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Summary 

In this thesis libraries of small molecule for inhibition of 15-lipoxygenase type 1, 

were designed. ALOX15 or 15-lipoxygenase type 1 enzyme, is implicated in many 

serious diseases such as anaphylactic diseases, asthma, COPD, diabetes, 

neurodegenerative diseases, certain types of cancer and many others due to the 

production of pro- and anti-inflammatory metabolites. Because, the existing potent 

15-lipoxygenase-1 inhibitors have undesirable properties, the aim of this thesis was 

to find new scaffolds that possess good inhibitory potency. In order to achieve that, 

we designed a library of compounds synthesized by medicinal chemistry groups and 

organic chemistry groups that synthesize natural products. Also, a library of the 

known inhibitors of ALOX15, with known activities was developed and used as a 

control for our experiments. Then, docking studies were conducted using the rabbit 

ortholog model of 15-lipoxygenase-1 (PDB-ID; 2P0M) to filter through these 

compounds and propose the best ones to continue with in vitro inhibition studies.  
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Abbreviations 

 

13-HpODE                     13-hydroperoxyoctadecadienoic-acid 

13-HODE                       13-hydroxyoctadecadienoic-acid 
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1. Introduction 

 

 1.1 Mammalian Lipoxygenases and their biological function 

1.1.1.  Occurrence  

The members of lipoxygenase (LOX) family are dioxygenase enzymes, containing 

one mole of non-heme iron per mole of protein. They convert lipids to 

hydroperoxy fatty acids, which are then usually converted to hydroxy fatty acids 

[1]. LOXs of different species have different structures, but they generally consist 

of a single polypeptide chain (of about 75kDa) folded into two domains [2]. The 

small catalytically active N-terminal domain has a beta barrel pattern and it is 

implicated in membrane binding and enzyme regulation. The iron binding 

residues are located in a pocket on the C-terminal domain, which consists of 

several helices [1,2].  

Until the mid-70s it was believed that they were only expressed in plants, but in 

1974, LOX products were described in human platelets and several months later 

in rabbit reticulocytes [2]. Today it is known that they exist in animals, plants, 

bacteria, single-cell organisms and metazoa. Their existence in archaea is 

ambiguous, because LOX gene sequences have been found in Methanococcus 

voltae and Halorubrum kocurii species, but there isn't evidence that these are 

translated to functional orthologs [1]. 

1.1.2. Catalytic reaction 

LOX catalytic activity, involves the stereo- and regio-specific insertion of a 

hydroperoxide group in polyunsaturated-fatty acids (PUFAs) containing at least 

one carbon atom in-between of two cis-double bonds. Important bioactive lipid 

mediators (oxylipins) are produced from this reaction. These include 

leukotrienes, hepoxilins, maresins, resolvins, protectins, eoxins, and others. Their 

products have both pathophysiological and protective roles in numerous 

devastating diseases. Namely, a few of these diseases are cancers; such as colon, 

ovarian a.o., neurodegenerative diseases like Alzheimer’s disease (AD), 

atherogenesis, skin disorders and even neuropsychiatric disorders like bipolar 

disorder and schizophrenia [1, 3, 4].  

LOX substrates vary between different ω-6 &ω-3 fatty acids like docosahexaenoic 

(DHA) & eicosapentaenoic (EPA), with the most common ones being linoleic 

(C18:Δ2, n-6) (LA) and arachidonic (C20:Δ4, n-6) acid (AA). Because concentration 

of free PUFAs is usually low in the cell, before the oxidation takes place a 

phospholipase (usually cytosolic phospholipase A2) hydrolyzes them from 

phospholipid esters of biomembranes. After hydrolysis, LOXs participate in the 



8 
 

oxidation of aforementioned fatty acids, along with cycloxygenases (COXs) that 

produce prostaglandins and cytochrome P450 monoxygenases or epoxygenases 

that produce epoxylated fatty acids, in a major biocatalytic pathway [1, 3].  

The catalytic cycle of LOXs starts with the abstraction of a hydrogen from the 

iron. During that, ferric (Fe3+) iron is reduced to ferrous (Fe2+) and this is the rate-

limiting step. The next steps are the radical rearrangement, the addition of 

dioxygen and the reduction of hydroperoxy radical [1, 5]. The mechanism is more 

clearly depicted in figure 1. 
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H H
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H

LOX-Fe(II)-H2O

RCH3 RCOOH

H

LOX-Fe(II)-H2O
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LOX-Fe(II)-H2O

RCH3 RCOOH

HOO
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Step 1:
Removal of H
Reduction of Fe(III)

Step 2:
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Molecular oxygen 
insertion

Step 4: Peroxy Radical 
Reduction

 

Figure 1: Biocatalytic Cycle of LOX 

Except from the oxidation of free fatty acids, some LOX isoforms can bind to 

membranes and lipoxygenate esterified fatty acids, such as phospholipids or 

cholesterol esters. This phenomenon results in disruption of the integrity of the 

cell, because the oxidized lipids tend to accumulate and create ‘hydrophilic 

pores’ on membranes. Lastly, another LOX property is the regulation of the 

expression pattern of some cells by mechanisms that involve the participation of 

redox-dependent transcription and translation factors. The regulation of these 

factors depends on the cellular redox state and LOXs are major contributors to 

that, due to their pro-oxidative characteristics [1].  

 

1.1.3. Mammalian Isoforms  

 

In humans there are six functional lipoxygenase enzymes, expressed from six 

different genes; ALOX15, ALOX15B, ALOX12, ALOX12B, ALOX5 and ALOX3 [1]. All 

of those genes are successively arranged in chromosome 17 and do not overlap 
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with each other except from ALOX5 which is located on chromosome 10. In mice 

there are six ortholog LOX genes and the Alox12e gene which is an ortholog of 

human pseudo-gene, ALOX12P2 [5].  

 

Traditionally the digit in the nomenclature of each protein was derived from the 

position of AA oxygenation. Nevertheless, this nomenclature today has end up to 

be confusing for scientists which are not familiar with LOX enzymology. Newly 

discovered orthologs over the years possessed different oxygenating specificities. 

For example human 15-LOX type 2 (encoded from ALOX15B) is mostly 15-S 

arachidonate oxygenating, but the murine ortholog is an 8-S arachidonate 

oxygenating enzyme and -even though they share a similar expression pattern, 

biological activity and 75% overlapping amino acid sequence- 15-LOX-1 orthologs 

of human and mouse, differ in the position in which arachidonate oxygenation 

takes place. To overcome these problems, it has recently been suggested that 

the proper names to use, are the ones of the corresponding encoding gene (e.g. 

all 12/15-LOXs from different species should be referred to as ALOX15) [5]. In this 

thesis the old and new nomenclature are used interchangeably. 

 

Human ALOX15 enzyme is highly expressed in broncho-alveolar, eosinophils and 

interleukin 4 treated monocytes. On the other hand, ALOX15B is highly 

expressed in epithelial cells, ALOX12 in blood platelets (the enzyme is also called 

platelet-type 12-LOX/pl12-LOX) but also in skin, ALOX12B & ALOX3 are 

coexpressed in epidermis and ALOX5 is highly expressed in skin, macrophages 

and dendritic cells and plays a key role in leukotriene path [1,3].  Table 1, bellow, 

summarizes the most common names in the literature for LOX isoforms their 

corresponding mouse genes and names and the cell type that shows the higher 

expression. Also, table 1 shows the differences in LOX isoforms distribution 

between subcellular regions.  

Table 1: Genes , nomenclature & major expression of LOX orthologs (Sources: 1,6,7) 

Human 
Gene 

Mouse 
Gene 

Other Names (human and 
mouse ortholog) 

Major Expression Localization 
inside cells 

ALOX15 alox15 15-lipoxygenase type 1, 
leukocyte type 12-lipoxygenase 
(15-LOX-1, 15-LO, L-12-LOX, 
12/15-LOX,  12/15-LO) 

Eosinophils, broncial 
epithelium 

Cytosol, 
intracellular and 
plasma 
membranes 

AOX15B alox15
b 

15-lipoxygenase type 2 (15-
LOX-2) 

Hair roots, skin, 
prostate 

Cytosol, Nuclear 
envelope 

ALOX12 alox12 platelet type 12-lipoxygenase 
(Pl 12-LOX) 

Thrombocytes, skin Cytosol, 
Intracellular 
membranes 
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1.2. The ALOX15 (15-lipoxygenase type 1) 

 

The first mammalian 15-lipoxygenase was discovered in 1975, in the lysate of rabbit 

immature red blood cells. That enzyme is now considered the rabbit equivalent of 

human ALOX15. Rabbit ALOX15 is very well characterized because of its early 

discovery and it’s widely used as a reliable model for the human orthologue despite 

the existing differences between species. ALOX15 is the best characterized 

isoenzyme between the six human lipoxygenase isoforms along with ALOX5 [8]. 

 

ALOX15 is constitutively expressed in eosinophils and bronchial epithelium (table 1), 

but also alveolar macrophages, dendritic and immature dendritic cells, resident 

peritoneal macrophages, vascular cells, pancreatic islets and uterus. Also, its 

expression can be induced by different interleukins (IL) in different tissues, e.g. by IL-

4 and IL-3 in human monocytes [5]. 

 

The human enzyme consists from 662 amino acids that form a single polypeptide 

chain, with molecular weight of ~75 kDa. Despite the presence of 11 cysteine 

residues there are no disulfide bridges. Isoelectric point (pI) is 5.85 and 5.50 for 

human and rabbit enzyme respectively. Amino acid alignment of human ALOX15 

with other species ALOX15 -including archaic ones- is high (75-85%) [8]. 

 

1.2.1  Substrate Specificity of ALOX15 

 

As it is stated in paragraph 1.1.2, the physiological substrates for LOXs involve ω-3 

and ω-6 fatty acids. ALOX15 can metabolize DHA, EPA, AA, LA, α-linolenic acid, γ-

linolenic acid. ALOX15 is one of the LOX isomorphs that can also convert esterified 

fatty acids, such as phospholipids and cholesterol esters [5]. The reaction rates for 

free fatty acids are at least one order of magnitude bigger than for phospholipids [8]. 

For ALOX15 the primary substrate is LA. In contrast ALOX15B has greater affinity for 

AA compared to LA [9].   

 

1.2.2.  Enzymatic Action of ALOX15 

 
1NA: not available 

ALOX12B alox12
b 

12R-LOX Skin Plasma 
membrane 

ALOX3 alox3 Epidermis type lipoxygenase-3 
(eLOX3) 

Skin NA1 

ALOX5 alox5 5-lipoxygenase (5-LOX, 5-LO) Skin. Macrophages, 
Dendritic Cells 

Cytosol, Nuclear 
envelope, 
Nucleus 
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ALOX15 converts PUFAs with a cis-pentadiene moiety into hydroperoxy derivatives, 

through the mechanism that is depicted in figure 1 [8]. 

 

Except from lipoxygenase activity ALOX15 exhibits also, lipohydroperoxidase activity. 

This action happens during certain reaction conditions of fatty acid concentration 

and oxygen pressure (hypoxia, anaerobiosis and limited fatty acid supply) and 

converts the initial products (hydroperoxide derivatives of fatty acids) to secondary 

products like, ketodienes, epoxy hydroxy compounds, volatile hydrocarbons, short 

chain aldehydes and oxygenated and non-oxygenated fatty acid dimers [8]. 

 

Also, there is the leukotriene synthase action of ALOX15 which involves a 

combination of steps from the lipoxygenase and lipohydroperoxidase pathways. 

Namely, ALOX15 and ALOX5 can convert 15- and 5-HpETE to epoxy leukotrienes. This 

reaction involves abstraction of hydrogen from a bisallylic carbon and formation of 

biradical through homolytic cleavage of the hydroperoxy group, which is then 

stabilized with the formation of an epoxide [8].  

 

B. Mechanism of Lipohydroperoxidase                 C. Mechanism of Leukotriene Synthase 
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Figure 2: ALOX15; Catalytic Activities 

1.2.3. ALOX 15 Metabolites 

ALOX15, as all LOXs have a number of physiological and pathophysiological 

functions.  Its biological activity is mostly, due to the formation of several 

metabolites with both pro-inflammatory and anti-inflammatory properties [5]. 

ALOX15 coverts AA to 15(S)-hydroperoxyeicosatetraenoic acid (15S-HpETE), while 

LA; the primary substrate of ALOX15 is converted to 13(S)-

hydroperoxyoctadecadienoic acid (13S-HpODE). 15S-HpETE and 13S-HpODE are 

subsequently reduced to 15S-hydroxyeicosatetraenoic acid (15S-HETE) and 13S-

hydroxyoctadecadienoic acid (13S-HODE), respectively by cellular glutathione 

peroxidase [5]. 

The metabolites; 15(S)-HPETE and 15(S)-HETE are converted to lipoxins, hepoxilins 

which are anti-inflammatory, eoxins, 15-oxoeicosatetraenoic acid (15-oxo-ETE), 8(S), 

15(S)-diHETE and 5(S),15(S)-diHETE which are pro-inflammatory and induce asthma 

attacks and allergic reactions [5].  

Lipoxins (LXs), such as LXA4, LXB4, aspirin-triggered (AT)-LXA4 and AT-LXB4 have 

anti-inflammatory properties. They are contributors of inflammatory resolution. 

Hepoxilins (HXs); HXA3, HXB3, are another class of molecules that regulate 

inflammatory responses and secretion of insulin. Also, 15-oxo-ETE and 8(S),15(S)-

diHETE inhibit cell growth in many cancer cell lines and human platelet aggregation 

respectively [5]. 

 

ALOX15 inserts oxygen (O2) in the twelfth position of AA in lower percentage than in 

the fifteenth, resulting in trioxilin production with the intervention of some steps. 

Trioxilins are tri-hydroxyl derivatives of HXs and are implicated in vasodilation, pain 

perception, they reverse oxidative stress and promote insulin secretion in various 

animal model systems [5]. 

 

Resolvins Ds (RvDs) and protectins Ds (PDs) are produced by EPA and DHA 

oxygenation by ALOX15. Even though, these molecules are very-potent anti-

inflammatory agents, DHA and EPA oxygenation results also in products that have 

proliferative properties in some cancer models [5]. 

 

1.2.4.  ALOX15 structure 

 

Despite the fact that ALOX15 was purified from human eosinophils in 1988, its 

crystal structure isn’t yet unraveled [10, 11]. Available structures in the Protein Data 

Bank’s (PDB) webpage - a public database of biomolecule 3D structures - are the 3D-

structures for rabbit ALOX15 (PDB ID: 1lox), its revised structure (PDB ID: 2p0m) and 
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the crystal structure of the catalytic domain of porcine leukocyte type 12-

lipoxygenase (PDB ID: 3rde), which shares a 80% sequence similarity with rabbit 

ALOX15 [12, 13].  

 

1.2.4.1. The rabbit enzyme structure 

 

Rabbit ALOX15 has an N-terminal domain of 110 amino acids and is consisted of 8 β-

sheets. Due to structural similarity with mammalian lipases this domain is 

hypothesized that it participates in membrane binding. It may also have a role in 

enzymatic activity regulation. Nevertheless, a study showed that gene technical 

deletion of the β-barrel domain did not lead to a complete loss of binding capacity, 

but impaired it and site-directed mutagenesis studies showed that hydrophobic 

amino acids in the surface of both domains participate in membrane binding of the 

enzyme [8].  

 

The C-terminal domain contains amino acid residues 114-663 and consists of 21 α-

helices, interrupted by a small β-sheet subdomain. The iron along with His361, 

His366, His541, His545-which are located in two long central helices-a C-terminal 

Ile663 and a water molecule form a complex with distorted octahedral geometry. 

The active site is a cavity with a boot-like shape that has an open end on the surface 

of the protein. The lining of this pocket is lipophilic due to the lipophilicity of the 23 

amino acids that comprise it. These amino acids are located in helices α7, α9, α10, 

α16, and α18 and in the loop that connects helices α9 and α10 [8]. 

 

In the structure of rabbit ALOX15 that is deposited in PDB (entry 2P0M), there is a 

co-crystallized inhibitor; (2E)-3-(2-oct-1-yn-1-ylphenyl)acrylic acid [13]. Also the 

protein is present as a dimer of two protomers. The Leu179, Leu183, Leu188, and 

Leu192 residues form as well as Trp181 of the a2-helix and His585 of helix a18 

participate in intermonomer interactions between the two conformers [8]. 

A)                                                                                    (B) 

 

Figure 3: Rabbit ortholog of ALOX15, 3D-structures. The structures are obtained from PDB. In the right 
(Figure 3.A) there is the PDB entry 2P0M which is the revised structure of rabbit ALOX15. On the right there 
is the PDB entry 1LOX, which is the first rabbit ALOX15 structure deposited in PDB archives. The structure 
was crystallized as an ALOX15-inhibitor complex. The inhibitor is pictured in yellow color in figure 3A and 
purple color in figure 3B. 
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The findings of molecular dynamics studies show that rabbit ALOX15 exist in 

equilibrium of protein dimers and monomers. The equilibrium is shifted to 

monomers or dimers, with changes on the pH, salt concentration and protein 

concentration. Also, several studies have shown that allosteric binding sites exist and 

regulate dimer formation and kinetic rate and specificity of catalysis. The product of 

LA oxygenation, 13S-HODE binds to allosteric sites and induces structural 

rearrangements. Experiments have shown that in the absence of 13S-HODE the 

equilibrium was more shifted to the monomer form (85% percent in protein 

monomer form in absence of the metabolite and only 5% in the presence of it) [8].  

 

It is hypothesized that one conformer might induce structural changes on the other. 

In a recent publication of 2022, it was found that N-substituted 5-(1H-indol-2-yl)-2-

methoxyaniline derivatives selectively inhibited human and rabbit ALOX15 

oxygenase activity for LA, but not AA.  Molecular dynamics, site directed 

mutagenesis and SAXS measurement studies indicated that the selective 

oxygenation was regulated by amino acid residues of the a18-helix of the non-

catalytically active conformer, which upon binding of the inhibitors modify the 

volume of the substrate-binding pocket. The selectivity between LA and AA 

oxygenation was not reproduced for the mouse ortholog, which shares ~74% amino 

acid conservation with human and rabbit ALOX15, and residue Gln596, which in 

rodents is replaced by a Leu residue, was suggested to play a role [14].  

 

1.2.4.2. Human ALOX15 3D-structure from AlphaFold 

 

The AlphaFold database is an online database of 3D-protein structures developed by 

the artificial intelligence (AI) DeepMind and the European Molecular Biology 

Laboratory-European Bioinformatics Institute (EMBL-EBI). AlphaFold predicts the 3D-

structure of proteins by its amino acid sequence, with accuracy comparable to 

experiment in most instances [15, 16]. 

 

The human ALOX15 have been predicted by AlphaFold (figure 4) and can be used for 

molecular dynamics studies as an alternative model, instead of 2P0M. Nevertheless, 

the AlphaFold predicted structure misses the ferrous ion co-factor.  

 

 

 

 

 

Figure 4: 3D-structure model of human ALOX15, predicted by AlphaFold. The yellow regions are expected to be modeled to 
low accuracy and should be interpreted with caution, while light blue and dark blue regions are expected to be modeled to 
high and very high accuracy, respectively. 
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1.2.5. ALOX15 physiological activity 

ALOX15 is an important regulator of autophagy, red cell maturation, brain signaling 

and synaptic formation, epithelial and endothelial barrier function, adipocyte 

differentiation, epididymal spermatogenesis and fertilization, regulation of sexual 

hormone secretion and ovulation [8].   

 

It contributes to structural decomposition of mitochondrial membranes in the last 

stages of erythropoiesis.  When rabbits are injected with phenylhydrazine, a 

hemolysis agent and in increased erythropoiesis conditions in general ALOX15 

expression reticulocytes is also increased [8]. 

 

Disruption of the arterial epithelium barrier is a factor that can cause vascular 

diseases. Metabolite, 15S-HpETE can cause phosphorylation of zonula occludens-1 

and −2 proteins, leading to impairment of arterial tight junction formation, which 

disrupts the endothelial barrier function. Additionally ALOX15 metabolites might be 

responsible for tight junction dysfunction through a pathway that involves activation 

of Src and Pyk2 kinases, by phosphorylation of Tyr residues of junction adhesion 

molecule A. Lastly, in retinal endothelial cells alox15 metabolites induced endothelial 

cell barrier dysfunction via NADPH dependent mechanisms, involving activation of 

the VEGF-receptor 2 signaling pathway and suppression of protein tyrosine 

phosphatase [8]. 

 

Major ALOX15 metabolites, 13S-HODE and 5S-HETE are activators of  

peroxisome proliferation activating receptor γ (PPARγ), which has an important 

regulatory role in adipocyte differentiation [8]. 

1.2.6. ALOX15 role in pathogenesis of diseases 

Because ALOX15 is a regulator of inflammation, several reports concerning the role 

of this enzyme in inflammatory diseases exist. These diseases include cancers, 

cardiovascular diseases, obesity, diabetes, neurodegenerative, infectious and 

respiratory diseases, like asthma and chronic obstructive pulmonary disease (COPD) 

[1, 5, 11].  

In the next paragraphs some important findings about different roles of ALOX15 in 

diseases are described. 

1.2.6.1. ALOX15 in cancer 

LOX metabolites in general are implicated in activation of G-protein coupled cell 

receptors and also, peroxisome proliferator-activated receptors which regulate 

apoptosis [17].  
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Jiang W. G. et al. reported in 2006, that down-regulation of ALOX15 and also 

ALOX15B is evident in breast cancer tissues. In this publication it is stated that both 

15-LOXs isomorphs are implicated in the progression of the disease, while the 

mechanism by which that happens is not completely elucidated. Furthermore both 

the reduced expression and the ratio of ALOX15:ALOX15B were associated with 

more aggressive breast cancer and higher mortality, with ALOX15 being more 

important for protection against bad disease outcomes than ALOX15B [18]. Down-

regulation of ALOX15 in cancer cells has also been reported for human esophageal, 

pancreatic, colorectal, bladder and lung cancer. Furthermore it has been 

demonstrated that ALOX15 limited the progression in a brain-cancer model. There is 

not a detailed mechanism in regard of ALOX15’s anti-carcinogenic action [17]. 

On the other hand ALOX15 presence seemed to be positively correlated with 

prostate and hepatocellular cancer, but this pro-carcinogenic action has been 

suggested to be dependent on the composition of the products formed by 

lipoxygenation. Namely, ALOX15 produced metabolites of DHA in prostate cancer 

cells have been found to promote apoptosis via activation of PPARγ and syndecan-1 

(SDC-1). The SDC-1 protein is implicated in caspase-3 pathway, cell proliferation, 

migration and cell-matrix interactions. In hepatocellular cancer, 15S-HETE, but not 

13S-HODE was found to be responsible for induction pro-carcinogenic changes in the 

cells [17]. 

The PPARγ-nuclear receptor is physiologically related with lipid metabolism and 

storage but it also has been found to be linked to human colon and other types of 

cancer induction. PPARγ is activated by metabolites of ALOX15 (15S-HETE and 13S-

HODE) in lung and colorectal cancer cells and its activation induces apoptosis of 

these cells. Also, it has been found that 13S-HODE binds and deactivates PPARδ, thus 

promoting apoptosis in colorectal and esophageal cancer cells [17]. 

Another important molecule of interest in studies of cancer pathology is the nuclear 

phosphoprotein p53. ALOX15 has been shown to reduce the degradation rates of 

p53, which results in apoptosis of cancer cells. This property has been demonstrated 

to not be mediated by ALOX15 metabolites but to be a result of more direct action of 

ALOX15 itself [17].  

Lastly, ALOX15 is implicated in ferroptosis, a newly-described category of cell death 

separate from necrosis and apoptosis. Ferroptosis happens when high 

concentrations of iron and lipid peroxides are present. SAT1 (spermidine/spermine 

N1- acetyltransferase 1) which is regulated by p53 has been shown to initiate 

apoptosis via ALOX15 up-regulation, in human non small lung cell carcinoma cell line, 

H1299 [19]. 

1.2.6.2. ALOX15 in Alzheimer’s and Parkinson’s disease  
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Alzheimer’s disease is a serious neurodegenerative disease, which affects the regions 

of cortex and hippocampus.  It is the most wide-spread neurodegenerative disease in 

older populations and is currently estimated that over 44.000.000 million people 

worldwide suffer from it. The progressive cognitive decline that happens with the 

disease is caused by accumulation of amyloid β (Αβ) plaques and neurofibrillary 

tangles (NFTs) [20]. 

Recently it was suggested that a certain type of cell death, ferroptosis, which is 

caused by deregulation and accumulation of free iron in the cell and oxidative stress 

might play a role in the pathogenesis of the disease. The previously suggested cell 

death mechanisms like apoptosis and necrosis could not provide a satisfactory 

explanation for some processes involved in the disease and ferroptosis inhibitors are 

currently under investigation as drugs for treating AD. Iron’s overload positive 

correlates with increased Aβ and NFTs formation and cognitive decline.  Also, it has 

been found from human genome-wide association studies (GWAS), that 

polymorphisms in GPX4– which is a key regulator in ferroptosis-increase the risk for 

developing AD [20].  

The role of ALOX15 in ferroptosis is the contribution of reactive oxygen species 

(ROS), through oxygenated fatty acid formation. Oxygenated fatty acids, along with 

free radicals (O2
-•, •OH) formatted by Fenton reaction, which happens in increased 

cellular iron concentrations, leads to damage of cellular components such as 

membranes [20]. 

Fenton reaction involves oxidation of Fe from ferrous to ferric and reduction of 

hydrogen peroxide (H2O2), which is converted to hydroxy anion and OH• radical [21]. 

In Parkinson’s disease (PD), a neurodegenerative disorder of central nervous system 

(CNS), ALOX15 activation depletes levels of the antioxidant glutathione. 

Furthermore, under glutathione depletion nitric oxide (NO) becomes toxic for the 

midbrain dopaminergic neurons. In another study it has been demonstrated that the 

aforementioned toxicity was prevented by ALOX15 inhibition, while the adittion of 

AA or 12(S)-HETE were neurotoxic when glutathione was not present [5].  

1.2.6.3. ALOX15 in respiratory diseases 

ALOX15 has been associated with asthma, chronic bronchitis and COPD. In immune 

respiratory cells of asthmatic patients; monocytes, eosinophils, macrophages, 

broncho-alveolar epithelial cells, ALOX15 is up-regulated [11].  Also, it has been 

reported that high levels of 15S-HETE were positively correlated with the severity of 

asthma [5].  

The metabolite 12 (S)-HETE, has been implicated in acid-induced acute lung injury 

and LPS-induced pulmonary inflammation.  Also, ALOX15 can regulate the expression 
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of pro-inflammatory eoxins in airway epithelial cells and eosinophils, which can 

cause dysfunction of endothelial cells and augment vascular permeability. Disruption 

of ALOX15 has been shown to inhibit proinflammatory cytokine expression, thus 

attenuating airway allergic inflammation [5]. 

1.2.6.4. ALOX15 in diabetes 

ALOX15 has been implicated in both types of diabetes (diabetes type 1 and type 2). 

In both types of diabetes there is a decrease in β-cells of the pancreatic islets which 

produce the hormone insulin. Insulin sustains sugar blood levels homeostasis by 

regulation of glucose uptake, gluconeogenesis and glycogenesis. Pancreatic islet β-

cells express ALOX15. It has been demonstrated that, the metabolite 12S-HETE 

decreases the viability and insulin secretion of human islets and it causes oxidative 

damage in mitochondria and apoptosis of cells. Nevertheless, AA has been shown to 

induce insulin secretion and this function is disrupted by the metabolism of AA from 

ALOX15 [5].  

ALOX15 has been implicated in diabetic peripheral neuropathy, which is a leading 

cause of foot amputation in diabetic patients, diabetic retinopathy and diabetic 

nephropathy. The expression of ALOX15 has been demonstrated to be up-regulated 

in peripheral nerves and dorsal root ganglia, in mice fed high fat diets. Also, PM5011, 

an herbal extract was shown to improve peripheral neuropathy, by down-regulation 

of ALOX15 in a streptozotocin-induced diabetic model in mice.  Lastly, ALOX15 was 

found to be highly expressed along with biomarkers of neuropathy, which is the 

leading cause of death in diabetic patients [5]. 

 

1.3. Aim of the thesis 

Our aim is to study the contribution of ALOX15 in different disease pathways. For 

this reason we wanted to develop 15-LOX-1 inhibitors. Some of them could also have 

the potential to become pharmaceutical agents.  

 

For this purpose in this thesis we designed small molecule libraries to find novel 

scaffolds that are inhibitors of 15-lipoxygenas-1. Also, we focused on building a drug 

discovery methodology by using cheminformatics techniques, such as virtual 

screening (VS), clustering and applying virtual filters to end up with a realistic 

number (beginning from 4044) of compounds to screen in vitro. The in vitro assays 

are not a part of this thesis. 

 

 

 

Figure 5: Overview of Methodology [Created with BioRender.com] 
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2. Development of Small Molecule Libraries 

Our aim was to develop small molecule libraries for in silico screening (Virtual 

Screening-VS). The VS would rank the compounds based on the calculated binding 

affinity for our target, 15-lipoxygenase-1. According to the results, we could choose 

the most promising compounds and proceed with in vitro activity assays.   

Thus, two libraries of compounds were designed. The first library contains known 

inhibitors of 15-lipoxygenase-1. These data have been obtained from the literature 

and from the EMBL’s organization database of compounds (ChEMBL; 

https://www.ebi.ac.uk/chembl/). The second library contain novel drug-like 

compounds synthesized by organic and medicinal chemistry academic groups from 

various international and national Universities including the University of Crete, 

Aristotle University of Thessaloniki, University of Groningen, in Netherlands and 

University of Naples, in Italy. 

The library of known inhibitors was used as a control to verify that the most potent 

inhibitors would rank high on the VS process. The main idea was to design and 

develop an accurate VS protocol in order to rank in the top positions the most 

potent inhibitors. Having established that, we could proceed with the VS of the 

second library, proposing the compounds with the top scores as potential 15-LOX-1 

inhibitors.  

The libraries were developed with DataWarrior (5.5.5. version), an open-source 

software for visualization and analysis of chemistry-related data and 

cheminformatics [22].  

2.1. Library of known 15-lipoxygenase-1 inhibitors 

One of the methods for discovering new drug molecules is to screen in silico large 

databases of compounds (libraries) to rank them in order of affinity [12,23]. A 

number of rules have been established, namely Lipinski’s rule of 5, that show the 

potential molecules must follow to be potent drugs. This rules state that; 

1. Molecular weight should not exceed 500. 

2. Number of hydrogen bond donors should (HBD) be equal to or less than 5. 

3. Number of hydrogen bond acceptors (HBA) should be equal to or less than 10. 

4. The partition coefficient between octanol and water value should not exceed 5[ 

24]. 

 

For drugs targeting the central nervous system (CNS) there are even more specific 

rules. Namely, it has been shown that CNS drugs should have preferentially low 

molecular weights <300, minimal numbers of HBA, high lipophilicity and they must 

not contain acidic functional groups to have good absorption. Permeation of 

https://www.ebi.ac.uk/chembl/


20 
 

molecules to the brain is extremely hindered due to the existence of the blood-brain 

barrier that tightly regulates excretion and absorption of molecules from the blood 

to the brain and vice versa. Namely, only 8% of the molecules that are directed for 

CNS-disease treatment pass the phase I clinical trials [25].  

This library contained compounds that we found in the literature. The number of 

known inhibitors is very high. For that reason, drawing and adding in the compounds 

one-by-one manually would be very time-consuming and eventually inefficient as we 

would be forced to include a limited number of molecules.  The solution to this 

problem was the utilization of the “Search ChEMBL Database” function of 

DataWarrior, which automatically retrieves molecules from ChEMBL Database. On 

top of that, we added about two hundred compounds manually, because some 

classes of inhibitors were missing. 

2.1.1. DataWarrior Environment 

The library of compounds was designed by the following steps. 

1. Retrieval of compounds from database; 

DataWarrior allows us to add automatically molecules from another database.  

 

 

 

 

 

 

 

From the top menu we clicked on Database and then we chose “Search ChEMBL database…” 

from the options of the window that opened (figure 6). 

Figure 6: Automated retrieval of compounds in DataWarrior 
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2.  Search ChEMBLDatabase; 

 

Figure 7: Search ChEMBL Database function menu 

When the “Search ChEMBL database” function is selected, the menu that is shown 

above (figure 7) is opened. In the “target contains” window, we typed the name of 

our target: 15-lipoxygenase and from the “select target(s)” window we selected 

“Arachidonate 15-lipoxygenase [Homo sapiens]”, “Arachidonate 15-lipoxygenase 

[Oryctolagus cuniculus]”, “Arachidonate 15-lipoxygenase [Mus musculus]” and then 

we selected “ok” from the bottom right of the menu. From the execution of this 

operation, we retrieved the known inhibitors deposited in ChEMBL database tested 

in human, rabbit and mouse arachidonate 15-lipoxygenase.  

It should be noted that it is also possible to add compounds from a specific paper by 

adding the PubMed-ID or DOI in the window that is shown on the bottom center of 

figure 7, but we didn’t need to use that.  

After we clicked on “OK”, DataWarrior automatically created a column containing 

the structures of the obtained inhibitors (in 2D-coordinates) and also, many other 

text columns including the names of the compound, an activity value, the target 

protein, physicochemical and pharmacological properties, a reference of the 

publication of which the inhibitors were derived from and many others. The activity 

values measured were mostly IC50 and Ki. IC50 is the concentration of the inhibitor 

that reduces the enzyme activity to 50%. Inhibitory constant, Ki is a constant for the 

equilibrium between enzyme, inhibitor and substrate [24]. All of the created 

columns were not useful to us, so we deleted some of them in a subsequent data 

processing.  
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The library looked like this after step 2 was done; 

 

Figure 8: A library of compounds example in DataWarrior 

In DataWarrior the data are presented in a table. When a structure column is added 

the program also creates automatically another form of structure view (figure 8, 

bottom left). In the right side of the screen there is a filters section. Filters can either 

be Category Filters or Text Filters and each filter applies to a column.   

3. Merging of equivalent structure rows 

Because some compounds have been tested in more than one ortholog and some 

others have been used as controls in many articles there were created some 

duplicate rows. We clicked on “Data” from the top menu bar in DataWarrior and 

then “Merge equivalent rows” and we selected the Structure Column as the merging 

key, to connect the rows containing the same structure into one row. After the 

merging was done the library contained 7201 compounds. 

 

 

 

 

 

 

 

 Figure 9: Data panel opened after we clicked on “Data” button 
from DataWarrior menu bar. 
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4. Adding more compounds; 

We did a literature search and we figured that not all the published inhibitors were 

in our library. To add the missing compounds, we selected “Data” from the top menu 

of DataWarrior and then “Add empty rows”. We then entered in the window that 

opened the number of empty rows that were needed. After that, we used 

ChemDraw® to sketch the structures of the inhibitors. We transferred the structures 

in the Structure Column of 15-lipoxygenase-1 inhibitors with copy and paste. We 

also, added activity values and a scientific journal reference in the corresponding 

columns. We added another 264 compounds by this procedure, so we had 7456 

compounds in total. Some of the automatically added compounds were not drug-like 

(had molecular weights below 100 and above 500 Da) and we figured that they were 

not inhibitors, so we deleted them. The final file contained 6982 compounds and 

was saved as a native DataWarrior file (.dwar). 

2.1.2. Scaffolds and properties of the known inhibitors 

The library contains various scaffolds mostly heterocycles. There are more than 70 

indoles, more than 120 chromenones, salicylates, purines, flavonoids, substituted 

phenyls, azopyroles, oxazoles, imidazoles, thiophenes and many other heterocycles 

containing nitrogen, sulfur and oxygen. 

The molecules have a number of HBA ranging from 1 to 15, a number of HBD ranging 

from 0 to 11 and topological surface area (TPSA) values ranging from 0 to 288.4 and 

partition coefficient between octanol/water (cLogP) values ranging from -9.2 to 10.5 

Some of the known inhibitors are presented in the following table; 

 

Table 2: Examples of known 15-lipoxygenase type 1 inhibitors along with their name (or category of 
compounds), measured activity values, biological evaluation results and type of inhibition. 

Compound Name Activity 
Biological 
Evaluation 

Type of 
inhibition 

NH

S

 

PD-146176 
IC50 = 21 

nM 

Reduction in 
atherosclerotic 
lesion 
formation in 
rabbits fed with 
high 
cholesterol diet 
upon daily 
administration 
of  175 mg/kg 

Mixed non-
competitive 

[26].  
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NH

O

NH S

O

O

CH3

 

Tryptamine sulfonamide  
IC50 = 

6nM (for 
LA) [27] 

- - 

N N

O

S

O

O

F  

ML094 Ki=26 nM  

Inhibitor 
binds both 

at the 
catalytic 

site and an 
allosteric 
site [28]. 

NH

N

S

N

N

NH

S

N
N

CH3

CH3

F

O
O

 

Pyrazole based sulfamide 
IC50 = 1.4 
nM (for 

LA) 

IC50 = 51nM in 
CHO cells [29]. 

- 

HN

S

N
N

CH3

CH3

O

O

N

N
H

SO

H3C   

Pyrazole based sulfamide 
IC50 = 1.5 
nM (for 

LA) 

51% inhibition 
of 15-LOX-1 in 
CHO cells at 1 

μΜ [29]. 

- 

N

N
+

C
–

O

S

O

O

CH3

 

7-cyano-2,3-
diphenylindolizin-1-yl 4-
methylbenzenesulfonate 

 

IC50 = 25 
± 3μM 
[30]. 

- - 
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NH

O

O

CH3

Cl

O

CH3

CH3

CH3

 

NE-14d 
IC50= 90 
± 30 nM 

2-fold increase 
in the 
expression of 
the anti-
inflammatory 
gene of IL-10 in 
RAW 264.7 
macrophages in 
1 nM 

Competitive 
[11]. 

O

N
H

OH OH

OH

 

N-(4-(3,4-
dihydroxyphenethyl)phenyl)-

2-hydroxybenzamide 
 

IC50 =300 
nM [31]. 

- - 

OHO

HO

O  

3-(4-
methoxyphenyl)chroman-

6,7-diol 
 

IC50 = 150 
nM [32]. 

- - 

O

OH

O

 

(4aS,6aS,12aR,12bS)-10-
hydroxy-4,4,6a,12b-

tetramethyl-
1,2,3,4,4a,5,6,6a-octahydro-

12aH-benzo[a]xanthen-
9(12bH)-one 

 
 

IC50=760 
μM [33]. 

- - 

O

NH N
NH

 

N-phenyl-1H-pyrazole-3-
carboxamide 

 
 
 

45% 
inhibition 
at 10 μM 

47% inhibition 
when tested 

human in 
Hodgkin cell 

line L1236 [34]. 

- 

O N

NH

N  

ML351 
 

IC50= 200 
± 40 nM 

Protection 
against 

glutamate-
induced 

oxidative 
damage of 

mouse 
hippocampal 

HT22 cells in a 
dose-depended 

manner [35]. 

- 

S
O O

H
N

HN
N S

 

4-pentyl-N-(2-(5-phenyl-3-
(thiophen-2-yl)-1H-pyrazol-

4-
yl)ethyl)benzenesulfonamide 

 

IC50= 11 
nM [29]. 

- - 
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2.2. Library of Collaborators 

The group leaders of the groups whom their compounds were used for the making 

of this library, were the following (in alphabetical order): Dömling Alexander from 

University of Groningen, Grieco Paolo from University of Naples, Lykakis Ioannis 

from Aristotle University of Thessaloniki, Minnaard Adriaan from University of 

Groningen, Neochoritis Konstantinos from University of Crete, Smonou Ioulia from 

University of Crete, Szymanski Wiktor from University of Groningen and 

Vasilikogiannakis Georgios from University of Crete. 

To create this library, we collected the most recent publications of these and we 

selected the compounds that had drug-like properties (Lipinski’s rule of 5). Then we 

added the selected compounds to a new file in DataWarrior, as it is described in step 

4 of paragraph 3.1.1. We didn’t add every compound manually as some of our 

collaborators send us their own libraries. We merged their libraries to a combined 

file, by choosing “File” from the top menu and then “Append File...”. Before you 

append the file, you must define which columns you want to include to the new file. 

After we did that, the final library with the compounds of our collaborators consisted 

of 4285. The library contains a structure column, a column with a name of the 

compound and columns containing references for the compounds and names of the 

laboratories from which they were synthesized. 

Similarly, to the library of known 15-lipoxygenase-1 inhibitors, this library contains 

mostly heterocycles. The most common scaffolds are phenyl rings (these are mostly 

fragments and not final products), indoles and 3-phenylH-imidazo[1,2-a]pyridines. 

There are many other heterocycles, macrocyclic compounds, sulfonamides and 

sugars.  

The molecules contained in the library have molecular weights from 22 to 1843 Da, 

HBAs ranging from 0 to 40, HBDs 0 to 24, cLog values ranging from -14.7 to 34.5 and 

TPSA values ranging from 0 to 633. 

S

NH2

N

O

H
 

ThioLox 
IC50= 

12.4 ± 
0.9 μM 

~50% 
downregulation 

of IL-1β, IL-6, 
IL-8, IL-12b, 

TNFα and iNOS 
genes in 

precision cut 
lung slices 

treated with 
LPS, at 50μM 

Competitive 
[36]. 
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3. Virtual Screening –Method Validation 

3.1. Molecular Docking 

Molecular docking is a computational technique executed by a program or a server, 

in which the most energetically favored alignments of a molecule with respect to 

another (poses) are calculated. Usually, the interaction involves a small molecule 

(ligand) and a receptor, but more recently macromolecular interactions (e.g. protein-

protein) have been introduced to the scientific community. The generated poses are 

ranked in terms of affinity. The affinity can be expressed as free energy or as a 

numerical value (score) calculated via a mathematical function that the software is 

using [37]. 

All the docking simulations described in this thesis, were operated via MOE software 

(version 2015.10).  For validation of our method we executed two docking studies 

with different setup parameters, for comparison. Our goal was to see if the two 

methods gave accurate results, namely if they rank high the compounds with low 

IC50 or Ki values. The first method was setup to generate a lower number of poses, 

thus being faster but less accurate and the second one was setup to generate a 

higher number of poses, thus being more accurate, but lacking in speed. From the 

results of these two we could decide which one to use as protocol for our studies. 

In general, a docking study consists of the following steps. 

A. Preparation of ligand and protein 

B. Setup of the docking parameters 

C. Running of the docking simulation 

 

3.2. Method Validation 

Step A, Preparation of ligand and protein; 

a. Preparation of ligands 

 

First, we prepared the dataset of ligands. To remove inorganic molecules from our 

library, we ran the “Dataset wash” function of MOE. Dataset wash is used to 

correct mistakes in the structures and to make reasonable 3D conformations of the 

molecules. The latter is very important for molecular docking as it is a simulation to 

predict the best orientations of a compound in the 3D space. First, we opened the 

library SD file. When a library file is opened in MOE, a database viewer window 

(DVB) is displayed. From DVB menu (top of the figure 10) we selected “Compute” 

and then “Wash”. 
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There are many options in the wash panel (figure 11). We selected, “Disconnect 

group │ metals in simple salts”, “Keep only larger molecular fragment”, 

“Deprotonate Strong Acids”, “Protonate Strong Bases. These options remove 

inorganic compounds and make logical protonation states for the molecules. We 

also selected “Rebuild 3D” from coordinates, “Scale to reasonable lengths” and 

“Preserve Chirality”.  

 

 

 

 

 

 

 

 

 

 

The next step was to conduct energy minimization on the structures.  We executed 

the Energy Minimize application by selecting “compute” from DVB and then “Energy 

Minimize”. The new dataset was saved in mdb file format.    

 

b. Preparation of the receptor 

The protein model for our studies was the revised structure of the Oryctolagus 

cuniculus (rabbit) orthologue of 15-lipoxygenase (PDB ID: 2P0M).  As it is discussed 

before (page 13) the human orthologue structure isn’t yet solved and 2P0M is the 

Figure 10: The figure shows the database view window of MOE. We selected "Wash" from compute as 
the first step of database preparation for docking. 

 

Figure11: Database Wash Panel 
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best existing model. In 2P0M all amino acid residues are elucidated and one 

monomer contains a ligand near the active site, which makes it a suitable structure 

for docking simulations [40]. Again, as we did with the inhibitors we automatically 

applied charges and minimized the energy by choosing “Quick Prep” in the right-

hand button bar. We used the default settings of “Quick Prep” panel (figure 12).   

Step (B), Set up of the docking parameters; 

To run the docking experiments we opened the “Dock” panel of MOE from 

“Compute” button of the main menu.  The parameters that define a docking 

protocol is the site of the protein in which docking is happening, the atoms that are 

taken into account for the interactions (if the solvent molecules are set to interact or 

not), if there is a pharmacophore constraint, if the receptor is rigid or induced fit is 

allowed, the scoring function that is being used and the number of poses that the 

program generates.  

For all our docking studies the receptor was set as rigid and the receptor atoms only 

(not solvent atoms) were setup to interact with the ligand. As site of the docking we 

defined the space around the ligand of 2P0M. We did not use a pharmacophore 

constraint for the docking, as our library did not contain only derivatives of a specific 

lead compound, but a variety of scaffolds. 

For placement method-that is the method by which the poses are generated- we set 

the default choice of triangle matcher algorithm of MOE.   

Also, as scoring functions we used London dG and GBVI/WSA dG for refinement of 

poses. These both estimate the free energy of binding for a generated pose.  

Figure 12: Quick Prep Panel of MOE 



30 
 

To test two different methods in terms of accuracy and speed the number of 

generated poses was set as 5 for our high-speed method and as 30 for the low speed 

method. The number of final, refined poses was 2 for both methods. 

 

 

 

 

 

 

 

 

 

 

 

 

Step (C), execution of the docking; 

After we set the docking parameters as it is described above, we chose the name 

and the destination for the generated MDB file and we selected “Run” from the 

bottom left of Dock panel (figure 13). 

The library was screened with the two methods contained known 15-LOX-1 

inhibitors with molecular weights of 100-500).  

Next, we discuss the results from this method validation. 

3.3. Method Validation Results 

As it was the first time that we executed a docking simulation with our 

computational resources we wanted to estimate the required time for the process. 

Both protocols needed more than 24 hours to complete the docking of about 2000 

compounds, but the protocol that generated 5 poses was significantly faster. 

The highest ranked compounds were somewhat similar to LA, which is the primary 

substrate of 15-LOX-1 [9]. Also, when we compared the top 200 compounds of the 

Figure 13:  Dock panel of MOE 
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fast method, with the top 200 compounds of the slow method and we find out that 

the similarity was 48.5 %.  

In terms of similarity between the two methods, in figure 14 it is shown that; when 

we made a color-ranged chart of the difference between the values of best score for 

a given compound given by the fast method and the best score given by the slow 

method, most values were on the same color range (light yellow) and they differed 

in the first decimal 

We also compared the scores of the two methods, by plotting column C (x axis) and 

column D (y axis) and making a linear graph, that each point of whom accounted for 

a specific compound. The reason for doing this, was to see if the function was close 

to y= x (if the two scores were completely similar the function would be y=x). The 

function was y=0,9172x-0,8508, i.e. the slope was indeed close to 1 and the 

intercept was close to 0, meaning that the scores were not that different between 

the two methods.  

 

 

 

 Figure 15: The graph contains the values of the top score for the 
100 top-ranked compounds of low speed method on y axis and the 
corresponding top scores for each one of the 100-top ranked 
compounds for high speed method on x axis. Each point of the 
graph represents one specific compound. 

 

 

  

Figure 14: The columns from left to right 
contain the top score for each compound for 
the high speed docking, the top score for each 
compound for the slow speed method and a 
column with the difference between the scores 
which is color-scaled to see if there notable 
differences.  
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3.4. Establishment of protocol for molecular docking 

When two or more different docking functions from different software are used 

(Consensus docking) the accuracy is improved. However, when only one program is 

used the success rate is usually about 65-70% [26]. Given that and because our 

results did not seem extremely accurate, we decided to use docking for only a rough 

estimation of compounds with good affinity and use other methods such as screen 

only representatives of similar structure clusters to cut down the number of 

compounds (descried in next chapters). 

The slow speed method needed more than 3 days to screen 4000 compounds, while 

high speed method gave results a lot faster. Because, the ranking of both methods 

was not dramatically different, we decided to use the faster method as a docking 

protocol, to cut down computational power and time. 

 

4. Virtual Screening-Molecular Docking 

4.1. Virtual Screening for identification of novel inhibitors 

The docking protocol that was used is described in chapter 4.  

We screened a dataset (library of collaborators, page 26) containing 4044 

compounds with molecular weights of 22-500 Da.  

4.2. Docking results 

The output file with the results is in MDB format and can be used to browse the 

library and to view all the interactions of the ligands in the protein.  

The existing columns were the following; 

• Structure; contains all the generated poses in mol format.  

• Score; contains the final scores of the compounds. 

• mseq; contains the entry number of ligands 

• rseq; contains the entry number of the receptors and is always 1 as we only used 

one receptor 

• rmsd_refine; is the root mean square deviation between the initial pose and the 

pose after refinement. 

 

The ligands had scores, ranging from -11.887 to 6.634. Because the scoring function 

that was used, expresses the score based on a ΔG (Gibbs free energy change of the 

binding) calculation, the lower the score, the better the affinity of the ligand for the 

protein. The molecules that had the worst scores that were above zero were scarce, 

namely only two. There were also ligands with fairly bad scores ranging from -2 to -5 
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approximately, but these accounted for 14 % of the compounds. Most of the 

screened ligands had scores of ≈ -5.5 and lower. Ligands that were ranked lower 

were mostly low molecular weight compounds that contained electro negative 

atoms and acted as chelators for the iron ion. The compounds with positive scores 

were very large molecules and their binding in the active site cavity was probably 

unfavorable due to steric constraints. 

In general, 15-LOX-inhibitors are either iron chelators, either competitive inhibitors 

that bind to the active site, either radical scavengers or iron reducing agents [9]. We 

found that the molecules with lower molecular weights that would bind to the active 

site mainly by chelating iron gave lower scores compared to molecules that gave 

more interactions as it was expected. 

On the other hand, a large amount of the compounds gave good scores, which 

means that the program found that they have a good binding affinity and could 

potentially be inhibitors.  

 

4.3. Clustering and filtering of compounds 

The docking gave comparable scores with known potent inhibitors for most 

compounds. As we didn’t have the resources to do in vitro screening of 4044 

compounds, we should find a way to reduce this number to 100-200 compounds. To 

do that, we exploited the clustering applications of DataWarrior. 

First of all we calculated molecular weights, TPSA, HBA, HBD, cLogP values by 

selecting the chemistry button from the main menu bar and then “From Chemical 

Structure” and :Calculate Properties” options. Then we applied filters so that the 

compounds on this library had rule of 5 properties. 

 

Next, we calculated the SkelSpheres descriptor of DataWarrior from “Chemistry” and 

then “Calculate descriptor”, because it is the most suitable structure descriptor for 

similarity and clustering calculations. From the main menu bar we clicked on 

“Chemistry” and Cluster compounds/Reactions. We set the similarity cut-off to be 

0.8. Then, after clustering was done a category filter was applied to hide the non-

representative compounds. We also, added the following filters; score<-7, number of 

neighbors>1, rule of five filters. The visible compounds were saved as a new native 

data warrior file. This file contained only 150 compounds that are proposed to be 

used for in vitro activity assays. The neighbors are based on structural similarity and 

were calculated by activity cliff/similarity analysis that is described below. 

 

Some examples of the proposed for in vitro screening compounds are shown in table 

3. 
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Table 3: Examples of the proposed compounds for in vitro screening. 

Structure Compound Score Group 

O

N

N

 

(4R,5S)-4,5-bis((4-
methylbenzyl)(cyclopentyl)amino)cyclopent-2-

enone 
-10.55 Lykakis I. 

O

O

N
N

N

N NH

O
 

- -9.62 
 

Neochoritis K. 

O

N

NH
O

N
N

O

N
H

 

N-benzyl-2-((2,4-dioxo-3,4-dihydropyrimidin-
1(2H)-yl)methyl)-4-phenyl-1-propyl-1H-

imidazole-5-carboxamide 

-10.36 
 

Domling A. 

O O

O
O

O

O

HO

O

O

 

methyl 3-((4aS)-8-hydroxy-2,3,7-trimethoxy-
2,3-dimethyl-hexahydro-2H-pyrano[3,4-

b][1,4]dioxin-5-yl)propanoate 
-9.57 Minnaard A. J. 

F

N

FO

H
N

N

N

HN

O
N

 

(E)-2,6-difluoro-N-(3-methoxy-1H-pyrazolo[3,4-
b]pyridin-5-yl)-3-(p-tolyldiazenyl)benzamide 

-9.26 
 

Szymanski W. 

O

O

O

O

O

O

 

(S)-tert-butyl 3-((S)-2-methoxy-2-
phenylacetoxy)-5-oxohexanoate 

-9.14 
 

Smonou I. 

O

N
HO

 

(5R,7S,7aR)-7a-hexyl-5-hydroxy-7-phenyl-5,6,7,7a-
tetrahydropyrrolizin-3-one  

-9.02 
 

 
Vasilikogiannakis G. 
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O

O

N
H

O

 

methyl 2-methyl-5-phenoxy-1H-indole-3-
carboxylate 

-7.38 Grieco P. 

O

N

O-

N

N

 

8-methyl-2-nitro-3-p-tolylH-imidazo[1,2-
a]pyridine 

-7.61 
 

Lykakis I. 

 

An activity cliff analysis was done in DataWarrior. We clicked on the “Chemistry” 

button of the main menu and selected “Analyze similarity/Activity Cliff”. This 

function estimates the similarity between compounds and gives them specific 

coordinates in the chemical space to visualize how similar they are. It also calculates 

Structure Landscape Activity Index (SALI). SALI is equal to the difference in activity 

values divided by the structural difference as it is calculated by DataWarrior. Activity 

cliffs in the chemical landscape are an index that between specific compounds a 

small structural change leads to a big difference in activity [21]. As a reference 

column of activity we chose the scores containing columns and set a similarity cut-

off for the calculations of 92%.  

 

 

Figure 16: SALI plot of the library of new scaffolds. Compounds that are similar with eachother are assorted in 
clusters. The colors indicate the score of the compounds while the magnitude of the dot that represents a pair 
of compounds is proportional to the value of SALI index. 
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5. AlphaFold and 2P0M models alignment study 

One possible experiment was the VS of compounds using the AlphaFold predicted 

model of human 15-lox-1, instead of 2P0M. The AlphaFold model nonetheless, does 

not contain the ferrous iron meaning we couldn’t perform molecular dynamics 

simulations.  

Nevertheless, we decided to do a different experiment using the AlphaFold’s human 

ALOX15 and that was to conduct an alignment study of 2P0M and AlphaFold to see 

how similar their 3D structures are. 

The steps we followed were; 

1. Loading the protein files in MOE. 

2. Opening the Sequence editor panel by selecting the SE button from upper right 

corner of MOE. 

3. Choosing the Align/Superimpose button. 

 

After step 3 the superposition was completed by MOE and the results are shown in 

figures 17.A & 17.B. Units A & B of 2P0M are colored in cyan and AlphaFold human 

ALOX15 model is colored in purple. As it is shown in the figures below, AlphaFold’s 

model is closer structurally to the A unit of 2P0M, and this is probably due to the 

binding of inhibitor in conformer B. That difference is evident both in the active site 

(figure 17.B) and in other regions of the protein (figure 17.A). Furthermore, we 

noticed that the three proteins are more structurally different in a certain regions, 

specific in the amino acid sequence between residue 168 and 210. 

 

 (A)                                                                        (B) 

 

Figure 17: Superimposed structures of; Unit A of 2P0M, unit B of 2P0M (both in cyan) and AlphaFold predicted 
structure of human ALOX15 (purple). The co-crystallized inhibitor of 2P0M structure can be seen in yellow 
color.  
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The aforementioned are quantified by the RMSD graph (figure 18). We can see from 

the picture that amino acids 168-210 aren’t the same between human and rabbit 

orthologs and that region differs between structures in the 3D space. When we 

colored this specific amino acid sequence to visualize the region in the 2P0M 

structure that this sequence lies, we saw that it was located in the dimeric interface 

between protomer A and B of 2P0M. That observation adds to the debate of ALOX15 

dimerism and the concerns around regulation of enzyme activity with dimerism [14].  

 

Of course, other experiments should be conducted to reproduce that in vitro.  

6. Discussion 

In summary, we designed two small molecule containing libraries ;the known 15-

LOX-1 inhibitors library and the novel scaffold containing library. A method 

validation experiment was conducted to establish our docking protocol, by screening 

the first library. After that, we used 5 generated poses for our docking studies and 

we screened the library with novel scaffolds, by using the library of known 15-LOX-1 

inhibitors as a control. The library with novel scaffolds contains 4044 compounds. 

With clustering based on scaffold similarity and by applying filters with DataWarrior 

software and keeping compounds that ranked high in the docking study we filtered 

this library to end up with 150 molecules that we propose as potential inhibitors.  

The scaffolds that we propose as inhibitors contain heterocycles such as indoles that 

diverse in substitution motif from other known inhibitors. In general, the docking 

study showed gave scores ranging from 2 to -12 approximately. The compounds with 

worst scores either were too big thus being sterically hindered, either were of lower 

molecular weight and were bound in the active site mostly by iron chelating and did 

not gave many other interactions.  

Εικόνα 18: RMSD plot of superimpose of the 2P0M and AlphaFold's human ALOX15 model. 
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The docking results must be evaluated by in vitro activity assays. There is no way of 

knowing the real potency of the compounds by an in silico  evaluation. In the activity 

assays the an IC50 or other activity index will be measured for each compound.  

Potential factors that could be optimized in a future docking experiment for greater 

accuracy include the number of generated poses and the rigidity of the receptor.  

Nevertheless, the comparison the high-speed (5 poses) and low-speed (30 poses) did 

not show a significant difference (see method validation chapter). Another way in 

which we can optimize our method is by using more than one program to screen the 

same library and keep the general consensus of compounds that score high in all 

programs to minimize random mistakes (consensus docking) [26]. 

 

7. Future Perspectives 

In the future a study with in vitro assays must be done to evaluate the process of 

molecular docking and filtering of the compounds and also to find new potential 

inhibitors. Maybe, activity cliff analysis could be taken into account to try to 

synthesize compounds with ligands that are indicated to be important for binding. 

Also, Michaelis-Menten kinetic experiments are recommended to be done to find 

the mode of inhibition of newly discovered hits. 

We also propose doing more docking experiments in MOE using different 

parameters to try to refine our method for screening using the 2P0M as a receptor.  

In the case that allosteric inhibitors are found it is recommended to do a docking 

without a set site of binding to have an indication of potential allosteric sites. 

Lastly, molecular dynamics experiments (sm-FRET) is also worth doing to test the 

hypothesis of dimerism of human ALOX15, as it is proposed that binding of an 

inhibitor to one monomer can induce structural changes to the other leading to a 

differentiated metabolite pattern [14]. 
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