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Development of Novel Molecules to Study Lipoxygenase Activity in Its 

Cellular Context 

 

1. Introduction 

Inflammatory diseases include a vast array of disorders that, unfortunately, afflict 

millions of people worldwide. The therapeutic possibilities for many patients are still limited. 

In particular, the precise causes of the inflammatory diseases are often unknown and many 

patients do not respond to the current therapy.1 In order to address this unmet clinical need, it 

is important to gain more insight in molecular mechanisms that drive inflammation. Notably, 

lipoxygenases (LOXs) and their metabolites play key regulatory roles in numerous chronic 

inflammatory diseases such as asthma, rheumatoid arthritis, inflammatory bowel disease, 

psoriasis, dermatitis and nephritis.2‒3 Therefore, this group of enzymes has been recognized as 

potential therapeutic targets. 

The metabolism of arachidonic acid (AA), linoleic acid (LA) and other related 

polyunsaturated fatty acids (PUFAs) provides various families of lipid mediators that are 

involved in regulation of diverse physiological processes such as inflammation, cancer, 

reproduction and host defense.2‒3 These bioactive signaling products derived from PUFAs, 

including AA and LA, are collectively known as eicosanoids.4‒5 Aberrations in the formation 

of eicosanoids are involved in numerous diseases, such as asthma,6 COPD,7 atherogenesis,2 

diabetes,8‒9 stroke,10 Alzheimer’s disease11 and Parkinson’s disease,12 as well as cancer.13‒14 

The discovery of aspirin (COX-1 and -2 inhibitor), with an estimated 40,000 tons 

consumption each year15, marked a great success in targeting lipid oxidizing enzymes. 

Currently, aspirin is widely used in various diseases, such as pain, fever, headache or other 

inflammatory conditions. Notably, the function and regulation of eicosanoids in related 

diseases is increasingly gaining attention in drug discovery programs. In 1996, the drugability 

of LOX enzymes was demonstrated by the approval of the orally active 5-LOX inhibitor, 

Zileuton, which was used for treatment of asthma until 2008.16 Further exploration of the 

LOX enzyme class is needed to find novel inhibitors with improved metabolic stability and 

isoenzyme selectivity.  
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In this thesis, we will focus on the lipoxygenases (LOXs), especially 15-lipoxygenase-

1 (15-LOX-1). We will introduce the family of LOX enzymes and their role in oxygenation of 

PUFAs to provide eicosanoids.2,17 Subsequently, the current knowledge of the physiological 

and pathological roles of LOXs will be summarized. Finally, the molecular approaches to 

target LOX in drug discovery projects will be discussed.  

2. Lipoxygenase 

LOXs are nonheme iron-containing enzymes, which are found widely in plants, fungi, 

and animals.18 Furthermore, the family of mammalian LOXs are classified according to their 

positional and regiospecific peroxidation of AA. The regiospecificity of human LOX enzymes 

for AA peroxidation is used for subclassification into 5-LOXs, 8-LOXs, 12-LOXs or 15-

LOXs (Figure 1).18 In particular, there are two 15-LOXs isoenzymes that can be classified 

further as 15-LOX-1 and 15-LOX-2. 15-LOX-1 is the reticulocyte/leukocyte type and 15-

LOX-2 is the epidermis type.19 The amino acid sequences of 15-LOX-1 and 15-LOX-2 share 

40% similarity. Moreover, 15-LOX-1 demonstrates a close sequence homology to 12-LOX 

(65%). In contrast to 15-LOX-1, 15-LOX-2 contains an in-frame 87-bp deletion.20 On the one 

hand, the similarities of the sequence homology in these two isozymes can be found in highly 

conserved regions, such as the active site ligand for the iron atom. On the other hand, the 60% 

difference of non-identical amino acid sequence gives these two enzymes different affinities 

to their substrates. To be exact, 15-LOX-1 dioxygenates both LA and AA with comparable 

rates, and the dioxygenation of AA occurs at both C15 and C12 with a ratio of about 12:1. In 

contrast, 15-LOX-2 shows an exclusive preference to AA.21 In addition, 15-LOX-1 and 15-

LOX-2 have also been identified by their differences in tissue distribution. 15-LOX-1 is 

highly expressed in leukocytes and airway endothelial cells. In contrast, 15-LOX-2 is 

expressed in prostate, lung, cornea, and many other tissues such as liver, colon, kidney, spleen, 

ovary, and brain, but not in leukocytes.22 Moreover, cells induced by interleukin (IL)-4 and 

IL-13 show a selective increase of 15-LOX-1 expression and not 15-LOX-2 expression, 

which is an important difference between 15-LOX-1 and 15-LOX-2.21 
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Figure 1. The nomenclature of the family of LOXs is based on their positional and regiospecific introduction of 

the molecular oxygen in the fatty chain of arachidonic acid (AA). More specifically, AA oxygenation can take 

place either at positions C-5 (5-LOXs), C-8 (8-LOXs), C-12 (12-LOXs) or C-15 (15-LOXs). 

2.1 Free radical mechanism of lipoxygenases 

LOXs are a group of nonheme iron-containing dioxygenases that catalyze a free 

radical reaction by which molecular oxygen is inserted into PUFAs with one or more cis,cis-

1,4-pentadiene moieties. In this part, we take the classic catalytic mechanism of 15-LOXs as 

an example (Figure 2).23‒24 In general, the catalytic reaction consists of four steps, hydrogen 

abstraction, rearrangement, oxygen insertion and radical reduction. The Fe3+ containing active 

site of activated 15-LOXs causes a single electron oxidation of arachidonic acid or linoleic 

acid that is bound to the active site. This results in a carbon centered radical that combines 

with O2, which generates a new radical. The radical endoperoxide oxidizes the Fe2+ to Fe3+ for 

the next catalytic cycle. 
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Figure 2. Catalytic cycle for the conversion of arachidonic acid (AA) or linoleic acid (LA) by 15-LOXs activity. 

Iron (III) causes single electron oxidation of arachidonic acid or lineoleic acid and converts into iron (II). This 

results in a carbon centered radical that combines with O2, which generates a new radical. The radical 

allylperoxide oxidizes the iron (II) to iron (III) for the next catalytic cycle. 

2.2 Substrates and products of 15-LOXs 

15-LOXs are involved in the synthesis pathways of many important biologically active 

products, such as leukotrienes and lipoxins.25 These compounds belong to the eicosanoids, 

which form a group of versatile signaling molecules.13 One of the most important substrates 

of 15-LOXs is AA. This PUFA is a precursor for many biologically active molecules. As 

described earlier, the nomenclature of the LOX family is based on the position of the carbon 

at which the enzyme selectively introduces the hydroperoxide (Figure 3).17,19 However, 15-

LOX-1 is known to convert AA into 12- and 15-hydroperoxyeicosa-tetraenoic acids 

(HpETEs). The ability of 15-LOXs to produce both 12- and 15-HpETE shows that the 

selectivity of 15-LOXs are not completely at C15, because 15-LOXs also have some activity 

at C12.17 The formed hydroxperoxides (HpETEs) by 15-LOXs are rapidly converted to 12- 

and 15-hydroxyeicosatetraenoic acids (HETEs). To summarize, 15-LOXs can oxidize AA at 

both C12 and C15, forming four different products, 12(S)-HpETE, 15(S)-HpETE, 12(S)-

HETE and 15(S)-HETE.  

Another important substrate for 15-LOXs is LA (Figure 3). The fatty chain of LA only 

contains one cis, cis-pentadiene moiety. 15-LOXs converts LA into 13-

hydroperoxyoctadecadienoic acid (13(S)-HpODE), which can be further reduced to the 

respective hydroxy fatty acids, 13-hydroxyoctadecadienoic acid (13(S)-HODE). Certainly, 
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both of them are also important biologically active compounds that both activate and inhibit 

the regulation of proliferator-activating receptor-γ (PPAR γ).19  

Some 15-LOXs products, such as 12(S)-HETE, 13(S)-HODE and 15(S)-HpETE act 

pro-inflammatory. The pro-inflammatory effect of 15(S)-HpETE and 13(S)-HODE includes 

the stimulation of protein kinase C (PKC) and translocation of Ras.25‒26 Furthermore, 15(S)-

HpETE and 12(S)-HETE stimulate several cellular adhesion molecules, ICAM-1, ELAM-1, 

and VCAM-1, which leads to the binding of monocytes to blood vessel walls.17 Another pro-

inflammatory product of LA is 13(S)-HpODE, which stimulates the pro-inflammatory 

transcription factor NF-κB.27 The production of the pro-inflammatory products explain why 

15-LOXs are linked with the progression of inflammatory diseases.  

15-LOXs are also involved in the anabolic pathway towards formation of resolvins 

and lipoxins and protectins, which exhibit important biological functions. In contrast to the 

pro-inflammatory products such as HETEs, HpETEs and HODEs, the lipoxins, resolvins and 

protectins are products of 15-LOXs with anti-inflammatory properties.25,28 The name of 

lipoxins originates from lipoxygenase interaction products. Lipoxins are synthesized from AA 

via a pathway involving 5, 12, and 15-LOXs. The lipoxins stimulate resolution of 

inflammation, inhibit the function of neutrophils and increase vasodilation.19 Resolvins are 

another class of anti-inflammatory products of 15-LOXs. They are synthesized by 15-LOXs 

from omega-3 PUFAs, such as docosahexanoic acid. The resolvins that are produced by 15-

LOXs are called D-series (docosahexanoic) resolvins. Besides D-series resolvins, 15-LOXs 

are also able to convert docosahexanoic acid into protectins.29‒30 This third type of anti-

inflammatory products of 15-LOX activity has been shown to be important in respiratory 

diseases, such as asthma, and is expected to prevent renal damage after ischemic renal injuries.  
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Figure 3. The action of 15-lipoxygenase enzymes on its lipid substrates and the formation of corresponding 

groups of products. When arachidonic acid is metabolized, all of the different 15-LOX isoforms generate lipid 

hydroperoxides (HpETEs) as the primary products. The latter are rapidly reduced intracellularly to their 

corresponding hydroxides (HETEs). Another category of metabolites that is generated by the sequential action of 

15-LOX are the lipoxins and eoxins. 15-LOX-1 can also metabolize linoleic acid to generate 13(S)-HpODE 

(hydroperoxyoctadecadienoic acid) which is further peroxidized to 13(S)-HODE. Docosahexanoic acid is also a 

substrate for 15-LOX-1 that is metabolized by 15-LOX into a hydroperoxy derivative, which is rapidly 

transformed into resolvins and protectins. 

2.3 Physiological and pathological role of 15-LOX-1 

Since some products of 15-LOXs catalyzed reactions act pro-inflammatory, while 

other products are anti-inflammatory, it is clear that the role of 15-LOXs in inflammation is 

complex.25 Importantly, 15-LOX-1 plays an important role in physiology. In this case, lipid 

oxidation products of 15-LOX-1, such as lipoxins, can orchestrate the ordered course of the 

inflammatory process which further contribute to the blockade of acute inflammation, 

monocyte recruitment, sorting of apoptotic cells and resolution of inflammation.28 

Changes in the activity or expression of 15-LOX-1 are associated with a large number 

of inflammatory diseases. Atherosclerosis is one of the diseases that is associated with altered 

15-LOX-1 activity. 15-LOX-1 acts pro-inflammatory in this disease by oxidizing low-density 

lipoproteins (LDL), which stimulate plaque formation. Furthermore, the products of 15-LOX-

1 initiate upregulation of adhesion-molecules and stimulate smooth muscle cell remodeling. 

Both of these events stimulate the progression of atherosclerosis.31‒32 

Inflammatory lung diseases such as asthma and COPD are another group of diseases 

that are associated with altered 15-LOX-1 activity.28 12(S)-HETE is capable of increasing 
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vascular permeability, which stimulates the progression of inflammation. Furthermore, a 

study was performed in which 15-LOX-1 was overexpressed in mice with IL-13. The 

overexpression led to an increase of the metabolites of 15-LOX-1. Symptoms of asthma were 

more severe after IL-13 induced 15-LOX-1 upregulation due to an excess of metabolites. 

Furthermore, epithelial damage and the number of apoptotic cells were significantly higher 

than in 15-LOX-1 deficient mice that were also treated with IL-13.33 It is clear that altered 15-

LOX-1 activity and an excessive supply of substrates can ultimately result in inflammatory 

diseases. 

Apart from atherosclerosis and inflammatory lung diseases, altered 15-LOX-1 activity 

and disordered supply of 15-LOX-1 derived products are associated with many other diseases 

such as allergies, osteoporosis, hypertension, Alzheimer’s disease, congestive heart failure, 

diabetes, Parkinson’s disease and several forms of cancer.2,28,34 Because patients do not 

always respond to the current therapy novel therapeutics need to be developed. To address 

this unmet clinical need, it is important to gain more insight in molecular mechanisms in 

which LOXs are involved. In this thesis we focus on 15-LOX-1. 

3. Development of chemical tools to investigate LOXs 

The role of 15-LOXs in diverse diseases has triggered interest in the development of 

15-LOXs inhibitors for drug discovery (Figure 4). Importantly, Zileuton was already proven 

to be successful as an orally active inhibitor of 5-LOX for the maintenance treatment of 

asthma by inhibition leukotriene formation (LTB4, LTC4, LTD4, and LTE4).16 This 

development demonstrates that the LOXs family enzymes are a drugable class or enzymes. In 

contrast to Zileuton, none of the known 15-LOX inhibitors has reached clinical trials, because 

of limited potency or unfavorable physical chemical properties. Therefore, more inhibitors 

with new chemotypes and improved physical-chemical properties are needed to explore the 

utility of 15-LOX-1 as a novel drug target. PD-146176 is a frequently used competitive and 

selective 15-LOX-1 inhibitor. This inhibitor has an IC50 value of 3.81 μM and shows no effect 

on 5-LOX, 12-LOX, COX-1 or COX-2.35 This discovery stimulated more efforts to develop 

15-LOX-1 inhibitors with an indolyl core. More researchers reported the discovery of indole-

based or indole-like 15-LOX-1 inhibitors, 371 and 4b (with IC50 of 0.006 and 3.84 μM, 

respectively).36‒37 Furthermore, 1,3-oxazole based compound (ML351) was identified as 15-

LOX-1 inhibitor.10 Moreover, also non-specific LOX inhibitors, such as Baicalein, were also 

identified. Baicalein has since been shown to inhibit both 12-LOX and 15-LOX (IC50 = 
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0.64µM for 12-LOX and 1.6µM for 15-LOX-1).38 In our group, we previously discovered the 

15-LOX-1 inhibitor, Eleftheriadis-14d, which also contains an indole core and demonstrates a 

good potency (IC50 = 90 nM).39 These findings set the stage for further exploration of the 

substitution around the indole core in order to optimize both 15-LOX-1 inhibition and 

physical-chemical properties for drug discovery. 

Complementary to development of inhibitors, efforts were made to engineer 15-LOX-

1 substrates for detection of enzyme activity that can help understanding of the functional 

behavior of proteins in inflammatory diseases. Previously, we developed an activity-based 

probe N144 as a chemical reporter for lipoxygenase activity in cell lysates and tissue 

samples.40 Probe N144, mimicking the natural substrate of 15-LOX-1, is proposed to 

covalently bind with the active site of 15-LOX-1 to provide a mechanistic basis for activity-

based labeling of 15-LOX-1. This two-step labeling on 15-LOX-1 is performed by incubation 

of probe N144 with cell lysates, followed by biotinylation via the oxidative Heck reaction 

overnight. Another study employed the omega-alkynyl fatty acid (aAA) to identify the 

intracellular targets of 12/15-LOX-generated lipid-derived electrophiles.41 This sets the stage 

for the development of potent 15-LOX-1 inhibitors and to study their cellular activity. In 

chapter 4 we describe the development of probes for activity-based labeling in one step. 

Application of these probes will expand our understanding of the functional behavior of 

LOXs enzymes in their cellular context. In particular, the combination of small molecule 

inhibitors and advanced chemistry-based methods for detection of LOX enzyme activity will 

advance our understanding of the roles of this class of enzymes in their physiological context. 
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Figure 4. Examples of previously reported LOX (lipoxygenase) inhibitors and chemical tools to study 

lipoxygenase activity. (A) Previously reported LOX inhibitors. (B) Substrate-based chemical tools to study 

lipoxygenase activity in cell-based systems. 
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4. Scope of the thesis 

15-lipoxygenase-1 (15-LOX-1) is an enzyme involved in the biosynthesis of 

inflammatory signaling molecules having key regulatory roles in immune responses and 

numerous diseases, such as asthma, COPD, atherogenesis, diabetes, stroke, Alzheimer’s 

disease and Parkinson’s disease, as well as cancer. For millions of patients suffering from 

these diseases, therapeutic possibilities that can address these unmet clinical needs are 

urgently needed. Therefore, we aim to develop small molecular inhibitors and chemistry-

based detection methods for LOX enzymes in order to gain more knowledge and expand the 

therapeutic possibilities for these inflammatory diseases. In Part 1 including chapter 2 and 3, 

we present the development of novel 15-LOX-1 inhibitors and their biological evaluation in 

cell-based studies. In Part 2 including chapter 4, we present the development of novel 15-

LOX-1 inhibitors in combination with the development of novel probes for activity-based 

detection of 15-LOX-1 activity.  

4.1. Part 1 – Development of novel 15-LOX-1 inhibitor  

In chapter 2, the 2-aminopyrrole scaffold was selected as a starting point for 

identification of novel h-15-LOX-1 inhibitors using substitution-oriented screening (SOS) of 

about 200 2-aminopyrrole inhibitors. The novel inhibitor 21B10 (IC50 = 11.8 ± 2.3 μM) was 

explored as the initial hit and another 29 compounds were successfully synthesized using 

multi-component reaction (MCR) chemistry in order to gain understanding of their structure–

activity relationships (SAR). The IC50 for the most potent inhibitor of this series is 6.3 µM 

and the enzyme kinetics demonstrated uncompetitive inhibition. Furthermore, we found that 

the viability of HCC-1.2 cells was inhibited. The similarity of 21B10 to benzophenone 

triggered us to investigate photoactivation as a plausible mechanism of inhibition for 15-

LOX-1. Specifically, photoactivation can cause generation of free radicals, which triggers 

covalent binding of the molecule to amino acid residues in the enzyme active site. Indeed, we 

found photoactivation both at the enzymatic and cellular level after the exposure to UV-

irradiation (365 nm) and visible light. This suggested that the 2-aminopyroles might act as pan 

assay interfering substances, presumably acting via a radical mechanism. 

In chapter 3, we reported the synthesis of novel molecules and their inhibition of 15-

LOX-1 activity. Structure-activity relationships for binding to 15-LOX-1 were investigated 

starting from the core scaffold ethyl 6-chloro-1H-indole-2-carboxylate (IC50 = 3 μM) and the 
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more elaborated Eleftheriadis-14d (IC50 = 0.09 μM). 24 molecules were successfully 

synthesized and tested for 15-LOX-1 inhibition, which provided insight into the structure-

activity relationships. The best inhibitor 9c (i472) of this series displays an IC50 of 0.19 μM 

against 15-LOX-1. This new potent inhibitor has fewer rotatable bonds with a better cLogP 

value that is more favorable for cellular permeability compared to the previously identified 

inhibitor Eleftheriadis-14d. In this study, we also demonstrated that 9c (i472) is an inhibitor 

of cellular lipoxygenase activity in RAW264.7 macrophages using activity-based labeling. 

Additionally, our results showed that 9c (i472) protects RAW 264.7 macrophages from LPS-

induced cell death and exhibits significantly better dose-dependent effects when compared to 

Eleftheriadis-14d. Furthermore, 9c (i472) was shown to provide significant inhibition of NF-

κB transcriptional activation upon LPS/INFγ stimulation, to downregulate the expression of 

the NF-κB related gene iNOS, to provide dose-dependent inhibition of NO production and to 

reduce lipid peroxidation in RAW macrophages. Importantly, this work provided a new and 

potent inhibitor of 15-LOX-1, and showed evidence that inhibition of 15-LOX-1 can 

downregulate the formation of oxidative mediators, such as lipid peroxides and NO.  

4.2. Part 2 – The combination of inhibition and detection of 15-LOX-1 

In chapter 4, we highlight the combination of chemistry-based inhibition and 

detection of LOX activity. We aimed to develop novel probes for convenient activity-based 

labeling of LOX enzymes and to employ them for screening of novel 15-LOX-1 inhibitors on 

the cellular level. We anticipated that combination of these techniques can push the drug 

discovery process forward. 

Firstly, we designed and obtained a series of novel indole-based 15-LOX-1 inhibitors 

and the IC50 value of the most potent inhibitor (i472a) is 20 nM. Next, we created a one-step 

activity-based labeling for 15-LOX-1 instead of a two-step labeling that we reported 

previously. For this novel 15-LOX-activity-based probe, the bis-alkyne functionality was 

maintained as core structure and a biotin was attached as a detection group. A series of novel 

15-LOX-1 activity-based probes was synthesized and their SAR for 15-LOX-1 binding was 

investigated. The most potent covalent inhibitor provided an IC50 value of 2.6 µM against 15-

LOX-1. This molecule was used to evaluate a series of known and novel non-covalent 15-

LOX-1 inhibitors for LOX inhibition in a cellular context. In sum, our results showed that the 

activity-based labeling has potential for the investigation of cellular lipoxygenase activity. 
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4.3. Part 3 – Summary and future perspectives 

All results are summarized and discussed in chapter 5 in which we also provide future 

perspectives.  
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Abstract 

Human 15-lipoxygenase-1 (h-15-LOX-1) is a promising drug target in inflammation 

and cancer. In this study, substitution-oriented screening (SOS) has been used to identify 

compounds with a 2-aminopyrrole scaffold as inhibitors for h-15-LOX-1. The observed 

structure activity relationships (SAR) proved to be relatively flat. IC50’s for the most potent 

inhibitor of the series did not surpass 6.3 µM and the enzyme kinetics demonstrated 

uncompetitive inhibition. Based on this, we hypothesized that the investigated 2-

aminopyrroles are pan assay interference compounds (PAINS) that act by photoactivation via 

a radical mechanism. Our results demonstrated clear photoactivation of h-15-LOX-1 

inhibition under UV and visible light. In addition, investigated 2-aminopyrroles decreased 

viability of cultured human hepatocarcinoma cells HCC-1.2 in a dose-dependent manner with 

LD50 ranging from 0.55 ± 0.15 µM (21B10) to 2.75 ± 0.91 µM (22) that verifies a role of h-

15-LOX inhibition in cancer. Taken together, this indicates that photoactivation can play an 

important role in the biological activity of compounds with a 2-amino-pyrrole scaffold as 

investigated here. 
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1. Introduction 

Many diseases that are predominant in the aging western population have an 

immunological component. For example, immunological response plays a key role in cancer, 

which is the second-leading cause of death, resulting in about 8.2 million (14.6%) of human 

deaths in total.1-3 Therefore, it is important to investigate the molecular mechanisms driving 

the immune system in aging-related diseases with an immunological component.  

Enzymes that produce signaling molecules are key regulators of molecular 

mechanisms involved in immune responses and cell proliferation. Therefore, the development 

of novel selective molecules to inhibit enzyme activity in model systems for these diseases is 

urgently needed.  

One enzyme that has been increasingly associated with regulation of the immune 

system in various conditions is human 15-lipoxygenase-1 (h-15-LOX-1).4-7 h-15-LOX-1 

belongs to the heterogenous family of Lipoxygenases (LOXs), which are non-heme iron-

containing enzymes that regio- and stereospecifically introduce oxygen into 1,4 

polyunsaturated fatty acids to produce the corresponding hydroperoxy derivatives. The 

primary lipid peroxidation products from arachidonic acid (AA) and linoleic acid (LA) are 

hydroperoxyeicosatetraenoic acid (HpETE) and hydroperoxyoctadecadienoic acid (HpODE), 

respectively. These peroxides can be reduced to the respective hydroxy fatty acids, such as 

hydroxyeicosatetraenoic acid (HETE), hydroxyoctadecadienoic acid (HODE), lipoxins, 

eoxins, and leukotrienes.6,8 In mammals, LOXs are classified according to their positional 

specificity of arachidonic acid oxygenation at carbons 5, 8, 9, 11, 12 or 15. Meanwhile, the 

basic catalytic mechanism of h-15-LOX-1 is generally accepted to be as follows. The iron (III) 

containing active site of activated 15-LOX causes single electron oxidation of arachidonic or 

linoleic acid that is bound to the active site, resulting in a carbon centered radical that reacts 

with O2, and generates a new radical. Then, the radical endoperoxide oxidizes the iron (II) to 

iron (III) for the next catalytic cycle.5,9  

The enzyme, h-15-LOX-1 and its metabolites have been implicated in numerous 

diseases with an immunological component such as asthma,10 atherogenesis,11 diabetes, 12,13 

stroke,14 Alzheimer’s disease,15 Parkinson’s disease,16 and cancer.17-19 In cancer, many studies 

have shown that h-15-LOX-1 and its metabolites have a versatile role in cancer incidence, 

progression, and invasion.20,21 In this study, human hepatocarcinoma cell line HCC-1.2 was 

used as an in vitro model to verify the role of h-15-LOX inhibition in cancer.22 
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The tremendously increasing interest in the functional behavior of h-15-LOX-1 has 

triggered experimental efforts in the development of potent and selective h-15-LOX-1 

inhibitors.11,23 Despite significant investments, none of the known 15-LOX inhibitors has 

reached clinical trials. Frequently, the h-15-LOX-1 inhibitors have limited potency and/or 

unfavorable physical chemical properties such as high logP values. Purine-based compound 

(6b) was the first class of 15-LOX inhibitors discovered (IC50 = 96 µM) in 2002 (Fig. 1),24 

Compound 6640337 has been identified by structure-based virtual screening, however, its 

selectivity among lipoxygenase isoenzymes remains  limited.25 Other inhibitors were 

identified that include indole or oxazole moieties. Researchers from Bristol-Myers Squibb 

(BMS) identified another potent indole-based inhibitor 371 (IC50 = 0.006 μM).26 Recently, 

compound ML351 with an oxazole scaffold was identified and demonstrated nanomolar 

potency (IC50 = 0.2 μM) against human 12/15-LOX.14 Furthermore, our group recently 

reported the discovery of inhibitors N247 and ThioLox adding to the success of indole- and 

thiophene-based inhibitors for h-15-LOX-1 (IC50 = 0.09 and 12.4 μM).27,28 However, to 

explore the utility of this enzyme, further inhibitors with new chemotypes and improved 

physical-chemical properties are needed.29  

 

Figure 1. Examples of previously reported 15-LOX inhibitors.  

In this study, the 2-aminopyrrole scaffold was selected as a starting point for 

identification of novel h-15-LOX-1 inhibitors because of its similarity with the indole 

inhibitor N247. A substitution-oriented screening (SOS) of about 200 2-aminopyrrole 
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inhibitors has been done (Fig. 2) in order to optimize binding to h-15-LOX-1.27-28 Structure-

activity relationships (SAR) and enzyme kinetics were evaluated. The compound class 

investigated here proved to be photoactivatable inhibitors of both, lipoxygenase activity and 

viability of HCC-1.2 hepatocarcinoma cell. Presumably, this photoactivation represents a non-

specific inhibitory mechanism suggesting that these compounds are pan assay interfering 

compounds (PAINS).30−31  

 

Figure 2. Workflow as applied in this study starting with a Substitution-Oriented Screening (SOS) of a 2-

aminopyrrole library for 15-LOX-1 inhibitory potency to identify hit compounds. Hits are subsequently 

optimized by  exploration of structure-activity-relationships (SAR) and structure-based design. 

  



 

34  

2. Results and discussion 

2.1. Fragment Screening and hit identification.  

The Substitution-Oriented Screening (SOS) for 15-LOX-1 inhibitors was done by 

using a library of 200 fragments containing 192 2-aminopyrroles and 8 2-aminoindoles with 

diverse substitution patterns (Fig. S1). 

The screening for h-15-LOX-1 inhibition was done by using a UV absorption assay 

for the h-15-LOX-1 product, 13(S)-HODE (λmax 234 nm) formed by enzymatic conversion 

from linoleic acid.27,32 This assay was performed in a 96-well format, which is well suited for 

medium-throughput screening, IC50 measurements and enzyme kinetics studies. Using this 

assay, the SOS library was screened, and three compounds that provided more than 80% 

inhibition of the enzyme’s activity at 50 μM were identified. Compounds with three distant 

structural scaffolds were identified (Fig. 2). Comparison of the scaffolds showed that scaffold 

II and III exhibit the best potency against h-15-LOX-1 of with 22.3 ± 4.6 µM and 32.8 ± 5.1 

µM, respectively. We decided to move on with the scaffold III due to better properties and the 

lack of the indole moiety as found in previously identified inhibitor N247 (Fig. 1).27 The 

relative potency of compound 1 (21B10) with scaffold III was determined and provided an 

IC50 value of 12.8 ± 4.0 µM.  

Diversely substituted pyrroles with various R1, R2 and R3 groups were present in the 

SOS screening. To begin with, comparison of 45 compounds in the library (Fig. S2) indicated 

that the 4-substitution on region R3 did not greatly change the inhibitory potency, and even 

led to potency loss in some compounds (Fig. S2. C15, B19, C25, B31). Diverse halogenic and 

methoxyl substitution patterns showed that this kind of substituent groups were less potent 

relative to the inhibitory potency against h-15-LOX-1. This indicated that an unsubstituted 

benzene ring is the most optimal functionality identified in the R3 region. For R2, the 2,4-

dichlorophenyl moiety provided the most potent inhibitors. For R1, the library consisted of 

little variation and more variants will be made by synthesis of novel derivatives. 

2.2. Structure-Based Design.  

To investigate the structure-activity relationships (SAR), we synthesized a number of 

h-15-LOX-1 inhibitors as variants of inhibitor 1 (21B10), as shown in Tables 1-2 and Figure 3 

(1-30). The synthesis of 2-aminopyrrole analogues proceeded by application of a 
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multicomponent reaction resulting 2-aminopyrroles (Scheme 1) with various R1, R2 and R3 

substituents. The crude product was purified by column chromatography eluting with 20% 

ethyl acetate in CH2Cl2 to reach a general yield from 22% to 40%. 

 

Scheme 1. Synthetic route to compounds 1−30. Reagents and conditions: aldehydes, cyanoacetic acid derivatives, 

methylsulfonamidoacetophenone,  K2CO3,  EtOH, reflux, 12 h. 

Initially, region R2 and R3 were held constant while region R1 was explored for 

modification (Table 1). Replacement of the 3,4-dichlorophenyl (1) with a 4-chlorophenyl (2) 

functionality provided an inactive compound, whereas replacement by 3-chlorophenyl (3) or 

3-bromophenyl (4) provided nearly twofold improved potency for inhibition of h-15-LOX-1. 

Remarkably, the 3-fluorophenyl (5) and 3-methylphenyl (6) derivatives lost their potency 

against h-15-LOX-1, which suggest involvement in halogen bonding. Several other 

modifications at this R1 region including unsubstituted or other heterocyclic rings (7-9) 

resulted in a complete loss of activity against h-15-LOX-1. Taken together these results 

suggest that halogen- and hydrogen-bonding is important for inhibition of h-15-LOX-1 by this 

type of compounds. 

Having explored modifications to the 3-chlorobenzoyl moiety on region R1, further 

structure-activity relationships around region R2 were studied (Table 2, Figure 3). In the 

pyrrole 4-position, the 2,4-dichlorophenyl was replaced to 2-naphthyl (12) or 2,4-

dihydroxyphenyl (22) groups, which resulted in molecules with comparable, albeit slightly 

higher, potencies than 1 (IC50 = 11.8±2.3 and 8.3±1.1μM, respectively). Replacements by 

hydrogen (10, 14) resulted in reduced inhibitory potency against h-15-LOX-1. Further chain-

length extension, such as biphenyl group (15) led to inactivity against h-15-LOX-1. Also, 

changing the numbers and positions of substituent groups on the phenyl group decreased the 

inhibitory potency (13, 16-21, 23, 27). Another heterocyclic handle such as 3-pyridine (26) 

and 4-pyridine (25) replacements for modulating their physical property showed a complete 

loss of inhibitory potency against h-15-LOX-1. 
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Taken together, it can be concluded that 2,4-dichlorophenyl (3) and 2,4-

dihydroxyphenyl (22) groups in the R2 position appeared to be optimal for h-15-LOX-1 

inhibition by this type of compounds. Other variations in size and electrostatics of the 

substituents in this position decreased the inhibitory potency. Compound 28, 29 minimally 

substituted pyrrole core were inactive against h-15-LOX-1 activity. 

Table 1. IC50 values against h-15-LOX-1 with different variations in R1 
 and  R2

  position based on compound 

21B10 (Analogues 1−13). 

  

Compound R1 IC50 (μM) Compound R2 IC50 (μM) 

1(21B10) 3,4-dichlorophenyl 12.8±3.3 10 naphthalen-1-yl  36.1±2.3 

2 4-chlorophenyl >100 11 naphthalen-2-yl  >100 

3 3-chlorophenyl 6.9±1.7 12 hydrogen  11.8±2.3 

4 3-bromophenyl 6.3±1.1 13 2,6-difluorophenyl >100 

5 3-fluorophenyl >100    

6 m-tolyl >100    

7 phenyl >100    

8 thiophen-2-yl >100    

9 amine >100    
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Table 2. IC50 values against h-15-LOX-1 with different variations in R2  position based on compound 21B10  

(Analogues 14−27, 28, 29, 30). 

 

Compound R2 IC50 (μM) Compound R2 IC50 (μM) 

14 hydrogen 41.8±8.5 21 2,4-difluorophenyl  44.1±4.7 

15 1,1'-biphenyl >100 22 2,4-dihydroxyphenyl  8.3±1.1 

16 phenyl 67.9±5.9 23 2,4-dimethylphenyl  39.0±8.3 

17 3,4-dichlorophenyl 35.7±7.0 24 benzo[d][1,3]dioxol-5-yl >100 

18 4-chlorophenyl >100 25 pyridin-4-yl >100 

19 2-chlorophenyl >100 26 pyridin-3-yl >100 

20 3-chlorophenyl >100 27    2,4-dimethoxyphenyl 58.2±6.8 

 

Figure  3. IC50 values against h-15-LOX-1 with smaller variations (28, 29) and variation in R3  position  (30)  

based on compound 21B10. 

2.3. Cytotoxicity study on human hepatocarcinoma HCC-1.2 cell line.   

After establishing the SAR profile against h-15-LOX-1, we turned our attention to the 

cellular level and selected eight 2-aminopyrroles for evaluation of cytotoxicity (Fig. S5). All 

selected compounds exhibited similar LD50’s indicating that the cytotoxic potency is not 

directly linked to  h-15-LOX-1 inhibition in Table 3.  
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Table 3. Cytotoxicity study on selected compounds against hepatocarcinoma HCC-1.2 cells: all compounds 

were equal in their cytotoxicity for this particular type of cancer cells despite their differences in potency for h-

15-LOX-1. 

Compound LD50 (µM) 

21B10 0.55±0.15 

2 1.05±0.31 

3 0.69±0.14 

4 1.64±0.72 

6 1.04±0.32 

12 2.64±0.12 

21 0.99±0.60 

22 2.75±0.91 

2.4. Photoactivation Study of Selected Compounds against h-15-LOX-1 and 

HCC-1.2 cell line   

Our findings on flat SAR for this compound class together with observed cytotoxicity 

triggered our attention. The 2-aminopyrroles applied here contain two ketone functionalities 

flanked by aromatic groups. This is similar to benzophenone that consists of a ketone flanked 

by two aromatic groups. For benzophenones, it has been described that photoactivation 

generates bi-radicals that are highly reactive towards proteins and other biomolecules.33,34 In 

the compound class under investigation, there are two ketones between aromatic 

functionalities that could potentially undergo photoactivation according to a mechanism 

similar to benzophenone.  

We aimed to experimentally verify the hypothesis that the 2-aminopyrroles under 

investigation are prone to photoactivation in their effects on h-15-LOX-1 activity and HCC-

1.2 cell viability. The light- and time-dependence were investigated for selected 2-

aminopyrroles. To verify that inhibition is light dependent, additional experiments were 

performed. Spectral analysis revealed that this type of 2-aminopyrroles have a broad UV 

absorption band with a maximum at 390 nm (Fig. S5). Since this molecule still considerably 

absorbs at 365 nm, this wavelength was chosen for UV irradiation. Because of the broad UV 

absorption band, we chose day light as another condition. As a control we also included 

irradiation with 254 nm in our study.  

The inhibition of h-15-LOX-1 by 2-aminopyrrole 1 and 3 proved to be both light- and 

time-dependent (Fig. 4). Upon exposure to UV light, the inhibition rate increased clearly over 
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the time. Ten-minute irradiation provided inhibition values clearly higher as compared to pre-

incubation in the darkness. Exposure of the sample to day-light in the pre-incubation phase 

provides higher inhibition values already at much shorter times (2 min.). Exposure of the 

sample to both, day light and UV light with 365 nm wavelength, showed that the h-15-LOX-1 

enzymatic activity in these two conditions were lower than that in the dark. Furthermore, 

activity of h-15-LOX-1 after two-minutes irradiation at 365 nm was much higher as compared 

to day light irradiation of the same duration. This means that UV irradiation at 365 nm was 

less efficient as compared to day light. However, the difference between UV and day light 

almost disappeared after ten-minutes irradiation. The potential explanation for the observed 

results was the broad UV absorption band of 2-aminopyrroles and that 365 nm was not the 

maximum absorbance of this molecule. Whereas the change of enzyme activity in the dark 

showed little change, that was nearly 80% after ten-minutes incubation in the end. As a 

control, we also included irradiation with 254 nm UV light. Under these conditions, no 

photoactivation of inhibition was observed. This indicates that the h-15-LOX-1 assay as 

applied here employing UV absorbance detection at 254 nm does not interfere with 

photoactivation. Thus, our findings showed that the inhibitory potency of compounds 1 and 3 

against h-15-LOX-1 is time-dependent upon pre-incubation under UV light. Both UV-light 

and day-light exposure during pre-incubation improves inhibition of h-15-LOX-1. These 

findings are in line with a photoactivation mechanism for enzyme inhibition of h-15-LOX-1 

by this type of 2-aminopyrroles. Presumably, the photoactivation via the proposed mechanism 

for the formation of bi-radicals is highly dependent on the electronic properties of the 

substitution pattern of the respective inhibitor. This could explain a major component of the 

observed structure activity relationships in Table 2 and 3. Nevertheless, the shape and 

electronic properties of the inhibitors also play an important role in binding to enzyme active 

site, which is an important contributor to enzyme inhibition. 
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Figure 4. Enzyme photoactivation study on compound 1 and 3 with different incubation time and environment. 

Data are presented as mean values ± SD of 3 independent experiments. 

Further experiments were performed on cytotoxicity by selected compounds, 3, 6 and 

21, which were either potent, moderate or non-active against h-15-LOX-1, respectively (Fig. 

5). Light has no impact on the activity of compound 21. In contrast, compound 6 showed 

significant differences between incubation in the dark and daylight between 0.4 to 10 µM. For 

compound 3 the differences are less clear but they are significant between 1 and 10 M. 

These findings confirmed photoactivation of this type of compounds is also possible in cell-

based studies. 
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Figure 5. Cytotoxicity photoactivation study on selected compounds against hepatocarcinoma HCC-1.2 cells 

with different irradiation conditions and inhibitor concentrations. Data are presented as mean values ± SD of 3 

independent experiments. *p < 0.01; **p < 0.005. 

2.5. Enzyme kinetics h-15-LOX-1 inhibition 

Inhibitor 1 was subjected to enzyme kinetic analysis in order to explore the inhibitory 

mechanism of h-15-LOX-1 inhibition. The Michaelis-Menten and Lineweaver-Burk plot are 
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shown in Fig. 6A and B and the enzyme kinetic parameters derived from Fig. 6A are shown in 

Table 4. Compound 1 causes a decrease both in Km value and Vmax, which means that 2-

aminopyrroles demonstrate uncompetitive inhibition of h-15-LOX-1. Uncompetitive 

inhibition indicates that this inhibitor binds to the enzyme-substrate complex (ES) and not to 

the free enzyme (E). This observation together with the observation that inhibitor 1 is prone to 

photoactivation presumably via the formation of bi-radicals (Fig 7A) raises the hypothesis 

that these bi-radicals interfere with the catalytic cycle of linoleic acid conversion by h-15-

LOX-1 (Fig 7B). This type of uncompetitive inhibition has been observed previously for 

redox active h-15-LOX-1 inhibitors. Possibly, the allyl-peroxide intermediate could react with 

inhibitor 1 in a photoactivation dependent manner resulting in inhibition of the enzyme 

activity. Taken together, this observed uncompetitive enzyme inhibition mechanism does not 

contradict the idea of a photoactivation mechanism in which formation of bi-radicals plays a 

role.  

 

Figure 6. Steady-State kinetic characterization of human 15-lipoxygenase-1 (15-LOX-1) in the presence of 

different concentrations of compound 1: A) Michaelis-Menten representation and B) Lineweaver-Burk 

representation (n = 3). 
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Table 4. Enzyme kinetic parameters for inhibition of h-15-LOX-1 by inhibitor 1. 

Compound 1 (µM) 𝐾𝑚
𝑎𝑝𝑝

(µM) 𝑉𝑚𝑎𝑥
𝑎𝑝𝑝

 (absorbance/h) 

0 32.67 ± 12.23 106.10 ± 40.95 

6 23.98 ± 11.57 68.18 ± 23.05 

8 20.04 ± 8.98 47.21 ± 12.62 

All the p-values were calculated in GraphPad Prism 5.0 after linear regression fit. The p-values show that the 

slopes are significantly non-zero (p-value <0.05). 

Figure 7. A) Proposed formation of bi-radicals in the ketone functionalities of inhibitor 1 upon photoactivation. 

B) catalytic cycle for the conversion of arachidonic acid or linoleic acid by LOX activity. Iron (III) causes single 

electron oxidation of arachidonic acid or lineoleic acid and converts into iron (II). This results in a carbon 

centered radical that combines with O2, which generates a new radical. The radical allyleroxide oxidizes the iron 

(II) to iron (III) for the next catalytic cycle. 

Actually, we noted that, 2-aminopyrroles become increasingly prevalent in recent 

studies as a promising start for many known targets and bioactivities.35-40 This is particularly 
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relevant because 2-aminopyrrole inhibitors have been identified as hits for a number of targets. 

Taken together, our observations in this study demonstrate that careful analysis of the 

mechanism of inhibition of this type of compounds is needed. Anticipation on a potential 

PAINS character would be needed for this type of compounds.  

In conclusion, the 2-aminopyrroles investigated here proved to exhibit a 

photoactivatable characteristic presumably originating from the formation of bi-radical as 

described for benzophenone. Such a mechanism would imply non-selective binding of this 

compound class in biological systems, which is in line with the findings in this study. 

Recently, many compounds have been described as having a PAINS character without a clear 

description of the underlying mechanisms.29,30 In this study we provide evidence that 

photoactivation can play a role in the biological activity of small molecules. This could 

potentially be a mechanism for PAINS behavior and could also cause irreproducible results if 

the light exposure is not taken into account. However, photoactivation of compounds can be 

also potentially usefull as in case of photodynamic therapy.41 Therefore, we argue for more 

attention to this issue in enzyme inhibition studies and in other biological investigations. 

3. Conclusions 

In this study, our initial effort was to discover a novel potent and selective h-15-LOX-

1 inhibitor by screening a library of 2-aminopyrroles. Despite optimization, the potency of 

this type of inhibitors remains limited to the micromolar range. Additionally, we found that 

viability of HCC-1.2 cells was inhibited by this type of compounds. Afterwards, the similarity 

to benzophenone triggered us to investigate the photoactivation. Indeed, we found 

photoactivation at the enzymatic and cellular level after exposure to UV-irradiation (365 nm) 

and visible light. This suggested that the 2-aminopyroles might act as pan assay interfering 

substances, presumably acting via a radical mechanism.  

In view of our findings, we argue for more vigilance with respect to potential 

photoactivation of small molecule inhibitors, in particular if compounds contain a ketone 

group in between of two aromatic functionalities. All in all, these photoactivation properties 

should carefully be considered in the application of this type of 2-aminopyrroles in medicinal 

chemistry projects. 
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4. Experimental section 

4.1. Chemistry 

4.1.1. General 

All reagents, solvents and catalysts were purchased from commercial sources (Acros 

Organics, Sigma-Aldrich and abcr GmbH, Netherlands) and used without purification. All 

reactions were performed in oven dried flasks open to the atmosphere, or under nitrogen, and 

monitored by thin layer chromatography on TLC precoated (250 µm) silica gel 60 F254 

glassbacked plates (EMD Chemicals Inc.). Visualization was achieved using UV light. 

Alternatively, non UV-active compounds were detected after staining with potassium 

permanganate. Flash column chromatography was performed on silica gel (32-63 µm, 60 Å 

pore size). 1H NMR (500 MHz) and 13C NMR (126 MHz) spectra were recorded with a 

Bruker Avance 4-channel NMR Spectrometer with TXI probe. Chemical shifts (δ) are 

reported in ppm relative to the Tetramethylsilane (TMS) internal standard. Abbreviations are 

as follows: s (singlet), d (doublet), t (triplet), q (quartet), m (multiplet). Fourier Transform 

Mass Spectrometry (FTMS) and electrospray ionization (ESI) were done on an Applied 

Biosystems/SCIEX API3000-triple quadrupole mass spectrometer. All the compounds were 

analyzed using a Waters Investigator Semiprep 15 SFC-MS instrument, confirming purity ≥ 

95%. 

 4.1.2. General Procedure for the Synthesis of 2-aminopyrrole analogues 2-30.  

The synthesis of 2-aminopyrrole analogues was based on a multicomponent reaction 

by refluxing a solution of three reactants including a methylsulfonamidoacetophenone, an 

aldehydes and a cyanoacetic acid with 0.6 equiv of K2CO3 in ethanol. This reaction results in 

three substituted 2-aminopyrroles.35 Compounds 1 − 30 in Table 1, 2, and  Figure 3 were 

synthesized as shown in scheme 1.  

4.1.2.1. (5-amino-4-(3,4-dichlorobenzoyl)-3-(2,4-dichlorophenyl)-1H-pyrrol-2-yl)(phenyl)  

methanone (21B10). 35% as yellow solid. Melting point (M.p.) 248-249°C; 1H NMR (500 

MHz, DMSO-d6) δ: 11.31 (s, 1H), 7.31-7.22 (d, J = 8.0 Hz, 2H), 7.24-7.21 (t, J = 7.5 Hz, 1H), 

7.20-7.18 (d, J = 7.5 Hz, 2H), 7.10-6.91 (m, 7H), 6.84-6.75 (dd, J = 8.5, 2.5 Hz, 2H ). 13C 

NMR (126 MHz, DMSO-d6) δ 189.19, 185.41, 151.71, 140.62, 138.92, 134.74, 134.17, 

132.87, 132.74, 132.64, 130.79, 130.10, 129.85, 129.67, 128.24, 127.88, 127.86, 127.75, 
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127.63, 126.29, 122.57, 106.01. HRMS, calculated for C24H14Cl4N2O2 [M + H]+: 504.9890, 

found 504.9855. 

4.1.2.2. (5-amino-4-(4-chlorobenzoyl)-3-(2,4-dichlorophenyl)-1H-pyrrol-2-yl)(phenyl) 

methanone (2). 32% as yellow solid. M.p. 241-243°C; 1H NMR (500 MHz, DMSO-d6) δ: 

11.28 (s, 1H), 7.22-7.16 (td, J = 7.5, 1.5 Hz, 3H), 7.04-6.98 (m, 6H), 6.89 (d, J = 2.0 Hz, 1H), 

6.82 (s, 2H),  6.79-6.77 (d, J = 8.0 Hz, 1H ),  6.74-6.72 (dd, J = 6.0, 2.0  Hz, 1H ). 13C NMR 

(126 MHz, DMSO-d6) δ 190.93, 185.32, 151.49, 139.05, 135.07, 134.70, 134.32, 132.85, 

132.80, 130.68, 129.54, 128.21, 127.81, 127.60, 127.19, 126.09, 122.31, 106.18, 79.65, 72.94. 

HRMS, calculated for C24H15Cl3N2O2 [M + H]+: 469.0199, found 469.0262. 

4.1.2.3. (5-amino-4-(3-chlorobenzoyl)-3-(2,4-dichlorophenyl)-1H-pyrrol-2-yl)(phenyl) 

methanone (3). 31% as yellow solid. M.p. 225-227°C; 1H NMR (500 MHz, DMSO-d6) δ: 

11.29 (s, 1H), 7.24-7.20 (td, J = 7.5, 1.5 Hz, 1H), 7.17-7.17 (m, 3H), 7.08-7.02 (m, 4H), 6.93-

6.92 (t, J = 1.5 Hz, 1H), 6.89 (s, 2H), 6.88-6.87 (d, J = 2.5, 1H)  6.84-6.82 (d, J = 8.3 Hz, 1H ),  

6.73-6.71 (dd, J = 6.5, 2.5  Hz, 1H ). 13C NMR (126 MHz, DMSO-d6) δ 190.31, 185.40, 

151.68, 142.29, 138.96, 134.70, 134.19, 132.79, 132.70, 132.08, 130.71, 129.51,129.50, 

128.24, 128.01, 127.87, 127.60, 126.32, 122.45, 106.05. HRMS, calculated for 

C24H15Cl3N2O2 [M + H]+: 469.0199, found 469.0265. 

4.1.2.4. (5-amino-4-(3-bromobenzoyl)-3-(2,4-dichlorophenyl)-1H-pyrrol-2-yl)(phenyl) 

methanone (4). 25% as yellow solid. M.p. 260-262°C; 1H NMR (500 MHz, DMSO-d6) δ: 

11.29 (s, 1H), 7.33-7.30 (ddd, J= 1.0, 1.0, 7.0 Hz, 1H), 7.24-7.20 (td, J = 7.5, 1.5 Hz, 1H), 

7.19-7.17 (m, 2H), 7.14-7.12 (td, J = 7.5, 1.5  Hz, 1H),  7.05-6.99 (m, 4H), 6.89-6.88 (d, J = 

8.3 Hz, 1H ),  6.87 (s, 2H), 6.83-6.81 (dd, J = 8.5, 2.0 Hz, 1H ), 6.73-6.71 (dd, J = 6.5, 2.0,  

Hz, 1H ). 13C NMR (126 MHz, DMSO-d6) δ 190.21, 185.40, 151.69, 142.51, 138.69, 134.64, 

134.16,  132.76, 132.68, 132.42, 130.71, 130.32, 129.79, 128.26, 127.98, 127.92, 127.59, 

126.68, 126.28, 122.47, 120.59, 106.02. HRMS, calculated for C24H15BrCl2N2O2 [M + H]+: 

512.9694, found 512.9625. 

 4.1.2.5. (5-amino-3-(2,4-dichlorophenyl)-4-(3-fluorobenzoyl)-1H-pyrrol-2-yl)(phenyl) 

methanone (5). 35% as yellow solid.  M.p. 267-269°C; 1H NMR (500 MHz, DMSO-d6) δ: 

11.29 (s, 1H), 7.25-7.20 (td, J = 7.5, 1.5 Hz, 1H), 7.17-7.17 (m, 3H), 7.05-7.02 (m, 4H), 6.93-

6.92 (t, J = 1.5 Hz, 1H), 6.89 (s, 2H), 6.88-6.87 (d, J = 2.5, 1H)  6.84-6.82 (dt, J = 8.5, 2.0 Hz, 

1H ),  6.73-6.71 (dd, J = 6.5, 2.0 Hz, 1H ). 13C NMR (126 MHz, DMSO-d6) δ 190.50, 185.37, 

162.06, 160.11, 151.61, 142.75, 142.66, 138.88, 134.89, 134.28, 132.87, 132.68, 130.673, 
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129.56 (d, J = 9.2 Hz), 128.21, 128.09, 127.80, 127.592, 126.03, 123.85, 122.41, 116.55 (d, J 

= 20.1 Hz), 114.58 (d, J = 22.5 Hz), 106.08. HRMS, calculated for C24H15FCl2N2O2 [M + H]+: 

453.0495, found 453.0461. 

4.1.2.6. (5-amino-3-(2,4-dichlorophenyl)-4-(3-methylbenzoyl)-1H-pyrrol-2-yl)(phenyl) 

methanone (6). 40% as orange solid. M.p. 295-297°C; 1H NMR (500 MHz, DMSO-d6) δ: 

11.24 (s, 1H), 7.22-7.19 (td, J = 7.5, 1.5 Hz, 1H), 7.18-7.16 (m, 2H), 7.04-7.01 (t, J = 7.5 Hz, 

2H), 7.00-6.93 (m, 3H), 6.85 (d, J = 2.0 Hz, 1H), 6.80 (d, J = 2.0 Hz, 2H), 6.78 (s, 1H), 6.70-

6.68 (dd, J = 6.5, 2.0  Hz, 1H), 1.97 (s, 3H). 13C NMR (126 MHz, DMSO-d6) δ 192.40, 

185.27, 151.41, 140.38, 139.06, 136.10, 134.70, 134.22, 133.11, 132.39, 130.60, 130.34, 

128.60, 128.36, 128.29, 127.68, 127.60, 127.54, 125.94, 124.91, 122.13, 106.39, 20.81. 

HRMS, calculated for C25H17Cl2N2O2 [M + H]+: 449.0745, found 449.0816. 

4.1.2.7. (5-amino-3-(2,4-dichlorophenyl)-1H-pyrrole-2,4-diyl) bis (phenylmethanone) (7). 37% 

as yellow solid. M.p. 267-269°C; 1H NMR (500 MHz, DMSO-d6) δ: 11.26 (s, 1H), 7.22-7.21 

(t, J = 7.5Hz, 1H), 7.20-7.12 (m, 3H), 7.06-7.00 (m, 4H), 6.97-6.94 (m, J = 7.6 Hz, 2H), 6.82-

6.78 (m, 4H), 6.69-6.68 (dd, J = 8.0, 2.0 Hz, 1H). 13C NMR (126 MHz, DMSO-d6) δ 192.31, 

185.28, 151.41, 140.43, 139.10, 135.00, 134.31, 132.98, 132.51, 130.58, 129.79, 128.38, 

128.23, 127.79, 127.56, 127.20, 125.96, 122.18, 106.36, 99.98. HRMS, calculated for 

C24H16Cl2N2O2 [M + H]+: 435.0589, found 435.0570. 

4.1.2.8. (5-amino-3-(2,4-dichlorophenyl)-4-(thiophene-2-carbonyl)-1H-pyrrol-2-yl)(phenyl) 

methanone (8). 45% as yellow solid. M.p. 244-246°C; 1H NMR (500 MHz, DMSO-d6) δ: 

11.25 (s, 1H), 7.58 (d, J = 7.0 Hz , 1H), 7.24 (d, J = 8.0 Hz, 1H), 7.19 (d, J = 7.5 Hz, 1H), 

7.08-7.04 (m, 3H), 6.95 (d, J = 8.5 Hz, 1H), 6.83 (d, J = 8.5 Hz, 1H), 6.69 (d, J = 2.0 Hz, 1H), 

6.61-6.56 (m, 1H), 6.54 (s, 2H). 13C NMR (126 MHz, DMSO-d6) δ 193.31, 185.24, 151.42, 

141.43, 139.10, 135.31, 132.98, 133.51, 130.58, 129.74, 128.38, 128.23, 127.74, 127.52, 

127.21, 123.18, 105.36, 99.92. HRMS, calculated for C22H14Cl2N2O2S [M + H]+: 441.0153, 

found 441.1923. 

4.1.2.9. 2-amino-5-benzoyl-4-(2,4-dichlorophenyl)-1H-pyrrole-3- carboxamide (9). 35% as 

yellow solid. M.p. 210-212°C; 1H NMR (500 MHz, DMSO-d6) δ: 11.05 (s, 1H), 7.30 (s, 1H), 

7.24 (d, J = 8.0 Hz, 1H), 7.26-7.21 (m,  2H), 7.18-7.16 (m, 2H), 7.13 (s, 2H), 7.12-7.02 (m, 

3H), 6.35 (s, 2H). 13C NMR (126 MHz, DMSO-d6) δ 183.98, 167.24, 149.74, 139.68, 134.97, 

134.37, 133.89, 132.70, 130.01, 129.09, 127.69, 127.63, 127.35, 123.85, 121.33, 99.60. 

HRMS, calculated for C18H13Cl2N3O2 [M + H]+: 374.0385, found 374.0322. 
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4.1.2.10. (5-amino-4-(3,4-dichlorobenzoyl)-1H-pyrrol-2-yl)(phenyl) methanone (10). 15% as 

yellow solid. M.p. 223-225°C; 1H NMR (500 MHz, DMSO-d6) δ: 10.84 (s, 1H), 7.91-7.85 (d, 

J = 7.5 Hz, 1H), 7.83-7.74 (m, 2H), 7.66-7.63 (td, J = 7.5, 1.5 Hz, 1H),  7.60-7.48 (m, 5H), 

6.97 (d, J = 2.4 Hz, 1H), 6.68 (s, 2H). 13C NMR (126 MHz, DMSO-d6) δ 187.83, 182.68, 

152.68, 142.30, 138.69, 133.75, 131.93, 131.14, 130.85, 128.90, 128.69, 127.94, 126.98, 

124.262, 122.08, HRMS, calculated for C18H12Cl2N2O2 [M + H]+: 359.0276, found 359.0223. 

4.1.2.11. (5-amino-4-(3,4-dichlorobenzoyl)-3-(naphthalen-1-yl)-1H-pyrrol-2-yl)(phenyl) 

methanone (11). 23% as yellow solid. M.p. 297-299°C; 1H NMR (500 MHz, DMSO-d6) δ: 

11.28 (s, 1H), 7.61 (d, J = 8.3 Hz, 1H), 7.53 (d, J = 8.0 Hz, 1H), 7.39-7.35 (m, 1H), 7.32 (dt, J 

= 8.0, 5.0 Hz, 2H), 7.00-6.97 (dd, J= 7.0, 2.0 Hz, 2H), 6.96-6.90 (m, 3H), 6.85-6.81 (m, 2H), 

6.74 (d, J = 2.0 Hz, 1H), 6.67 (d, J = 8.0 Hz, 1H), 6.63-6.57 (m, 3H). 13C NMR (126 MHz, 

DMSO-d6) δ 189.97, 185.73, 151.86, 140.38, 139.20, 132.64, 132.55, 131.97, 131.59, 130.86, 

130.38, 130.03, 129.40, 128.54, 128.23, 127.83, 127.69, 127.29, 126.96, 126.55, 126.32, 

125.71, 124.63, 123.16, 107.34. HRMS, calculated for C28H18Cl2N2O2 [M + H]+: 485.0745, 

found 485.0819. 

4.1.2.12. (5-amino-4-(3,4-dichlorobenzoyl)-3-(naphthalen-2-yl)-1H-pyrrol-2-yl)(phenyl) 

methanone (12). 32% as yellow solid. M.p. 248-249°C; 1H NMR (500 MHz, DMSO-d6) δ: 

11.19 (s, 1H), 7.58 (d, J = 8.0 Hz, 1H), 7.40 (d, J = 8.5 Hz, 1H), 7.34-7.27 (m, 2H), 7.21-7.15 

(m, 4H), 7.04 (d, J = 2.0 Hz, 1H), 6.98 (dd, J = 8.5, 2.0 Hz, 1H), 6.94-6.89 (m, 2H), 6.88 (d, J 

= 1.5 Hz, 2H), 6.80 (t, J = 7.5 Hz, 2H), 6.74 (dd, J = 8.5, 2.0 Hz, 1H). 13C NMR (126 MHz, 

DMSO-d6) δ 189.65, 185.66, 151.70, 140.90, 139.15, 133.33, 132.18, 132.14, 131.51, 131.23, 

130.88, 130.43, 130.17, 129.77, 129.45, 128.78, 128.58, 127.65, 127.65, 127.63, 127.45, 

127.32, 126.24, 126.15, 125.81, 122.18, 106.77. HRMS, calculated for C28H18Cl2N2O2 [M + 

H]+: 485.0745, found 485.0816. 

4.1.2.13. (5-amino-4-(3,4-dichlorobenzoyl)-3-(2,6-difluorophenyl)-1H-pyrrol-2-yl)(phenyl) 

methanone (13). 33% as yellow solid. M.p. 257-259°C; 1H NMR (500 MHz, DMSO-d6) δ: 

11.42 (s, 1H), 7.31-7.29 (d, J = 8.0 Hz, 1H), 7.23-7.21 (m, 3H), 7.15 (s, 1H), 7.10-7.05 (q, J = 

8.5 Hz, 3H), 6.94-6.91 (m, 1H), 6.88 (s, 2H),  6.43 (t, J = 8.0 Hz, 2H). 13C NMR (126 MHz, 

DMSO-d6) δ 188.95, 185.48, 160.01 (d, J = 6.5 Hz), 158.08 (d, J = 6.8 Hz), 151.86, 140.44, 

138.57, 132.84, 131.31 (m), 130.34, 130.11, 129.32, 127.96, 127.73, 127.28, 127.87, 117.56, 

110.96 (d, J = 3.3 Hz), 110.78 (d, J = 2.9 Hz), 105.61. HRMS, calculated for 

C24H14Cl2F2N2O2 [M + H]+: 471.0400, found 471.0389. 
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4.1.2.14. (5-amino-4-(3-chlorobenzoyl)-1H-pyrrol-2-yl)(phenyl)methanone (14). 31% as 

yellow solid. M.p. 231-233°C; 1H NMR (500 MHz, DMSO-d6) δ: 11.20 (s, 1H), 7.76-7.73 (m, 

2H), 7.67-7.63 (m, 2H), 7.62-7.55 (m, 2H), 7.50 (dt, J = 8.5, 7.5 Hz, 3H), 6.93 (s, 2H), 6.70 (d, 

J = 2.5 Hz, 1H). 13C NMR (126 MHz, DMSO-d6) δ 187.83, 182.69, 152.69, 142.30, 138.70, 

133.76, 131.94, 130.86, 128.90, 128.70, 127.90, 126.98, 124.26, 122.08, 105.98. HRMS, 

calculated for C18H13Cl1N2O2 [M + H]+: 325.066, found 325.069. 

4.1.2.15. (4-([1,1'-biphenyl]-4-yl)-2-amino-5-benzoyl-1H-pyrrol-3-yl) (3-chlorophenyl) 

methanone (15). 32% as yellow solid. M.p. 211-213°C; 1H NMR (500 MHz, DMSO-d6) δ: 

11.16 (s, 1H), 7.44-7.39 (m, 2H), 7.34-7.29 (m, 3H), 7.20-7.15 (m, 2H), 7.14-7.06 (m, 2H), 

7.06-7.02 (m, 1H), 7.01-6.90 (m, 4H), 6.87 (s, 2H), 6.85-6.81 (d, J = 8.5 Hz, 1H), 6.69-6.64 

(d, J = 8.5 Hz, 2H). 13C NMR (126 MHz, DMSO-d6) δ 190.63, 185.56, 151.71, 142.49, 

140.47, 139.23, 138.38, 133.30, 133.16, 132.19, 131.59, 130.25, 129.51, 129.33, 129.26, 

128.66, 128.19, 127.59, 127.55, 126.82, 126.59, 125.25, 122.10, 106.53. HRMS, calculated 

for C30H21Cl1N2O2 [M + H]+: 477.1292, found 477.1361. 

4.1.2.16. (5-amino-4-(3-chlorobenzoyl)-3-phenyl-1H-pyrrol-2-yl)(phenyl) methanone (16). 35% 

as yellow solid. M.p. 264-265°C; 1H NMR (500 MHz, DMSO-d6) δ: 11.12 (s, 1H), 7.15-7.07 

(m, 4H), 7.02 (dt, J = 7.5, 2.0 Hz, 1H), 6.96-6.92 (m, 4H), 6.81 (s, 2H), 6.72 (td, J = 6.5, 2.5 

Hz, 1H), 6.64 (m, 4H). 13C NMR (126 MHz, DMSO-d6) δ 190.62, 185.62, 151.60, 142.45, 

139.13, 133.93, 133.46, 132.20, 131.17, 130.44, 129.59, 129.40, 128.62, 128.12, 127.52, 

126.89, 126.60, 126.57, 122.01, 106.46. HRMS, calculated for C30H21Cl1N2O2 [M + H]+: 

401.0979, found 401.1051. 

4.1.2.17. (5-amino-4-(3-chlorobenzoyl)-3-(3,4-dichlorophenyl)-1H-pyrrol-2-yl) (phenyl) 

methanone (17). 32% as yellow solid. M.p. 253-255°C; 1H NMR (500 MHz, DMSO-d6) δ: 

11.25 (s, 1H), 7.22-7.20 (td, J = 7.5, 2.0 Hz, 1H), 7.19-7.15 (m, 3H), 7.07-7.01 (m, 4H), 6.94-

6.92 (m, 1H), 6.89 (s, 2H), 6.84-6.80 (d, J = 2.0, 2H), 6.57 (dd, J = 8.5, 2.0 Hz, 1H). 13C 

NMR (126 MHz, DMSO-d6) δ 190.29, 185.46, 151.61, 142.48, 139.16, 134.82, 133.04, 

132.94, 132.49, 131.06, 130.60, 130.02, 129.63, 129.48, 129.41, 128.72, 128.50, 127.88, 

127.69, 126.43, 122.36, 106.44. HRMS, calculated for C24H15Cl3N2O2 [M + H]+: 469.0199, 

found 469.0274. 

4.1.2.18. (5-amino-4-(3-chlorobenzoyl)-3-(4-chlorophenyl)-1H-pyrrol-2-yl) (phenyl) 

methanone (18). 25% as yellow solid. M.p. 248-249°C; 1H NMR (500 MHz, DMSO-d6) δ: 

11.18 (s, 1H), 7.22-7.19 (td, J = 7.5, 2.0 Hz, 1H),  7.16-7.13 (m, 2H), 7.05-6.98 (m, 4H), 6.91 
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(t, J = 2.0 Hz, 1H), 6.85 (s, 2H), 6.63 (m, 4H). 13C NMR (126 MHz, DMSO-d6) δ 190.41, 

185.52, 151.63, 142.44, 139.12, 133.00, 132.70, 132.30, 132.06, 131.51, 130.51, 129.60, 

129.51, 128.67, 128.12, 127.66, 126.76, 126.64, 122.16, 106.47. MS (ESI): HRMS, calculated 

for C24H16Cl2N2O2 [M + H]+: 435.0589, found 435.0661. 

4.1.2.19. (5-amino-4-(3-chlorobenzoyl)-3-(2-chlorophenyl)-1H-pyrrol-2-yl) (phenyl) 

methanone (19). 32% as yellow solid. M.p. 289-285°C; 1H NMR (500 MHz, DMSO-d6) δ: 

11.23 (s, 1H), 7.19-7.15 (m, 2H), 7.13 (dt, J = 7.5, 2.0 Hz, 1H), 7.10 (ddd, J = 8.0, 2.5, 1.0 Hz, 

1H), 7.05 (dt, J = 7.5, 1.5 Hz, 1H), 7.00-6.98 (m, 1H), 6.97-6.95 (m, 2H), 6.85 (s, 2H), 6.80 

(dt, J = 7.5, 1.0 Hz, 1H), 6.79-6.74 (m, 2H), 6.69-6.64 (m, 1H). 13C NMR (126 MHz, DMSO-

d6) δ 190.51, 185.51, 151.62, 142.29, 138.94, 133.61, 133.57, 133.33, 132.02, 130.65, 129.61, 

129.72, 129.14, 128.90, 128.49, 128.25, 127.58, 127.47, 126.29, 126.05, 122.34, 106.08. 

HRMS, calculated for C24H16Cl2N2O2 [M + H]+: 435.0589, found 435.0660. 

4.1.2.20. (5-amino-4-(3-chlorobenzoyl)-3-(3-chlorophenyl)-1H-pyrrol-2-yl) (phenyl) 

methanone (20). 36% as yellow solid. M.p. 258-260°C; 1H NMR (500 MHz, DMSO-d6) δ: 

11.21 (s, 1H), 7.22-7.11 (m, 4H), 7.06-6.95 (m, 5H), 6.85 (s, 2H), 6.77 (dt, J = 8.0, 1.5 Hz, 

1H), 6.65 (d, J = 2.0 Hz, 1H), 6.62 (t, J = 7.5 Hz, 1H), 6.56 (dt, J = 7.5, 1.5 Hz, 1H). 13C 

NMR (126 MHz, DMSO-d6) δ 190.43, 185.54, 151.57, 142.46, 139.39, 136.07, 132.45, 

132.08, 131.77, 131.01, 130.65, 129.70, 129.66, 129.48, 128.49, 128.46, 127.88, 127.61, 

126.45, 126.39, 122.22, 106.39. HRMS, calculated for C24H16Cl2N2O2 [M + H]+: 435.0589, 

found 435.0661. 

4.1.2.21. (5-amino-4-(3-chlorobenzoyl)-3-(2,4-difluorophenyl)-1H-pyrrol-2-yl) (phenyl) 

methanone (21). 34% as yellow solid. M.p. 257-259°C; 1H NMR (500 MHz, DMSO-d6) δ: 

11.29 (s, 1H), 7.25-7.15 (m, 4H), 7.07-7.03 (m, 4H), 6.97-6.95 (m, 1H), 6.85 (s, 2H), 6.77-

6.72 (qd, J = 8.5, 6.5 Hz, 1H), 6.46-6.44 (td, J = 8.5, 2.5 Hz, 1H), 6.38-6.36 (td, J = 8.5, 2.5 

Hz, 1H). 13C NMR (126 MHz, DMSO-d6) δ 190.27, 185.46, 160.98 (d, J = 7.0 Hz), 160.96 (d, 

J = 6.5 Hz), 157.96,157,95, 151.69, 142.22, 138.90, 134.12 (d, J = 7.5 Hz), 134.04 (d, J = 7.5 

Hz), 132.26, 130.76, 129.72, 129.62, 128.29, 127.68, 127.66, 126.30, 124.70, 122.62, 110.61 

(d, J = 2.6 Hz), 110.46 (d, J = 2.7 Hz), 106.20, 103.30, 102.82 (t, J = 25.6 Hz), 102.61, 99.98. 

HRMS, calculated for C24H15Cl1F2N2O2 [M + H]+: 437.0790, found 437.0861. 

4.1.2.22. (5-amino-4-(3-chlorobenzoyl)-3-(2,4-dihydroxyphenyl)-1H-pyrrol-2-yl) (phenyl) 

methanone (22). 22% as brown solid. M.p. 243-245°C; 1H NMR (500 MHz, DMSO-d6) δ: 

10.89 (s, 1H), 8.75 (s, 1H), 8.72 (s, 1H), 7.22-7.19 (m, 2H), 7.18-7.12 (m, 2H), 7.05 (t, J = 2.0 
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Hz, 1H), 7.03-7.01 (dt, J = 7.5, 2.0 Hz, 1H), 7.00-6.93 (m, 3H), 6.68 (s, 2H), 6.17 (d, J = 8.0 

Hz, 1H), 5.60 (d, J = 2.5 Hz, 1H), 5.53 (dd, J = 8.0, 2.5 Hz, 1H). 13C NMR (126 MHz, 

DMSO-d6) δ 191.10, 185.55, 157.91, 155.55, 151.50, 142.45, 139.33, 132.70, 131.83, 130.63, 

130.25, 129.32, 128.62, 128.55, 128.01, 127.16, 126.72, 121.83, 112.81, 106.42, 105.93, 

101.67. HRMS, calculated for C24H17Cl1N2O4 [M + H]+: 433.0877, found 433.0875. 

4.1.2.23. (5-amino-4-(3-chlorobenzoyl)-3-(2,4-dimethylphenyl)-1H-pyrrol-2-yl) (phenyl) 

methanone (23). 45% as orange solid. M.p. 267-269°C; 1H NMR (500 MHz, DMSO-d6) δ: 

11.05 (s, 1H), 7.16-7.07 (m, 4H), 7.04-6.92 (m, 4H), 6.86 (s, 2H), 6.81 (d, J = 2.0 Hz, 1H), 

6.48-6.44 (m, 1H), 6.32 (d, J = 6.5 Hz, 2H), 1.94 (s, 3H), 1.83 (s, 3H). 13C NMR (126 MHz, 

DMSO-d6) δ 190.91, 185.52, 151.89, 142.39, 139.05, 136.07, 135.62, 132.33, 131.89, 131.75, 

130.99, 130.28, 129.64, 129.20, 129.10, 128.22, 127.50, 127.31, 126.06, 125.43, 122.20, 

106.58, 20.92, 20.37. HRMS, calculated for C26H21Cl1N2O2 [M + H]+: 429.1295, found 

429.1291. 

4.1.2.24. (5-amino-3-(benzo[d][1,3]dioxol-5-yl)-4-(3-chlorobenzoyl)-1H-pyrrol-2-yl) (phenyl) 

methanone (24). 27% as yellow solid. M.p. 255-257°C; 1H NMR (500 MHz, DMSO-d6) δ: 

11.07 (s, 1H), 7.22-7.16 (m, 4H), 7.06-7.00 (m, 4H), 6.95 (t, J = 2.0 Hz, 1H), 6.83 (s, 2H), 

6.16-6.15 (t, J = 2.0 Hz, 1H), 6.13 (s, 1H), 6.06-6.05 (dd, J = 8.0, 2.0 Hz, 1H), 5.69 (s, 2H). 

13C NMR (126 MHz, DMSO-d6) δ 190.62, 185.50, 151.59, 146.34, 146.01, 142.67, 139.40, 

133.31, 132.25, 130.36, 129.45, 129.43, 128.52, 127.89, 127.69, 127.52, 126.46, 125.16, 

122.03, 111.55, 107.02, 106.55, 100.87. HRMS, calculated for C25H17Cl1N2O2 [M + H]+: 

445.0877, found 445.0947. 

4.1.2.25. (5-amino-4-(3-chlorobenzoyl)-3-(pyridin-4-yl)-1H-pyrrol-2-yl)(phenyl)methanone 

(25). 35% as yellow solid. M.p. 250-252°C; 1H NMR (500 MHz, DMSO-d6) δ: 11.30 (s, 1H), 

7.79-7.75 (dd, J = 2.5, 2.0, 2H), 7.23-7.13 (m, 4H), 7.06 (dt, J = 7.5, 1.5 Hz, 1H), 7.03-6.97 

(m, 4H), 6.85 (s, 2H), 6.65-6.59 (dd, J = 2.5, 2.0, 2H). 13C NMR (126 MHz, DMSO-d6) δ 

190.22, 185.55, 151.58, 147.81, 142.39, 142.35, 139.01, 132.34, 130.96, 130.38, 129.92, 

129.67, 128.64, 128.14, 127.76, 126.64, 126.08, 122.26, 106.16 HRMS, calculated for 

C23H16Cl1N3O2 [M + H]+: 402.0931, found 402.1003. 

4.1.2.26. (5-amino-4-(3-chlorobenzoyl)-3-(pyridin-3-yl)-1H-pyrrol-2-yl)(phenyl)methanone 

(26). 35% as yellow solid. M.p. 242-244°C; 1H NMR (500 MHz, DMSO-d6) δ: 11.27 (s, 1H), 

7.89-7.88 (dd, J = 5.0, 2.0 Hz, 1H), 7.79 (dd, J = 2.0, 1.0 Hz, 1H), 7.16 (ddd, J = 8.0, 2.0, 1.0 

Hz, 3H), 7.14-7.11 (m, 1H), 7.05-6.94 (m, 6H), 6.86 (s, 2H), 6.63-6.62 (ddd, J = 7.5, 5.0, 1.0 
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Hz, 1H). 13C NMR (126 MHz, DMSO-d6) δ 190.29, 185.46, 151.70, 150.90, 147.18, 142.35, 

138.92, 137.46, 130.72, 130.22, 129.74, 129.65, 129.59, 128.71, 128.08, 127.78, 126.72, 

122.67, 121.78, 106.63. HRMS, calculated for C23H16Cl1N3O2 [M + H]+: 402.0931, found 

402.1001. 

4.1.2.27. (5-amino-4-(3-chlorobenzoyl)-3-(2,4-dimethoxyphenyl)-1H-pyrrol-2-yl)(phenyl) 

methanone (27). 32% as yellow solid. M.p. 235-237°C; 1H NMR (500 MHz, DMSO-d6) δ: 

11.00 (s, 1H), 7.15-7.10 (m, 4H), 7.03-6.93 (m, 4H), 6.89 (q, J = 1.0 Hz, 1H), 6.76 (s, 2H), 

6.42 (d, J = 8.0 Hz, 1H), 5.87-5.85 (dd, J = 6.0, 2.0 Hz, 1H), 5.73-5,72 (d, J = 2.5 Hz, 1H), 

3.51 (s, 3H), 3.36 (s, 3H). 13C NMR (126 MHz, DMSO-d6) δ 190.78, 185.56, 160.36, 157.09, 

151.65, 142.38, 139.16, 132.68, 131.82, 130.31, 129.59, 129.35, 129.02, 128.19, 127.60, 

127.19, 122.08, 115.98, 106.29, 104.44, 97.30, 55,56, 54.81. HRMS, calculated for 

C26H21Cl1N2O2 [M + H]+: 461.1190, found 461.1236. 

4.1.2.28. Ethyl 1H-pyrrole-2-carboxylate (28). White solid. M.p. 130-132°C; 1H NMR (500 

MHz, DMSO-d6) δ: 9.26 (s, 1H), 6.98 (td, J = 2.5, 1.5 Hz, 1H), 6.95 (ddd, J = 4.0, 2.5, 1.5 Hz, 

1H), 6.29 (dt, J = 4.0, 2.5 Hz, 1H), 4.35 (q, J = 7.0 Hz, 2H), 1.39 (t, J = 7.0 Hz, 3H). 13C 

NMR (126 MHz, DMSO-d6) δ 161.22, 123.01, 122.68, 115.08, 110.40, 60.32, 14.47. HRMS, 

calculated for C7H9N1O2 [M + H]+: 140.0633, found 140.0599. 

4.1.2.29. Ethyl 5-amino-1H-pyrrole-2-carboxylate (29). Purple oil. 1H NMR (500 MHz, 

DMSO-d6) δ: 8.83 (s, 1H), 6.53 (t, J = 2.5 Hz, 1H), 6.50 (d, J = 2.5 Hz, 1H), 4.31 (q, J = 7.0 

Hz, 2H), 1.36 (t, J = 7.0 Hz, 3H). 13C NMR (126 MHz, DMSO-d6) δ 160.78, 134.75, 110.39, 

105.27, 59.51, 14.49. HRMS, calculated for C7H10N2O2 [M + H]+: 155.0742, found 155.0715. 

4.1.2.30. (5-amino-4-(3-chlorobenzoyl)-3-(2,4-dichlorophenyl)-1H-pyrrol-2-yl) (4-

chlorophenyl) methanone  (30). 38% as yellow solid. M.p. 273-275°C; 1H NMR (500 MHz, 

DMSO-d6) δ: 11.34 (s, 1H), 7.19-7.18 (dt, J = 7.0, 2.0 Hz, 1H), 7.17-7.14 (m, 2H), 7.10-7.06 

(m, 4H), 6.94 (d, J = 2.0 Hz, 2H), 6.90 (s, 2H), 6.83 (d, J = 8.0 Hz, 1H), 6.78-6.77 (dd, J = 8.0, 

2.0 Hz, 1H). 13C NMR (126 MHz, DMSO-d6) δ 190.32, 184.06, 165.92, 151.80, 142.24, 

137.71, 135.54, 134.75, 134.18, 132.96, 132.62, 132.12, 129.99, 129.58, 129.56, 128.50, 

127.95, 127.94, 127.61, 127.52, 126.30, 122.37, 106.18, 40.49, 40.41, 40.32, 40.25, 40.16, 

40.08, 39.99, 39.91, 39.82, 39.66, 39.49. HRMS, calculated for C24H14Cl2N2O2 [M + H]+: 

502.9809, found 502.9779. 

4.1.3. Human 15-LOX-1 enzyme inhibition studies.  
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The h-15-LOX-1 enzyme activity studies were done using procedures previously 

described by our group.[27,42] h-15-LOX-1 was expressed and purified  as described previously. 

h-15-LOX-1 activity was determined by the conversion of linoleic acid to 13S-hydroperoxy-

9Z, 11E-octadecadienoic acid (13(S)-HpODE) (λmax of 234 nm) in a 96-well plate. The 

conversion rate was followed by UV absorbance at 234 nm over time. The conversion rate 

was evaluated at the linear part of the plot, before substrate depletion covers the first 16 min 

of the reaction under the applied conditions. The optimum concentration of h-15-LOX-1 was 

determined by an enzyme activity assay and proved to be a 100-fold dilution of the stock 

solution obtained from the protein expression. The absorbance increased at 234 nm over time 

for the conversion of linoleic acid in the presence (positive control) of the enzyme, or 

remained constant in the absence (blank control) of the enzyme.  

The assay buffer consists of 25 mM HEPES titrated to pH 7.4 using a concentrated 

aqueous solution of 1M NaOH. The substrate, linoleic acid (LA) (Sigma-Aldrich, L1376), 

was dissolved in ethanol to a concentration of 500 μM. The inhibitor stock solution (10 mM 

in DMSO) was diluted with assay buffer to 71.4 μM prepared for the SOS. 140 μL of this 

solution were mixed with 50 μL of 1:100 enzyme solution and incubated for 10 min at room 

temperature. After incubation, 10 μL of 500 μM LA was added to the mixture, which resulted 

in a mixture with 50 μM inhibitor, a final dilution of the enzyme of 1:400 and 25 μM LA. The 

linear absorbance increased in the absence of the inhibitor was set to 100%, whereas the 

absorbance increased in the absence of the enzyme was set to 0%. All experiments were 

performed in triplicate, and the average triplicate values and their standard deviations were 

plotted. The half-maximal inhibition concentration (IC50) of the inhibitors for h-15-LOX-1 

were determined using the same assay. Briefly, the inhibitors were diluted with assay buffer. 

Using a serial dilution, the desired concentrations of the inhibitor were obtained, ranging from 

0.39 to 200 μM or 0.19 to 100 μM, depending on the inhibitory potency and solubility of 

different inhibitors in water with 0% to 5% DMSO. Data analysis was performed using 

Microsoft Excel professional plus 2013 and GraphPad Prism 5.01. 

4.1.4. Neutral red assay for quantitation of hepatocarcinoma HCC cells.    

HCC-1.2 human hepatocarcinoma cells  (Kind gift of Prof. Bettina Grasl-Kraupp) 

were cultured in RPMI1640 medium  containing 10 % heat inactivated foetal calf serum 

(FCS). The cells were kept under standard tissue culture conditions at 37°C, 5%CO2 and 95% 

humidity and regularly checked for mycoplasma contaminations. 2 x 105 cells/well were 
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seeded into 24-well plates and grown for 48 h. To quantify viable cells, neutral red (50 µg/mL) 

uptake from serum-free medium during two hours of incubation was measured in triplicate 

wells in each experiment. The dye was taken up into the lysosomes of viable cells and 

dissolved with 1% acetic acid in 70 % ethanol. The absorption difference between 560 nm 

and 620 nm was measured using an Anthos Plate Reader. The results of three to five 

independent experiments are summarized. 

4.1.5. Photoactivation study.   

To perform light sensitivity screening against h-15-LOX-1 on UV assays, all 

experiments have been performed in triplicate under day light irradiation, 365 nm UV 

irradiation and darkness with same concentration of inhibitor depending on the inhibitory 

potency. H-15-LOX-1 was then incubated with inhibitor medium for 2, 5 and 10 minutes. 

Afterwards, enzyme activity was followed by measuring UV absorbance of 13(S)-HpODE at 

234 nm over 16 minutes according to the positive control without inhibitor. To verify light 

sensitivity on cytotoxicity experiment, we have performed pilot cytotoxicity experiments in 

HCC-1.2 cell line with selected h-15-LOX-1 inhibitors under day light and, in turn, incubated 

cells either upon irradiation with UV-light for 10 minutes or protected the cells from light. All 

experiments were repeated at least twice. 
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Supporting Information 

Figure S1. Focused library 

Library of heterocycle nitrogen containing compounds (200). The name of every 

compound corresponds with the position of the compound in the next table. 
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Figure S2. Screening Results 

Residual enzyme activity (%) that was observed for the screening of a compounds 

collection for inhibition of h‐15‐LOX‐1 in presence of 50 μM of the respective compounds. 

 A B C D E 

1 90.72671 61.24472 98.19982 36.75173 92.70559 

2 99.0559 45.46957 98.05501 63.20071 95.72955 

3 86.57888 40.06957 63.16025 107.3739 82.54765 

4 94.42733 54.3354 63.3913 101.7093 69.17835 

5 91.87826 94.29317 110.0284 116.4756 55.30222 

6 94.72919 71.28447 111.5776 46.71162 76.51038 

7 84.66708 86.6795 63.78208 42.00745 96.40461 

8 75.11925 30.64472 59.76149 71.05022 77.31322 

9 103.8298 91.48696 75.75439 91.70896 80.62467 

10 97.27826 84.9913 97.17977 35.98722 87.03886 

11 90.20124 2.314286 69.25608 114.2928 82.06637 

12 99.93913 43.5354 89.41224 79.07649 63.29654 

13 103.2373 93.81242 68.9047 92.33505 91.17232 

14 104.7913 86.36646 69.25608 109.4161 90.83159 

15 79.85963 87.48447 75.94179 86.06353 53.29618 

16 88.32298 87.24969 19.29157 73.73984 86.30843 

17 99.98385 41.93665 99.31571 53.31322 85.00089 

18 92.54907 70.88199 84.88802 87.50524 89.91801 

19 95.97019 64.54286 69.03248 94.13239 98.52564 

20 91.00621 40.81863 73.14144 114.0564 98.79397 

21 116.5528 91.28571 79.71109 29.68376 114.8188 

22 105.9429 100.8 37.0669 114.6059 -47.2674 

23 110.0963 61.90435 94.97569 65.58261 104.2797 

24 103.5503 82.9118 50.04224 99.24543 33.98758 

25 58.03602 92.2472 62.73221 103.1957 75.57551 

26 94.90248 64.4646 109.2096 105.0484 67.14463 

27 73.50932 62.20621 91.19574 86.48518 66.40994 

28 123.3503 86.93665 83.42076 115.9837 100.3272 

29 92.23602 86.41118 73.85909 62.24774 62.47453 

30 77.4559 74.85093 77.59432 33.27631 94.87986 

30 98.8882 22.82422 108.1597 35.31642 91.66211 

32 95.09814 62.30683 122.3808 52.62964 92.18598 

33 97.88199 71.29565 98.46602 74.79184 108.8412 
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34 94.49441 81.2795 83.474 72.54303 101.9862 

35 88.78137 91.41988 120.3876 113.8733 104.087 

36 100.0509 59.5677 85.96983 98.59592 80.24561 

37 106.8261 70.3118 103.9177 96.24064 106.5327 

38 87.93168 93.96894 -29.7168 122.1977 125.4751 

39 92.05714 87.43975 83.063 93.57764 114.8848 

40 74.70559 68.08696 50.87915 82.44543 126.0586 
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Figure S3. Screening Results (column graphs) 
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Figure S4. IC50 graphs against h-15-LOX-1 
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Figure S5. Measurement of  maximum  absorption under different concentration of compound 

1. 
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Figure S6. Cytotoxicity test on HCC-1.2 cell line of selected compounds. 
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Abstract 

 Various mechanisms for regulated cell death include the formation of oxidative 

mediators such as lipid peroxides and nitric oxide (NO). In this respect, 15-lipoxygenase-1 

(15-LOX-1) is a key enzyme that catalyzes the formation of lipid peroxides. The actions of 

these peroxides are interconnected with nuclear factor-κB (NF-κB) signaling and NO 

production. Inhibition of 15-LOX-1 holds promise to interfere with regulated cell death in 

inflammatory conditions. In this study, a novel potent 15-LOX-1 inhibitor, 9c (i472), was 

developed and structure–activity relationships were explored. In vitro, this inhibitor protected 

cells from LPS-induced cell death, inhibiting NO formation and lipid peroxidation. Thus, we 

provide a novel 15-LOX-1 inhibitor that inhibits cellular NO production and lipid 

peroxidation, which set the stage for further exploration of these mechanisms.  
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1. Introduction 

Over recent years, an increasing number of mechanisms for regulated cell death have 

been identified and versatile roles in numerous diseases were proposed.1 Cell death via a 

mechanism other than apoptosis leads to plasma membrane rupture and release of the cellular 

content, thus providing damage-associated molecular patterns (DAMPs) that can induce an 

auto-amplification loop of regulated cell death and inflammation. Such amplification loops 

are expected to play key roles in diseases such as acute lung injury and acute respiratory 

distress syndrome.2 Understanding the underlying mechanisms to develop small molecule 

inhibitors to interfere with cell death holds promise for therapeutic control of these disorders. 

The discovery of multiple types of cell death provides new challenges to identify the 

molecular mechanisms involved. One mechanism of non-apoptotic cell death is pyroptosis in 

which macrophages die by excessive stimulation of Toll-like receptors (TLRs) and activation 

of the NF-κB pathway by, for example, lipopolysaccharides (LPS).2–6 Normally, pyroptosis is 

a mechanism to protect multicellular organisms from invading pathogens, such as microbial 

infections. However, under pathogenic conditions pyroptosis can be involved in the onset of 

chronic inflammation. Another mechanism for non-apoptotic cell death is ferroptosis, which 

is a process in which excessive levels of lipid peroxides cause cell death. It is anticipated that 

lipoxygenases (LOXs) play key roles in ferroptosis by catalyzing lipid peroxidation.2,7 The 

identification of pyroptosis, ferroptosis and other mechanisms for regulated cell death raises 

the question how these mechanisms can be exploited for drug discovery. 

Although distinct mechanisms for regulated cell death were described, the 

mechanisms involved are often closely related and cross talk exists. In this study, we aim to 

address the cross-talk between macrophage cell death upon LPS stimulation and the 

enzymatic activity of 15-lipoxygenase-1 (15-LOX-1) as a regulator of cellular lipid 

peroxidation (Figure 1).8 Activation of the NF-κB pathway results in transcription of 

downstream genes, such as inducible nitric oxide synthase (iNOS), that plays a critical role in 

inflammatory responses.9 iNOS catalyzes the formation of NO radicals that play key roles in 

many physiological processes.10 On the other hand, excessive NO production can lead to the 

formation of reactive nitrogen species (RNOS), which induces cell death and tissue damage.11 

Reactive oxygen species (ROS) such as lipid peroxides have been shown to augment 

LPS-mediated NF-κB activation and thus increase expression of NF-κB target genes,8,12 

which represents a mechanism of crosstalk between lipid peroxidation and NF-κB activation. 
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15-LOX-1 is a non-heme iron-containing enzyme producing lipid peroxides from poly-

unsaturated fatty acids (PUFAs), such as arachidonic acid (AA) and linoleic acid (LA).13–15 

15-LOX-1 oxidizes either AA, to form the corresponding 15-hydroxyeicosatetraenoic acid 

(15-HpETE), or LA, to form the corresponding 13-hydroperoxyoctadecadienoic acid (13-

HpODE).16,17 Apart from these hydroperoxy fatty acids, lipoxins are also derived from the 15-

LOXs pathway and play a role as anti-inflammatory mediators.18 On the other hand, the 15-

LOXs metabolites, eoxins are proposed to be a family of pro-inflammatory eicosanoids.19 

Altogether, lipid peroxides and can be converted further in distinct lipid signaling molecules 

that have key regulatory roles in immune responses,20–22 and numerous diseases.23 Importantly, 

if the production of lipid peroxides is not balanced by the cellular anti-oxidant system, this 

can result in ferroptotic cell death and in enhanced activation of the NF-κB pathway, thus 

providing synergistic crosstalk between two mechanisms of regulated cell death.24 Thus 15-

LOX-1 is a key enzyme in oxidative stress and regulated cell death in numerous 

diseases.13,25,26 

 

Figure 1. Several mechanisms of lipopolysaccharide (LPS) signaling in macrophages are connected to cell death. 

LPS-mediated activation of the NF-κB pathway results in the overexpression of inducible nitric oxide synthase 

(iNOS). This leads to the production of nitric oxide (NO) and reactive nitrogen species (RNOS), which is 

involved in cell death. In the 15-LOX-1 pathway, 13-hydroperoxyoctadecadienoic acid (13-HpODE), the 

metabolite of 15-LOX-1 activity, can also induce cell death. Both mechanisms act in concert and cross talk exist. 

For 15-LOX-1, roles have been described in diseases such as asthma,14 stroke,15 

atherogenesis,2 diabetes,16,17 cancer,20,21 Alzheimer’s disease,22,23 and Parkinson’s disease.25 

This triggered the interest in the development of 15-LOX-1 inhibitors for drug discovery. In 
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an early phase, indole-based inhibitors, PD-146176 was identified as r-12/15-LOX inhibitor 

with an IC50 value of 3.81 μM (Figure 2).27 This stimulated efforts to develop inhibitors with 

an indolyl core (Figure 2). More researchers reported the discovery of indole-based or indole-

like 15-LOX-1 inhibitors, 371 and Haydi-4b (with IC50 of 0.006 and 3.84 μM, 

respectively).28,29 In our group, we previously discovered 15-LOX-1 inhibitor Eleftheriadis-

14d, which also contains an indole core and demonstrates good potency (IC50 = 90 nM).30 

Furthermore, 1,3-oxazole based compound (ML351),31 purine-based (Anders-6b) 

compound,32 and pyrrole-based compound (21B10)33 were identified as 15-LOX-1 inhibitors 

as well (Figure 1). These inhibitors proved to be effective in various disease models, thus 

indicating the potential of 15-LOX-1 inhibitors for drug discovery. 

Complementary to development of inhibitors, efforts were made to engineer 15-LOX-

1 substrates for detection of enzyme activity. We developed activity-based probe N144 as a 

chemical reporter for lipoxygenase activity in cell lysates and tissue samples.34 Another study 

employed the omega-alkynyl fatty acid (aAA) to identify the intracellular targets of 12/15-

LOX generated lipid-derived electrophiles.35 This sets the stage for the development of potent 

15-LOX-1 inhibitors and to study their cellular activity. 
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Figure 2. Examples of previously reported 15-LOX-1 inhibitors and chemical tools to study lipoxygenase 

activity. (A) Indole-based 15-LOX-1 inhibitor and inhibitors based on other nitrogen containing heterocycles. (B) 

Substrate-based chemical tools to study lipoxygenase activity in cell-based systems. 

In this study, we investigated novel substitutions of the indole core and investigated 

the structure–activity relationships (SAR) for 15-LOX-1 inhibition. For the most potent 

inhibitor the effects on cellular 15-LOX-1 inhibition, the effects on formation of reactive 

oxygen species (ROS) and regulated cell death were investigated on RAW 264.7 

macrophages to provide insight in the cellular potency of this type of inhibitors. 

2. RESULTS AND DISCUSSION 

2.1. Chemistry. 

Scheme 1 presents the general methodology for the synthesis of compounds 5a and 5b. 

The synthesis started with the assembly of ethyl 6-chloro-1H-indole-2-carboxylate (1) and 

corresponding aldehyde (2) using known literature procedures.30,36 Subsequently, the 2-formyl 

functionality of the aldehyde 2 was oxidized into its corresponding carboxylic acid (3) via 

Pinnick oxidation using sodium chlorite (NaClO2) giving a yield of 78%. Attempts to use 

KMnO4 or Tollens' reagent did not provide the desired product. Finally, the amide bonds in 
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products 5a and 5b were generated by using 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide 

(EDCI) and N-hydroxybenzotriazole (HOBt) as coupling reagents, giving yields of about 85%. 

 

Scheme 1. Synthetic route to compounds 5a–b. Reagents and conditions: (a) POCl3, DMF, 60 C, 48 h; (b) 

NaClO2, t-BuOH, 50 C, 4 h; (c) amine (4a–b), EDCI, HOBT, TEA, DCM, r.t., 4 h. 

Compounds 9a–j were synthesized using procedures as shown in Scheme 2. As a first 

step the 2-formyl functionality of aldehyde 2 was employed for Wittig reaction with (tert-

butoxycarbonylmethylene) triphenylphosphorane to provide the α,β-unsaturated ester 6. 

Initially, attempts were made to obtain compound 7 by refluxing aldehyde 2 with the Wittig 

reagent in toluene overnight. However, this provided compound 6 as a mixture of E- and Z-

isomers (E/Z = approximately 9/1).37 Changing the solvent from toluene to ethanol at 80 C 

enabled the reaction to finish in 2 hours with the E-alkene as major product that could be 

isolated in a yield of 70% after purification. The E- and Z-isomer could be distinguished by 

their J values of 16.0 Hz and 7.0 Hz, respectively. Finally, intermediate 7 was converted into 

the amides 9a–j by removal of the tert-butyl protective group using trifluoroacetic acid (TFA) 

treatment and subsequent coupling of the corresponding amines using 1-ethyl-3-(3-

dimethylaminopropyl) carbodiimide (EDCI) and N-hydroxybenzotriazole (HOBt) as coupling 

reagents in yields between 80 and 90% over two steps.  
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Scheme 2. Synthetic route to compounds 9a–j. Reagents and conditions: (d) (tert-Butoxycarbonylmethylene) 

triphenylphosphorane, EtOH, reflux, 2 h; (e) TFA, DCM, r.t., overnight; (f) amine (8a–j), EDCI, HOBT, TEA, 

DCM, r.t., 4 h. 

Products 12a–g were produced starting from compound 10 as shown in Scheme 3. The 

carboxylic acids 10 was coupled to amines 11a–g using EDCI and HOBT as coupling 

reagents, that gives the desired products in 80–90% yield. Afterwards, compound 13 was 

obtained from compound 12c by using a Mannich reaction with dimethyl amine, 

formaldehyde and acetic acid to provide the desired product in a yield of 93%. As shown in 

Scheme 4, compounds 14–17 were obtained from the corresponding 2-carboxy ethyl indoles 

(9c, Eleftheriadis-14d and Eleftheriadis-14e) over two steps in the similar way as for 12a–g in 

a high yield (80–90%). 
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Scheme 3. Synthetic route to compounds 12a–g and 13. Reagents and conditions: (g) amine (11a–g), EDCI, 

HOBT, TEA, DCM, r.t., 4 h; (h) dimethylamine, formaldehyde, acetic acid, MeOH, reflux, 4 h. 

 

Scheme 4. Synthetic route to compounds 14–17. Reagents and conditions: (i) LiOH, THF, H2O, 50 C, 2 h; (j) 

EDCI, HOBT, TEA, DCM, r.t., 4 h. 

2.2. Structure–activity relationships.  

Inhibition of 15-LOX-1 enzyme activity was performed using an activity assay as 

described previously by us.30,33,38 The activity of 15-LOX-1 was monitored by measuring the 

conversion of LA into the UV-active 13-HpODE (λmax 234 nm). This assay was used to 

determine the half-maximal inhibitory concentration (IC50) of each compound. SARs for 

binding to 15-LOX-1 were investigated starting from ethyl 6-chloro-1H-indole-2-carboxylate 

(1). We aimed to introduce structural modifications to replace the lipid chain in the 3-position 

and the ethylcarboxylate in the 2-position. Key structural modifications are shown in Figure 3 

starting from previously identified inhibitors 1 and Eleftheriadis-14d.30  
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Figure 3. Systematic modifications of 15-LOX-1 inhibitor 1 as core scaffold and the previously described 

inhibitor Eleftheriadis-14d30 to provide the new inhibitors 5b, 9c, 15–17 and their IC50 values for 15-LOX-1 

inhibition.  

The SAR of the previously identified inhibitor Eleftheriadis-14d, was explored with 

respect to aliphatic acyl substitutions in the indole 3-position. In order to expand the SAR in 

novel directions, the carboxyl ethyl ester in the indole 3-position was replaced by an amide in 

order to gain metabolic stability. Both compounds 5a and 5b (Scheme 1, Table 1) provided 

IC50 values above 1 µM, which is much higher compared to the previously reported series of 

inhibitors with the carboxyl ethyl ester.30 Apparently, replacement of the carboxyl ethyl ester 

in the indole 2-position for an amide is unfavorable for 15-LOX-1 inhibition. 
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Table 1. IC50 values for 15-LOX-1 inhibition by amide substituted indoles in the 3-position (analogues 5a–b). 

 

Compound R 
IC50 (μM) 

[± SD (μM)] 

5a 
 

> 20 

5b 

 

2.87 ± 1.81 

The SAR in the indole 3-position was further explored by replacement of the carbonyl 

in 3-position for a double bond using Wittig chemistry. Using this chemistry, we aimed to 

replace the aliphatic lipid chain in Eleftheriadis-14d for less flexible substituents. Thus, we 

investigated a series of E-alkenes as shown in Table 2. Clear SARs were observed for this 

series of compounds. Compound 9c (i472) proved to be the most potent 15-LOX-1 inhibitor 

with an IC50 value of 0.19 µM. Comparison of inhibitor 9c (i472) to inhibitor 9f indicates that 

the ortho-methoxy substitution on the benzyl provides a ten-fold gain in potency compared to 

a non-substituted benzyl. Importantly, the IC50 values decrease if the methoxy is moved from 

the ortho to the meta or para position on the benzyl 9d and 9e. Extending the benzyl to an 

ethylphenyl in inhibitors 9g–j did not improve their potencies either. Taken together, the 2-

methoxybenzyl group in 9c (i472) provides the most potent inhibitor in this series. 
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Table 2. IC50 values against 15-LOX-1 with different variations in R (analogues 9a–j). 

 

Compound R 
IC50 (μM) 

[± SD (μM)] 

9a 

 

2.95 ± 1.28 

9b (i44) 

 

0.74 ± 0.22 

9c (i472) 

 

0.19 ± 0.03 

9d 

 

0.40 ± 0.01 

9e 

 

0.75 ± 0.31 

9f 

 

2.43 ± 0.96 

9g 

 

>20 

9h 

 

1.29 ± 0.42 

9i 

 

0.19 ± 0.05 

9j 

 

0.27 ± 0.01 

In order to further explore the SAR of previously identified inhibitor Eleftheriadis-14d, 

variations were made in the indolyl 2-position. Towards this aim, the ester group was replaced 

with various amides to provide inhibitors 12a–g as shown in Table 3. The results indicate that 

amide substitution provides inhibitors with potencies in the micromolar range. However, the 

SAR for modifications with methyl, ethyl, n-propyl, n-butyl, n-pentyl and branched alkyl 

groups proved to be relatively flat with potency differences of no more than two- to three-fold. 

Remarkably, cyclopropyl substitution in 12g turns out to be inactive (IC50 > 20 µM). Taken 
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together, the investigated series of amide substituted indoles did not provide improved 

potency and the most potent inhibitor in this series is compound 12c with a propyl substitution.  

Table 3. IC50 values against 15-LOX-1 with different variations in the amide tail (analogues 12a–g).  

 

Compound R 
IC50 (μM) 

[± SD (μM)] 

12a 
 

9.38 ± 2 .63 

12b 
 

6.88 ± 2.32 

12c 
 

4.09 ± 1.11 

12d 
 

13.02 ± 2.73 

12e 
 

10.94 ± 2.21 

12f 

 

9.82 ± 1.41 

12g 
 

>20 

As a next step, we combined ethyl- or propyl-substituted amides in the indole 2-

position with substitutions in the 3-position to provide inhibitors 14–17 as shown in Table 4. 

Unfortunately, combination of both modifications provided inhibitors with low potency. 

Apparently, the more polar amide bond is not well tolerated for enzyme inhibition and 

combination of modifications in the 2- and 3-position caused a greatly reduced potency. 

Inhibitor 13 also showed a complete loss in potency against 15-LOX-1. Taken together, we 

concluded that inhibitor 9c (i472) has the highest potency of this series and that the IC50 value 

is in the same range as for the previously identified inhibitor Eleftheriadis-14d. 
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Table 4. IC50 values against 15-LOX-1 with different variations in R1 and R2 (analogues 14–18).  

 

Compound R1 R2 
IC50 (μM) 

[± SD (μM)] 

13 

 
 

>20 

14 

 
 

>20 

15 

 

 
>20 

16 

 

 
5.81 ± 1.18 

17 

 

 
>20 

2.3. Docking 15-LOX-1.  

In order to understand the observed SAR, a molecular modeling study was performed 

in which key inhibitors were docked in the 15-LOX-1 active site. In this study, docking was 

performed using Discovery studio (Dassault systèmes) version 2018. And the rabbit 

reticulocyte 15-LOX-1 crystal structure (PDB ID: 1LOX) was used for docking because of its 

high sequence similarity in the active site.39 In this crystal structure, the ligand in the crystal 

structure was removed and the center of the binding sphere was set at the same position. 

Based on this position, CDocker, a CHARMm based method, was used and resulted in ten 

preferred poses for all selected inhibitors. 

Based on the observed SAR, the most potent inhibitor 9c (i472) was docked and 

compared to 9f (lacking the methoxy group) and 16 (in which the ester is replaced for an 

amide). In both cases the potency decreased by at least ten-fold. The docking model suggested 

several interactions between the active site of 15-LOX-1 and 9c (i472) as shown in Figure 

4(A). Upon comparison of the docking of 9c (i472) and 9f, the 2-methoxy on the benzyl 

functionality provides two hydrogen bonds with GLN 548 and ILE 593, respectively (Figure 



 

 89 

4(A)). This provides an explanation for the ten-fold potency difference between 9c (i472) and 

9f. In addition, because of the hydrophobic character of 15-LOX-1, except from the edge of 

the active site, of the majority of the pocket is hydrophobic, as shown in brown in Figure 4 (B) 

and (C). The hydrophilic sites are shown in blue. Docking of compound 16, in which an 

amide replaces the carboxy ethyl ester at the indole 2-position, shows a positionally inverted 

orientation compared to 9c (i472) and 9f (Figure 4 (C) and S1 (C)). Apparently, the amide 

with an additional hydrogen bond donor does not fit in the same position as the ester in 9c 

(i472). This change in orientation upon docking is also in line with the observed drop in 

potency for 16 compared to 9c (i472) and 9f. 

 

Figure 4. Molecular modeling of selected compounds in the active site of 15-LOX-1 (PDB ID: 1LOX). The 

surface in the pocket is colored based on the relative hydrophobicity: brown for hydrophobic and blue for 

hydrophilic areas (A) Interactions of compound 9c (i472) with the active site of the enzyme. (B) The preferred 

orientation of compound 9c (i472) in the active site of the enzyme. (C) The preferred orientation of compound 

16 in the active site of the enzyme that is opposite to 9c (i472). 
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2.4. Physicochemical properties of inhibitor 9c (i472).  

The α,β-unsaturated amide functionality in 9c (i472) is, as a Michael-acceptor, 

reactive towards conjugate addition by nucleophiles, such as thiols. In order to monitor this 

reactivity the UV spectrum of 9c (i472) was recorded upon incubation with 2-

mercaptoethanol at pH 7.4. No changes in the UV spectrum were observed, which indicates 

that the chromophore, including the α,β-unsaturated system, did not change (Figure S2), thus 

indicating a reasonable stability of compound 9c (i472) towards nucleophilic substitution. 

This stability might be attributed to the conjugation of the α,β-unsaturated double bond with 

the aromatic indole core.  

Inhibitor 9c (i472) has a calculated cLogP (ChemDraw Professional version 12.0) of 

4.7, which is more than two order of magnitude lower compared to the previously identified 

inhibitor Eleftheriadis-14d (cLogP = 6.9), whereas both inhibitors have molecular weights 

around 400 g/mol. Considering the physicochemical properties, the newly identified inhibitor 

9c (i472) has fewer rotatable bonds and a cLogP that is more favorable for cellular 

permeability compared to the previously identified inhibitor Eleftheridis-14d. 

2.5. LOX inhibitory potency of 9c (i472) in cells by activity-based labeling.  

As a next step in the characterization of inhibitor 9c (i472), the inhibition of cellular 

LOX activity was investigated. Towards this aim we employed a method for activity-based 

labeling of LOX activity in cell-based systems that we developed recently.34 In this method, a 

covalent inhibitor of lipoxygenase activity is equipped with a terminal alkene for 

bioorthogonal labeling with biotin using the oxidative Heck reaction.40 Here we employed this 

method to estimate the inhibition of cellular lipoxygenase activity by inhibitor 9c (i472) in 

RAW264.7 macrophages. Inhibitor treated and non-treated cell-lysates were exposed to 

covalent inhibitor N144 (Figure 2) for 2 minutes, and subsequently the samples were 

subjected to oxidative Heck reaction to link a biotinylated phenylboronic acid for detection. In 

parallel to the labeling the same samples were subjected to staining for β-actin as a loading 

control and antibody based detection of the amount of 15-LOX-1. Representative blots are 

shown in Figure 5. We observed a decreased intensity for the band for activity-based 

lipoxygenase labeling as detection by streptavidin-HRP. For comparison, the bands 

normalized with the β-actin antibody and the 15-LOX antibody were included as well, which 

show comparable intensities. Quantifications of the bands from three independent 
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experiments are shown in Figure 6. From these results, we conclude that 15-LOX-1 inhibitor 

9c(i472) is able to inhibit the activity of cellular lipoxygenases. 

 

Figure 5. Detection of the effect of inhibitor 9c (i472) on the activity of 15-LOX-1 by activity-based probe. 

Labeling was performed on cell lysis of RAW 264.7 cells. Positive control (with probe and without inhibitor), 

negative control (without probe or inhibitor) and incubation of 9c (i472) were performed with the 15-LOX 

antibody, β-actin antibody and streptavidin-HRP (n=3).  

 

Figure 6. Quantification of Western blots for detection and analysis of activity-based labeling: The values are 

measured by integrating the gray values by ImageJ 1.44. The integrated gray values of streptavidin-HRP and 15-

LOX are normalized to β-actin, respectively. All the values were expressed as means ± SEM. The results were 

normalized by three independent experiments (n=3). *p < 0.05; **p < 0.005 and ***p < 0.001 compared to 

control by two-tailed test. 
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2.6. Protection of RAW 264.7 macrophages from LPS-induced cytotoxicity.  

After identifying compound 9c (i472) as a potent inhibitor for recombinant expressed 

15-LOX-1 and cellular LOX activity, we moved on to investigate the potency of this 

compound in cell-based studies. As the insight into the mechanism, we presume that 15-LOX-

1 inhibitors inhibit the formation of lipid peroxides in cells, thereby preventing ferroptotic cell 

death. Additionally, we expect this mechanism to have cross-talk with the NF-κB pathway. 

Activation of this pathway can also lead to cell death. To test this hypothesis we employed a 

model in which we stimulated RAW264.7 macrophages with LPS to cause cell death as 

reported previously.3 This study reported an LD50 of 89.5 μg/mL for LPS induced cell death 

in macrophages. In our experiments, 40% inhibition of cell viability was obtained at 100 

µg/mL (Figure S3). Subsequently, as shown in Figure 7, we employed an LPS concentration 

of 100 µg/mL and investigated the protection from cell death by treatment with lipoxygenase 

inhibitors. The 5-LOX inhibitor Zileuton and the previously identified 15-LOX-1 inhibitor 

Eleftheriadis-14d comparably improved the viability of LPS-treated RAW 264.7 

macrophages. In addition, inhibitor 9c (i472) showed stronger, dose-dependent effects with a 

20% viability increase at 5 µM. Thus, these data demonstrated that inhibiting 15-LOX-1 by 

compound 9c (i472) can protect RAW 264.7 macrophages from LPS-induced cell death. 
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Figure 7. Inhibitor 9c (i472) protects RAW 264.7 macrophages from LPS-induced cytotoxicity. RAW 264.7 

macrophages were treated with lipopolysaccharides (LPS) (100 μg/mL) and 9c (i472) together for 24 hours. 

Then, the cell viability was determined by MTS assay (n=3–13). All the values were expressed as means ± SEM. 

*p < 0.05; **p < 0.005 and ***p < 0.001 compared to positive control by two-tailed test that is only with the 

treatment of LPS (100 μg/mL) for 48 hours. 

2.7. NF-κB activity determination.  

To gain further insight in the mechanism of protection for LPS-induced cell death, we 

investigated the effect of inhibitor 9c (i472) on NF-κB activity using an NF-κB reporter assay 

in RAW-Blue macrophages (modified RAW 264.7 macrophages). These RAW-Blue 

macrophages can stably express a secreted embryonic alkaline phosphatase (SEAP) gene that 

is inducible by NF-κB and AP-1 transcription factors. Previous evidence demonstrated that 

the product of 15-LOX-1, 13-HpODE, can increase NF-κB activation but has no effect on 

AP-1.8 The cells were stimulated with LPS, interferon gamma (IFNγ) and inhibitor 9c 

(i472).41 This provided significant but not complete inhibition of NF-κB transcriptional 

activation upon LPS/INF stimulation (Figure 8). These results are in line with the anticipated 

cross-talk between 15-LOX-1 inhibition and NF-B signaling.  
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Figure 8. Inhibitor 9c (i472) reduces NF-κB activity. RAW-Blue macrophages were pre-treated with inhibitors 

9c (i472) at 0.2, 1 and 5 μM for 20 hours, after which an inflammatory lipopolysaccharides (LPS) and interferon 

gamma (IFNγ) stimulus (10 ng/mL of each) was given for another 4 hours in continued presence of inhibitor 9c. 

All the values were expressed as means ± SEM (n=8–16). *p < 0.05; **p < 0.005 and ***p < 0.001 compared to 

positive control that is treated with LPS and IFNγ by two-tailed test. 

2.8. Gene Expression Profiling.  

Subsequently, we turned our attention to the influence of 15-LOX-1 inhibition by 9c 

(i472) on the gene expression of NF-κB related gene iNOS (Figure 9). As a model we used 

RAW 264.7 macrophages that were activated by LPS and IFNγ (10 ng/mL of each).42 The 

gene expression of iNOS was downregulated by approximately 50% at 5 μM. This finding is 

in line with but more pronounced than the observed decrease in NF-κB transcriptional activity 

(Figure 8). 
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Figure 9. Effect of inhibition of 15-LOX-1 by 9c (i472) on iNOS in RAW 264.7 cells: Lipopolysaccharides 

(LPS)/ interferon gamma (IFNγ) (10 ng/mL of each) stimulated cells were normalized to the positive control. All 

experimental groups were treated with compound 9c (i472) at 0.2, 1 and 5 μM for 20 h and stimulated with 

LPS/IFNγ for another 4 hours (n=3–4). All the values were expressed as means ± SEM. *p < 0.05; **p < 0.005 

and ***p < 0.001 compared to LPS/IFNγ treated positive control group by two-tailed test. 

2.9. Quantification of Nitric oxide (NO) production. 

Gene transcription of iNOS is connected to NO production, which plays an important 

role in the regulation of immune responses and apoptosis. In our study, we compared the 

inhibitory effects of 9c (i472) on the ratio of total nitrate/nitrite in RAW 264.7 macrophages 

(Figure 10). We demonstrated that 9c (i472) as 15-LOX-1 inhibitor provided dose-dependent 

inhibition of NO production, which is consistent with the results of reduced activity of NF-κB 

and the gene expression of iNOS. The observations that 15-LOX inhibition inhibits NF-κB 

reporter gene activity, iNOS expression and NO levels are in line with the idea that there is 

cross-talk between 15-LOX-1 activity and cell-death via activity of the NF-κB pathway and 

NO production. 
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Figure 10. Dose-dependent effect of 9c (i472) on the expression of total nitrate/nitrite in RAW 264.7 cells: 

Lipopolysaccharides (LPS)/ interferon gamma (IFNγ) (10 ng/mL of each) stimulated cells were corrected to 100% 

as positive control. All experimental group were treated with compound 9c (i472) at 0.2, 1 and 5 μM for 20 h 

and stimulated with LPS/IFNγ for another 4 hours (n=3). All the values were expressed as means ± SEM. *p < 

0.05; **p < 0.005 and ***p < 0.001 compared to LPS/IFNγ treated control group by two-tailed test.  

2.10. Lipid peroxidation.  

Oxidative stress can cause a series of toxic effects through the production of lipid 

peroxides that play a role in cell death.43 The effect of lipoxygenase inhibitor 9c (i472) on 

lipid peroxidation RAW 264.7 cells was investigated using the fluorescent dye BODIPY 

581/591 C11 and fluorescence-activated cell sorting (FACS).44 As shown in Figure 11, 15-

LOX-inhibitor PD-146176 and 9c (i472) revealed comparable effects that both of them 

significantly attenuated the boost of lipid peroxides at 5 µM after the treatment of LPS/IFNγ 

(10 ng/mL of each). This result could be attributed to loss of 15-LOX products, such as 13-

HpODE. Furthermore, compared to 5-LOX inhibitor, Zileuton, both 15-LOX-1 inhibitors 

showed a more pronounced effect in lipid peroxidation fitting the result of LPS-induced cell 

death assay that 15-LOX-1 inhibitor has a better rescue effect. Although 15-LOX-1 is not the 

only pathway that can trigger lipid peroxide formation, these results indicate that inhibition of 

15-LOX-1 has a strong influence on lipid peroxidation in this model system. 
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Figure 11. Analysis lipid peroxidation using BODIPY 581/591 C11 staining and FACS analysis. Cells were 

treated with lipopolysaccharides (LPS)/ interferon gamma (IFNγ) (10 ng/mL of each) and PD-146176 (5 μM), 

Zileuton (5 μM) or 9c (i472) (5 μM). Results are represented as means ± SEM (n = 3). *p < 0.05; **p < 0.005 

and ***p < 0.001 compared to LPS/IFNγ treated control group by two-tailed test. 

3. Conclusions 

 In this study, compound 9c (i472) was developed as a potent 15-LOX-1 inhibitor with 

a novel substituent pattern (IC50 = 0.19 μM) and its SARs were explored. Using activity-based 

labeling we demonstrated that inhibitor 9c (i472) was able to inhibit cellular lipoxygenases. 

Further characterization of this compound demonstrated that it was able to protect RAW264.7 

macrophages from LPS-induced cell death. We explored the influence of inhibitor 9c (i472) 

on different pathways of cell death. We investigated NF-κB activation, iNOS expression and 

NO formation as a line of events that can trigger cell death. Treatment with inhibitor 9c (i472) 

enabled downregulation of NF-κB transcriptional activity in a reporter gene assay. 

Furthermore, we demonstrated that iNOS gene expression and the levels NO in RAW 264.7 

macrophages decreased significantly upon 9c (i472) treatment. As a direct effect of inhibiting 

lipoxygenase activity, we investigated inhibition of cellular lipid peroxidation upon 9c (i472) 

treatment for which we observed a clear reduction back to baseline levels. Having explored 

both mechanisms, we can conclude that inhibitor 9c (i472) influences both NO production 

and lipid peroxidation, potentially via a cross-talk mechanism. Thus, we conclude that we 

provide a novel 15-LOX-1 inhibitor 9c (i472) with cellular activity that inhibits the formation 

of oxidative mediators, such as NO and lipid peroxides, that are connected to different 

mechanisms for cell death. 
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4. Experimental section 

4.1. General.  

All reagents, solvents and catalysts were purchased from commercial sources (Acros 

Organics, Sigma-Aldrich and abcr GmbH, Netherlands) and used without purification. All 

reactions were performed in oven-dried flasks in open or under nitrogen atmosphere, and 

monitored by thin layer chromatography on TLC precoated (250 µm) silica gel 60 F254 

aluminum foil (EMD Chemicals Inc.). Visualization was achieved using UV light. 

Alternatively, non UV-active compounds were detected after staining with potassium 

permanganate. Flash column chromatography was performed on silica gel (32-63 µm, 60 Å 

pore size). 1H NMR (500 MHz) and 13C NMR (126 MHz) spectra were recorded with a 

Bruker Avance 4-channel NMR Spectrometer with TXI probe. Chemical shifts (δ) are 

reported in ppm. Abbreviations are as follows: s (singlet), d (doublet), t (triplet), q (quartet), 

m (multiplet). Fourier Transform Mass Spectrometry (FTMS) and electrospray ionization 

(ESI) were done on an Applied Biosystems/SCIEX API3000-triple quadrupole mass 

spectrometer. High performance liquid chromatography (HPLC) analysis was performed for 

confirming purity with a Shimadzu LC-10AT HPLC with a Shimadzu SP-M10A ELSD 

detector and a Shimadzu SPD-M10A photodiode array detector. Analytical HPLC was 

performed using a Kinetex C18 column (150 mm × 4.6 mm, 5 μm) with 5−95% MeCN 

gradient in H2O as mobile phase, confirming purity ≥ 95%. Retention time (RT) of HPLC was 

also reported. 

4.2. Synthesis and Characterization. 

4.2.1. Ethyl 6-chloro-3-formyl-1H-indole-2-carboxylate (2): To a solution of POCl3 (0.30 mL, 

3.2 mmol, 1.2 eq.) in DMF (6.0 mL) stirred at 0 °C for 0.5 h, 1 (0.60 g, 2.7 mmol), was added 

to the reaction mixture and heated to 50 C for 46 h. After completion, the reaction mixture 

was slowly poured into a mixture of crushed ice and H2O (300 mL). Product was obtained by 

filtration of the resulting suspension. The residue was washed with acetonitrile and dried at r.t. 

giving the title intermediate 2 as yellow solid in a yield of 83% (0.55 g, 2.2 mmol). The NMR 

spectra were the same as reported previously.36 

4.2.2. 6-chloro-2-(ethoxycarbonyl)-1H-indole-3-carboxylic acid (3): To a solution of 2 (0.10 

g, 0.39 mmol) and NaClO2 (71 mg, 0.78 mmol) mixed in 5.0 mL t-BuOH at 50 °C for 4h. 

After completion, the mixture was concentrated and H2O (50 mL) was added, followed by 
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extraction with EtOAc (3 × 15 mL). The organic phases were collected and evaporated giving 

a white crude product without further purification in 82% yield. 

4.2.3. General synthetic procedure 1: Amide bond formation. The respective carboxylic acid 

(1.0 equiv.) was added to a mixture of HOBt (0.40 equiv.), EDCI (2.0 equiv.) and Et3N (1.0 

eq) in CH2Cl2 (20 mL) at room temperature for 30 minutes. After the stirring, the respective 

amine (1.5 equiv.) was added to this reaction mixture that was subsequently stirred at room 

temperature for 4 h. Then the reaction mixture was washed with 1.0 M aqueous HCl (5.0 mL), 

sat. aqueous NaHCO3 (5.0 mL), brine (5.0 mL), dried over MgSO4, filtered, and concentrated 

under reduced pressure. The crude product was purified by column chromatography eluted 

with 20% ethyl acetate in DCM as solvent to reach a white solid product with a general yield 

from 70% to 80%. 

4.2.4. Ethyl 6-chloro-3-(propylcarbamoyl)-1H-indole-2-carboxylate (5a): The product was 

obtained using general procedure 1 starting from carboxylate 3 and propylamine. The product 

was obtained as yellow solid in a 86% yield. 1H NMR (500 MHz, DMSO-d6) δ 12.96 (s, 1H), 

8.92 (t, J = 5.5 Hz, 1H), 8.57 (d, J = 2.5 Hz, 1H), 7.87 (d, J = 8.5 Hz, 1H), 7.35 (dd, J = 8.5, 

2.5 Hz,1H), 4.31 (q, J = 7.0 Hz, 2H), 3.26-3.23 (m, 2H), 1.59-1.52 (m, 2H), 1.32 (t, J = 7.0 

Hz, 3H), 0.91 (t, J = 7.0 Hz, 3H). 13C NMR (126 MHz, DMSO-d6) δ 167.37, 160.16, 154.97, 

139.38, 136.90, 130.43, 130.37, 124.08, 120.02, 119.90, 63.31, 41.49, 22.49, 14.26, 11.88. 

HRMS, calculated for C15H18ClO2N3 [M + H]+: 309.1000, found 309.1002. HPLC: purity 

96%, retention time 17.7 min. 

4.2.5. Ethyl (R)-6-chloro-3-((2,6-dimethylheptyl)carbamoyl)-1H-indole-2-carboxylate (5b): 

The product was obtained using general procedure 1 starting from carboxylate 3. The product 

was obtained as yellow solid in a 82% yield.1H NMR (500 MHz, CDCl3) δ 10.75 (s, 1H), 9.40 

(s, 1H), 8.43 (d, J = 8.5 Hz, 1H), 7.50 (d, J = 2.0 Hz, 1H), 7.36 (dd, J = 8.5, 2.0 Hz, 1H), 5.75 

(s, 1H), 4.56 (q, J = 7.0 Hz, 2H), 3.25-3.06 (m, 1H), 1.54 (m, 1H), 1.51 (t, J = 5.0 Hz, 3H), 

1.36-1.15 (m, 8H), 0.96 (d, J = 6.0 Hz, 3H), 0.93 (d, J = 6.0 Hz, 3H). 13C NMR (126 MHz, 

DMSO-d6) δ 166.71, 160.13, 154.91, 139.28, 136.81, 131.58, 130.40, 124.03, 120.33, 119.92, 

63.29, 45.55, 38.70, 36.64, 36.34, 27.81, 24.04, 22.87, 20.86, 14.26, 14.18. HRMS, calculated 

for C21H30ClN2O3 [M + H]+: 393.1939, found 393.1938. HPLC: purity 99%, retention time 

14.3 min. 

4.2.6. Ethyl (E)-3-(3-(tert-butoxy)-3-oxoprop-1-en-1-yl)-6-chloro-1H-indole-2-carboxylate 

(6): 2 (0.10 g, 0.39 mmol), (tert-butoxycarbonylmethylene) triphenylphosphorane (0.17 g, 
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0.50 mmol) and EtOH (10 mL) were mixed under an atmosphere of nitrogen in an oven-dried 

flask. The mixture was heated at reflux for 2 h. Then the solvent was evaporated under 

reduced pressure. The product was purified by column chromatography eluted with 20% ethyl 

acetate in petroleum as solvent and obtained as a yellow solid in 84% yield. The NMR spectra 

were the same as reported previously.45 

4.2.7. (E)-3-(6-chloro-2-(ethoxycarbonyl)-1H-indol-3-yl)acrylic acid (7): 6 (0.50g, 1.7mmol) 

was dissolved in DCM (1mL). Then Trifluoroacetic acid (1.0 mL, 2.0 mmol) was added and 

the mixture was stirred at 0 C for 2 h. After evaporation of the solvent, the crude product did 

not need further purification. The NMR spectra were the same as reported previously.45 

4.2.8. Ethyl (E)-6-chloro-3-(3-((2,4-dichlorobenzyl)amino)-3-oxoprop-1-en-1-yl)-1H-indole-

2-carboxylate (9a): The product was obtained using general procedure 1 starting from 7. The 

product was obtained as white solid in a 89% yield.1H NMR (500 MHz, DMSO-d6) δ 12.31 (s, 

1H), 8.63 (t, J = 6.0 Hz, 1H), 8.34 (d, J = 16.0 Hz, 1H), 8.06 (d, J = 8.5 Hz, 1H), 7.65 (d, J = 

2.0 Hz, 1H), 7.55 (d, J = 2.0 Hz, 1H), 7.48-7.43 (m, 2H), 7.28 (dd, J = 8.5, 2.0 Hz, 1H), 7.24 

(d, J = 16.0 Hz, 1H), 4.48 (d, J = 6.0 Hz, 2H), 4.41 (q, J = 7.0 Hz, 2H). 1.39 (t, J = 7.0 Hz, 

3H). 13C NMR (126 MHz, DMSO-d6) δ 166.16, 161.20, 137.57, 136.10, 133.64, 132.81, 

132.02, 131.12, 130.47, 129.09, 127.88, 127.66, 123.97, 123.71, 122.58, 122.37, 117.17, 

113.10, 105.90, 61.59, 14.69. HRMS, calculated for C21H18Cl3N2O3 [M + H]+: 451.0378, 

found 451.0377. HPLC: purity 95%, retention time 19.2 min. 

4.2.9. Ethyl (E)-6-chloro-3-(3-((2-chlorobenzyl)amino)-3-oxoprop-1-en-1-yl)-1H-indole-2-

carboxylate (9b): The product was obtained using general procedure 1 starting from 7. The 

product was obtained as white solid in a 89% yield. 1H NMR (500 MHz, DMSO-d6) δ 12.32 

(s, 1H), 8.59 (t, J = 5.5 Hz, 1H), 8.34 (d, J = 16.0 Hz, 1H), 8.07 (d, J = 6.0 Hz, 1H), 8.55 (d, J 

= 2.0 Hz, 1H), 7.48 (dd, J = 7.0, 2.0 Hz, 1H), 7.43 (dd, J = 7.0, 2.0 Hz, 1H), 7.35 (m, 2H), 

7.28 (dd, J = 7.0, 2.0 Hz, 1H), 7.03 (d, J = 16 Hz, 1H), 4.50 (d, J = 6.0 Hz, 2H), 4.42 (q, J = 

6.0 Hz, 2H), 1.39 (t, J = 6.0 Hz, 3H). 13C NMR (126 MHz, DMSO-d6) δ 171.36, 166.33, 

141.59, 140.42, 134.65, 134.42, 133.89, 133.21, 131.51, 130.11, 129.20, 127.64, 126.67, 

125.90, 122.91, 122.09, 117.00, 99.98, 65.72, 34.31, 19.24. HRMS, calculated for 

C21H19O3N2Cl2 [M + H]+: 417.0767, found 417.0767. HPLC: purity 96%, retention time 19.2 

min. 

4.2.10. Ethyl (E)-6-chloro-3-(3-((2-methoxybenzyl)amino)-3-oxoprop-1-en-1-yl)-1H-indole-2-

carboxylate (9c): The product was obtained using general procedure 1 starting from 7. The 
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product was obtained as white solid in a 79% yield. 1H NMR (500 MHz, DMSO-d6) δ 12.28 

(s, 1H), 8.39 (t, J = 5.5 Hz, 1H), 8.31 (d, J = 16.0, Hz, 1H), 8.08 (d, J = 9.0, Hz, 1H), 7.54 (dd, 

J = 7.0, 2.0 Hz, 1H), 7.42-7.29 (m, 3H), 7.03 (s, 1H), 7.01 (d, J =7.0 Hz, 1H), 6.94 (td, J = 7.0, 

2.0 Hz, 1H), 4.43-4.38 (m, 4H), 3.83 (s, 3H), 1.39 (t, J = 7.0 Hz, 3H). 13C NMR (126 MHz, 

DMSO-d6) δ 165.97, 161.25, 157.28, 141.43, 137.57, 131.43, 130.44, 128.78, 127.53, 125.63, 

124.96, 124.11, 123.96, 122.30, 120.66, 117.37, 113.09, 111.04, 61.57, 55.78, 38.81, 14.73. 

HRMS, calculated for C22H22ClN2O4 [M + H]+: 413.1263, found 413.1261. HPLC: purity 

96%, retention time 18.9 min. 

4.2.11. Ethyl (E)-6-chloro-3-(3-((3-methoxybenzyl)amino)-3-oxoprop-1-en-1-yl)-1H-indole-2-

carboxylate (9d): The product was obtained using general procedure 1 starting from 7. The 

product was obtained as white solid in a 91% yield. 1H NMR (500 MHz, DMSO-d6) δ 12.30 

(s, 1H), 8.55 (t, J = 6.0 Hz, 1H), 8.34 (d, J = 16.0 Hz, 1H), 8.05 (d, J = 8.5 Hz, 1H), 7.55 (d, J 

=2.0 Hz, 1H), 7.29-7.25 (m, 2H), 6.94 (d, J = 16.0 Hz, 1H), 6.91 (m, 2H), 6.85 (dd, J = 7.0, 

2.0 Hz, 1H), 4.44-4.40 (m, 4H), 3.74 (s, 3H), 1.39 (t, J = 7.0 Hz, 3H). 13C NMR (126 MHz, 

DMSO-d6) δ 165.92, 161.24, 159.82, 141.43, 137.57, 131.69, 130.45, 129.68, 127.53, 125.63, 

124.96, 123.97, 123.05, 122.34, 120.13, 117.30, 113.66, 112.71, 61.58, 55.54, 42.84, 14.75. 

HRMS, calculated for C22H22ClN2O4 [M + H]+: 413.1263, found 413.1262. HPLC: purity 

96%, retention time 14.4 min. 

4.2.12. Ethyl (E)-6-chloro-3-(3-((4-methoxybenzyl)amino)-3-oxoprop-1-en-1-yl)-1H-indole-2-

carboxylate (9e): The product was obtained using general procedure 1 starting from 7. The 

product was obtained as white solid in 84% yield. 1H NMR (500 MHz, DMSO-d6) δ 12.29 (s, 

1H), 8.49 (t, J = 6.0 Hz, 1H), 8.34 (d, J = 16.0 Hz, 1H), 8.04 (d, J = 6.0 Hz, 1H), 7.54 (d, J = 

2.0 Hz, 1H ), 7.26 (m, 3H),6.97-6.91 (m, 3H), 4.43 (q, J = 6.0 Hz, 2H), 4.35 (d, J = 6.0 Hz, 

2H), 3.74 (s, 3H), 1.39 (t, J = 6.0 Hz, 3H). 13C NMR (126 MHz, DMSO-d6) δ 165.77, 161.24, 

158.78, 137.56, 131.76, 131.52, 130.43, (2 × ) 129.35, 127.48, 123.95, 123.72, 123.22, 

122.32, 117.33, 114.27, 114.21, 113.11, 61.58, 55.52, 42.35, 14.67. HRMS, calculated for 

C22H22ClN2O4 [M + H]+: 413.1263, found 413.1262. HPLC: purity 95%, retention time 14.4 

min. 

4.2.13. Ethyl (E)-3-(3-(benzylamino)-3-oxoprop-1-en-1-yl)-6-chloro-1H-indole-2-carboxylate 

(9f): The product was obtained using general procedure 1 starting from 7. The product was 

obtained as white solid in a 88% yield. 1H NMR (500 MHz, DMSO-d6) δ 12.30 (s, 1H), 8.57 

(t, J = 6.0 Hz, 1H), 8.33 (d, J = 16.0 Hz, 1H), 8.05 (d, J = 6.0 Hz, 1H), 7.55 (d, J = 2.0 Hz, 



 

102  

1H), 7.38-7.25 (m, 6H), 6.67 (d, J = 16.0 Hz, 1H), 4.44-4,40 (m, 4H), 1.38 (t, J = 6.0 Hz, 3H). 

13C NMR (126 MHz, DMSO-d6) δ 165.91, 161.24, 139.86, 137.56, 131.68, 131.62, 130.44, 

128.86, (2 × ) 127.98, 127.52, 127.38, 123.96, 123.77, 123.08, 122.34, 117.30, 113.02, 61.59, 

42.88, 14.76. HRMS, calculated for C21H20ClN2O3 [M + H]+: 383.1157, found 383.1158. 

HPLC: purity 98%, retention time 7.1 min. 

4.2.14. Ethyl (E)-6-chloro-3-(3-oxo-3-(phenethylamino)prop-1-en-1-yl)-1H-indole-2-

carboxylate (9g): The product was obtained using general procedure 1 starting from 7. The 

product was obtained as white solid in a 76% yield. 1H NMR (500 MHz, DMSO-d6) δ 12.28 

(s, 1H), 8.29 (d, J = 16.0 Hz, 1H), 8.19 (t, J = 6.0 Hz, 1H), 8.02 (d, J = 7.5 Hz, 1H), 7.54 (d, J 

= 2.0 Hz, 1H), 7.34-7.21 (m, 6H), 6.90 (d, J = 16.0 Hz, 1H), 4.42 (q, J =6.0 Hz, 2H), 4.45 (q, 

J =6.0 Hz, 2H), 2.81 (t, J =6.0 Hz, 2H), 1.38 (t, J = 6.0 Hz, 3H). 13C NMR (126 MHz, 

DMSO- d6) δ 165.90, 161.24, 144.40, 139.98, 137.58, 137.13, 131.26, 130.41, (2×) 129.09, 

128.82, 126.57, 123.97, 123.70, 123.26, 122.28, 117.34, 113.06, 61.55, 39.77, 35.74, 14.71. 

HRMS, calculated for C22H22ClN2O3 [M + H]+: 397.1313, found 397.1311. HPLC: purity 

96%, retention time 14.5 min. 

4.2.15. Ethyl (E)-6-chloro-3-(3-((2-chlorophenethyl)amino)-3-oxoprop-1-en-1-yl)-1H-indole-

2-carboxylate (9h): The product was obtained using general procedure 1 starting from 7. The 

product was obtained as white solid in a 90% yield. 1H NMR (500 MHz, DMSO-d6) δ 12.28 

(s, 1H), 8.28 (d, J = 16.0 Hz, 1H), 8.24 (t, J = 6.0 Hz, 1H), 8.02 (d, J = 9.0 Hz, 1H), 7.55 (d, J 

= 2.0 Hz, 1H), 7.46 (dd, J = 8.0, 2.0 Hz, 1H), 7.38 (dd, J = 8.0, 2.0 Hz, 1H), 7.33-7.26 (m, 

3H), 6.87 (d, J = 16.0 Hz, 1H), 4.42 (q, J =7.0 Hz, 2H), 3.45 (q, J =7.0 Hz, 2H), 2.95 (t, J = 

7.0 Hz, 2H), 1.40 (t, J = 7.0 Hz, 3H). 13C NMR (126 MHz, DMSO-d6) δ 166.01, 161.53, 

137.21, 136.78, 133.50, 131.21, 129.66, 129.44, 128.67, 128.58, 127.78, 127.68, 125.82, 

125.02, 123.80, 120.88, 118.46, 112.26, 61.13, 38.63, 33.14, 14.71. HRMS, calculated for 

C22H21O3N2Cl2 [M + H]+: 431.0924, found 431.0924. HPLC: purity 95%, retention time 14.2 

min. 

4.2.16. Ethyl (E)-6-chloro-3-(3-((2,4-dichlorophenethyl)amino)-3-oxoprop-1-en-1-yl)-1H-

indole-2-carboxylate (9i): The product was obtained using general procedure 1 starting from 

7. The product was obtained as white solid in a 89% yield. 1H NMR (500 MHz, DMSO-d6) δ 

12.29 (s, 1H), 8.28 (d, J = 16.0 Hz, 1H), 8.22 (t, J = 6.0 Hz, 1H), 8.01 (d, J = 9.0 Hz, 1H), 

7.62 (d, J = 2.0 Hz, 1H), 7.55 (d, J = 2.0 Hz, 1H), 7.40 (m, 2H), 7.28 (m, 1H), 6.85 (d, J = 

16.0 Hz, 1H), 4.42 (q, J =7.0 Hz, 2H), 3.48 (q, J =7.0 Hz, 2H), 2.91 (t, J = 7.0 Hz, 2H), 1.36 (t, 
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J = 7.0 Hz, 3H). 13C NMR (126 MHz, DMSO-d6) δ 165.97, 161.22, 137.55, 136.49, 134.57, 

132.79, 132.21, 131.38, 130.44, 129.12, 127.86, 127.49, 123.97, 123.65, 123.13, 122.32, 

117.29, 113.07, 61.56, 38.69, 32.96, 14.70. HRMS, calculated for C22H20O3N2Cl3 [M + H]+: 

465.0534, found 465.0534. HPLC: purity 95%, retention time 18.2 min. 

4.2.17. Ethyl (E)-6-chloro-3-(3-((2-methoxyphenethyl)amino)-3-oxoprop-1-en-1-yl)-1H-

indole-2-carboxylate (9j): The product was obtained using general procedure 1 starting from 7. 

The product was obtained as white solid in a 81% yield. 1H NMR (500 MHz, DMSO-d6) δ 

12.27 (s, 1H), 8.27 (d, J = 16.0 Hz, 1H), 8.17 (t, J = 5.5 Hz, 1H), 8.02 (d, J = 8.5 Hz, 1H), 

7.54 (d, J = 2.0 Hz, 1H), 7.27 (dd, J = 8.0, 2.0 Hz, 1H), 7.22 (m, 1H), 7.18 (dd, J = 7.0, 2.0 Hz, 

1H), 6.99 (d, J = 16.0 Hz, 1H), 6.89 (m, 2H), 4.42 (q, J =7.0 Hz, 2H), 3.81 (s, 3H), 3.32 (q, J 

=7.0 Hz, 2H), 2.78 (t, J = 7.0 Hz, 2H), 1.39 (t, J = 7.0 Hz, 3H). 13C NMR (126 MHz, DMSO-

d6) δ 165.84, 161.25, 157.71, 137.56, 131.17, 130.43, 128.09, 127.61, 127.41, 123.96, 123.75, 

123.68, 123.41, 122.31, 117.38, 113.11, 113.00, 111.12, 61.56, 55.80, 55.71, 30.50, 14.75. 

HRMS, calculated for C23H24O4N2Cl [M + H]+: 427.1419, found 427.1418. HPLC: purity 

96%, retention time 17.2 min. 

4.2.18. 6-chloro-N-methyl-1H-indole-2-carboxamide (12a): The product was obtained using 

general procedure 1 starting from 10. The product was obtained as light brown solid in a 92% 

yield. 1H NMR (500 MHz, DMSO-d6) δ 11.72 (s, 1H), 8.53 (d, J = 5.0 Hz, 1H), 7.65 (d, J = 

8.5 Hz, 1H), 7.43 (d, J = 2.0 Hz, 1H), 7.09 (d, J = 2.0 Hz, 1H), 7.05 (dd, J = 8.5, 2.0 Hz, 1H), 

2.82 (d, J = 4.5 Hz, 3H). 13C NMR (126 MHz, CDCl3) δ 172.08, 162.03, 143.15, 135.19, 

125.34, 125.14, 122.83, 113.47, 99.98, 35.69. HRMS, calculated for C10H10ClN2O [M + H]+: 

209.0476, found 209.0475. HPLC: purity 95%, retention time 18.5 min. 

4.2.19. 6-chloro-N-ethyl-1H-indole-2-carboxamide (12b): The product was obtained using 

general procedure 1 starting from 10. The product was obtained as light brown solid in a 94% 

yield. 1H NMR (500 MHz, DMSO-d6) δ 11.70 (s, 1H), 8.65 (t, J = 6.0 Hz, 1H), 7.69 (d, J = 

8.5 Hz, 1H), 7.43 (d, J = 2.0 Hz, 1H), 7.12 (d, J = 2.0 Hz, 1H), 7.06 (dd, J = 8.5, 2.0 Hz, 1H), 

3.31 (m, 2H), 1.15 (t, J = 7.5 Hz, 3H). 13C NMR (126 MHz, DMSO-d6) δ 160.95, 137.05, 

133.44, 128.15, 126.35, 123.55, 120.62, 112.17, 102.68, 34.13, 15.38. HRMS, calculated for 

C11H12ON2Cl [M + H]+: 223.0633, found 223.0633. HPLC: purity 98%, retention time 10.8 

min. 

4.2.20. 6-chloro-N-propyl-1H-indole-2-carboxamide (12c): The product was obtained using 

general procedure 1 starting from 10. The product was obtained as light brown solid in a 91% 
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yield. 1H NMR (500 MHz, DMSO-d6) δ 11.70 (s, 1H), 8.56 (t, J = 5.5 Hz, 1H), 7.64 (d, J = 

8.5 Hz, 1H), 7.45 (d, J = 2.0 Hz, 1H), 7.15 (d, J = 2.0 Hz, 1H), 7.05 (dd, J = 8.5, 2.0 Hz, 1H), 

3.25 (q, J = 7.0 Hz, 2H), 1.55 (q, J = 7.5 Hz, 2H), 0.91 (d, J = 2.0 Hz, 1H). 13C NMR (126 

MHz, DMSO-d6) δ 161.14, 137.07, 133.42, 128.18, 126.36, 123.54, 120.57, 112.18, 102.75, 

41.06, 22.97, 11.94. HRMS, calculated for C12H14ON2Cl [M + H]+: 237.0789, found 237.0789. 

HPLC: purity 95%, retention time 14.5 min. 

4.2.21. N-butyl-6-chloro-1H-indole-2-carboxamide (12d): The product was obtained using 

general procedure 1 starting from 10. The product was obtained as light brown solid in a 90% 

yield. 1H NMR (500 MHz, DMSO-d6) δ 11.96 (s, 1H), 7.45 (t, J = 6.0 Hz, 1H), 6.64 (d, J = 

8.5 Hz, 1H), 7.43 (d, J = 2.0 Hz, 1H), 7.14 (d, J = 2.0 Hz, 1H), 7.20 (dd, J = 8.5, 2.0 Hz, 1H), 

3.32 (q, J = 7.5 Hz, 2H), 1.57-1.53 (m, 2H), 1.39-1.34 (m, 2H), 0.90 (t, J = 7.5 Hz, 3H). 13C 

NMR (126 MHz, DMSO-d6) δ 161.07, 137.05, 133.42, 128.15, 126.36, 123.57, 120.59, 

112.13, 102.70, 38.93, 31.79, 20.10, 14.20. HRMS, calculated for C13H16ClN2O [M + H]+: 

251.0946, found 251. 0947. HPLC: purity 99%, retention time 14.5 min. 

4.2.22. 6-chloro-N-pentyl-1H-indole-2-carboxamide (12e): The product was obtained using 

general procedure 1 starting from 10. The product was obtained as light brown solid in a 91% 

yield. 1H NMR (500 MHz, DMSO-d6) δ 1H NMR (500 MHz, DMSO-d6) δ: 11.69 (s, 1H), 

7.51 (t, J = 6.0 Hz, 1H), 6.66 (d, J = 8.5 Hz, 1H), 7.43 (s, 1H), 7.14 (m, 1H), 7.03 (dd, J = 8.5, 

2.0 Hz, 1H), 3.30 (q, J = 7.5 Hz, 2H), 1.57-1.53 (m, 2H), 1.24-1.20 (m, 4H), 0.92 (t, J = 7.5 

Hz, 3H). 13C NMR (126 MHz, DMSO-d6) δ 161.05, 137.05, 133.42, 128.15, 126.35, 123.54, 

120.55, 112.15, 102.72, 39.21, 29.36, 29.15, 22.36, 14.44. HRMS, calculated for 

C14H18ClN2O [M + H]+: 265.1102, found 265.1103. HPLC: purity 99%, retention time 14.3 

min. 

4.2.23. 6-chloro-N-isopropyl-1H-indole-2-carboxamide (12f): The product was obtained 

using general procedure 1 starting from 10. The product was obtained as light brown solid in a 

84% yield. 1H NMR (500 MHz, DMSO-d6) δ 1H NMR (500 MHz, DMSO-d6) δ: 11.67 (s, 1H), 

8.30 (d, J = 8.0 Hz, 1H), 6.66 (d, J = 8.5 Hz, 1H), 7.43 (s, 1H), 7.14 (d, J = 2.0 Hz, 1H), 7.03 

(dd, J = 8.5, 2.0 Hz, 1H), 4.17-4.09 (m, 1H), 1.20 (d, J = 6.5 Hz, 6H) . 13C NMR (126 MHz, 

DMSO- d6) δ 160.28, 137.04, 133.50, 128.14, 126.33, 123.46, 120.56, 112.10, 102.88, 41.24, 

41.14, 22.87. HRMS, calculated for C12H14ON2Cl [M + H]+: 237.0789, found 237.0789. 

HPLC: purity 99%, retention time 10.8 min. 
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4.2.24. 6-chloro-N-cyclopropyl-1H-indole-2-carboxamide (12g): The product was obtained 

using general procedure 1 starting from 10. The product was obtained as light brown solid in a 

91% yield. 1H NMR (500 MHz, DMSO-d6) δ 11.70 (s, 1H), 8.54 (d, J = 2.0 Hz, 1H), 6.66 (d, 

J = 8.5 Hz, 1H), 7.43 (d, J = 2.0 Hz 1H), 7.12 (d, J = 2.0 Hz, 1H), 7.06 (dd, J = 8.5, 2.5 Hz, 

1H), 2.90-2.83 (m, 1H). 0.75-0.71 (m, 2H), 0.61-0.55 (m, 2H). 13C NMR (126 MHz, DMSO-

d6) δ 162.36, 137.09, 133.14, 128.24, 126.32, 123.54, 120.63, 112.16, 103.01, 23.12, (2×) 

6.30. HRMS, calculated for C12H12ON2Cl [M + H]+: 235.0633, found 235.0632. HPLC: purity 

97%, retention time 11.8 min. 

4.2.25. 6-chloro-3-((dimethylamino)methyl)-N-propyl-1H-indole-2-carboxamide (13): 6-

chloro-N-propyl-1H-indole-2-carboxamide (12c) (50 mg, 0.20 mmol), dimethylamine (9.5 mg, 

0.20 mmol), paraformaldehyde (6.5 mg, 0.20 mmol) and 0.20 mL acetic acid were dissolved 

in 10 mL MeOH. The reaction mixture was refluxed for 4 h. After completion, the product 

was purified by column chromatography eluted with 10% ethyl acetate in petroleum ether as 

solvent to obtain a white solid product with a 91% yield. 1H NMR (500 MHz, DMSO-d6) δ 

11.75 (s, 1H), 10.53 (t, J = 2.0 Hz, 1H), 7.71 (d, J = 8.5 Hz, 1H), 7.43 (d, J = 2.0 Hz, 1H), 

7.07 (dd, J = 8.5, 2.0 Hz, 1H), 3.69 (s, 2H), 3.29 (q, J = 6.5 Hz, 2H), 2.24 (s, 6H), 1.71-1.66 

(m, 2H), 1.04 (t, J = 7.0 Hz, 3H). 13C NMR (126 MHz, DMSO-d6) δ 161.68, 135.54, 132.22, 

128.27, 127.28, 121.36, 120.42, 112.11, 112.05, 52.57, 44.00, 43.97, 41.30, 22.75, 12.00. 

HRMS, calculated for C15H21ON3Cl [M + H]+: 294.1368, found 294.1367. HPLC: purity 99%, 

retention time 13.9 min. 

4.2.26. General synthetic procedure 2: hydrolysis reaction. Ester (1.0 equiv.) was dissolved in 

THF (15 mL) while stirring. Then a solution of lithium hydroxide trihydrate (3.0 equiv.) in 

demiwater (15 mL) was added and the mixture was stirred at 50 C for 2 h. Subsequently, the 

aqueous layer was extracted with EtOAc (3 × 15 mL). The combined organic layers were 

washed with brine, dried over MgSO4, filtered, and concentrated under reduced pressure. The 

crude product 11 was used without further purification. 

4.2.27. (R)-6-chloro-3-(3,7-dimethyloctanoyl)-N-propyl-1H-indole-2-carboxamide (14): The 

product was obtained using general procedure 1 and 2 starting from compound Eleftheriaids-

14d and 12c. The product was obtained as light brown solid in a 65% yield over two steps. 1H 

NMR (500 MHz, CDCl3) δ 11.83 (s, 1H), 11.45 (t, J = 2.0 Hz, 1H), 7.88 (d, J = 8.5 Hz, 1H), 

7.33 (d, J = 2.0 Hz, 1H), 7.31 (dd, J = 8.5, 2.5 Hz), 3.62 (q, J = 6.5 Hz, 2H), 3.06 (m, 2H), 

2.28 (m, 1H), 1.83 (m, 2H), 1.56 (m, 1H), 1.42 (m, 2H), 1.33 (m, 2H), 1.22 (m, 2H), 1.12 (t, J 
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= 7.5 Hz, 3H), 1.04 (d, J = 7.5 Hz, 3H), 0.89 (d, J = 7.5 Hz, 6H). 13C NMR (126 MHz, CDCl3) 

δ 199.61, 159.84, 136.61, 135.02, 130.45, 125.26, 123.66, 123.16, 115.54, 113.22, 51.18, 

42.02, 39.08, 37.33, 29.61, 27.92, 24.79, 22.69, 22.62, 22.56, 20.01, 11.66. HRMS, calculated 

for C22H32O2N2Cl [M + H]+: 391.2147, found 391.2148. HPLC: purity 97%, retention time 

21.4 min. 

4.2.28. (S)-6-chloro-3-(3,7-dimethyloctanoyl)-N-propyl-1H-indole-2-carboxamide (15): The 

product was obtained using general procedure 1 and 2 starting from compound Eleftheriaids-

14e and 12c. The product was obtained as light brown solid in a 55% yield over two steps. 1H 

NMR (500 MHz, CDCl3) δ 11.63 (s, 1H), 11.41 (t, J = 2.0 Hz, 1H), 7.88 (d, J = 8.5 Hz, 1H), 

7.71 (d, J = 2.0 Hz, 1H), 7.31 (dd, J = 8.5, 2.5 Hz), 3.60 (q, J = 7.0 Hz, 2H), 3.19-2.96 (m, 

2H), 2.30-2.25 (m, 1H), 1.85-1.78 (m, 2H), 1.60-1.52 (m, 1H), 1.46-1.16 (m, 6H), 1.12 (t, J = 

7.5 Hz, 3H), 1.04 (d, J = 6.5 Hz, 3H), 0.90 (d, J = 6.5 Hz, 6H). 13C NMR (126 MHz, CDCl3) 

δ 199.60, 159.81, 136.62, 134.97, 130.46, 125.27, 123.66, 123.17, 115.53, 113.18, 51.18, 

42.00, 39.08, 37.32, 29.60, 27.92, 24.79, 22.69, 22.62, 22.56, 20.00, 11.66. HRMS, calculated 

for C22H32O2N2Cl [M + H]+: 391.2147, found 391.2149. HPLC: purity 99%, retention time 

22.9 min. 

4.2.29. (E)-6-chloro-N-ethyl-3-(3-((2-methoxybenzyl)amino)-3-oxoprop-1-en-1-yl)-1H-indole-

2-carboxamide (16): The product was obtained using general procedure 1 and 2 starting from 

compound 9c and 11b. The product was obtained as white solid in a 62% yield over two steps. 

1H NMR (500 MHz, DMSO-d6) δ 12.01 (s, 1H), 8.47 (t, J = 6.0 Hz, 1H), 8.31 (t, J = 6.0 Hz, 

1H), 8.19 (d, J = 9.0 Hz, 1H), 8.02 (d, J = 7.5 Hz, 1H), 7.50 (s, 1H), 7.25 (m, 3H), 7.04 (d, J = 

7.5 Hz, 1H), 6.92 (t, J = 7.5 Hz, 1H), 6.89 (d, J = 9.0 Hz, 1H), 4.38 (d, J = 6.0 Hz, 2H), 3.84 

(s, 3H), 3.33 (m, 2H), 1.19 (t, J = 6.0 Hz, 3H). 13C NMR (126 MHz, DMSO-d6) δ 166.34, 

161.31, 157.29, 136.87, 134.45, 132.09, 129.02, 128.73, 127.32, 124.16, 123.14, 121.79, 

120.79, 120.63, 113.16, 112.59, 111.05, 55.85, 37.93, 34.56, 31.15, 15.04. HRMS, calculated 

for C22H23ClN3O3 [M + H]+: 412.4122, found 412.4123. HPLC: purity 96%, retention time 

13.8 min. 

4.2.30. (E)-6-chloro-3-(3-((2-methoxybenzyl)amino)-3-oxoprop-1-en-1-yl)-N-propyl-1H-

indole-2-carboxamide (17): The product was obtained using general procedure 1 and 2 

starting from compound 9c and 11c. The product was obtained as white solid in a 62% yield 

over two steps. 1H NMR (500 MHz, DMSO-d6) δ 12.03 (s, 1H), 8.47 (t, J = 5.5 Hz, 1H), 8.29 

(t, J = 5.5 Hz, 1H), 8.07 (d, J = 16.0 Hz, 1H), 8.01 (d, J = 9.0 Hz, 1H), 7.52 (d, J = 2.0 Hz, 
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1H), 7.23 (m, 3H), 7.20 (dd, J = 7.5, 2.0 Hz, 1H), 6.94 (td, J = 6.5, 2.0 Hz, 1H), 6.90 (d, J = 

16.0 Hz, 1H), 4.38 (d, J = 6.0 Hz, 2H), 3.86 (s, 3H), 3.28 (q, J = 6.0 Hz, 2H), 1.68 (m, 2H), 

0.95 (t, J = 6.0 Hz, 3H). 13C NMR (126 MHz, DMSO-d6) δ 166.32, 161.45, 157.26, 136.87, 

134.57, 132.07, 128.98, 128.69, 128.66, 127.30, 124.13, 123.12, 121.77, 120.73, 120.62, 

113.06, 112.58, 111.03, 55.84, 41.44, 37.92, 22.72, 12.01. HRMS, calculated for 

C23H25ClN3O3 [M + H]+: 426.1579, found 426,1580. HPLC: purity 96%, retention time 13.8 

min. 

4.3. Human 15-LOX-1 enzyme inhibition studies.  

The 15-LOX-1 enzyme was expressed and purified as described before.46 Furthermore, 

the 15-LOX-1 enzyme activity studies were done using procedures previously described by 

our group as well.30 15-LOX-1 activity was determined by the conversion of linoleic acid to 

hydroperoxy-9Z,11E-octadecadienoic acid (λmax of 234 nm) in a 96-well plate. The 

conversion rate was followed by UV absorbance at 234 nm. The conversion rate was 

evaluated at the linear part of the plot, and the substrate depletion covers the first 16 min. The 

optimum concentration of 15-LOX-1 was determined by an enzyme activity assay and proved 

to be a 40-fold dilution. The assay buffer consists of 25 mM HEPES titrated to pH 7.4. The 

substrate, linoleic acid (LA) (Sigma-Aldrich, L1376), was dissolved in ethanol to a 

concentration of 500 nM. The absorbance increased at 234 nm over time for the conversion of 

linoleic acid in the presence (positive control) of the enzyme, or remained constant in the 

absence (blank control) of the enzyme.  

To determine IC50 values, 140 μL of the inhibitors (0 – 71 µM, 2 × dilution series) 

were incubated with 50 μL of 1:40 enzyme solution for 10 min at room temperature in 96-

well plate. After 10 min incubation, 10 μL of 500 nM LA was added to the mixture, which 

resulted in desired concentrations of the inhibitors (0 – 50 µM, 2 × dilution series), a final 

dilution of the enzyme of 1:160 and 25 nM LA. The linear absorbance increased in the 

absence of the inhibitor was set to 100%, whereas the absorbance increased in the absence of 

the enzyme was set to 0%. All experiments were performed at least in triplicate. The average 

values and their standard deviations were plotted. Data analysis was performed using 

Microsoft Excel professional plus 2013 and GraphPad Prism 5.01. 

4.4. Cell culture, MTS and RAW-Blue NF-κB reporter gene assay.  
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RAW 264.7 murine macrophages were obtained from ATCC (Wesel, Germany) and 

cultured in Dulbecco Modified Eagle Medium + Glutamax (Gibco by Life Technologies, The 

Netherlands) supplemented with 10% (v/v) Fetal Bovine Serum and 100 U/mL 1% 

penicillin/streptomycin (Gibco, The Netherlands) in a humidified 5% CO2 atmosphere at 37 

C. RAW-Blue macrophages were obtained from InvivoGen (Toulouse, France) and cultured 

in the same conditions, with the addition of 200 µg/mL Zeocin to the culture medium as 

reported by the manufacturer. 

RAW 264.7 cells were seeded at 5,000 cells per well in a 96 well plate one day prior 

to the experiment. Cells were treated with 9c (i472) at 0.1, 1, 5, 10 and 50 µM for 48 h. The 

cell viability of the treated cells was determined by CellTiter reagent that 20 µL CellTiter 

reagent was added to each well. After 2 h incubation with the CelTiter reagent at 37 C, the 

absorbance at 490 nm was measured using a Synergy H1 plate reader.  

RAW-Blue cells were seeded at 10 × 104 cells per well in a 96 well plate one day 

before the start of the experiment. Cells were treated with 9c (i472) at 0.2, 1 and 5 µM and 

stimulated with 10 ng/mL LPS (Sigma-Aldrich, The Netherlands) and 10 ng/mL IFNγ 

(Sigma-Aldrich, The Netherlands) for 24h. The secreted embryonic alkaline phosphatase 

(SEAP) release was measured to monitor the NF-κB levels using the QuantiBlue reagent 

(InvivoGen, Toulouse, France). After 2h incubation at 37 C, the absorbance at 635-655 nm 

was measured using Synergy H1 plate reader according to the manufacturer’s instructions. 

4.5. LPS induced cell death.  

RAW 264.7 cells were seeded at 5,000 cells per well in a 96-well plate. The ability of 

rescue were tested with the treatment of 9c (i472) at 0.2, 1 and 5 µM or Zileuton at 5 µM with 

100µg/mL LPS for 48 h. The cell viability was determined by MTS assay as described 

above.3 

4.6. Gene Expression Analysis by RT-qPCR.  

Total RNA was isolated from RAW 264.7 cells using the SV total RNA isolation 

system (Promega, Leiden, The Netherlands) and performed according to the protocol of the 

manufacturer. RNA integrity was determined by 28S/18S ratio detection on an agarose gel, 

which was consistently found to be intact. For gene expression analysis, RNA was reverse-

transcribed using a reverse-transcription kit (Promega). Subsequently, 10 ng of cDNA was 
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applied for each real-time PCR, which was performed on an ABI Prism 7900HT sequence 

detection system (Applied Biosystems, Nieuwerkerk a/d IJssel, The Netherlands). The 

primers for NF-κB1 (Fw, 5’- GAAATTCCTGATCCAGACAAAAAC-3’, Rv, 5’-

ATCACTTCAATGGCCTCTGTGTAG-3’), NF-κB2 (Fw, 5’- 

CTGGTGGACACATACAGGAAGAC-3’, Rv, 5’- ATAGGCACTGTCTTCTTTCACCTC-

3’), RelA (Fw, 5’- CTTCCTCAGCCATGGTACCTCT-3’, Rv, 5’- 

CAAGTCTTCATCAGCATCAAACTG -3’), RelB (Fw, 5’- 

CTTTGCCTATGATCCTTCTGC-3’, Rv, 5’- GAGTCCAGTGATAGGGGCTCT-3’) and 

iNOS (Fw, 5’- CTATCAGGAAGAAATGCAGGAGAT-3’, Rv, 5’- 

GAGCACGCTGAGTACCTCATT-3’) were purchased Sigma. For each sample, the real-time 

PCR reactions were performed in triplicate, and the averages of the obtained Ct values were 

used for further calculations. Gene expression levels were normalized to the expression of the 

reference gene glyceraldehyde-3-phosphate dehydrogenase (GAPDH), which was not 

influenced by the experimental conditions, resulting in the 
Δ
Ct value. Gene expression levels 

were calculated by the comparative Ct method (2−
ΔΔCt). 

4.7. Nitric oxide (NO) assay.  

The level of nitric oxide was measured in RAW 264.7 cells. 2×106 macrophage cells 

per well were seeded in 6 well plates, incubated 24 hours with or without 10 ng/mL LPS 

(Sigma, The Netherlands) and 10 ng/mL IFNγ (Sigma-Aldrich, The Netherlands) in the 

presence or absence of 5 μM 9c (i472). The nitric oxide level in each sample was quantified 

using commercially available colorimetric nitric oxide assay kit (abcam, ab 65328, UK) 

following the manufacturer's instructions.  

4.8. Lipid peroxidation.  

RAW 264.7 cells were seeded into a 6-well plate containing 10 ×106 cells per well. 

After overnight incubation, cells were treated with or without 10 ng/mL LPS (Sigma, The 

Netherlands) and 10 ng/mL IFNγ (Sigma, The Netherlands) for 24h in the presence or 

absence of 5 μM PD146176, Zileuton or 9c (i472), respectively. Lipid peroxidation was 

detected by staining with BODIPY 581/591 C11 (Invitrogen, Karlsruhe, Germany) at a final 

concentration of 2 mM for 30 min at 37 C. The shift in fluorescence from red to green was 

analyzed by fluorescence activated cell sorting (FACS) using the Guava Easy Cite 6-2L 
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system (Merck Millipore, Darmstadt, Germany) by excitation at 488 nm. At least three 

independent experiments were performed per condition. 

5. Ancillary information 

Supporting information 

 It includes the preferred overlapped poses of compound 9c, 9f and 16 after docking 

study (Figure S1), 2-mercaptoethanol reactivity assay (Figure S2), LPS toxicity assay (Figure 

S3), MTS assay of 9c (i472) (Figure S4), FACS of RAW 264.7 cells (Figure S5), and 1H and 

13C NMR spectra data (Figure S6). 
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Supporting Information 

Figure S1. Overlap of docking poses of compound 9c, 9f and 16 in PDB ID: 1LOX. (A) The 

preferred orientation of compound 9c in the active site of the enzyme. (B) The preferred 

orientation of compound 9f in the active site of the enzyme. (C) The preferred orientation of 

compound 16 in the active site of the enzyme. 

 

 

 

 

 

 

 

 



 

 117 

Figure S2. 2-mercaptoethanol reactivity assay. 

Stability of 9c(i472) was measured in different concentrations (25 µM and 50 µM) 

with the incubation of 2-mercaptoethanol (2BME) (1 mM) by checking the UV spectrum. 
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Figure S3. LPS toxicity assay.  

The cytotoxicity of LPS in RAW 264.7 macrophages. The cell viability was measured 

by MTS assay. All the values were expressed as means ± SEM (n=4). 
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Figure S4. MTS assay of 9c (i472). 

LC50 graph determined MTS assay. Compound 9c (i472) was incubated with RAW 

264.7 cells at concentrations from 0.1 to 50 μM over 24 hours. All the values were expressed 

as means ± SEM (n=3). 

 

  



 

120  

Figure S5. FACS of RAW 264.7 cells  

Representative scatter plots of BODIPY green fluorescence staining measured by 

FACS assay of RAW 264.7 cells. LPS/IFNγ (10 ng/mL of each) stimulated cells to cause 

inflammation in the presence and absence of 15-LOX inhibitor (PD-146176 or 9c(i472)) at 5 

μM for 24 hours. Results were reproduced two times. 
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Abstract 

15-lipoxygenase-1 (15-LOX-1) has been shown to be crucial in various diseases with 

an inflammatory component, such as asthma, chronic obstructive pulmonary disease (COPD), 

central nervous system (CNS), stroke and cancer. Hence, targeting 15-LOX-1 may expand the 

therapeutic possibilities for patients suffering from these diseases. In this study, we firstly 

explored a series of novel 15-LOX-1 inhibitors and the IC50 value of the most potent 

compound 14d is 20 nM. Subsequently, a novel activity-based probe was developed to 

provide 15-LOX-1 activity-dependent labeling. Using this probe, it is possible to do a one-

step labeling of lipoxygenase activity in its cellular context. Our results demonstrated that the 

selected probe can also be used for enzyme inhibition studies providing information on the 

inhibitory potency against lipoxygenase activity in cell-based studies.  
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1. Introduction 

Chronic inflammatory diseases collectively form one of the most important causes of 

death worldwide. Therefore, the World Health Organization (WHO) ranks them as one of the 

most important threats to human health. More remarkably, the prevalence of diseases that are 

associated with chronic inflammation, such as diabetes, cardiovascular diseases, arthritis, 

allergies, chronic and obstructive pulmonary disease (COPD), increases persistently. This 

demonstrates the need for development of novel therapeutics. Hence, application of novel 

small molecules as chemical tools to study the molecular mechanisms involved in these 

diseases could open novel perspectives in drug discovery. 

The metabolism of arachidonic acid (AA), linoleic acid (LA) and other related 

polyunsaturated fatty acids (PUFAs) by lipoxygenase (LOX) enzyme activity plays a key role 

in immune responses and in maintaining homeostasis.1 The resulting bioactive signaling 

molecules such as hydroperoxides (HpETEs) and their corresponding hydroxides (HETEs) 

are collectively known as eicosanoids. Eicosanoids such as prostaglandins, thromboxanes, 

leukotrienes, lipoxins and their derivatives regulate inflammatory processes by generating 

metabolites with versatile biological activities.2–4 Whereas normal immune responses are 

beneficial, aberrant immune responses lie at the basis of chronic inflammatory diseases.5 

Lipoxygenases (LOXs) are 75 kDa non-heme, iron containing enzymes, members of 

oxidoreductase enzyme class and incorporate atmospheric oxygen into polyunsaturated fatty 

acids (PUFAs) in a regio- and stereospecific manner.6–9 The LOX family consists of 

regiospecific lipoxygenases: 5-, 8-, 9-, 10-, 11-, 12-, 13-, 15-, fusion-, mini- and Mn-LOXs.9 

However only four of them are found in mammals (5-LOX, 8-LOXs, 12-LOXs and 15-LOXs). 

The numbers in the names refer to the carbon atom in the arachidonic acid backbone where 

the oxygen is inserted.10 Among the members of the lipoxygenase family, human 15-

lipoxygenase, is an interesting enzyme expressed in alveolar macrophages, airway endothelial 

cells, reticulocytes, eosinophils, mast cells and dendritic cells.10–17 In particular, 15-LOXs can 

be further classified as 15-LOX-1 and 15-LOX-2,18 which are isoenzymes with different 

substrate affinities. 15-LOX-1, favors LA, while 15- LOX-2 favors AA.13,19 The expression of 

15-LOX-1 in various immune cells shows its strong relationship with the immune system in 

which 15-LOX-1 catalyzes the formation of mediators such as lipoxins (anti-inflammatory) 

and eoxins (pro-inflammatory). In this way, they regulate innate and adaptive immune 

responses as well as resolution of inflammation. 15-LOX-1 has also been shown to be crucial 

in various diseases with inflammatory components, such as inflammatory lung diseases,20–25 
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CNS,26–28 stroke26 and cancer.1,5,29–31 All of these studies suggest that finding novel inhibitors 

for LOXs may expand treatment for patients suffering from these diseases. Therefore, 

researchers have been working on development of inhibitors for 15-LOX-1 due to its critical 

role in many pathological processes.32–43 In the past few years, several laboratories have 

attempted to identify potent and drug-like 15-LOX-1 inhibitors. However, the cellular potency 

of these inhibitors remained limited.  

Despite intensive research on LOX enzymes, a detailed understanding of the 

functional behavior of these proteins in their cellular context remains limited. Activity-based 

protein profiling (ABPP) is a strategy that is gaining importance in this field. This strategy 

depends on covalent binding of reactive functionalities to enzymes based on their enzymatic 

activity. This enables labeling of classes of enzymes such as esterases and proteases. Covalent 

attachment of these reactive groups to target proteins enables detection on western blot and 

sample enrichment combined with mass spectrometry analysis. This enables quantification of 

expression or activity levels of targeted proteins. It becomes increasingly clear that ABPP is 

an appealing and extremely useful technology to investigate enzymatic activities both in vitro 

and in vivo.44,45 Apart from basic research, also clinical research starts to benefit from 

ABPP.45 In contrast to developments in the field of esterases and proteases, ABPP for 

oxidative enzymes such as LOX is still in a very early stage and novel and convenient probes 

are needed to make this strategy available for a broader audience. 

Overall, in this study, we aim to discover potent novel 15-LOX-1 inhibitor with better 

physicochemical properties. A second goal is to explore a novel type of inhibitor for ABPP. 

Thirdly, we aim to apply ABPP to study LOX in its cellular context and to evaluate the 

potency of a series of novel and previously identified inhibitors in a cellular context (Figure 1). 
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Figure 1. Indole-based inhibitors and activity-based probes compete for binding to the active site of 15-LOX-1. 

Covalent binding of the biotinylated ABPP probe enables detection of the active form of 15-LOX-1. 

2. Results and Discussion 

2.1. Structure–activity relationships of indole-based inhibitor 

In order to determine the inhibition of 15-LOX-1 enzyme activity, an activity assay 

was used in which LA was applied as substrate and product formation was monitored by UV 

absorbance of the diene product at 234 nm. In our study, structure−activity relationships 

(SARs) for the binding to 15-LOX-1 were investigated starting from ethyl 6-chloro-1H-

indole-2-carboxylate (3a).46 We aimed to further optimize indole-based 15-LOX-1 inhibitor 

and the key structural modifications are shown in Figure 2.  



 

128  

 

Figure 2. The development of indole-based inhibitors. Indole-based 15-LOX-1 inhibitors are developed from 

ethyl 6-chloro-1H-indole-2-carboxylate (3a). Based on this compound, more substitutions on the C3 position of 

the indole are explored. As a next step, further structure−activity relationships (SARs) are studied based on 

different positions and key structural modifications. 

 Previously, the SARs around the 15-LOX-1 inhibitor Eleftheriadis-14d, Hao-10c and 

Ramon-17 were explored. This showed that the substitution at the indole 3-position can 

significantly increase the potency of 15-LOX-1 inhibition.46–48 Generally, compared to hit 3a, 

we observed approximately twenty-fold increase in the inhibitory potency against 15-LOX-1. 

In order to expand the SAR in novel directions, the carboxyl ethyl ester at the indole 2-

position was replaced with various alkyl ketone functionalities to explore the SAR at this 

position further. Starting from 3a and inspired by prior knowledge on substitution in the 3-

position, new substitution patterns were explored.  
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The synthetic routes applied in this study are shown in Scheme 1 and 2. The synthetic 

routes to carboxylic acids 4a–g were described before. As a next step, the corresponding N-

methoxy-N-methylamides 5a–g were obtained by 1-ethyl-3-(3-dimethylaminopropyl) 

carbodiimide (EDCI) and N-hydroxybenzotriazole (HOBt) as coupling reagents in yields 

between 80 and 90%. Next, under N2 atmosphere ten equivalents of propylmagnesium 

chloride solution or pentylmagnesium bromide solution were turned into Grignard reagents in 

dry THF in order to get products 6a–g, 7a. The yields were about 80%. 

 

Scheme 1. Synthetic route to compounds 6a–g, 7a. Reagents and conditions: (a) diethyl oxalate, NaOEt, Et2O, 

N2, r.t., overnight; (b) Fe, AcOH, EtOH, reflux, 7 h; (c) LiOH, THF, H2O, 50 C, 2 h; (d) N,O-

Dimethylhydroxylamine hydrochloride, EDCI, HOBT, TEA, DCM, r.t., 4 h; (e) 5a–g, propylmagnesium 

chloride solution or pentylmagnesium bromide solution, THF, N2, r.t., overnight. 
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Scheme 2. Synthetic route to compounds 14a–b. Reagents and conditions: (a) POCl3, DMF, 60 C, 48 h; (b) 

(tert-Butoxycarbonylmethylene) triphenylphosphorane, EtOH, reflux, 2 h; (c) TFA, DCM, r.t., overnight; (d) (2-

methoxyphenyl)methanamine, EDCI, HOBT, TEA, DCM, r.t., 4 h; (e) LiOH, THF, H2O, 50 C, 2 h; (f) N,O-

Dimethylhydroxylamine hydrochloride, EDCI, HOBT, TEA, DCM, r.t., 4 h; (g) 13a–b, propylmagnesium 

chloride solution, THF, N2, r.t., overnight. 

All of the newly synthesized 15-LOX-1 inhibitors were evaluated by the enzyme 

activity assay and the IC50 values are shown in Table 1. Remarkably, the replacement of the 

carboxyl ethyl ester (3a) with a 2-propyl (6a) functionality provided nearly six-fold 

improvement for the inhibition of 15-LOX-1, whereas a hexyl group resulted in an inactive 

compound (7a). For further exploration of SAR, various methoxy- or halogen-substitutions 

were made in the indole 4, 5 or 6-position to compounds 6b-g. For a series of halogens in the 

indole 6-position, the bromine (6b) slightly increases the potency compared to chlorine, 

whereas fluorine (6c) causes a complete loss of activity against 15-LOX-1. This suggests that 
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both the size and polarity of the halogen in the 6-position play a role in the interaction of 6a 

with the receptor. We also noted that methoxy substitution (6d) in the 6-position or chlorine 

substitution in the 4- or 5-position are unfavorable for 15-LOX-1 inhibition.  

Considering the results from prior research, the indole C3 substitution from Hao-9c 

(Figure. 2) was combined with alkyl modification at C2 in this study (14a-b). Both 14a and 

14b provide potencies that are approximately one hundred-fold increase compared to our 

initial hit (3a). Apparently, the novel 2-methoxybenzyl containing substitution are favorable 

for the inhibition of 15-LOX-1. Importantly, the combination of modifications at C2 and C3 

greatly enhanced the inhibitory potency against 15-LOX-1 and the IC50 value is 20 nM.  

To rationalize the interaction with 15-LOX-1, a molecular modeling study was 

performed to dock inhibitors Hao-9c and 14a in the enzyme active site. Both inhibitors 

docked in comparable poses in the active site of 15-LOX-1. In comparison, with the ester tail 

of Hao-9c the alkyl tail of 14d at the C2 position provides additional hydrophobic interactions 

with LEU362 (Figure 3), which could account for the improved potency. The amino group 

form two H-bonds with HIS545 and GLU357. The 6-chloro participates in interactions with 

PHE173 and ARG403. Furthermore, the phenyl group makes a π-π interaction with MET491. 

Additionally, there are a couple of van der Waals forces with the indole core and the alkyl 

ketone in the indole C2 position. Altogether, docking of 14a with the active site of the 

enzyme shows multiple interactions, thus indicating that the structure matches the structural 

requirements of the enzyme active site very well. 
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Figure 3. Molecular modeling of selected compounds in the active site of 15-LOX-1 (PDB ID: 1LOX). The 

surface in the pocket is colored based on the relative hydrophobicity: brown for hydrophobic and blue for 

hydrophilic areas (A) Poses of compound Hao-9c and 14a with the active site of the enzyme. (B) The preferred 

orientations of compound 14a in the active site of the enzyme. (C) Interactions of 14a with the active site of 15-

LOX-1. 
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Table 1. IC50 values against 15-LOX-1 (analogues 3a, 6a–g, 7a, 13a–b and 14a–b).  

 

Compound R1 R2
 R3 

IC50 (μM) 

[± SD (μM)] 

3a H 
 

6-Cl 3.01 ± 1.24 

6a H 
 

6-Cl 
0.512 ± 

0.107 

6b H 
 

6-Br 
0.466 ± 

0.055 

6c H 
 

6-F >20 

6d H 
 

6-OCH3 10.5 ± 2.40 

6e H 
 

H >20 

6f H 
 

5-Cl >20 

6g H 
 

4-Cl >20 

7a H 
 

6-Cl >20 

13a 

 

 
6-Cl 

0.192 ± 

0.031 

14a 

 

 
6-Cl 

0.020 ± 

0.009 

13b 

 

 
6-Br 

0.041 ± 

0.010 

14b 

 

 
6-Br 

0.041 ± 

0.229 

 



 

134  

2.2. Druggability of novel indole-based 15-LOX-1 inhibitor  

LogP is defined as the partition coefficient of a neutral molecule in between octanol 

and water. In drug development, the CLogP value is employed as indicator for membrane 

passage, which influences absorption, distribution, metabolism, and excretion (ADME). A 

generally, considered reasonable range for CLogP values ranges from -0.4 to 5.6. In this study, 

CLogP values are calculated by ChemDraw Professional version 12.0. In addition, ligand 

efficiency, which is defined as the ratio of Gibbs free energy (ΔG) to the number of non-

hydrogen atoms, have been accepted widely as a tool to estimate the value of lead compound 

as well. LE values greater than 0.3 kcal per heavy atom (HA) are considered to provide 

promising drug candidates. All relevant values are shown in Table 2. 

Comparison of inhibitors 6a-b to previously reported inhibitors PD-146176, 

Eleftheriadis-14d and Hao-10c, indicates that inhibitors 6a-b have relatively low molecular 

weight and CLogP values and relatively high LE values. Both of the LE values of inhibitor 

6a-b are 0.61 kcal per HA, thus exceeding currently described 15-LOX-1inhibitors. With 

these results, inhibitors 6a-b are promising for further exploitation. Therefore, inhibitors 14a-

b were developed and their Ki values are 0.0080 and 0.016 µM, respectively. Importantly, the 

inhibitory activities of 14a-b against 15-LOX-1 are even more potent than previously 

described inhibitor, Eleftheriadis-14d.   
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Table 2.  Relevant values of druggability for selected compounds. 

15-LOX Inhibitors 

Molecular 

weight 

(g/mol) 

CLogP Ki (µM) 

Ligand 

Efficiency (LE) 

(kcal/mol 

per·HA) 

PD-146176 237 4.4 3.81 0.44 

Eleftheriadis-14d 377 6.7 0.036 0.39 

Hao-10c 412 4.9 0.076 0.37 

6a 221 3.8 0.20 0.61 

6b 265 4.0 0.17 0.61 

14a 410 5.2 0.0080 0.38 

14b 454 5.3 0.016 0.37 

 

2.3. The development of activity based labeling for 15-LOX-1  

Previously, we developed a two-step activity-based labeling approach, which proved 

to be an effective tool to covalently label lipoxygenase activity in cell lysates and enable 

visualization on western blot. However, practically the two-step labeling proved to be 

inconvenient because of the long reaction times for the second labeling step using the 

oxidative Heck reaction overnight. Hence, we moved on to develop a one-step labeling 

reagent in which the reactive functionality is already equipped with a detectable biotinyl 

group (Figure 4). This one-step labeling method was employed to label active LOX enzymes 

in intact cells that were subsequently visualized on western blot in order to estimate the 

cellular 15-LOX-1 activity.  
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Figure 4. Development of 15-LOX activity labeling. (A) One- or two-step labeling of enzymes with 

lipoxygenase activity. On top the previously developed two-step labeling by first labeling of the lipoxygenase 

enzyme with an activity-based probe upon which the probe is labelled using bioorthogonal oxidative Heck 

reaction. On the bottom the proposed one-step labeling in which the biotin is already attached to the activity-

based probe. (B) On the left hand side, the previously developed activity-based probe (N144) for two-step 

labeling and on the right hand side the newly proposed probe (D04) is for one-step labeling. 

Bis-alkynes have been shown to irreversibly inactivate lipoxygenases.44 The oxidation 

of the bis-propargylic carbon center results in the formation of a highly reactive allene radical 

that can covalently attaches to the enzyme active site. For the new series of ABPs, the bis-

alkyne was kept as a core structure and the SAR study for the linker shown in red and the tail 

shown in blue were further explored (Table 3). A series of bis-alkynes was synthesized by 

cross-coupling of propargyl halides to terminal alkyne alcohols using CuI catalysis with 

Cs2CO3 as a base. Subsequently, the alcohol was biotinylated using HOBt/EDCI coupling 

(Scheme 3). The total yield of these two reaction steps is about 30%. To check the need for 

the bis-propargyl functionality, products 20 and 21 were synthesized as shown in Scheme 4, 

in which an HOBt and EDCI was used to couple biotin in yields of about 90%.  
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Scheme 3. Synthetic route to compounds 15–19. Reagents and conditions: (a) CuI, Cs2CO3, DMF, r.t., overnight; 

(b) HOBT, EDCI, TEA, DCM, r.t., overnight.  

 

Scheme 4. Synthetic route to compounds 20–21. Reagents and conditions: (a) HOBT, EDCI, TEA, DCM, r.t., 

overnight.  
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Table 3. IC50 values against 15-LOX-1 (analogues 15–21). 

Structure Compound 
IC50 (μM) 

[± SD (μM)] 

 

15 116 ± 21 

 

16 > 200 

 

17 (D04) 2.6 ± 0.6 

 

18 59 ± 11 

 

19 49 ± 23 

 

20 > 200 

 

21 > 200 

2.4. SAR of activity-based probe 

Thus, a series of inhibitors was synthesized in which the bis-alkyne was kept as a core 

structure and the linker and the tail were further explored. Firstly, comparison of inhibitor 15 

to inhibitor 16 indicates that branching of the propargyl alcohol resulted in complete loss of 

activity against 15-LOX-1. Remarkably, replacement of the ethyl tail (15) with a pentyl tail 

(17) provided approximate a fifty-fold gain in potency for 15-LOX-1 inhibition. For inhibitors 

15 and 18 the linker is extended to four-carbon atoms. Comparison of 15 to 18 shows a two-

fold improvement, whereas comparison of 17 to 19 shows a twenty-fold reduced potency. 

Apparently, the one-carbon atom linker in compound 17 is very beneficial for binding. As 

control compounds, we included inhibitor 20 and 21 that do not contain the bis-alkyne but 
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instead have a single alkyne. These inhibitors showed no activity at concentrations up to 200 

M, which indicates that the bis-alkyne is key for the observed 15-LOX-1 inhibition.  

2.5. Enzyme kinetic analysis 

 Enzyme kinetic analysis of the compound 17 (D04) was performed to gain insight in 

the mechanism of inhibition. The Lineweaver-Burk plot resulting from 15-LOX-1 inhibition 

by 17 (D04) is shown in Figure 5 and the resulting Km
app and Vmax

app values are shown in 

table 4. Inhibition provides constant Km
app values and reduced Vmax

app values, thus indicating 

non-competitive inhibition. The results are consistent with prior observations for probe N144 

that also includes the bis-alkyne core functionality.50 These observations are consistent with 

covalent binding of the bis-alkyne core the lipoxygenase enzyme active site. 

-0.1 0.0 0.1 0.2 0.3

0.1

0.2

0.3

0 M

1 M

3 M1
/V

1/LA

 

Figure 5. Steady-State kinetic characterization of 15-lipoxygenase-1 (15-LOX-1) in the presence of different 

concentrations of inhibitor 17. The Lineweaver-Burk representation was generated by GraphPad Prism 5.0 after 

linear regression fit. (n = 3). 
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Table 4. Enzyme kinetic parameters for inhibition of 15-LOX-1 by inhibitor 17. All the p-values were calculated 

in GraphPad Prism 5.0 after linear regression fit. The p-values show that the slopes are significantly non-zero (p-

value <0.001). 

Compound 17 (µM) 𝐾𝑚
𝑎𝑝𝑝

(µM) 𝑉𝑚𝑎𝑥
𝑎𝑝𝑝

 (absorbance/h) 

0 14.9 ± 2.4 30.3 ± 4.8 

1 13.9 ± 2.4 23.8 ± 4.0 

3 15.3 ± 3.1 18.9 ± 3.8 

 

2.6. 15-LOX-1 activity-based labeling 

Compound 17 (D04) was selected for activity-based labeling experiments. The first 

experiment was labeling of lipoxygenase activity in intact cells (Figure 6). Towards this aim, 

RAW 264.7 cells were incubated with compound 17 (D04) for different times at different 

concentrations followed by cell lysis and western blotting. On blot luminescence imaging 

using HRP-conjugated streptavidin showed distinct bands that were absent in the negative 

control, whereas the β-actin control demonstrated equal loading. This experiment 

demonstrates dose- and time-dependent one-step labeling of lipoxygenase enzyme activity 

allowing visualization western blot.  

 

Figure 6. Dose- and time-dependent labeling of 15-LOX-1 with compound 17 (D04). Labeling was performed 

on RAW 264.7 cells; Negative control (without the probe). Detection of 15-LOX-1 was performed with β-actin 

antibody, and streptavidin−HRP. 

As a next step we did a capture and release study in which we employed the ester 

group in compound 17 (D04) as a cleavable linker. Using the biotin for capture, we employed 
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the DynabeadsTM Streptavidin Trial Kit from Invitrogen for capture and release. RAW 264.7 

macrophages was treated with D04 at 50 μM for 2 hours followed by sonication to get the cell 

lysates. The obtained cell lysates were incubated with streptavidin beads and the supernatant 

was removed. Subsequently, the streptavidin beads were incubated with washing buffer or 

washing buffer containing 2% NaOH. In one blot, the different supernatants were collected 

and blotted with either streptavidin-HRP or an anti-15-LOX antibody. The lane for the 

capture and base mediated ester hydrolysis showed no band in the streptavidin most probably 

due to hydrolysis of covalently bound biotin. Interestingly, a clear band for 15-LOX blotting 

was observed in the capture and release experiment (Figure 7). This indicated that 15-LOX is 

labeled with the activity-based probe and that it can be released by cleavage of the ester.  

 

Figure 7. On blot labeling determination of 15-LOX-1 using 15-LOX antibody or Streptavidin-HRP. The left 

sample was directly incubated with beads, without the pre-incubation with D04. The middle sample was first 

pre-incubated with D04 and afterwards incubated with beads. Both left and middle samples were not hydrolyzed. 

The sample on the right was incubated with D04, which was followed by incubation with beads and then 

hydrolysis. 15-LOX antibody and Streptavidin-HRP were used for the detection of the proteins.  

Having thus established that the activity-based probe can covalently label 

lipoxygenase enzymes and that 15-LOX can be captured and released from cell lysates. We 

than moved on to study small molecule inhibition of the labeling of lipoxygenase activity in 

living cells. Therefore, we moved on to evaluate the inhibitory potency of different LOXs 

inhibitors (Figure 8 and 9). In this study we included the classic 15-LOX inhibitor PD-146176 

(IC50 = 3.8 μM), 5-LOX inhibitor Zileuton (IC50 = 0.5 μM) and the non-selective LOXs 

inhibitor Bacalein having an IC50 value of 1.6 μM against 15-LOX-1. We included the 

previously identified indole-based 15-LOX-1 inhibitor Eleftheriadis-14d (IC50 = 0.09 μM) 

that was reported by our group recently as a control in this blot. The results show that general 

LOXs inhibitor Bacalein demonstrated significant inhibition, while 5-LOX inhibitor Zileuton 

did not affect the labeling. Furthermore, Eleftheriadis-14d and PD-146176 showed some 

inhibition but not statistically significant. We note that in the quantification the inhibition of 

the labeling does not go lower than 75% of the original labeling. This indicates that the 
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responsiveness of this labeling to lipoxygenase inhibitors is limited under the conditions 

applied here. 

 

Figure 8. Detection of different LOXs inhibitors with the activity-based probe 17 (D04). Labeling was 

performed on live RAW 264.7 cells. Incubation was performed with the 15-LOX antibody, β-actin antibody, and 

streptavidin−HRP (representative example for n = 3). 
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Figure 9. Quantification of Western blot from Figure 6 for detection and analysis of activity-based labeling. The 

values are measured by integrating the gray values by ImageJ 1.44. The integrated gray values of 

streptavidin−HRP are normalized to 15-LOX. All of the values were expressed as mean ± standard deviation 

(SD). The results were normalized by three independent experiments (n = 3). *p <0.05 compared to control by 

the two tailed test. 

We also examined other 15-LOX-1 inhibitors that are newly reported in the study, 

including 6a (IC50 = 0.51 μM), 6b (IC50 = 0.47 μM), 14a (IC50 = 0.02 μM) and 14b (IC50 = 

0.04 μM). We also included Hao-9c (IC50 = 0.19 μM) as developed in a previous study.47 

Upon ratio metric quantification of blots from three experiments inhibitors 6a and 14a 
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demonstrated the most significant inhibition in the intact cells (Figure 10 and 11). These 

findings indicate that this method can be used to estimate the potency of lipoxygenase 

inhibition in intact cells.  

  

Figure 10. Detection of different 15-LOX inhibitors with the activity-based probe 17 (D04). Labeling was 

performed on live RAW 264.7 cells. Incubation was performed with the 15-LOX antibody, β-actin antibody, and 

streptavidin−HRP (representative example for n = 3). 
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Figure 11. Quantification of Western blot from Figure 9 for detection and analysis of activity-based labeling. 

The values are measured by integrating the gray values by ImageJ 1.44. The integrated gray values of 

streptavidin−HRP are normalized to 15-LOX. All of the values were expressed as mean ± standard deviation 

(SD). The results were normalized by three independent experiments (n = 3). *p <0.05 compared to control by 

the two-tailed test. 

As a next step, we investigated dose-dependent inhibition via activity-based labeling 

with the most potent inhibitor 14a and the most classic inhibitor PD-146176. Unfortunately, 

although we observed significant inhibition, we did not observe clear dose-dependent 
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inhibition via activity-based labeling (Figure S2, S3). This can be attributed to the relatively 

large variability in western blot quantifications and the incomplete disappearance of the band 

upon inhibition. In sum, at this point we conclude that the activity-based labeling method 

need further optimization in view of the lack of clear dose-dependent labeling. Nonetheless, 

our results showed that the activity-based labeling has potential for investigation of cellular 

lipoxygenase activity. Importantly, this would provide the first tool to study LOX enzyme 

activity and small molecule inhibition directly in living cells.  

3. Conclusion  

In this paper, we combined the study of inhibition and detection for 15-LOX-1. In the 

first part, compound 14a was developed as a potent 15-LOX-1 inhibitor with a novel 

substituent pattern (IC50 = 0.02 μM). Structure–activity relationships for binding to 15-LOX-1 

were investigated starting from the core scaffold ethyl 6-chloro-1H-indole-2-carboxylate 

(IC50= 3 μM) and previously reported inhibitor Hao-9c (i472). Drugability of the newly 

discovered indole-based 15-LOX-1 inhibitors were also compared to previously reported 

inhibitors. After reporting novel 15-LOX-1 inhibitors, we reported a novel irreversible LOX 

inhibitor 17 (D04) (IC50= 2.6 μM), which was used as chemical tool for one-step activity-

based labeling for 15-lipoxygenase-1. Activity-based studies for 15-LOX-1 inhibitor 

screening were performed on living cells. We demonstrated that the labeling could be 

modulated by application of small molecule 15-LOX-1 inhibitors. The cellular potency of the 

15-LOX-1 inhibition did not seem to be directly correlated to their inhibitory potency for 

overexpressed 15-LOX-1 in bacterial lysates. Nevertheless, we note that we were not able to 

see clear dose-dependent inhibition of labeling. With these efforts, we anticipate the inhibition 

and detection of 15-LOX-1 can contribute to more effective therapeutics to control 

inflammatory diseases, to open up more opportunities for drug discovery and to enable more 

insight in molecular mechanisms of 15-LOX-1 that drive inflammation.  

4. Experimental section 

4.1. General.  

All reagents, solvents and catalysts were purchased from commercial sources (Acros 

Organics, Sigma-Aldrich and abcr GmbH, Netherlands) and used without purification. All 

reactions were performed in oven-dried flasks in open or under nitrogen atmosphere, and 

monitored by thin layer chromatography on TLC precoated (250 µm) silica gel 60 F254 
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aluminum foil (EMD Chemicals Inc.). Visualization was achieved using UV light. 

Alternatively, non UV-active compounds were detected after staining with potassium 

permanganate. Flash column chromatography was performed on silica gel (32-63 µm, 60 Å 

pore size). 1H NMR (500 MHz) and 13C NMR (126 MHz) spectra were recorded with a 

Bruker Avance 4-channel NMR Spectrometer with TXI probe. Chemical shifts (δ) are 

reported in ppm. Abbreviations are as follows: s (singlet), d (doublet), t (triplet), q (quartet), 

m (multiplet). Fourier Transform Mass Spectrometry (FTMS) and electrospray ionization 

(ESI) were done on an Applied Biosystems/SCIEX API3000-triple quadrupole mass 

spectrometer. 

4.2. Synthesis and Characterization. 

The inhibitor library was synthesized according to methods shown in Scheme 1 and 2 

including the general methodology. The general procedures for synthesis of the indole (4a-g) 

and indole modification (12a-b) were described before.47  

Synthetic Procedure 1: Weinreb amides. Indole carbonic acid (1.0 equiv.) was added 

to a mixture of HOBt (0.40 equiv.), EDCI (2.0 equiv.) and Et3N (1.0 eq) in CH2Cl2 (20 mL) at 

room temperature for 30 minutes. After the stirring, N,O-dimethylhydroxylamine 

hydrochloride (1.5 equiv.) was added to this reaction mixture that was subsequently stirred at 

room temperature for 4 h. Then the reaction mixture was washed with 1.0 M aqueous HCl 

(5.0 mL), saturated aqueous NaHCO3 (5.0 mL), brine (5.0 mL), dried over MgSO4, filtered, 

and concentrated under reduced pressure. The crude product was purified by column 

chromatography eluting with 20% ethyl acetate in petroleum ether to reach a solid product 

with a general yield from 70% to 90%. 

Synthetic Procedure 2: Grignard reaction. The weinreb amide (1.0 equiv.) was 

dissolved in 10 mL of dry tetrahydrofuran (THF) and cooled to 0 °C under N2 atmosphere. 

Subsequently, the relevant Grignard reagent (10.0 equiv.) was added that they are all 

commercially available. Then the reaction mixture was allowed to warm to room temperature 

overnight. The reaction was quenched with saturated NH4Cl solution, extracted with EtOAc, 

dried over MgSO4, filtered, and concentrated under reduced pressure. The crude product was 

purified by column chromatography eluting with 10% ethyl acetate in petroleum ether to 

reach a solid product with a general yield from 30% to 95%. 
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Synthetic procedure 3: Sonogoshira coupling (coupling alkynes and propargyl 

halides). This cross-coupling conditions were chosen based on  methods described previously 

bu us53 and others [add reference]. A mixture of CuI (1.9 equiv), Cs2CO3 (1.3 equiv), 

propargyl alcohol (1.0 equiv) and propargyl halide (1.0 equiv) were suspended in dry DMF 

under nitrogen atmosphere. The yellow suspension was stirred overnight at room temperature. 

The mixture was diluted in water and filtered through a pad of Celite and the organic layer 

was washed with ethyl acetate (30 mL) and brine. Subsequently, the organic layer was dried 

over MgSO4, filtered and concentrated under reduced pressure. The crude product was 

purified using column chromatography with petroleum ether:EtOAc 20:1 (v/v) as eluent to 

obtain a yellowish liquid product with yields around 65%. 

Synthetic procedure 4: Biotinylation. A mixture of EDCl (1.4 equiv), HOBt (1.4 

equiv), Biotin (1.2 equiv), and the bis-alkyne resulting from synthetic procedure 3 (1.0 Equiv) 

were suspended in DMF (4.0 mL), and TEA (1.0 mL). The yellowish suspension was 

stirred overnight at room temperature. The reaction was monitored with TLC. The mixture 

was diluted in water and filtered through a pad of Celite and the organic layer was washed 

with ethyl acetate (30 mL) and brine. Subsequently, the organic layer was dried over MgSO4, 

filtered and concentrated under reduced pressure. The crude product was purified using 

column chromatography with DCM:MeOH 20:1 (v/v) as eluent to obtain the product as a 

white solid with yields around 35%. 

4.2.1. 1-(6-chloro-1H-indol-2-yl)butan-1-one (6a). The product was obtained using general 

procedure 1 and 2. 1H NMR (500 MHz, CDCl3) δ 9.93 (s, 1H), 7.66 (d, J = 8.5 Hz, 1H), 7.46 

(m, 1H), 7.20 (m, 1H), 6.47 (dd, J = 8.5, 2.0 Hz, 1H), 2.96 (t, J = 7.0 Hz, 2H), 1.87 (m, 2H), 

1.06 (t, J = 7.0 Hz, 3H). 13C NMR (126 MHz, CDCl3) δ 193.34, 137.42, 135.90, 132.09, 

126.14, 123.99, 122.03, 111.96, 108.95, 40.25, 18.49, 13.94. HRMS, calculated for 

C12H13ONCl [M + H]+: 222.06802, found 222.06813. 

4.2.2. 1-(6-bromo-1H-indol-2-yl)butan-1-one (6b). The product was obtained using general 

procedure 1 and 2. 1H NMR (500 MHz, CDCl3)  δ 9.10 (s, 1H), 7.63 (dd, J = 2.0, 1.0 Hz, 1H), 

7.61 (dt, J = 8.5, 1.0 Hz, 1H),  7.28 (d, J = 2.0 Hz, 1H), 7.19 (dd, J = 2.0, 1.0 Hz, 1H), 2.94 (t, 

J = 7.5 Hz, 2H), 1.88 (m, 2H), 1.05 (t, J = 7.5 Hz, 3H). 13C NMR (126 MHz, CDCl3) δ 193.40, 

137.77, 135.72, 126.40, 124.53, 124.24, 119.94, 115.05, 108.97, 40.29, 18.47, 13.94. HRMS, 

calculated for C12 H13ONBr [M + H]+: 266.01750, found 266,01764. 
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4.2.3. 1-(6-fluoro-1H-indol-2-yl)butan-1-one (6c). The product was obtained using general 

procedure 1 and 2. 1H NMR (500 MHz, CDCl3)  δ 9.15 (s, 1H), 7.67 (m, 1H), 7.21 (d, J = 2.0 

Hz, 1H), (dt, J = 8.5, 2.0 Hz, 1H), 6.96 (td, J = 8.5, 2.0 Hz, 1H), 2.93 (t, J = 7.5 Hz, 2H), 1.85 

(m, 2H), 1.05 (t, J = 7.5 Hz, 3H). 13C NMR (126 MHz, CDCl3) δ 161.22, 124.38, 124.29, 

115.27, 110.76, 110.56, 109.17, 98.06, 97.85, 40.12, 18.57, 13.95. HRMS, calculated for C12 

H13ONF [M + H]+: 206.09757, found 206.09758. 

4.2.4. 1-(6-methoxy-1H-indol-2-yl)butan-1-one (6d). The product was obtained using general 

procedure 1 and 2.1H NMR (500 MHz, CDCl3) δ 9.16 (s, 1H), 7.59 (dd, J = 9.0, 1.0 Hz, 1H), 

7.18 (dd, J = 2.0, 1.0 Hz, 1H), 6.85 (m, 2H), 3.86 (s, 3H), 2.91 (t, J = 7.0 Hz, 2H), 1.85 (m, 

2H), 1.05 (t, J = 7.0 Hz, 3H). 13C NMR (126 MHz, CDCl3) δ 192.78, 159.56, 138.57, 134.73, 

123.88, 121.92, 112.76, 109.76, 93.58, 55.49, 39.98, 18.79, 14.00. HRMS, calculated for 

C13H16O2N  [M + H]+: 218.11756, found 218.11761.   

4.2.5. 1-(1H-indol-2-yl)butan-1-one (6e). The product was obtained using general procedure 1 

and 2. 1H NMR (500 MHz, CDCl3) δ 9.21 (s, 1H), 7.75 (dd, J = 8.0, 1.0 Hz, 1H), 7.47 (dd, J 

= 8.5, 1.0 Hz, 1H), 7.37 (dd, J = 7.0, 1.0 Hz, 1H), 7.24 (m, 1H), 7.18 (dd, J = 7.0, 1.0 Hz, 1H), 

2.96 (t, J = 7.0 Hz, 2H), 1.87 (m, 2H), 1.06 (t, J = 7.0 Hz, 3H). 13C NMR (126 MHz, CDCl3) 

δ 193.54, 137.22, 135.31, 127.61, 126.23, 123.04, 120.91, 112.17, 109.11, 40.27, 18.61, 13.97. 

HRMS, calculated for C12H14ON  [M + H]+: 188.10699, found 188.10706.  

4.2.6. 1-(5-chloro-1H-indol-2-yl)butan-1-one(6f). The product was obtained using general 

procedure 1 and 2.1H NMR (500 MHz, CDCl3) δ 9.12 (s, 1H), 7.71 (d, J = 2.0 Hz, 1H), 7.37 

(dt, J = 8.5, 1.0 Hz,  1H), 7.32 (dd, J = 8.5, 2.0 Hz, 1H), 7.15 (dd, J = 2.0, 1.0 Hz, 1H), 2.95 (t, 

J = 7.0 Hz, 2H), 1.84 (m, 2H), 1.05 (t, J = 7.0 Hz, 3H). 13C NMR (126 MHz, CDCl3) δ 193.35, 

136.29, 135.34, 134.17, 128.53, 126.68, 122.14, 113.26, 108.14, 40.31, 18.42, 13.93. HRMS, 

calculated for C12H13ONCl [M + H]+: 222.06802, found 222.06812.   

4.2.7. 1-(4-chloro-1H-indol-2-yl)butan-1-one (6g). The product was obtained using general 

procedure 1 and 21H NMR (500 MHz, CDCl3), δ 9.67 (s, 1H),  7.40 (dt, J = 1.0, 8.0 Hz, 1H),  

7.34 (dd, J = 2.0, 1.0 Hz, 1H), 7.28 (m, 1H), 7.19 (dd, J = 8.0, 1.0 Hz, 1H), 3.01 (t, J = 7.0 Hz, 

2H), 1.89 (m, 2H), 1.08 (t, J = 7.0 Hz, 3H). 13C NMR (126 MHz, CDCl3) δ 193.68, 137.82, 

135.43, 128.20, 126.71, 126.62, 120.49, 110.95, 107.42, 40.31, 18.46, 13.94. HRMS, 

calculated for C12H13ClNO [M + H]+: 222.06802, found 222.06811. 
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4.2.8. 1-(6-chloro-1H-indol-2-yl)heptan-1-one (7a). The product was obtained using general 

procedure 1 and 21H NMR (500 MHz, CDCl3) δ 9.30 (s, 1H), 7.65 (d, J = 8.5 Hz, 1H), 7.46 (d, 

J = 2.0 Hz, 1H), 7.20 (d, J = 2.0 Hz, 1H), 7.14 (d, J = 8.5, 2.0 Hz, 1H), 2.96 (t, J = 7.5 Hz, 

2H), 1.81 (m, 2H), 1.53-1.34 (M, 6H), 0.93 (t, J = 7.0 Hz, 3H). 13C NMR (126 MHz, CDCl3) 

δ 193.50, 137.42, 135.86, 132.08, 126.14, 123.99, 122.02, 111.97, 108.92, 39.31, 29.09, 25.05, 

23.45, 22.68, 14.12. HRMS, calculated for C15H19ONCl [M + H]+: 264.11497, found 

264,11511.  

4.2.9. ethyl (E)-6-bromo-3-(3-((2-methoxybenzyl)amino)-3-oxoprop-1-en-1-yl)-1H-indole-2-

carboxylate (13b). The product was obtained using general procedure 1 and 2. 1H NMR (500 

MHz, DMSO-d6) 12.29 (s, 1H), 8.38 (t, J = 6.0 Hz, 1H), 8.32 (d, J = 16.5 Hz, 1H), 8.02 (d, J 

= 9.0 Hz, 1H), 7.70 (d, J = 1.5 Hz, 1H), 7.38 (dd, J = 8.5, 1.5 Hz, 1H), 7.29-7.24 (m. 2H), 

7.01-6.99 (m. 2H), 6.94 (td, J = 7.0, 1.0 Hz, 1H ), 4.42 (q, J = 7.0 Hz, 2H), 4.39 (d, J = 6.0 Hz, 

2H), 3.82 (s, 3H), 1.39 (t, J = 7.0 Hz, 3H). 13C NMR (126 MHz, DMSO-d6) δ 165.97, 161.25, 

157.27, 137.95, 131.45, 128.77, 127.33, 127.10, 124.81, 124.19, 124.07, 123.16, 120.65, 

118.68, 117.37, 116.02, 111.03, 104.24, 61.60, 55.87, 38.01, 14.67. HRMS, calculated for 

C22H22O4N2Br  [M + H]+: 457.07575, found 457.07579. 

4.2.10. (E)-3-(2-butyryl-6-chloro-1H-indol-3-yl)-N-(2-methoxybenzyl) acrylamide 

hydrochloride (14a). The product was obtained using general procedure 1 and 2. 1H NMR 

(500 MHz, DMSO-d6) 12.22 (s, 1H), 8.40 (t, J = 5.5 Hz, 1H), 8.25 (d, J = 16.5 Hz, 1H), 8.00 

(d, J = 8.5 Hz, 1H), 7.71 (d, J = 1.5 Hz, 1H), 7.37 (dd, J = 8.5, 1.5 Hz, 1H), 7.28 (m, 2H), 

7.02  (d, J = 8.0 Hz, 1H), 6.97 (d, J = 16.5 Hz, 1H), 6.94 (t, J = 7.0 Hz, 1H), 4.39 (d, J = 5.5 

Hz, 2H), 3.85 (s, 3H), 3.01 (t, J = 7.5 Hz, 2H), 1.70 (m, 2H), 0.98 (t, J = 7.5 Hz, 3H). 13C 

NMR (126 MHz, DMSO-d6) δ 194.15, 165.97, 157.27, 137.85, 134.50, 132.00, 128.78, 

128.75, 127.09, 124.89, 124.40, 124.35, 124.01, 120.67, 118.83, 116.26, 116.02, 111.04, 

55.80, 42.79, 38.01, 17.45, 14.05. HRMS, calculated for C23H24O3N2Br [M + H]+: 455.09648, 

found 455.09686. HRMS, calculated for C23H24O3N2Cl [M + H]+: 411.14700, found 

411.14706. 

4.2.11. (E)-3-(6-bromo-2-butyryl-1H-indol-3-yl)-N-(2-methoxybenzyl)acrylamide (14b). The 

product was obtained using general procedure 1 and 2. 1H NMR (500 MHz, DMSO-d6) 10.94 

(s, 1H), 8.14 (d, J = 15.5 Hz, 1H), 7.77 (d, J = 8.5 Hz, 1H), 7.39 (s, 1H), 7.24 (m, 1H), 7.16 (t, 

J = 7.5 Hz, 1H), 7.00 (m, 2H), 6.83 (t, J = 7.5 Hz, 1H), 6.80 (d, J = 8.0 Hz, 1H), 6.61 (d, J = 

15.5 Hz, 1H), 4.48 (d, J = 5.0 Hz, 2H), 3.78 (s, 3H), 2.91 (t, J = 7.0 Hz, 2H), 1.70 (m, 2H), 
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0.93 (t, J = 7.0 Hz, 3H). 13C NMR (126 MHz, DMSO-d6) δ 194.16, 165.99, 157.28, 137.48, 

134.69, 132.03, 130.60, 130.09, 128.80, 128.76, 127.10, 125.49, 124.17, 122.39, 120.66, 

116.26, 113.11, 111.05, 55.87, 42.77, 38.01, 17.46, 14.06. HRMS, calculated for 

C23H24O3N2Br [M + H]+: 455.09648, found 455.09686. 

4.2.12. octa-2,5-diyn-1-yl 5-((4S)-2-oxohexahydro-1H-thieno[3,4-d]imidazol-4-yl)pentanoate 

(15). The product was obtained using general procedure 3 and 4 with a yield of 23%. 1H NMR 

(500 MHz, CDCl3) δ 5.74 (s, 1H), 5.25 (s, 1H), 4.70 (m, 2H), 4.54 (m, 1H), 4.35 (m, 1H), 

3.22 (t, J = 2.5 Hz, 2H), 3.18 (m, 1H), 2.80 (m, 1H), 2.58 (m, 1H), 2.43 (t, J = 7.5 Hz, 2H), 

2.19 (qt, J = 7.5, 2.5 Hz, 2H), 1.74 (m, 2H), 1.47 (m, 2H), 1.14 (t, J = 7.5 Hz, 3H).13C NMR 

(126 MHz, CDCl3) δ 172.93, 163.60, 82.63, 81.91, 74.13, 72.31, 61.95, 60.17, 55.37, 52.53, 

40.57, 33.63, 28.28, 28.21, 24.64, 13.83, 12.36, 9.91.  HRMS, calculated for C18H25N2O3S  

[M + H]+: 349.15804, found 349.15802.  

4.2.13. nona-3,6-diyn-2-yl 5-((4S)-2-oxohexahydro-1H-thieno[3,4-d]imidazol-4-yl)pentanoate 

(16). The product was obtained using general procedure 3 and 4 with a yield of 10%. 1H NMR 

(500 MHz, CDCl3) δ 5.50 (s, 1H), 4.69 (s, 1H), 4.55 (m, 2H), 4.36 (m, 1H), 4.15 (m, 1H), 

3.20 (t, J = 2.0 Hz, 2H), 3.19 (m, 1H), 2.92 (m, 1H), 2.68 (m, 1H), 2.37 (m, 2H), 2.19 (qt, J = 

7.5, 2.0 Hz, 2H), 1.71 (m, 5H), 1.50 (d, J = 6.5 Hz, 3H), 1.14 (t, J = 7.0 Hz, 3H). 13C NMR 

(126 MHz, CDCl3) δ 172.50, 163.30, 61.91, 60.51, 60.12, 55.36, 55.34, 40.57, 33.92, 33.89, 

29.72, 28.25, 24.79, 24.69, 24.67, 21.51, 13.83, 12.38, 9.83. HRMS, calculated for 

C19H27N2O3S  [M + H]+: 363.17369, found 363.17373.  

4.2.14. undeca-2,5-diyn-1-yl 5-((4S)-2-oxohexahydro-1H-thieno[3,4-d]imidazol-4-

yl)pentanoate (17). The product was obtained using general procedure 3 and 4 with a yield of 

35%. 1H NMR (500 MHz, CDCl3) δ 6.16 (s, 1H), 5.55 (s, 1H), 4.55 (m, 2H), 4.52 (m, 1H), 

4.32 (m, 1H), 3.21 (t, J = 2.0 Hz, 2H), 3.17 (m, 1H), 2.90 (m, 1H), 2.75 (m, 1H), 2.39 (td, J = 

7.5, 1.5 Hz, 2H), 2.16 (tt, J = 7.5, 2.5 Hz, 2H), 1.69 (m, 4H), 1.48 (m, 4H), 1.35 (m, 4H), 0.90 

(t, J = 7.0 Hz, 3H). 13C NMR (126 MHz, CDCl3) δ 173.07, 163.78, 81.93, 81.38, 74.12, 72.88, 

61.96, 60.14, 55.51, 52.49, 40.57, 33.71, 31.06, 28.37, 28.30, 28.22, 24.71, 22.20, 18.65, 

13.99, 9.92. HRMS, calculated for C21H31N2O3S  [M + H]+: 391.20499, found 391.20495.  

4.2.15. undeca-5,8-diyn-1-yl 5-((4S)-2-oxohexahydro-1H-thieno[3,4-d]imidazol-4-

yl)pentanoate (18). The product was obtained using general procedure 3 and 4 with a yield of 

15%. 1H NMR (500 MHz, CDCl3) δ 5.62 (s, 1H), 5.32 (s, 1H), 4.51 (m, 1H), 4.31 (m, 1H), 

4.07 (m, 2H), 3.15 (m, 1H), 3.11 (s, 2H), 2.88 (m, 1H), 2.71 (m, 1H) 2.32 (t, J = 7.5 Hz, 1H), 
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2.19 (m, 4H), 1.70 (m, 6H), 1.55 (m, 2H), 1.45 (m, 2H), 1.11 (t, J = 7.5 Hz, 3H). 13C NMR 

(126 MHz, CDCl3) δ 173.83, 163.52, 82.05, 79.83, 75.24, 73.84, 64.13, 62.07, 60.24, 55.49, 

40.69, 34.04, 28.49, 28.40, 27.95, 25.31, 24.93, 18.55, 14.02, 12.52, 9.82. HRMS, calculated 

for C21H31N2O3S  [M + H]+: 391.20499, found 391.20501.  

4.2.16. hexadeca-5,8-diyn-1-yl 5-((4S)-2-oxohexahydro-1H-thieno[3,4-d]imidazol-4-yl) 

pentanoate (19). The product was obtained using general procedure 3 and 4 with a yield of 

9%. 1H NMR (500 MHz, CDCl3) δ 5.20 (s, 1H), 4.90 (s, 1H), 4.55 (m, 1H), 4.35 (m, 1H), 

4.11 (m, 2H), 3.19 (m, 1H), 3.15 (m, 2H), 2.92 (m, 1H), 2.74 (m, 1H), 2.36 (t, J = 7.5 Hz, 2H), 

2.24 (tt, J = 7.0, 2.5 Hz, 2H), 2.18 (tt, J = 7.0, 2.5 Hz, 2H), 1.79-1.67 (m, 6H), 1.61-1.31 (m, 

10H), 0.92 (t, J = 7.0 Hz, 3H). 13C NMR (126 MHz, CDCl3) δ 173.70, 163.41, 80.68, 79.67, 

75.17, 74.30, 64.02, 61.95, 60.14, 55.33, 40.57, 33.89, 31.09, 28.46, 28.36, 28.27, 27.81, 

25.19, 24.78, 22.23, 18.71, 18.43, 14.01, 9.73. HRMS, calculated for C24H37N2O3S  [M + H]+: 

433.25194, found 433.25194.  

4.2.17. prop-2-yn-1-yl 5-((4S)-2-oxohexahydro-1H-thieno[3,4-d]imidazol-4-yl)pentanoate 

(20). The product was obtained using general procedure 4 with a yield of 47%. 1H NMR (500 

MHz, CDCl3) δ 6.24 (s, 1H), 5.75 (s, 1H), 4.68 (s, 2H), 4.51 (m, 1H),  4.31 (m, 1H),  3.16 (qt, 

J = 7.0, 1.5 Hz, 1H), 2.90 (m, 1H), 2.76 (m, 1H), 2.50 (t, J = 3.0 Hz, 1H), 2.40 (t, J = 7.5 Hz, 

2H), 1.77-1.64 (m, 4H), 1.47 (m, 2H). 13C NMR (126 MHz, CDCl3) δ 172.88, 163.96, 77.80, 

74.94, 61.97, 60.14, 55.53, 51.88, 40.59, 33.62, 28.31, 28.22, 24.66. HRMS, calculated for 

C13H19N2O3S  [M + H]+: 283.11109, found  283.11106.  

4.2.18. hex-2-yn-1-yl 5-((4S)-2-oxohexahydro-1H-thieno[3,4-d]imidazol-4-yl)pentanoate (21). 

The product was obtained using general procedure 4 with a yield of 67%. 1H NMR (500 MHz, 

CDCl3) δ 5.35 (s, 1H), 4.92 (s, 1H), 4.54 (m, 2H), 4.35 (m, 1H), 4.25 (m, 1H), 3.19 (m, 1H), 

2.93 (m, 1H), 2.77 (m, 1H),  2.41 (d, J = 7.5 Hz, 2H), 2.22 (tt, J = 7.0, 2.0 Hz, 2H), 1.79-1.67 

(m, 4H), 1.61-1.43 (m, 4H), 1.00 (t, J = 7.5 Hz, 3H). 13C NMR (126 MHz, CDCl3) δ 173.05, 

164.18, 87.46, 74.15, 61.97, 60.15, 55.58, 52.71, 40.54, 33.70, 28.32, 28.19, 24.67, 21.83, 

20.69, 13.46. HRMS, calculated for C16H25N2O3S  [M + H]+: 325.15804, found 325.15807.  

4.3. 15-LOX-1 enzyme inhibition studies.  

The 15-LOX-1 enzyme was expressed and purified as described before.49 Furthermore, 

the 15-LOX-1 enzyme activity studies were done using procedures previously described by 

our group as well.46 15-LOX-1 activity was determined by the conversion of linoleic acid to 
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hydroperoxy-9Z,11E-octadecadienoic acid (λmax of 234 nm) in a 96-well plate. The 

conversion rate was followed by UV absorbance at 234 nm. The conversion rate was 

evaluated at the linear part of the plot, which covers the first 16 min. The optimum 

concentration of 15-LOX-1 was determined by an enzyme activity assay and proved to be a 

40-fold dilution. The assay buffer consists of 25 mM HEPES titrated to pH 7.4. The substrate, 

linoleic acid (LA) (Sigma-Aldrich, L1376), was dissolved in ethanol to a concentration of 500 

μM. The absorbance increased at 234 nm over time for the conversion of linoleic acid in the 

presence (positive control) of the enzyme, or remained constant in the absence (blank control) 

of the enzyme.  

To determine IC50 values, 140 μL of the inhibitors (0 – 71 µM, 2 × dilution series) 

were incubated with 50 μL of 1:40 dilution of the enzyme solution for 10 min at room 

temperature in 96-well plate. After 10 min incubation, 10 μL of 500 μM LA was added to the 

mixture, which resulted in desired concentrations of the inhibitors (0 – 50 µM, dilution series 

of two-fold dilutions), a final dilution of the enzyme of 1:160 and 25 nM LA. The linear 

absorbance increased in the absence of the inhibitor was set to 100%, whereas the absorbance 

increased in the absence of the enzyme was set to 0%. All experiments were performed at 

least in triplicate. The average values and their standard deviations were plotted. Data analysis 

was performed using Microsoft Excel professional plus 2013 and GraphPad Prism 5.01. 

4.4 Western Blotting of activity-based labeling 

 RAW 264.7 cells were seeded into a 6-well plate containing 10 ×105 cells per well 

with DMEM medium. Cells were treated with or without inhibitor for 2 hours. Inhibitors and 

probe are prepared as 10 mM stock in DMSO beforehand. Afterwards, the cells were treated 

with probe D04 for another 2 hours. As a next step, all cells are collected by scraper and cell 

lysates was obtained by 5 seconds sonicating in assay buffer that consists of 25 mM HEPES 

titrated to pH 7.4. In the end, all supernatants of cell lysates were collected for western 

blotting and the concentrations of protein are measured by NanoDrop. 

Raw 264.7 cell were cultured in DMEM high glucose medium supplemented with 1% 

penicillin/streptomycin, 10% fetal bovine serum (FBS) (Costar Europe, Badhoevedorp, The 

Netherlands) at 37 °C with 5% CO2. For the activity-based labeling assay, cells were seeded 

into a 6-well plate at a density of 7x105 cells per well and cultured overnight. Afterward, cells 

were treated with or without appropriate inhibitor for 2 hours, followed by the treatment with 

probe D04 for another 2 hours. After this procedure, cells were harvested under non-
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denaturing conditions with an assay buffer containing 25 mM visualize (Sigma-Aldrich, 

Zwijndrecht, The Netherlands), 1X Protease Inhibitor Cocktail (Thermo Fisher Scientific, 

Waltham, MA, USA), pH 7.4, and sonicated 5 seconds to reduce the viscosity. Next, insoluble 

residues were pelleted and removed by centrifuging at 16,000 RDF, 4°C for 20 min. The 

protein concentration was determined by NanoDrop. Thirty micrograms protein of each 

sample was loaded onto a pre-cast 5–15% SDS-PAGE (Bio-Rad, Hercules, CA, USA). Later, 

proteins were transferred to a polyvinylidene difluoride (PVDF) membrane, followed by 

blocking with 5% (w/v) skimmed milk in 0.1% (v/v) PBST at room temperature (RT) for 1 hr. 

The blocked membrane was cut at the size of around 50 kDa. The upper part and the lower 

part was incubated with HRP-conjugated Streptavidin (#ab7403, 1:2000) (Abcam, Cambridge, 

UK) and anti-β actin (#4967, 1:10000) (Cell Signaling, Leiden, The Netherlands), 

respectively. The lower part was then incubated with an HRP-conjugated secondary goat anti-

rabbit antibody (#P0448, 1:2000) (DakoCytomation, Glostrup, Denmark) at RT for 1 hour. 

The membranes were visualized with enhanced chemiluminescence (ECL) solution (GE 

Healthcare, Amersham, UK). Images were captured by a chemi genius II bio-imaging system. 
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Supporting Information 

Figure S1. MTS assay of compound 17 (D04).  

The cytotoxicity was determined by MTS assay. Compound 17 (D04) was incubated 

with RAW 264.7 cells at concentration from 0.1 μM to 100 μM for 24 hours. All the values 

were expressed as means ± SD (n = 3).  
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Figure S2. Dose dependent labeling and quantification for compound PD-146176. 
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Figure S3. Dose dependent labeling and quantification for compound 14d. 
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Figure S4. Original western blot of 15-LOX-1 based labeling. Detection of 15-LOX-1 and β-

actin was performed on one blot with two different method. As to first method, the membrane 

of western blot was firstly incubated with the antibody of β-actin. Next, the membrane was 

washed by PBST which was followed by the incubation of 15-LOX-1 antibody. In the end, 

the integrated membrane was used for exposure. As to the second method that was with a 

dashed line, the membrane of western blot was cut in half that they were incubated with 15-

LOX-1 antibody or β-actin antibody separately. At last, these two parts were put back 

together and used for exposure that there can be a gap in between. Overall, there was no extra 

image processing for the image of western blot, such as image cut and all original images 

were shown below.     

1. Dose- and time-dependent labeling of 15-LOX-1 with compound 17 (D04).  

 

2. On blot detection of 15-LOX-1. In one blot, different supernatants were collected as control. 

One sample was treated with D04, 2% NaOH and beads (right), Mid sample is only treated 

with D04 and beads, but not 2% NaOH. Another sample on the left is only incubated with 

beads. 
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3. Detection of the inhibitory potency against 15-LOX-1 with the activity-based probe for 

Figure 8. 
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4. Detection of the inhibitory potency against 15-LOX-1 with the activity-based probe for 

Figure 10. 

 

5. Detection of the inhibitory potency against 15-LOX-1 with the activity-based probe for 

Figure S2. 
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6. Detection of the inhibitory potency against 15-LOX-1 with the activity-based probe for 

Figure S3. 

 

7.  Detection of the inhibitory potency against 15-LOX-1 with the activity-based probe on 

different cell lines.  

RAW 264.7 macrophages and HeLa cells were treated with PD-146176 (5 μM), 

Bacalein, Eleftheriadis-14d (5 μM), Zileuton (5 μM). Afterwards RAW 264.7 macrophages 

were treated with compound 17 (D04) at 50 μM for 2 hours; positive control (with probe and 

without inhibitor); negative control (without probe and inhibitor). Incubation was performed 

with streptavidin−HRP. 

             RAW 264.7 macrophages                                     HeLa cells 
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Chapter 5 

 

Summary and Perspectives 
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Summary 

Chronic inflammatory diseases, such as asthma and chronic obstructive pulmonary 

disease (COPD), afflict millions of people worldwide. Unfortunately, the therapeutic 

possibilities for many patients are limited, because they do not respond to the current 

therapy.1‒2 For these chronic inflammatory diseases, many therapeutics are partially effective 

or ineffective and cause many side effects.3 On the other hand, increasing evidence shows that 

inflammation has a close link with cancer and disorders of the central nervous system 

(CNS).4‒5 Therefore, expansion of the therapeutic possibilities is highly needed. To address 

these unmet clinical needs, it is important to gain more insight in molecular mechanisms that 

drive inflammation. 

Recent technological developments in molecular biology have led to a tremendous 

increase in our understanding of inflammation. Nevertheless, our understanding of the 

functional behavior of proteins in inflammatory diseases remains limited that the activity of 

their regulating enzymes is poorly studied. One of the most important strategies in 

pharmacology is the application of small molecule inhibitors as tools to investigate the role of 

enzyme activity in its physiological context. In addition, detection of alterations in enzyme 

activity in cell-cultures or tissue samples requires, advanced chemistry-based detection 

methods in some cases. Currently, the lack of chemistry-based tools to study inflammatory 

processes is a bottleneck for progress in our understanding. Therefore, we developed tools to 

modulate and detect enzyme activity in its cellular context, which will ultimately open up 

novel opportunities in drug discovery and diagnosis. 

Our research focusses on the enzyme 15-lipoxygenase-1 (15-LOX-1). This is an 

enzyme that converts arachidonic acid and linoleic acid into eicosanoids, which are lipid 

signaling molecules that play versatile roles in the immune system. 15-LOX-1 catalyzes 

conversion of arachidonic acid and linoleic acid in 15(S)-HETE and 13(S)-HODE, 

respectively. These lipid-signaling molecules contribute to inflammatory processes in 

asthma.6 Furthermore, the lipid peroxides produced by 15-LOX-1 catalysis play key roles in 

oxidative stress (chapter 3). In addition, pro-inflammatory mediators such as cytokines, 

prostaglandins and leukotrienes stimulated by metabolites of 15-LOX-1 show a close 

connection with CNS diseases like Alzheimer’s, Parkinson’s disease and stroke. As 15-LOX-

1 plays a crucial role in the regulation of lipid-signaling molecules with many important 
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regulatory roles in various diseases, 15-LOX-1 appears as an emerging target in drug 

development. 

Recently, 15-LOX-1 has gained more attention for the development of novel anti-

inflammatory and analgesic drugs due to the success in drug development in similar pathways 

such as cyclooxygenase-2 (COX-2). Importantly, the expression of the enzyme, 15-LOX-1, is 

upregulated in inflamed tissue, which suggests a selective action of this enzyme in this 

context. The drugability of LOXs is demonstrated by the orally active 5-LOX inhibitor, 

Zileuton, which is used for treatment of asthma. There are indications that 15-LOX-1 could 

also be employed as a drug target in airway inflammation. However, very little selective, 

potent and cell-permeable small molecule inhibitors are available for 15-LOX-1. Interestingly, 

our group identified and developed a series of novel 15-LOX-1 inhibitors (Part 1) and 

activity-based probes (Part 2) that provide a good starting point for fundamental research as 

well as drug development projects. 

Part 1: Inhibition of 15-LOX-1 

In chapter 2, we aimed to identify novel inhibitors for human 15-lipoxygenase-1 (h-

15-LOX-1), because of its potential as drug target in inflammation and cancer. We employed 

substitution-oriented screening (SOS) for the identification of inhibitors with novel 

substitution patterns. We identified novel inhibitors with a 2-aminopyrrole scaffold as 

inhibitors for h-15-LOX-1. The observed structure activity relationships (SAR) proved to be 

relatively flat. IC50’s for the most potent inhibitor of the series did not surpass 6.3 µM and the 

enzyme kinetics demonstrated uncompetitive inhibition. Based on this, we hypothesized that 

the investigated 2-aminopyrroles are pan-assay interference compounds (PAINS) that act 

upon photoactivation via a radical mechanism.7‒8 Our results demonstrated a clear 

photoactivation of h-15-LOX-1 inhibition under UV and visible light. In addition, the 

investigated 2-aminopyrroles decreased the viability of cultured human hepatocarcinoma cells 

HCC-1.2 in a dose-dependent manner with LD50 ranging from 0.55 ± 0.15 µM (21B10) to 

2.75 ± 0.91 µM (22). This verifies the role of inhibition of h-15-LOX-1 in cancer. Taken 

together, this indicates that photoactivation can play an important role in the biological 

activity of compounds with a 2-aminopyrrole scaffold as investigated here (Figure 1). 
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Figure 1. The outline of chapter 2. We used substitution-oriented screening (SOS) as a tool to the identify 2-

aminopyrrole scaffold for inhibition of h-15-LOX-1. Next, we explored the function of photoactivation in the 

biological activity.  

In chapter 3, we reported on the synthesis of novel inhibitors of 15-lipoxygenase-1 

(15-LOX-1), an enzyme involved in the biosynthesis of inflammatory signaling molecules 

having key regulatory roles in immune responses and numerous diseases. It is widely 

accepted that various mechanisms for regulated cell death include the formation of oxidative 

mediators such as lipid peroxides and nitric oxide (NO).9‒10 In this respect, 15-LOX-1 is, by 

catalysis of lipid peroxidation, a key enzyme. The actions of these peroxides are 

interconnected with nuclear factor-κB (NF-κB) signaling and NO production. Inhibition of 

15-LOX-1 holds chances to interfere with regulated cell death in inflammatory conditions.  

In the work described in chapter 3, a novel potent 15-LOX-1 inhibitor, 9c (i472), was 

developed and structure–activity relationships were explored. We demonstrated that 9c (i472) 

is an inhibitor of cellular lipoxygenase activity in RAW264.7 macrophages using activity-

based labeling. Additionally, we successfully established that 9c (i472) protects RAW 264.7 

macrophages from LPS-induced cell death and showed significantly stronger dose-dependent 

effects when compared to Eleftheriadis-14d. Furthermore, 9c (i472) was shown to provide 

significant inhibition of NF-κB transcriptional activation upon LPS/INFγ stimulation, to 

downregulate the expression of the NF-κB-related gene iNOS, to provide dose-dependent 

inhibition of NO production and to reduce lipid peroxidation in RAW macrophages (Figure 2). 

Based on this study, we pave the way for the development of new inhibitors influencing 

different cell death mechanisms that might lead to new therapeutics to control diseases, such 

as acute lung injury and acute respiratory distress syndrome (ARDS). 
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Figure 2. The outline of chapter 3. We explored a novel 15-LOX-1 inhibitor in a study for regulated cell death 

and inflammation. 

Part 2: Detection of 15-LOX-1  

In chapter 4, we combined the study of inhibition and detection. Firstly, we designed 

and obtained a series of novel indole-based 15-LOX-1 inhibitors and the IC50 value of the 

most potent inhibitor i472a proved to be 20 nM. Next, we created a probe for one step 

activity-based labeling of 15-LOX-1 to replace our previously developed two step labeling 

method. For this novel 15-LOX-activity-based probe, the bis-alkyne was kept as core 

structure and a biotin tail was included as a detection group. A series of novel 15-LOX-1 

activity-based probes was synthesized and SAR studies were performed as described in 

chapter 4 (Figure 3). In the end compound 17 (D04), with an IC50 value of 2.6 µM against 

15-LOX-1, proved to be an interesting molecule for activity-based labeling. This molecule 

was applied for activity-based labeling performed in living cells followed by cell lysis and on 

blot detection. This activity-based labeling was used to compare the potency of a series on 

inhibitors in its cellular context. With this development, we aim to enable monitoring 

inhibition of LOX enzymes in their cellular context, which will provide opportunities for drug 

discovery and development.   
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Figure 3. The development of 15-LOX activity labeling. For two-step labeling, isolated proteins or cell lysates 

are incubated with an activity-based probe for two minutes which is followed by the Heck reaction overnight. 

For the one step labeling the reactive group is already equipped with a detectable biotin group. This probe is 

incubated with the cell culture for two hours and the labeling is subsequently visualized on western blot. 
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Future perspective 

Our studies on 15-LOX-1 during this PhD provided interesting information on this 

target. Our studies included multiple aspects, such as mechanism of inhibition, activity-based 

labeling and cellular activity. Progress of this work will open up novel opportunities in drug 

discovery and diagnosis.   

As we described in part 1, we focus on the development of 15-LOX-1 inhibitors, that 

have potent inhibitory activity and physicochemical properties that are compatible or 

incompatible with cellular activity. In the structure−activity relationships (SARs) study, 

compound i472a proved to be the most potent 15-LOX-1 inhibitor with an IC50 value of 0.02 

µM and a CLogP value of 5.2. However, with the results of molecular modeling and 

previously obtained SAR, it is to be expected that steric effects on the indole 3-position play 

key roles in the potency against 15-LOX-1. Furthermore, the substitution at the indole 2-

position is also very important for inhibition of 15-LOX-1. Interestingly, molecular modeling 

shows that there is still space left to accommodate larger substitutions at the indole 2-postion. 

Hence, we anticipate it is promising to explore novel substitutions at both the 2- and 3-

position of the indole scaffold (Figure 1). Ultimately, we hope that our efforts enable 

development of an active 15-LOX-1 inhibitor to expand the limited therapeutic options for 

inflammatory diseases.  
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Figure 1. The outlook of development of 15-LOX-1 inhibitor. We anticipate to do more novel and steric 

modification at both of 2- and 3-position of indole. In the end, we will combine all the optimal modification from 

A, B and C in order to develop better 15-LOX-1 inhibitor. 

In part 2, we reported a novel probe for one-step labeling of 15-LOX-1. The one-step 

labeling protocol is more convenient compared to the two-step labeling protocol. More 

importantly, we were able to apply the labeling in living cells to evaluate the LOX inhibitory 

potency of new and previously identified inhibitors.  

In the future, we aim to implement more advanced studies on the LOX activity-based 

labeling. We aim to study the covalent labeling of 15-LOX-1 by mass spectrometry, but so far, 

we were not successful. In order to facilitate such studies we aim to design probes with better 

cleavable linkers compared to the ester in the currently applied probes. (Figure 2). In this way, 
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it should become more easy to remove non-labeled proteins and purify LOX enzymes from 

streptavidin agarose.  

 

Figure 2. The development of 15-LOX-1 activity-based probe. Red region is the cleavable linker that can be 

easily remove in alkaline solution. (A) Designed cleavable probe with carbonate ester linker as leaving group. (B) 

Designed more cleavable probe with phenyl ester linker as leaving group. 

Overall, our work shows a strong cross-talk mechanism in inflammation-related cell 

death. Most importantly, in contrast to inhibition of 5-LOX, inhibition of 15-LOX-1 

downregulates the formation of lipid peroxides that might lead to new therapeutics to control 

diseases such as acute lung injury and acute distress syndrome. Furthermore, activity-based 

labeling creates and offers more possibilities to investigate enzyme activity in drug 

development. This advances drug discovery for enzymes with lipoxygenase activity and also 

provides indications on how to address oxidative enzyme targeting different groups of 

substrates. Finally, we anticipate that our efforts, ultimately contribute to creation of a new 

drug and a chemical diagnostic tools targeted at 15-LOX-1. 
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Samenvatting 

Chronische ontstekingsziekten, zoals astma en chronische obstructieve longziekte 

(COPD), treffen wereldwijd miljoenen mensen. Helaas zijn de therapeutische mogelijkheden 

voor veel patiënten beperkt, omdat ze niet reageren op de huidige therapie.1‒2 Veel therapieën 

voor deze chronische ontstekingsziekten zijn slechts gedeeltelijk effectief of ineffectief. 

Bovendien veroorzaken ze veel bijwerkingen.3 Er is steeds meer bewijs dat processen die 

betrokken zijn bij ontstekingen een nauw verband hebben met kanker en aandoeningen van 

het centrale zenuwstelsel (CZS).4‒5 Gezien het belang van deze processen is uitbreiding van 

de therapeutische mogelijkheden zeer noodzakelijk. Daarom is het belangrijk om meer inzicht 

te krijgen in moleculaire mechanismen die ontstekingen veroorzaken om zo nieuwe 

aangrijpingspunten voor nieuwe medicijnen te ontdekken. 

Recente technologische ontwikkelingen in de moleculaire biologie hebben geleid tot 

een enorme toename van ons begrip van processen die betrokken zijn bij ontstekingen. 

Desondanks blijft ons begrip van het functionele gedrag van eiwitten bij ontstekingsziekten 

beperkt omdat de activiteit van de enzymen die deze processen reguleren slecht is bestudeerd. 

Een van de belangrijkste strategieën in de farmacologie is de toepassing van kleine 

molecuulremmers als hulpmiddelen om de rol van enzymactiviteit in zijn fysiologische 

context te onderzoeken. Bovendien vereist detectie van veranderingen in enzymactiviteit in 

celculturen of weefselmonsters in sommige gevallen geavanceerde op chemie gebaseerde 

detectiemethoden. Momenteel is het gebrek aan op chemie gebaseerde hulpmiddelen een 

knelpunt bij het bestuderen van om ontstekingsprocessen. Daarom ontwikkelen wij tools om 

enzymactiviteit in zijn cellulaire context te moduleren en te detecteren. Dit biedt uiteindelijk 

nieuwe mogelijkheden voor het ontdekken van geneesmiddelen en voor diagnostiek. 

Ons onderzoek richt zich op het enzym 15-lipoxygenase-1 (15-LOX-1). Dit is een 

enzym dat arachidonzuur en linolzuur omzet in de zogenoemde eicosanoïden die een rol 

spelen bij de regulatie van immuunreacties. 15-LOX-1 katalyseert de omzetting van 

arachidonzuur en linolzuur in respectievelijk 15(S)-HETE en 13(S)-HODE. Deze lipide-

signalerende moleculen dragen bij aan ontstekingsprocessen bij astma.6 Bovendien spelen de 

lipide peroxiden die geproduceerd worden door 15-LOX-1 katalyse een sleutelrol in 

oxidatieve stress (hoofdstuk 3). Daarnaast vertonen ontstekingsbevorderende mediatoren 

zoals cytokines, prostaglandinen en leukotriënen een rol in CZS-ziekten zoals de ziekte van 

Alzheimer, de ziekte van Parkinson en beroerte. 15-LOX-1 speelt een cruciale rol bij de 
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regulatie van de productie van lipide signaal moleculen met belangrijke regulerende functies 

in verschillende ziektebeelden. Daarom wordt 15-LOX-1 herkent als een niew doelwit voor 

het ontwikkelen van geneesmiddelen. 

Onlangs heeft 15-LOX-1 meer aandacht gekregen voor de ontwikkeling van nieuwe 

ontstekingsremmende en pijnstillende medicijnen vanwege het succes bij de ontwikkeling van 

geneesmiddelen vooor enzymen die actief zijn in vergelijkbare metabole reacties zoals 

cyclooxygenase 2 (COX 2). Belangrijk is dat de expressie van het enzym, 15-LOX-1, omhoog 

gaat in ontstoken weefsel, wat een selectieve werking van dit enzym in deze context 

suggereert. De bruikbaarheid van dit type enzymen blijkt uit de oraal actieve 5-LOX-remmer, 

Zileuton, die wordt gebruikt voor de behandeling van astma. Er zijn aanwijzingen dat 15-

LOX-1 ook kan worden gebruikt als een doelwit voor geneesmiddelen bij luchtwegontsteking. 

Voor 15-LOX-1 zijn echter zeer weinig selectieve, krachtige en celpermeabele kleine 

molecuulremmers beschikbaar. Daarm is het interessant  dat onze groep een reeks nieuwe 15-

LOX-1-remmers (deel 1) en op activiteit gebaseerde probes (deel 2) heeft geïdentificeerd en 

ontwikkeld. Dit biedt een goed uitgangspunt voor fundamenteel onderzoek en voor de 

ontwikkeling van geneesmiddelen. 

Deel 1: Remming van 15-LOX-1 

In hoofdstuk 2 gaan we uit van het idee dat humaan 15-lipoxygenase-1 (h-15-LOX-1) 

een veelbelovend doelwit is nieuwe medicijnen tegen ontstekingen en kanker. Om nieuwe 

remmers te identificeren zijn we begonnen met substitutie-georiënteerde screening (SOS) 

voor de identificatie van remmers met nieuw substitutiepatronen. Met deze methode hebben 

we nieuwe moleculen met een 2-aminopyrrool kernstructuur als remmers voor h-15-LOX-1 

geïdentificeerd. De waargenomen structuur-activiteitsrelaties (SAR) bleken relatief vlak te 

zijn. IC50's voor de meest krachtige remmer van deze serie waren niet lager dan 6,3 µM en de 

enzymkinetiek vertoonde een niet-competitieve remming. Op basis hiervan hebben we de 

hypothese gesteld dat de onderzochte 2-aminopyrrolen pan-assay interferentieverbindingen 

(PAINS) zijn en dat fotoactivatie en een radicaal mechanisme een rol spelen bij hun 

activiteit.7,8 Onze resultaten toonden een duidelijke fotoactivatie van h-15-LOX-1-remming 

onder UV en zichtbaar licht. Bovendien verminderden de onderzochte 2-aminopyrrolen de 

levensvatbaarheid van gekweekte menselijke hepatocarcinoomcellen HCC-1.2 op een 

dosisafhankelijke manier met LD50 waardes variërend van 0.55 ± 0.15 µM tot 2.75 ± 0.91 

µM. Tezamen geeft dit aan dat fotoactivering een belangrijke rol kan spelen in de biologische 
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activiteit van verbindingen met een 2-aminopyrrol kernstructuur zoals hier onderzocht (figuur 

1). 

 

Figuur 1. Een schematische weergave van hoofdstuk 2. We gebruikten substitutie-georiënteerde screening (SOS) 

als een hulpmiddel om de 2-aminopyrrole kernstructuur te identificeren voor remming van h-15-LOX-1. 

Vervolgens hebben we de functie van fotoactivatie in de biologische activiteit onderzocht. 

In hoofdstuk 3 hebben we gerapporteerd over de synthese van nieuwe remmers van 

15-lipoxygenase-1 (15-LOX-1), een enzym dat betrokken is bij de biosynthese van 

inflammatoire signaalmoleculen die een belangrijke regulerende rol spelen bij 

immuunreacties in tal van ziekten. Het wordt algemeen aanvaard dat verschillende 

mechanismen voor gereguleerde celdood de vorming van oxidatieve mediatoren omvatten, 

zoals lipide peroxiden en stikstofoxide (NO).9‒10 In dit opzicht is 15-LOX-1, door katalyse 

van lipide peroxidatie, een sleutelenzym. De acties van deze peroxiden zijn verbonden met 

nucleaire factor-B (NF-B) signalering en NO-productie. Remming van 15-LOX-1 biedt 

mogelijkheden om te interfereren met gereguleerde celdood in ziektes waar immuunreacties 

bij betrokken zijn. 

In het werk beschreven in hoofdstuk 3 werd een nieuwe krachtige 15-LOX-1-remmer, 

9c (i472) ontwikkeld en werden structuur-activiteitsrelaties onderzocht. We hebben 

aangetoond dat 9c (i472) een remmer is van cellulaire lipoxygenase-activiteit in RAW264.7-

macrofagen met behulp van activiteitsgebonden labeling. Bovendien hebben we met succes 

vastgesteld dat 9c (i472) RAW 264.7-macrofagen beschermt tegen door LPS geïnduceerde 

celdood en aanzienlijk sterkere dosisafhankelijke effecten vertoonde in vergelijking met 

Eleftheriadis-14d. Verder werd aangetoond dat 9c (i472) significante remming van NF-B 

transcriptionele activering bij LPS/INFy-stimulatie opleverde, om de expressie van het NF-

B-gerelateerde gen iNOS te verlagen, om dosisafhankelijke remming van NO-productie te 

verschaffen en om de lipideperoxidatie in RAW-macrofagen te verminderen (figuur 2). Op 
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basis van deze studie maken we de weg vrij voor de ontwikkeling van nieuwe remmers die 

verschillende celdoodmechanismen beïnvloeden die kunnen leiden tot nieuwe therapieën om 

ziekten te bestrijden, zoals acuut longletsel en acute respiratory distress syndrome (ARDS). 

 

Figuur  2. Overzicht van hoofdstuk 3. We hebben een nieuwe 15-LOX-1-remmer geïdentificeerd en toegepast in 

een onderzoek naar gereguleerde celdood en ontsteking. 

Deel 2: Detectie van 15-LOX-1 

In hoofdstuk 4 hebben we remming en detectie van lipoxygenase activiteit 

gecombineerd. Als eerste hebben we een reeks nieuwe 15-LOX-1-remmers ontworpen. Deze 

remmers hebben een indool-kernstructuur. De IC50-waarde van de krachtigste remmer 9c 

(i472a) bleek 20 nM te zijn. Vervolgens hebben we een molecuul gemaakt voor 

activiteitgebaseerde labeling van 15-LOX-1. Hiermee willen we de eerder ontwikkelde 

tweestaps labelingmethode vervangen. Ook in dit nieuwe molecuul voor activiteit gebaseerde 

labelling van 15-LOX-1 werd weer een bis-alkyn als kernstructuur gebruikt en er werd een 

biotinestaart opgenomen als een detectiegroep. Een reeks nieuwe moleculen voor activiteit-

gebaseerde detectie van 15-LOX-1 werd gesynthetiseerd en SAR-studies werden uitgevoerd 

zoals beschreven in hoofdstuk 4 (Figuur 3). Uiteindelijk bleek verbinding 17 (D04), met een 

IC50-waarde van 2,6 µM tegen 15-LOX-1, een interessante molecuul te zijn voor activiteit 

gebaseerde labeling. Dit molecuul werd toegepast voor labeling in levende cellen gevolgd 

door cellysis en detectie op Western blot. Deze op activiteit gebaseerde labeling werd 

gebruikt om de potentie van een reeks remmers in zijn cellulaire context te vergelijken. Met 

deze ontwikkeling willen we de remming van LOX-enzymen in hun cellulaire context 

mogelijk maken, wat kansen biedt voor de ontdekking en ontwikkeling van geneesmiddelen. 
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Figuur 3. De ontwikkeling van activiteitsgebaseerde labelling van 15-LOX. Voor het in twee stappen labelen 

van geïsoleerde eiwitten of eiwitten in een cellysaat wordt het monster gedurende twee minuten geïncubeerd met 

een molecuul voor activiteit gebaseerde labelling. Vervolgens wordt er een biotine aan het alkeen gekoppeld met 

een oxidatieve Heck-reactie die overnacht plaatsvindt. Voor een eenstapslabelling wordt een celkweek 

geincubeerd met een reactieve groep die al is gelabeld met een biotine. Het actieve enzym dat in de cel gelabeld 

is kan nu aangetoond worden op Western blot. 
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Toekomstperspectief 

Vier jaar studie aan het enzym 15-LOX-1 leverde veel interessante informatie op. 

Onze studies omvatten meerdere aspecten van dit enzym, zoals het remmingsmechanisme, 

activiteitsgebonden labeling en cellulaire activiteit. De voortgang van dit werk zal nieuwe 

mogelijkheden bieden voor het ontdekken van medicijnen en het diagnosticeren van ziektes. 

Zoals we in deel 1 hebben beschreven, richten we ons op de ontwikkeling van 15-

LOX-1-remmers met een krachtige remmende activiteit en fysisch-chemische eigenschappen 

die compatibel zijn met cellulaire activiteit. In de structuur-activiteitsrelaties (SAR) studie 

bleek verbinding 9c (i472a) de krachtigste 15-LOX-1-remmer te zijn met een IC50-waarde 

van 0,02 µM en een CLogP-waarde van 5,2. Met de resultaten van moleculaire modellering 

en eerder verkregen SAR, is echter te verwachten dat sterische effecten op de indool 3-positie 

een belangrijke rollen spelen in de potentie 15-LOX-1 remmers. Verder is de substitutie op de 

indool 2-positie ook erg belangrijk voor de remming van 15-LOX-1. Interessant is dat 

moleculaire modellering laat zien dat er nog ruimte over is om grotere substituties aan de 

indool 2-positie op te nemen. Daarom verwachten we dat het veelbelovend is om nieuwe 

substituties te onderzoeken op zowel de 2- als de 3-positie van de indool kernstructuur (figuur 

1). Uiteindelijk hopen we dat onze inspanningen de ontwikkeling van een actieve 15-LOX-1-

remmer mogelijk maken. Hiermee kunnen de beperkte therapeutische opties voor 

ontstekingsziekten uitgebreid worden. 
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Figuur 1. Mogelijkheden voor de ontwikkeling van nieuwe 15-LOX-1-remmers. We verwachten meer 

nieuwe en sterische modificaties uit te voeren op zowel 2- als 3-positie van de indool-kernstructuur. 

Uiteindelijk kunnen de optimale modificaties van A, B en C gecombineerd worden om 15-LOX-1-

remmers te ontwikkelen de geschikt zijn voor verder onderzoek. 

In deel 2 hebben we een nieuw molecuul gerapporteerd voor eenstaps labeling van 15-

LOX-1. Het eenstaps labellingsprotocol is minder tijdrovend dan het tweestaps 

labellingsprotocol. Wat nog belangrijker is, we waren in staat om de labeling toe te passen in 

levende cellen om de LOX-remmende potentie van nieuwe en eerder geïdentificeerde 

remmers te evalueren. 

In de toekomst willen we nog meer geavanceerdere studies uitvoeren naar de LOX-

activiteit gerelateerde labeling. We willen de covalente labeling van 15-LOX-1 bestuderen 
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met behulp van massaspectrometrie, maar tot nu toe waren we niet succesvol. Om dergelijke 

studies te vergemakkelijken, proberen we moleculen te ontwerpen met beter splitsbare linkers 

in vergelijking met de ester in de momenteel toegepaste moleculen. (Figuur 2). Op deze 

manier zou het gemakkelijker moeten worden om niet-gemerkte eiwitten te verwijderen en 

LOX-enzymen uit streptavidine-agarose te zuiveren. 

 

Figuur 2. De ontwikkeling van een molecuul voor activiteitgebaseerde labelling van 15-LOX-1. De 

rode regio is de splitsbare linker die gemakkelijk kan worden verwijderd in een basische oplossing. (A) 

Nieuw voorgesteld molecuul met een splitsbare linker met een carbonaatester. (B) Nieuw voorgesteld 

molecuul met splitsbare linker met fenylester als vertrekkende groep. 

Ons werk laat zien der er uitwisseling is tussen verschillende mechanismen voor 

celdood die een rol kunnen spelen bij ontstekingen. Het belangrijkste is dat, in tegenstelling 

tot remming van 5-LOX, remming van 15-LOX-1 de vorming van lipide peroxiden verlaagd. 

Dit zou kunnen leiden tot het ontwikkelen van nieuwe therapieën voor ziekten waarbij 15-

LOX-1 betrokken is. Bovendien creëert en biedt activiteitsgebaseerde labeling meer 

mogelijkheden voor geneesmiddelenontwikkeling en enzymactiviteitsstudie. Dit biedt 

mogelijkheden voor het ontwikkelen van nieuwe medicijnen. Daarnaast biedt dit 

mogelijkheden om ook andere oxidatieve enzymen te bestuderen. Onze ultieme doelstelling is 

dat ons onderzoek zal leiden tot het ontwikkelen van nieuwe medicijnen en nieuwe 

diagnostica.  
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