrease the population 

of breast cancer cells.  
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Table 6. The IC50 of the compounds 4a-h against MCF-7 breast cancer cells 

Compound 
IC50 [µM] 

MCF-7 MDA-MB-231 

4a 18.99 110.89 

4b 76.29 86.20 

4c 77.07 110.15 

4d 79.42 79.30 

4e 80.76 169.46 

4f 65.62 121.86 

4g 97.96 120.21 

4h 118.67 149.52 

Chlorambucil 29.14a 84.50b 
a according to [80]. b according to [97]  

Flow cytometry analysis, based on detection of morphological changes, DNA 

fragmentation, DNA loss and membrane alterations, allowed us to study the effect of 

compounds on inducing apoptosis. It was measured by evaluating phosphatidylserine exposure 

to annexin V-FITC. Phosphatidylserine is translocated during the early stages of apoptosis from 

the inside to the outside of the plasma membrane. Therefore, it becomes visible on the cell 

surface, and can be recognized by macrophages [98]. After 24 h incubation of MCF-7 breast 

cancer cells with the compounds, phosphatidylserine exposure was very pronounced. I observed 

that all analyzed compounds induced concentration-dependent apoptosis (Table 7 and Scheme 

16 and 17). Compounds 4a-h induced apoptosis much more strongly than necrosis at both 5 

µM and 50 µM concentrations (Scheme 18). Some of the compounds did not increase necrotic 

cell death. 
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Table 7. MCF-7 breast cancer cells treated by the compounds 4a-h (fluorescent microscopy assay/flow 

cytometry analysis). 

Compound  
Concentration 

1 μM 5 μM 10 μM 50 μM 100 μM 

4a 

Live 70/76 55/67 52/48 22/31 14/21 

Apoptotic 15/14 24/17 39/41 61/58 66/62 

Necrotic 15/10 21/16 9/11 17/11 21/17 

4b 

Live 85/92 80/80 68/73 59/66 42/42 

Apoptotic 12/8 19/20 26/27 36/32 52/55 

Necrotic 3/0 1/0 6/0 5/2 6/3 

4c 

Live 82/86 74/71 65/62 49/55 48/57 

Apoptotic 15/14 26/24 31/36 41/39 37/41 

Necrotic 3/0 0/5 4/2 10/6 5/2 

4d 

Live 85/81 80/70 72/65 50/56 48/52 

Apoptotic 6/3 20/22 27/33 32/37 41/39 

Necrotic 9/16 0/8 1/2 1/7 11/9 

4e 

Live 83/84 81/79 80/78 71/62 38/38 

Apoptotic 10/5 9/6 12/15 21/26 51/50 

Necrotic 7/11 10/15 8/7 8/12 11/12 

4f 

Live 79/73 72/66 63/60 58/54 37/30 

Apoptotic 11/16 19/25 27/24 33/34 59/63 

Necrotic 10/11 9/9 10/16 9/12 4/7 

4g 

Live 83/80 72/70 70/67 56/55 53/49 

Apoptotic 9/11 21/18 27/28 37/37 4650 

Necrotic 8/9 7/12 3/5 7/10 1/1 

4h 

Live 85/88 81/65 70/73 65/63 56/51 

Apoptotic 10/8 15/23 23/25 34/36 41/44 

Necrotic 5/4 4/12 7/2 1/1 3/5 
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Scheme 16. Morphological evaluation of apoptosis in MCF-7 cells treated for 24 h with compounds 4a-

h at 5 µM or 50 µM in an annexin V-FITC assay. Yellow columns represent annexin+/propidium iodide- 

cells in the apoptotic stage and the black columns annexin+/propidium iodide- cells in the necrotic stage. 

Mean percentages ± S.D. from three independent experiments. 

 

Scheme 17. Evaluation of apoptosis induction in MCF-7 cells treated for 24 h with compounds 4a-h at 

5 and 50 µM in a fluorescent microscopy assay after staining with acridine orange and ethidium bromide. 

Mean percentage ± S.D. from three independent experiments. 

 

Scheme 18. Dose-response graph for apoptotic and necrotic MCF-7 cells for the most active compound 

4a. 
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4.4. Evaluation of AChE and BACE1 inhibition potency of s-triazine derivatives 

s-Triazine derivatives were attempted to bind to AChE and BACE1. The activities of 

the investigated compounds 4a-4h against both enzymes are presented in Table 8. The obtained 

IC50 results were in the range of 0.051-1.44 µM (AChE), while the reference compound - 

donezepil obtained an IC50 = 0.046 µM. On the other hand, in relation to BACE1, the chemical 

compounds obtained an IC50 in the range of 9.00-58.09 µM, and the IC50 of the reference 

compound - Quercetin was equal 4.89 µM. The AChE inhibitory effect of the compounds 4a, 

4d and 4h is evident. These derivatives contained the dipeptide groups Lys-Ala-OMe, Asp-Ala-

OMe and His-Ala-OMe, exhibited IC50 were 0.055; 0.065; 0.067 µM, respectively. The most 

active BACE1 binding structures were 4a, 4c (contains the Trp(Boc)-Ala-OMe group) and 4h. 

IC50 of the mentioned analogues, were respectively 11.09, 18.09 and 14.25 µM. The remaining 

derivatives showed a slightly weaker inhibitory effect. The compound 5a containing an aniline 

and two 2-chloroethylpiperazine groups was synthesized in earlier investigation [80]. It showed 

the highest inhibitory activity against AChE (IC50 = 0.051 µM) and BACE1 (IC50 = 9.00 µM). 

Table 8. In vitro inhibition of AChE and BACE1 of the target compounds. 

Compounds AChE IC50 (µM)a BACE1 IC50 (µM)b 

4a 0.055 ± 0.001 11.09 ± 2.29 

4b 0.387 ± 0.054 58.09 ± 9.69 

4c 0.114 ± 0.012 18.09 ± 2.69 

4d 0.065 ± 0.002 33.82 ± 3.91 

4e 0.789 ± 0.031 51.03 ± 7.99 

4f 1.44 ± 0.029 52.04 ± 8.55 

4g 0.122 ± 0.014 28.09 ± 3.69 

4h 0.067 ± 0.003 14.25 ± 3.45 

5a 0.051 ± 0.001 9.00 ± 0.22 

Donepezil 0.046 ± 0.013 -c 

Tacrine 0.274 ± 0.08 -c 

Quercetind -c 4.89 ± 2.31 
a AChE from electric eel; IC50, inhibitor concentration (mean ± SD of three independent experiments) resulting in 

50% inhibition of AChE. b BACE1from equine serum; IC50, inhibitor concentration (mean ± SD of three 

independent experiments) resulting in 50% inhibition of BuChE. c n.d., not determined. d Quercetin was used as a 

standard positive control agent. 
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V. Discussion 

The work carried out as part of doctoral studies included the creation of a group of 

chemical compounds. The research continues the subject matter conducted at the Department 

of Organic Chemistry of the Medical University of Bialystok, as well as at the Institute of 

Organic Chemistry of the Lodz University of Technology. Both research units have been 

cooperating for years [78–80,93,99,100]. The collected experience allowed to generate a trend 

that led to the formation of dipeptide derivatives based on s-triazine conjugated with DABCO. 

The synthesis of the planned compounds was to be carried out in the way of simple and high-

efficiency reactions (Scheme 14). A 4-step solution synthesis was planned. In the first step, 

4- (4,6-Dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholinium toluene-4-sulfonate 

(DMT/NMM/TsO−), a connecting compound developed by scientists from the Institute of 

Organic Chemistry of the Lodz University of Technology [101], was used for the coupling of 

two amino acids. Alanine (with a methylated carboxyl group and a free N-terminus) and 

a second amino acid (with an amino-blocked group using Fmoc or Boc, depending on the 

presence of other functional groups) were used for the condensation. This allowed to get the 

first main product. The following procedure involves the removal of the protecting group (Pg) 

and preparation of the free amino group for further reaction with DCMT. The problem of the 

next step arises from the presence of two reactive chlorine atoms. It does not matter which 

chlorine reacts with the dipeptide because DCMT is symmetrical. It is important that only one 

reacts. As a consequence of the substitution of two chlorines with a dipeptide in the post-

reaction mixture, where the dipeptide is consumed, an unused amount of DCMT, as well as two 

and three substituted s-triazine remains. This generates theoretical complications in the 

purification and preparation for the third step of synthesis disubstituted s-triazine. However, 

thermodynamic control of the reaction allowed this process to be carried out with over 90% 

yield. Only one chlorine is susceptible to reaction at the lowered temperature. The reaction is 

carried out until one substrate is consumed in the equivalent mixture. The reaction state is 

monitored by TLC. Chlorine containing substances on the s-triazine ring turn red after spraying 

with the NBP solution and heating the plate. The last step, the reaction with DABCO, started 

in the ice bath. The temperature was successively increased with the consumption of substrates, 

until at the end of consumption of substrates, the reaction mixture was heated to 40°C. The 

reaction with DABCO initially led to the formation of a quaternary ammonium salt, inducing 

the TLC plate with DCM Rf was 0. Over time, said salt started to convert to the designed end 

product. On the TLC, the spot disappearance (Rf = 0) and the appearance of the signal were 
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visible in the higher ceilings depending on the dipeptides used. The yields of the last stage 

oscillated between 98.3-99.2%. 

Compounds 4a-4h were initially tested in three areas. At this point, it is important to 

note that the tests performed screen out the most active ones that can be used in further 

evaluation. The results from the three studies are not sufficient to define a mechanism of action. 

The conclusions drawn in the following paragraphs will be speculation.  

Tests carried out on fungi and bacteria showed antimicrobial properties of the mentioned 

compounds, in particular compounds 4c and 4d. Studies on E. coli gyrase and S. aureus 

revealed the inhibitory potential for topoisomerases II. The theoretical experiment showed, that 

inhibitors do not fit into typical binding sites reported in the literature [45,48–50,87,102]. 

Instead, the binding modes from all investigated sites during the scan indicated, that the tested 

molecules have a strong preference for binding with DNA. It was found out, that all inhibitors 

show the highest affinity to the same site located at the minor groove of DNA, next to the 

simocyclinone binding site (Figure 3). This was the case for both E. coli and S. aureus DNA 

gyrase. Theoretical calculations allowed to find the active site on the enzyme topography and 

confirmed the inhibitory nature of the compounds. Molecular docking studies show that our 

inhibitors have a high affinity towards the DNA-gyrase enzyme in both E. coli and S. aureus. 

Therefore, we suggest a new binding site for our molecules involving residues Ser-172, Asn-

181, Asn-269 and Gly-331 in case of E. coli, and Gly-375, Asn-383, Gln-468, Asn-470, Arg-

473, Ser-531 and Gly-533 in case of S. aureus (Figure 5 and Table 5). However, further 

experimental study is required to unambiguously confirm our assumption about this binding 

site Binding energies, inhibition constants and ligand efficiencies are presented in the Table 4. 

It can be seen that the best binding energy in case of both E. coli and S. aureus is inhibitor 4c. 

However, the value of ligand efficiency shows that the most promising derivative is 7b, 

followed by 4c and 4d. Ligand efficiency is a value that expresses the binding energy of a 

compound normalized by the compound's size, and is an important property to consider when 

assessing the quality of binding modes. Larger compounds tend to show greater binding energy 

due to the larger number of interactions they form in molecular docking experiment but may 

not necessarily be the most efficient inhibitors [45]. As with the binding energy, the lower the 

ligand’s efficiency value, the greater its affinity towards the receptor. We can see from Table 3 

and Table 4 that there is a correlation between experimental values of MIC and the ligand 

efficiency from theoretical calculations. This affinity is better reflected when comparing the 

values of ligand efficiency to take into consideration the molecule size. Theoretical and 
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experimental results are in great agreement and show that the most potent inhibitor in our study 

is 4c and 4d. Due to the increasing drug resistance in microorganisms, it is necessary to develop 

therapeutic methods based on chemotherapy and topoisomerase II is an important target. The 

triazine scaffold is very well suited for development and modification to obtain more active 

compounds overcoming the drug resistance of microbes. The obtained results suggest future 

studies should expand the group of tested microorganisms as prospective targets. However, it 

is important to improve the structure to increase antimicrobial potency.  

The antitumor activity of s-triazine derivatives is an important aspect of the research of 

many teams, as the literature review has already proved. Breast cancer, as one of the leading 

causes of death among women worldwide, is an appropriate target to begin testing the 

anticancer activity of new derivatives.  

Presented study provides new information on the cellular effects of 1,3,5-triazine 

nitrogen mustards with different peptide groups in MCF-7 and MDA-MB-231 human breast 

cancer cell lines. The current study continues to investigate the effect of the type of substituents 

in the triazine ring on activity against breast cancer cells. The s-triazine derivatives 4a-h 

obtained by functionalization of the melamine scaffold with 2-chloroethylamino fragment 

attached via the piperazine ring were found to induce apoptosis at a much higher rate than 

necrosis. This confirms the results obtained by Frączyk et al. for compounds of groups 5, 6 and 

7 (Table 2.), where the most active compounds against MCF-7 cells were derivatives bearing 

an arylamino group i.e. triazines substituted with phenylamine 6a (IC50 = 12.30 µM) and p-

tolylamine 6b (IC50 = 7.40 µM) fragments [80].  

The inhibitory effect on MCF-7 cancer cells was found to be strongly dependent on the 

structure of the substituents in the triazine ring. The most active compound in our study4a, 

derivative with an Lys(Boc)-Ala-OMe substituent on the ring with an IC50 equal to 18.99 µM, 

is more active against MCF-7 cells than used as the reference Chlorambucil, with a cytotoxic 

activity value of IC50 = 29.14 µM. A difference was observed in activity of 4a towards estrogen 

responsive and nonresponsive breast cancer cell line. However, this compound, like the others, 

inhibits proliferation in both cell types, that may suggest that such compounds could be 

potential pharmacological agents for the treatment of both hormone responsive and 

nonresponsive breast cancer cells.  

It was confirmed that the high apoptotic index of the investigated compounds that the 

alkylating 2-chloroethylamine fragment would not dominate the activity profile of hybrid 
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triazine derivatives 4a-h. In order to verify this hypothesis, additional experiments were 

performed using triazines substituted with two alkylating 2-chloroethylamine fragments. The 

compounds 5a and 5b with two alkylating moieties did were not more active and had IC50 = 

169.74 and 32.14 µM, respectively. But it doesn't work for brain cancer cells. In the case of 

glioblastoma LBC3, LN-18 and LN-22 cell lines the most active was the compound with three  

2-chloroethylamino fragments attached via the piperazine rings. After 24 h of incubation IC50 

of this compound was: 49 ± 3 μM, 60 ± 2 μM, 52 ± 3 μM for LN-18, LN-229 or LBC3 cell 

lines, respectively and its toxicity was due to the induction of apoptosis. Glioma LBC3, LN-18 

and LN-229 cell lines were resistant to other studied compounds with one or two alkylating 

chains. All of these compounds of this group induced dose-dependent apoptosis and necrosis 

of MCF-7 cell line [78]. 

In an earlier study, it was found that the derivative was also the most active towards 

DLD-1 and HT-29 colon cancer cells, with IC50 values of 13.71 μM. The IC50 value was at least 

2-fold lower than the values for 5-FU, for which the IC50 was equal to 27.22 μM. The 

investigated in detail mechanism of 4a action was determined that this triazine derivative 

induces apoptosis through intracellular signalling pathway attenuation [79].  

My research confirms the value of triazine derivatives as potential anticancer agents. 

Further investigations are needed to ascertain whether the studied compounds should be 

considered for possible therapeutic applications. 

As can be seen, the introduction of peptide fragments does not significantly improve 

antiproliferative activity. However, only a few amino acid combinations have been studied, and 

it is conceivable that further derivatives may be more active. 

The mechanism of action of currently available and experimental therapeutic methods 

is closely related to the pathogenetic basis of Alzheimer's disease, which is amyloidosis, i.e. 

a neurodegenerative process in which there is an abnormal accumulation of amyloid protein in 

the brain as a result of the so-called The amyloid cascade is based on abnormalities associated 

with defective fragmentation of the amyloid precursor protein (APP), an endothelial peptide 

made of 700 amino acids, which is one of the components of the neuron cell membrane, plays 

a role in axonal transport and probably shows neuroprotective and neuroprotective activity. 

neurotrophic. In a healthy brain, APP is split into soluble fragments by the enzyme α-secretase 

[103]. In Alzheimer's disease, with the participation of malfunctioning enzymes, β- and 

γ-secretases, APP fragmentation into insoluble forms of β-amyloid, deposited in the form of 
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senile plaques. One of the currently investigated therapeutic methods is the use of monoclonal 

antibodies directed against β-amyloid, which are supposed to bind to it and facilitate the 

removal of plaque. Another potential point of action is the inhibition of the activity of β- and 

γ-secretases by the use of their inhibitors. The insoluble fragments of β-amyloid cause abnormal 

changes in tau in the form of hyperphosphorylation. The tau protein stabilizes intra-neuronal 

microtubules and disrupts its structure and function significantly disturbs axonal transport. 

Currently available pharmacotherapy for Alzheimer's disease includes acetylcholinesterase 

inhibitors and N-methyl-D-aspartate (NMDA) receptor antagonists. These drugs were 

registered over 20 years ago and the search for new therapeutic strategies is still ongoing 

[104,105]. 

The two proteins acetylcholinesterase (AChE) and beta-secretase 1 (BACE) were used 

to verify the potential inhibitory effect on the development of neurodegenerative diseases. All 

compounds showed inhibitory activity. However, they showed a higher affinity for AChE than 

for BACE (Table 8). As each of the molecules has an affinity for proteins, it can be said that 

the 2-chloroethylpiperazyl group plays the main role here. Derivative 5a was selected for the 

group of tested compounds, with one group 2-chloroethylpiperazyl more. The results obtained 

by 5a turned out to be better. The presence of the 2-chloroethylpiperazyl moiety reduces the 

polarity of the molecule (Table 9).  

Table 9. Selected parameters describing the properties of potentially active molecules. 

 

Among the compounds 4a-4h, 4a turned out to be the most active, and 4f - the least 

active. As a result of the simulation of selected parameters (BIOVIA program) characterizing 

potentially active molecules, it is easy to notice that the only parameter significantly 

differentiating 4a–4h and 5a derivatives (Table 9) is the polar surface area. For derivative 5a, 

Derivatives 
Polar 

Surface Area 
ALogP 

Hydrogen 

Acceptor Count 

Hydrogen 

Donor Count 

4a 160.14 3.3377 12 3 

4b 148.11 2.3588 12 2 

4c 153.04 5.2349 12 2 

4d 131.04 2.9248 11 2 

4e 121.81 2.1327 10 2 

4f 215.54 3.3592 13 5 

4g 137.6 3.6704 10 3 

4h 182.14 3.2279 13 2 

5a 63.66 4.6282 8 1 
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the value is less than 100, while for the other compounds 4a-4h, the value is greater than 100. 

Compound 5a also meets the assumptions of Lipinski's rule [106] that the number of hydrogen 

bond acceptors should not exceed ten. For compounds 4a–4h, the determined values are ten or 

slightly higher. Another Lipinski's rule of not exceeding five hydrogen bond donors was met 

for all tested compounds. Regarding the postulate that the molecular mass should be less than 

500 daltons, for most of the investigated derivatives, the molar mass was slightly higher than 

the assumed value. On the other hand, an octanol-water partition coefficient (AlogP) parameter, 

only for compound 4c, exceeded the value of five. The derivative 4a is definitely suitable for 

further research, in silico analysis and in vitro research. 
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VI. Conclusion  

1. The 4a-4h derivatives were obtained with high yield and purity. The synthesis method 

can be used to obtain other derivatives with sufficient efficiency. 

2. Nineteen 1,3,5-triazine derivatives were subjected to microbiological tests. The 

compounds 4c, 4d and 7b showed the strongest bactericidal activity. In its structure 

are containing methoxyl, 2-chloroethylpiperazine and, respectively, -NH-Trp(Boc)-

AlaOMe, -NH-Asp(tBu)-AlaOMe and -NH-PheOMe moieties. 

3. Compounds 4c, 4d and 7b showed more potent activity against fungi, but the results 

were weaker than bacterial ones. Aromatic substituents and aliphatic carbon chains 

reduced the microbial activity of the s-triazine derivative. 

4. The tested compounds inhibited the bacterial gyrases of E. coli and S. Aureus. They 

blocked the relaxation process of DNA and stopped cell growth.  

5. Molecular docking results showed a strong effect on the GyrA subunit at the site of 

the DNA minor groove. Incorporation of the ligand blocked the proper complexation 

of gyrase and DNA helix, which may result in incorrect operation of the enzyme. 

6. The evaluation of anticancer properties was conducted on two cancer cell lines MCF-7 

and MDA-MB-231. All the s-triazine derivative compounds 4a-4h induced apoptosis 

and compounds 4a and 4d showed significant antiproliferative activity. 

7. The potential inhibitory effect on the development of Alzheimer's disease was carried 

out on eight 1,3,5-trazine derivatives. All of the compounds were active against AChE 

and BACE1, especially compounds 4a, 4d, 4h  

8. Compounds 4a (with -NH-Lys(Boc)-AlaOMe moiety) and 4d (with -NH-Ser (Bn)-Ala 

-OMe moiety), as new 1,3,5-triazine derivatives of multi-target nature, are suitable for 

further studies, such as on healthy tissues or on animals. 

9. Further development of research into the effect of the presence of 

a 2-chloroethylpiperazine substituent, as well as dipeptide fragments built from other 

amino acids, offers the prospect of obtaining derivatives with high biological activity. 
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VII. Abstract 

The theoretical part of the dissertation proves that among the vast number of chemical 

compounds, those based on the s-triazine (1,3,5-triazine) structure play an important role. In 

organic chemistry, the heterocyclic s-triazine ring, which is usually the core of the molecule, 

has found extensive use in crosslinking polymeric materials and combining the properties of 

various substituents. The spectrum of biological properties of s-triazine derivatives is broad and 

includes anti-microbial, anti-cancer, or anti-neurodegenerative activities, among others. 

Accepted and marketed drugs include Altretamine, Decitabine or Almitrine. However, there 

are many more s-triazine derivatives in the basic research phase, as well as clinical trials with 

promising results. Multi-target compounds are being sought as more effective therapeutic 

formulations. The s-triazine molecule, due to the possibility of substitution of three substituents, 

offers many opportunities to obtain hybrid compounds with a wide variety of activity. 

 The experimental part presents the synthesis and study of the biological activity of  

a group of 1,3,5 triazine derivatives containing a dipeptide, 2-ethylpiperazine and a methoxy 

group as substituents. The developed compounds were obtained in high yields, and their 

structures were analysed by 1H and 13C NMR and MS methods. The compounds were subjected 

to biological tests in three fields: on bacteria and fungi, on cancer cells and on proteins involved 

in neurodegeneration. 

 An in vitro study was conducted on pathogenic bacteria (E. coli, S. Aureus, B. subtilis 

and M. luteus), yeasts (C. albicans) and filamentous fungi (A. fumigatus, A. flavus, F. solani, 

P. citrinum) by microdilution in broth and compared with antibacterial (Streptomycin) and 

antifungal (Ketoconazole and Nystatin) antibiotics. Several s-triazine analogues have minimal 

inhibitory concentrations lower than the standard used. To investigate the molecular targets of 

the most active compounds, a bacterial gyrase inhibition assay was performed. To gain a better 

insight into the interactions of the most active DNA gyrase inhibitors, a molecular docking 

study was performed with the two gyrases E. coli and S. aureus, which confirmed the inhibitory 

potential of all selected compounds against S. aureus gyrase. On the other hand, with regard to 

E. coli gyrase, the most active were s-triazine derivatives with the -NH-Trp(Boc)-AlaOMe and 

-NH-Asp(OtBu)-AlaOMe groups. 

 The evaluation of the tumor capacity was performed on two cell lines MCF-7 and 

MDA-MB-231. Cells were derivatized at various concentrations (1, 5, 10, 50 and 100 µM) and 

this was related to the reference compound - Chlormabucil. The number of healthy, apoptotic 
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and necrotic cells was observed. Based on these data, the IC50 was determined. All tested 

compounds showed antiproliferative activity against both lines of tumor cells. The most active 

against MCF-7 breast cancer cells was derivative containing the Lys(Boc)AlaOMe dipeptide 

fragment. The derivative with the Asp(OtBu)AlaOMe group showed a lower IC50value than 

Chlorambucil against to the MDA-MB-231 line. 

 The group of s-triazine derivatives was also tested for the ability to inhibit the enzymes 

AChE and BACE1. The study of the inhibitory potential against AChE was carried out using 

the Ellman colorimetric method, the BACE1 study was carried out using FRET. All derivatives 

showed an inhibitory effect. The derivative with the Lys(Boc)AlaOMe group showed the 

greatest inhibitory capacity. 

 The performed and presented studies confirmed that 1,3,5-triazine derivatives have 

great potential in the field of synthesis and biological research as new potential multifunctional 

agents.  
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VIII. Streszczenie w języku polskim 

Część teoretyczna pracy udowadnia, że wśród ogromnej ilości związków chemicznych 

ważną rolę odgrywają te oparte na strukturze s-triazyny (1,3,5-triazyny). W chemii organicznej 

heterocykliczny pierścień s-triazynowy, stanowiący zazwyczaj rdzeń cząsteczki, znalazł 

szerokie zastosowanie w sieciowaniu materiałów polimerowych oraz łączeniu właściwości 

różnych podstawników. Spektrum właściwości biologicznych pochodnych s-triazyny jest 

szerokie i obejmuje m.in. działanie przeciwmikrobiologiczne, przeciwnowotworowe, a także 

przeciwneurodegeneracyjne. Do zaakceptowanych i wprowadzonych na rynek leków należą 

Altretamina, Decytabina czy Almitryna. Jednak pochodnych s-triazyny w fazie badań 

podstawowych, jak też klinicznych dających obiecujące rezultaty, jest znacznie więcej. 

Poszukiwane są związki wielocelowe jako skuteczniejsze preparaty lecznicze. Cząsteczka 

s- riazyny ze względu na możliwość podstawienia trzech podstawników daje możliwość do 

uzyskania hybrydowych związków o różnorodnej aktywności.  

W części eksperymentalnej przedstawiono syntezę i badania aktywności biologicznej 

pochodnych 1,3,5-triazyny zawierających dipeptyd, 2-etylopiperazynę i grupę metoksylową 

jako podstawniki. Opracowane związki chemiczne uzyskano z wysoką wydajnością, a ich 

struktury potwierdzono metodami 1H i 13C NMR oraz MS. Związki poddano badaniom 

biologicznym w trzech kierunkach: na bakteriach i grzybach, na komórkach nowotworowych 

oraz białkach biorących udział w neurodegeneracji. 

Przeprowadzono badanie in vitro na bakteriach chorobotwórczych (E. coli, S. Aureus, 

B. subtilis i M. luteus), drożdżach (C. albicans) i grzybach strzępkowych (A. fumigatus, 

A. flavus, F. solani, P. citrinum) metodą mikrorozcieńczeń i porównano z antybiotykami 

przeciwbakteryjnymi (Streptomycyna) i przeciwgrzybiczymi (Ketokonazol i Nystatyna). Kilka 

analogów 1,3,5-triazyny ma minimalne stężenia hamujące niższe niż stosowany standard.  

W celu określenia celu molekularnego najbardziej aktywnych związków, przeprowadzono test 

hamowania gyrazy bakteryjnej. Aby uzyskać lepszy wgląd w interakcje najbardziej aktywnych 

inhibitorów, wykonano dokowanie molekularne z dwoma gyrazami E. coli i S. aureus, które 

potwierdziło potencjał hamujący wszystkich wybranych związków względem gyrazy S. aureus. 

Natomiast wzglądem gyrazy E. coli najaktywniejsze okazały się pochodne s-triazyny z 

ugrupowaniem -NH-Trp(Boc)AlaOMe oraz -NH-Asp(OtBu)AlaOMe. 

Ewaluacja zdolności przecinowotworowej przeprowadzona została na dwóch liniach 

komórkowych MCF-7 and MDA-MB-231. Komórki poddano działaniu pochodnych w różnych 
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stężeniach (1, 5, 10, 50 i 100 μM) i odniesiono do związku referencyjnego - Chlormabucylu. 

Obserwowano ilość komórek zdrowych, apoptycznych i nekrotycznych. Na podstawie tych 

danych wyznaczone IC50. Wszystkie badane związki wykazały działanie antyproliferacyjne 

względem obu linii komórek nowotworowych. Szczególnie dobre wyniki względem komórek 

MCF-7 wykazała pochodna zwierająca dipeptyd Lys(Boc)AlaOMe. Wartość IC50 względem 

linii MDA-MB-231 niższą od Chlorambucylu wykazała pochodna z grupą Asp(OtBu)AlaOMe. 

Zbadano także zdolność pochodnych 1,3,5-triazyny do hamowania enzymów AChE i 

BACE1. Badanie potencjału hamującego wobec acetylocholinesterazy AChE przeprowadzone 

zostało przy pomocy kolorymetrycznej metody Ellman’a, zaś badanie stopnia hamowania 

aktywności ẞ-sekretazy BACE1 przeprowadzono przy użyciu metody FRET. Wszystkie 

pochodne wykazały działanie hamujące wobec enzymów. Największą zdolność hamującą 

wykazała pochodna z grupą Lys(Boc)AlaOMe. 

 Wykonane i przedstawione badania potwierdzają, że pochodne s-triazyny mają duży 

potencjał w dziedzinie syntezy i badań biologicznych nowych potencjalnych leków 

wielofunkcyjnych. 
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X. List of Figures  

Figure 1. Effect of S. aureus DNA gyrase on relaxation of kDNA in the presence of compounds 

4c, 4a, 4d, 4e, 7b, 6f, 7b and 6c **(lane IV-X 100 nM; lane XII-XVIII 300 nM). Lane I: 

Kinetoplast DNA (kDNA). * Lane II: K(-) Purified S. aureus DNA gyrase and kDNA. *Lane 

III and XI: K(+) Purified S. aureus DNA gyrase, kDNA and ciprofloxacin (100 nM and 300nM 

respectiviely). Rel DNA (relaxed DNA); SC (supercoiled DNA). 

Figure 2. Effect of E. coli DNA gyrase on relaxation of kDNA in the presence of compounds 

4c, 4a, 4d, 4e, 7b, 6f, 7b and 6c **(lane IV-X 100 nM; lane XII-XVIII 300 nM). Lane I: 

Kinetoplast DNA (kDNA). *Lane II: K(-) Purified E.coli DNA gyrase and kDNA. *Lane III 

and XI: K(+) Purified  E.coli gyrase, kDNA and ciprofloxacin (100 nM and 300nM 

respectively). Rel DNA (relaxed DNA); SC (supercoiled DNA). 

Figure 3. Structure of E. coli DNA gyrase bound to a DNA duplex (PDB: 6RKW). a) Surface 

of the protein is colored according to the subunit of the enzyme, where magenta and green are 

GyrA subunits, whereas blue and yellow are GyrB subunits. Potential inhibitor binding area is 

marked with a black rectangle. b) Close-up of the potential inhibitor binding area with DNA 

duplex and residues involved in binding inhibitors of DNA gyrase. Other inhibitors are 

presented for comparison: red – moxifloxacin (PDB: 4Z2C); blue – simocyclinone D8 (PDB: 

2Y3P); and aquamarine – gepotidacin (PDB: 6RKW). Inhibitors 4c, 4d and 7b are 

superimposed and colored brown. Residues that belong to the simocyclinone binding site are 

orange, residues in NBTI binding site are grey and residues involved in binding our inhibitors 

are green. 

Figure 4. Superimposed binding modes of 7b estimated by AutoDock Vina (red) and the 

binding modes of 7b from Blind Docking Server (blue) within the putative binding site of a) 

E. coli (PDB: 6RKW) and b) S. aureus (PDB: 7MVS). 

Figure 5. Interactions between inhibitors from this study and residues or nucleotides from 

molecular docking studies. Subfigures on the left-hand side (a), c) and e)) refer to ligands 7b, 

4d and 4c bound to the S. aureus DNA gyrase (PDB: 7MVS). Subfigures on the right-hand side 

(b), d) and f)) refer to ligands 7b, 4d and 4c bound to the E. coli DNA gyrase (PDB: 6RKW). 
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Scheme 14. Total synthesis pathway of 2-dipeptide-[4-(2-chloroethyl)piperin-1-yl]-6methoxy-

s-triazine derivatives. 

Scheme 15. Structures of s-triazine derivatives 4a-4h. 

Scheme 16. Morphological evaluation of apoptosis in MCF-7 cells treated for 24 h with 

compounds 4a-h at 5 µM or 50 µM in an annexin V-FITC assay. Yellow columns represent 

annexin+/propidium iodide- cells in the apoptotic stage and the black columns 

annexin+/propidium iodide- cells in the necrotic stage. Mean percentages ± S.D. from three 

independent experiments. 

Scheme 17. Evaluation of apoptosis induction in MCF-7 cells treated for 24 h with compounds 

4a-h at 5 and 50 µM in a fluorescent microscopy assay after staining with acridine orange and 

ethidium bromide. Mean percentage ± S.D. from three independent experiments. 
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Scheme 18. Dose-response graph for apoptotic and necrotic MCF-7 cells for the most active 

compound 4a. 
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